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The National Science Foundation provides awards for re-
search in the sciences and engineering. The awardee is
wholly responsible for the conduct of such research and
preparation of results for publication. The Foundation, there-
fore, does not assume responsibility for such findings or their
interpretation.

The Foundation welcomes proposals on behalf of all qualified
scientists and engineers, and strongly encourages women,
minorities, and persons with disabilities to compete fully in
any of the research and research-related programs described
in this document.

In accordance with Federal statues and regulations and NSF

policies, no person, on grounds of race, color, age, sex, na-
tional origin, or disability, shall be excluded from participa-
tion in, denied the benefits of, or be subject to discrimination
under any program or activity receiving financial assistance
from the National Science Foundation.

Facilitation Awards for Persons with Disabilities provide
funding for special assistance or equipment to enable per-
Sons with physical disabilities (investigators and other staff,
including student research assistants) to work on an NSF
project. See the program announcement NSF 91-54, or con-
tact the Facilitation Awards Coordinator, National Science
Foundation, Washington, D.C. 20550.

Front cover. West (U.S.) meets East at Ice Station Weddell. In
February 1992 U.S. and Russian scientists established a camp
on a Weddell Sea Ice floe at 71°48'S 51°43'W.Their objective
was to investigate the oceanic, meteorologic, biologic, and
sea-ice characteristics of this region, which is important to the
global climate system. During the course of the 4-month
project, 60 scientists worked at the site, as the ice floe drifted
north toward South America. The station was supported by
the Russian icebreaker Akademik Federov and the new U.S.
icebreaking research ship Nathaniel B. Palmer. The two

ships, which are shown on the cover of this issue of the
Antarctic Journal (top center panel, Akademik Federov; lower
left, Nathaniel B. Palmer) enabled the researchers to establish
the camp and provided support throughout the expedition.
This issue of the Antarctic Journal devotes a chapter (pages
101 to 124) to the preliminary results of the expedition.
(Photos of the U.S/Russian participants and of the Akademik
Federov are courtesy of Arnold Gordon, Lamont Earth
Observatory; the Nathaniel B. Palmer photograph was taken
by Mike Darrah, Antarctic Support Associates.)

The National Science Foundation has TDD (Telephonic De-
vice for the Deaf) capability, which enables individuals with
hearing impairments to communicate with the Division of
Human Resource Management about NSF programs,
employment, or general information. This number is (202)
357-7492.

The National Science Foundation is the United States Gov-
ernment agency charged with maintaining U.S. strength in
scientific research; improving science, mathematics, and en-
gineering education; and aiding in the dissemination of sci-
entific information. This responsibility is carried out largely

through grant programs for investigators at colleges, univer-
sities, states, and other institutions.

The Antarctic Treaty, which provides the legal framework for
the area south of 60°S latitude, reserves the region for peace-
ful purposes and encourages international cooperation in sci-
entific research. The United States cooperates with treaty
nations in research and logistics. By Presidential directive,
the National Science Foundation is responsible for budgeting
and managing U.S. activities in Antarctica. This effort in-
cludes the United States Antarctic Research Program, station
and research ship operations, Coast Guard icebreaker oper-
ations, and the U.S. Navy's Operation Deep Freeze.
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review issue by the Office of Polar Programs,
National Science Foundation, Washington,
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U.S. antarctic activities, 1991-1992
Nearly 500 researchers, supported by the National Science
undation (NSF), participated in the U.S. Antarctic Program
SAP) during the 1991-1992 austral summer. Conducting 112

Science projects by site and discipline
Continental system

1991 -1 992

McMurdo-Dry	 Remote sites	 South Pole
Valley.

• Biology	0 Geology	U Astronomy & U Ozone studies U Climate
astrophysics

I Ocean science. • Glaciology	U Total projects

During the 1991-1992 austral summer, USAP supported 77
projects in continental Antarctica. Twenty-six of these were
based out of McMurdo Station, including 12 conducted at sites
In the McMurdo Dry Valleys, southern Victoria Land. Remote
sites included the Siple Coast, Vostok Station, the Transantarctic
Mountains and West Antarctica, and projects on the Coast Guard
Icebreaker Polar Star. The research ship Polar Duke also
traveled from the Antarctic Peninsula to the Ross Sea to support
several ocean science projects.

Science projects by site and discipline
Antarctic Peninsula region
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• Astronomy &	U Total projects
astrophysics

Thirty-eight science investigations and technical projects were
supported by USAP in the Antarctic Peninsula area during the
1991-1992 austral summer. Projects at remote sites included
three projects conducted in cooperation with the British
Antarctic Survey and the ten projects that made up the U.S.
contribution to the joint U.S./Russian study in the Weddell Sea.

projects they worked at the three U.S. year-round stations (Mc-
Murdo, Amundsen-Scott South Pole, and Palmer), aboard re-
search ships, at remote sites, and with the antarctic programs of
other nations.

Research activities during this period demonstrated how
dramatically antarctic research is changing. For the first time,
scientists were able to study ocean processes and sea ice condi-
tions during the winter in the Weddell Sea. Astronomers and
astrophysicists working at the South Pole began projects that are
at the cutting edge of astronomical research. Other science teams,
through their investigations of the springtime ozone depletion
and the effects of the depletion on marine communities, helped
to show that antarctic research is a vital component in under-
standing the processes controlling our environment.

NSF also significantly improved support for research in An-
tarctica by additing new facilities, upgrading communications,
and intensifying its environmental clean-up activities. Two major
additions were the 4,320-square-meter Albert P. Crary Science
Engineering Center at McMurdo Station and the 94-meter-long
Nathaniel B. Palmer, a research icebreaker (see cover photograph).
For the third consecutive year, the Air Forces provided to USAP
the services of its largest transport airplane, the C-5 Galaxy.
During October 1991, a C-5 flew seven roundtrip between New
Zealand and McMurdo Station's sea-ice runway, bringing nearly
500,000 kilograms of cargo and 486 passengers to Antarctica.

The projects described in this introduction are highlights and
represent only a part of the U.S. Antarctic Program. The 165
papers that follow the introduction reflect the scope and com-
plexity of the U.S. program and were prepared by program
participants. They describe field research during 1991-1992,
studies of data acquired earlier, and other related activities in
Antarctica and the United States. In some cases investigators
have not yet reported the results of their investigations because
data analysis is still underway. As this information is available,
the researchers will publish their results in standard scientific
journals. The Antarctic Journal is intended to provide an overview
of the field season and to make initial reports available to other
investigators and the interested public. The assistance of the
principal investigators and project directors is gratefully acknow-
leged.

Ocean and climate studies
Ice Camp Weddell. Just south of the Antarctic Circumpolar

Current within the western Weddell Sea is the Weddell Gyre, a
key component of the global climate system. Here, cyclonic cir-
culation mixes relatively warm surface waters with the atmos-
phere at varying rates, depending on the extent of the sea ice
cover. At the surface, warm saline water from the depths of the
ocean is exposed to the cold polar atmosphere, where it interacts
with the atmosphere and the ice cover, exchanging heat, mois-
ture, salt, gases, and nutrients.

Locally, this interchange affects water composition and ice-
cover extent and influences marine ecosystem structure. Global-
ly, the product of this exchange—Antarctic Bottom Water—has
far-reaching effects, for this extremely cold, nutrient-enriched
water is carried by the western boundary current of the Gyre into
circumpolar current from which the water spins off into the
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On 5 November 1991, Walter Massey, Director of the National Science Foundation, dedicated the Albert P. Crary Science and Engineerng
Laboratory during a ceremony at McMurdo Station. The new 4,320-square-meter laboratory, which began operating during the 1991-1992
austral summer, includes laboratories for biology, environmental monitoring and enforcement, snow and ice mechanics, and earth scIencs,
as well as a new meteorological research center and an aquarium. (NSF photo by Guy Guthrldge.)

USAP began using C-5 air transports In Antarctica In 1989. In October 1991, seven roundtrip flights were made between McMurdo Station and
Christchurch, New Zealand. Besides transporting cargo and personnel, the C-5 brought materials that enabled USAP to speed up Its cleanup
of McMurdo Station. (U.S. Navy photo.)
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streams that flow from the interior of the continent. While friction
at the sides and along the beds of these streams controls the flow,
changing environmental factors appear to affect these restraints
by forcing changes in speed, shape, and volume.

Since 1983, U.S. researchers have focused on the history and
setting of the west antarctic ice sheet to gain an understanding of
the ice sheet's future. The results of research to date show that the
geologic setting of this region conditions the ice sheet for in-
stability. The streams are channeled along the west antarctic rift
basins between the Transantarctic Mountains and Marie Byrd
Land, an area believed to have active under-ice volcanoes that
provide geothermal heat that melts glacier ice and softens sedi-
ments that in turn lubricate the ice-sheet bed and allow it to flow.

On the Siple Coast during the 1991-1992 austral summer, the
Upstream B camp (83°29' S. 138°15' W) supported up to 25
investigators from four institutions. The research included hot-
water drilling of ice boreholes for geophysical measurements
(Barclay Kamb, California Institute of Technology), ground-
based radar sounding (Charles Bentley, University of Wiscon-
sin), and surveying of ice streams on the eastern edge of the Ross
Ice Shelf (Ian Whillans, Ohio State University, and Robert
Bindschadler, National Aeronautics and Space Administration).

Geophysical measurements in boreholes drilled to the bottom
of the ice sheet provide data needed to understand ice-stream
flow mechanisms. The results of this work help glaciologists to
reliably assess how ice streams might contribute to an ice-sheet
collapse brought about by climate change.

The ground-based radar sounding on ice stream B provides
information on differential motion between the top of the ice
stream and the base of the ice and/or the top of the bedrock. To

do this, investigators measure the movement (relative to e
surface) of the diffraction patterns associated with irregularites
in the ice bedrock interface.

By surveying ice streams B, D, and E NASA and Ohio State
investigators are determining the mass balance and ice-flow
mechanics of these ice streams. This work documents the current
state of the ice streams and contributes to a general undr-
standing of what causes the extremely rapid drainage of these Ice
streams. Investigators deployed strain and topographic grids
during the 1991-1992 austral summer on certain anomalous féa-
tures observed on SPOT satellite imagery to learn what processes
created these features. Glaciologists also measured velocity, ac-
cumulation rates, and temperatures at a depth of 10 meters in the
catchment areas of the ice streams and analyzed sequential satel-
lite imagery to determine the surface velocities on the ice streams.

Vostok ice core studies. Ice cores are important source of
information concerning recent and long-term climate change.
Like tree rings, the stratification of the ice in a deep ice core
provide scientists with information that helps them to identify
major or minor changes in climate. Measuring ions, micropar-
tides, and anions in ice cores also can show consistent patterns
of climate variations. Recently, investigators have focused on the
detection and distribution of important atmospheric com-
ponents, including the greenhouse gases (carbon dioxide,
methane, and nitrous oxide) and aerosols that may absorb incom-
ing solar radiation and directly affect the surface radiation
balance or cause clouds to form, preventing solar radiation from
reaching the surface.

Near the Russian station Vostok on the east antarctic polar
plateau, investigators have taken a deep ice core that contains an
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U.S. Investigators arrive at Russia's Vostok Station In East Antarctica. Using samples from the 2,240-meter ice core drilled from the ice at
this site, they are studying climate change over the last 160,000 years. (NSF photo by Julie Palais.)
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eans surrounding Antarctica, flooding and chilling the lower
Lometer the ocean globally.
Despite the region's importance its year-round ice cover has
ade ship operations difficult, impeding surveys and limiting
en basic exploration. For a large area that stretches westward
the Antarctic Peninsula, the only data available has been from
tellite-borne sensors, aircraft, and floating oceanographic in-
uments. Because these logistical constraints prevented scien-
ta from making direct observations, many important questions
out the region and the processes occurring there remained
ianswered. In February 1992, U.S. and Russian scientists em-
rked on a scientific expedition that for the first time provided
e scientific community with access to direct observations of
?stem Weddell Sea.

Ice Camp Weddell, built on a 2-meter-thick, 4.4-square-kilometer ice
floe at 6507'S 52075W, supported a maximum of 32 people at a time.
Support and science personnel were rotated either by ship or
airplane, although some remained at the camp throughout Its
117-day Journey north. Overall 60 U.S. and Russian scientists
worked at the site. Two living areas—South Town and North
Town—were set up on either side of such shared facilities as the
mess hail, storehouses, generators, latrines and a sauna. (NSF
photo by Arnold Gordon, Lamont Earth Observatory.)

Sailing south from Montevideo, Uruguay, aboard the Russian
icebreaker Akademik Federov, the multiisciplinary science party,
supported by NSF and the Russian Arctic and Antarctic Research
Institute (AARI), searched for an ice floe that could be used as a
research platform and field camp for 32 science and support
personnel. From the ice floe, they planned to study the formation
and movement of sea ice, ocean currents beneath the ice, the
atmosphere above the ice, and marine plants and animals, as the
ice floe drifted north through the western Weddell Sea.

During the expedition, the science teams gathered new data on
the seasonal extent of ice cover in the western Weddell Sea,
climate stability, the formation or modification of Antarctic Bot-
tom Water, and the position of continental slope in this area. They
lowered instruments through holes drilled in the ice, used bal-
loons to measure atmospheric conditions, dove into the frigid
waters beneath the ice to collect samples of plankton and krill,

and used helicopters to deploy buoys and make measurements
over a broad region.

By using the Federov and the new U.S. icebreaking research ship
Nathaniel B. Palmer, the science team was able to extend their
research capabilities and expand the area of investigation. As the
ships shuttled between South America and the ice floe to bring
new personnel and supplies, scientists measured ocean processes
and recorded sea-ice conditions north and east of Ice Station
Weddell. As a result of the combined efforts of the shipboard
science teams and those at the ice camp, the entire western rim
of the Weddell Basin was mapped in 4 months.

Data are still being analyzed but early results point to dis-
coveries that will change scientific perception of this region,
processes occurring there, and their potential global effects.
Among these are:
• Analysis of new seafloor data shows that the continental slope

off the Antarctic Peninsula is about 100 kilometers farther west
than previously thought. This basic topographic difference
will alter understanding of ocean circulation.

• Observations of temperature, salinity, heat fluxes, and cur-
rents at varying depths, as well as at different locations, sug-
gest that the region's year-round ice cover may result from the
presence of a thin layer of water (called a pycnocline) separat-
ing the cold surface waters from deeper, warmer waters. In
the western Weddell Sea they found that the pycnocline is
extremely stable—a factor that apparently prevents warmer
deep water from rising to the surface where it would melt the
sea ice.

• Climate processes also may help to maintain the pycnocline
and, consequently, the ice cover during the austral summer.
Cold air funneling up the Antarctic Peninsula brings large
amounts of snow to the region. Because snow, with its many
air pockets, insulates the ice cover from warmer temperatures,
it helps to keep the sea ice from melting, and, consequently,
to maintain stable surface-water temperatures.
Biologists, investigating microalgal and bacterial biomass dis-
tribution and activity took samples at three Weddell Sea sites
with different ice types and with various physical and chemi-
cal features, including ice and snow thickness, chlorophyll a,
bacterial abundance, pigment and nutrient concentrations,
organic carbon and nitrogen, and salinity. Their observations,
which included documenting naturally occurring physical
and chemical factors that influence the growth and accumula-
tion of sea-ice microbial communities in first- and second-year
pack ice, showed that vertical and horizontal distribution of
these organisms varied greatly, supporting the hypothesis
that microbial communities within the sea-ice zone contribute
significantly to southern ocean productivity.

Glaciology
Siple Coast investigations. Important connections exist be-

tween ice sheets and global climate. The most direct evidence of
this connection is the effect that changes in ice-sheet volume have
on global sea level, as happened 12,000 years ago when the large
North American ice sheets began to recede and sea level rose 38
millimeters or more per year.

Marine-based ice sheets (those grounded on bedrock well
below sea level) appear to be particularly susceptible to collapse.
The largest of these ice sheets that still exists is the west antarctic
ice sheet. Its stability depends on the behavior of fast-moving ice
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estimated 160,000-year record of climate change. While this core
is still being analyzed investigators continue to collect new cores
from shallower depths. During the 1991-1992 field season ice-
core drilling at Vostok Station reached a depth of 2,501 meters.
However, when drillers attempted to retrieve the core, the drill
became stuck at a depth of 2,240 meters and could not be
retrieved. To remedy this, during the 1992-1993 drillers will
attempt to deviate the hole and to continue drilling in an offset
hole to depths beyond 2,240 meters. This approach has been used
successfully in one of the previous Vostok deep holes.

Samples from the Vostok cores are being measured for various
parameters. Michael Bender of the University of Rhode Island is
measuring the concentration and isotopic composition of oxygen,
nitrogen, and argon in trapped air. These measurements provide
a record of the ambient environment during the last ap-
proximately 160,000 years. Eric Saltzman of the University of
Miami is measuring methanesulfonate (MSA) and non-seasalt
sulfate in these cores to learn more about long-term trends in
biogenic sulfur emissions from the southern oceans. These data
show a strong positive correlation between MSA and non-seasalt
sulfate, and a strong negative correlation between MSA and
estimated temperature. For example, such aerosols are potential-
ly active in regulating climate because of their effect on cloud
albedo and distribution and of their direct radiative effects. The
correlation suggests that increased sulfur emissions during gla-
cial times could provide a positive feedback, stabilizing the cold

poles and because at higher latitudes fewer low-energy cosmic
rays are filtered out by the atmosphere.

The 1,700-kilogram HIREGS payload, which stayed aloft just
over 13 days and traveled about 5,500 kilometers, consisted of
several large, liquid-nitrogen-cooled, germanium detectors to
measure the spectrum of gamma-rays from solar flares. The
experiment was part of the MAX '91 campaign to obtain coor-
dinated observations of solar flares over a broad range of the
electromagnetic spectrum during the solar maximum. Both ex-
periments performed well, although there was little solar activity
during the HIREGS flight.

Antarctica provides a unique opportunity for long-duration
ballooning. The reliable summertime circumpolar winds keep
the balloon in constant sunlight so that there is little difference in
the heating of the helium between night and day. At lower
altitudes, this heating and cooling cycle limits the duration of
most flights. Also, the ice sheet acts as a reflector, as do clouds,
so that the balloon is almost always in the brightness of sunlight,
a very different situation than in the Arctic.

South Pole astrophysics. Working near Amundsen-Scott
South Pole Station, researchers from the University of Wisconsin
and the Berkeley and Irvine campuses of the University of
California tested whether or not the deep ice of the polar plateau
is transparent enough to be a suitable high-energy particle detec-

iy, aeronomy, and upper-
re research

Long-duration balloon experiments. Although scientists have
l4ng recognized the potential for long-duration ballooning in
Antarctica, a singular event—the explosion of supernova 1987a
in the Large Magellenic Cloud high in the southern sky—was
rquired to jolt the science community and federal science-fund -
irg agencies into action. In January 1988, less than 1 year after the
s4ipernova was first observed, a 340,000-cubic-meter balloon was
launched from Williams Field, Ross Island, exciting the imagina-
tins of many potential users by carrying aloft alarge gamma-ray
detector for several days.

Since 1988 NSF and the National Aeronautics and Space Ad-
ninistration (NASA) have worked together to enable scientists
tcf use long-duration, high-altitude balloons for astronomical and
atrophysical research in Antarctica. After several test flights
diring the 1991-1992 austral summer, the high-resolution and
gmma-ray spectrometer (HIREGS) and the magnetic passive
iotope experiment (MAGPIE) were launched on separate
793,000-cubic-meter balloons. Both of these payloads, recovered
by Twin Otter airplanes, successfully circumnavigated the South
Pole, were cut down by radio command, and descended by
parachute to the east antarctic plateau.

The MAGPIE payload, designed to measure the amounts and
composition of elements in cosmic rays, consisted of a large
(1-meter diameter) superconducting magnet and etchable plastic
sheets that record the passage of heavy cosmic-ray ions (with
atomic weights near the weight of iron) through the magnetic
field. One objective is to learn more about isotopes of specific
elements so that scientists are better able to determine the source
of cosmic rays. Antarctica is an ideal site for experiments such as
MAGPIE because of its proximity to the Earth's two magnetic

At Williams Field on the Ross ice Shelf near McMurdo Station,
scientists and technicians prepare to launch a high-altitude helium
balloon. One of two launched by U.S. investigators during the
1991-1992 austral summer, these balloons carry sensitive
Instruments into the near-space environment above Antarcitca.
(NSF photo by Julie Paiais)
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tor. Holes at various depths up to 820 meters were melted in the
ice with a hot-water drill, and into these large photomultiplier
tubes were lowered. These tubes detect and measure the rate of
flashes of Cherenkov radiation from muons produced in the
Earth's atmosphere by cosmic rays. The 1991-1992 effort success-
fully demonstrated that the deep ice is as transparent as "perfect"
ice made in laboratories from pure water.

This success laid the groundwork for a new experiment called
AMANDA (antarctic muon and neutrino detector), the construc-
tion of which should begin during the 1993-1994 austral summer.
AMANDA will be used to detect astrophysical neutrinos that
pass from the northern celestial hemisphere completely through
the Earth and produce very energetic muons as they interact in
the ice or underlying rock. It will also be able to detect muons
produced in the atmosphere above the South Pole and provide
information on the composition of the cosmic rays that produce
air showers. Although these air showers are already being
studied by several instruments in operation near South Pole
Station, AMANDA will add valuable information.

Geology and geophysics
Were the Shacideton Mountains once part of the ancient

Appalachians? Geologists have always regarded the Shackleton
Mountains at the head of the Weddell Sea as an enigma of
antarctic geology, because this range is at right angles to the
continent's major mountain ranges of the same age. However,
U.S. and Argentine geologists (Ian W.D. Dalziel, Luis H. Dalla
Salda, Carlos A. Cingolani, and Ricardo Varela) believe that they
may solved part of the mystery of the 150-kilometer-long moan-
tam range's origin. In December 1992, the group, whose research
was supported by NSF and the Argentine counterpart CONICET,
published a paper in Geology suggesting that the Shackleton
Mountains may once have been the end of a mountain chain that
included North America's Appalachian Mountains and ex-
tended through South America.
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a piece of present-day South America c.I,
derived from the ancestral Gulf of Mexico?f ANTARCTICA

ca. 460
million years

The map shows the proposed arrangement of of North and South
America nearly 500 million years ago, following a
continent-to-continent collision between the two. The
geologists suggest that part of South America was derived from
the ancestral Gulf of Mexico.

Geologists have mapped the movement of the continents back
as far as 180 million years ago. These paths, recorded in the
structure of the ocean floor, have proved the existence of the
supercontinent Pangea, which consisted of the southern super-
continent Gondwana and the northern supercontinent Laurasia.
However, more than 200 million years ago there was no ocean
floor. Consequently, geologists must rely on different "sign
posts," primarily the distribution of fossil plants and animals, to
trace the way the continents moved

In early 1991, U.S. geologist Ian Daiziel and Eldridge Moores
a colleague from the University of California at Davis, presented
evidence suggesting that the western margin of North America
was joined with Antarctica and Australia before the Pacific Ocean
basin formed between one billion years ago to a little over one-
half billion years ago. About the same time a Canadian colleague
Paul Hoffman of the University of Victoria, British Columbia,
published a paper asserting that the eastern margin of North
America may have been contiguous with South America, form-
ing a pie-shaped wedge between Antarctica-Australia and South
America about 550 million years ago.

The 1992 proposal furthers these theories by suggesting that
the ancestral Appalachians were thrust up when eastern North
America collided with South America's western margin. When
the two continents eventually rifted apart, the ancestral Ap-
palachians were split, accounting for the abrupt truncation of th!
mountains in Georgia and a mirroring truncation in the Andes
near today's Chile/Peru border.

Their hypothesis is based on a theoretical reconstruction
how the continents drifted around the globe in the past. A ke
clue to this arrangement of the continents between about 550 an
200 million years ago is a chunk of aberrant limestone in th
Argentinean Andes, long known to harbor fossils typical o
North America rather than South America.

For about 25 years, scientists have known that this enigmatic
sliver of limestone crust in the Andes actually contains a mix o
trilobite fossils—small, scarab-like animals that dwelled at the
bottom of tropical seas. These fossils that are much more akin t
North American fossils than to those in nearby South Americaii
rocks. Such a crustal piece may be considered a "tectonic tracer,
a marker left behind that can be used to plot the paths that
continents took in the past. Up until recently most geologists
assumed that the fossils were carried from one continent t
another as a continental sliver.

The perplexing sliver (or terrane) marks the western margin o
the roots of an old mountain range the same age as the earl
Appalachians, the so-called Famatinian belt, according to Dal
ziel. The group has proposed that this piece of North America
was detached from the the ancestral Gulf of Mexico after North
and South America collided about 460 million years ago. The
believe that the collision may have been more of a 'side-swipet
than a head-on collision like the one between India and Asia that
formed the Himalayan Mountains. Despite this, a mountain
barrier extending the length of both continents could still have
formed.

Biology
Marine ecosystems and enhanced exposure to UV radiation.

For more than a decade, the antarctic ecosystem has been exposed
to enhanced levels of biologically harmful UV-B radiation (solar
ultraviolet radiation with wavelengths between 280 and 320
nanometers), but the system has not collapsed. While the full
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inpact of long-term exposure is still unknown, biologists suspect
that primary productivity has been affected and that species

mposition within communities has shifted, subsequently alter-
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Evidence from recent biological studios indicates that studying the
foraging behavior of emperor penguins will help us to understand
changes in marine living resource distribution and abundance.
Using satellite Images of sea ice and tracking the penguins via the
Argos satellite system, biologists during the 1990 austral winter and
early summer followed the routes of nine penguins. This method
may provide an inexpensive means of charting marine communities
because the penguins feed only at sea and always return to their
chicks and mates. (NSF photo.)

mg the ecosystem dynamics.
During the 1991 austral spring, U.S. biologists working at

Palmer Station sampled and studied marine invertebrates and
algae from the waters near the station. With assistance of
Australian biologists, they analyzed physiological and ecological
aspects of mycosporine-like amino acids (MAAs), which are
compounds that absorb UV radiation and may act as natural
sunscreens to block LTV rays before they affect critical areas of
cells and tissues. During previous austral springs, these re-
searchers collected and analyzed 60 antarctic marine species and
found that 85 percent of these contained MAAs that protected
them from UV damage. In 1991 they focused on the antarctic
limpet (Nacella concinna), a vital component of the coastal marine
food web. This species, which feeds on macroalgae and microal-
gal mats, is a major food source for many birds that breed in the
Antarctic Peninsula region during the spring.

Their findings suggest that the distribution of MAAs in the cells
of a limpet reflects the organism's life style and life history.
Analyzing body parts from limpets collected at depths of 0, 8, and
15 meters, they found that MAA concentrations decreased in
those taken from the lower depths. Animals collected from areas
closer to surface and from intertidal regions had high concentra-
tions of MAAs. The shells of the limpets contained no detectable
amounts of the amino adds while larvae, which without the
protection of a shell most likely rely on biochemical protection,

had high concentrations. The highest concentrations were in
ovaries and egg cells while sperm, which are short-lived and do
not contribute significantly to the cytoplasm of developing or-
ganisms, had the lowest concentrations.

Penguin foraging behavior as a resource detector. Satellite
data have enabled scientists to document such phenomena as the
movement of glacers and the growth and decaying of sea ice
surrounding the Antarctic. Now, using the Argos satellite system
biologists from University of California at San Diego have
recorded the movement of emperor penguins as the birds search
for food during the winter and summer. Because emperor pen-
guins feed only at sea and are bound to return to their mates and
chicks, the research team believes that foraging behavior of these
penguins may also be a useful method of monitoring changes in
marine ecosystems composition and species distribution.

Their study, which was reported in the 26 November 1992 issue
of Nature focuses on birds moving from two different locations
(Adelie Land near Dumont d'Urville Station and Cape
Washington, Victoria Land) during the 1990 austral winter and
early summer. The research team attached transmitters to nine
penguins, which they tracked over 143 days. They also matched
the location of each to satellite images of sea ice. The first group
consisted of four males, ending their 120-day winter fast, while
the second included both sexes delivering food to a single chick.

Until this study, little was known about where emperors went
to find food winter or summer. Their data show that winter birds
walked between 82 and 296 kilometers over fast ice to find open
water areas for feeding. During the summer, the birds traveled
between 164 and 1,454 kilometers in a single foraging trip. One
bird was also monitored for diving depths. Data from this
monitor suggest that emperors generally dive to mid water
depths but also dive to the ocean bottom, descending to depths
of about 500 meters.

By combining information on the feeding behavior of the pen-
guins with satellite data, the research team believes that they have
an inexpensive means of charting marine communities. Before
the results of their investigation much of this information was
unavailable because of the expense of operating in the Antarctic,
the availability of research ships, and the difficulty of working in
sea ice.

Safety, health, and environmental activities
The close of the 1991-1992 austral summer marked the end of

the third year of NSF's 5-year initiative to improve safety, en-
vironmental protection, and health conditions at U.S. antarctic
facilities. During the first 3 years nearly 3 million kilograms of
waste materials were sorted, labeled, and containerized for
removal from Antarctica and return to the United States for
disposal.

East Base clean-up. East Base (see back cover photo) was one
of two stations built in 1940 by the U.S. Antarctic Service Expedi-
tion (USASE) under Admiral Richard E. Byrd. At the 1989 An-
tarctic Treaty Consultative Meeting, representatives added East
Base and the surrounding area to the list of historic monuments
protected by the Antarctic Treaty. This decision led NSF to incor-
porate the East Base clean-up and restoration project into the
Safety, Environment, and Health Initiative for U.S. antarctic
facilities.

During the 1990-1991 austral summer NSF sent two cultural
resource specialists (Catherine Holder Blee and Robert L. Spude)
from the National Park Service (NPS) to East Base to assess the
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Tourists arrive at McMurdo Station in 1992. During the 1991-1992
austral summer more than 7,000 tourists visited the continent on
cruises, primarily in the Antarctic Peninsula region. Although
tourists have visited Antarctica for more than 30 years, some
researchers believe that starting In 1991 their numbers in Antarctica
annually exceeded the number of scientists and support personnel
participating in the national antarctic programs supported by the
Antarctic Treaty Consultative Parties. (NSF photo.)

buildings and remains at the site and to prepare a management
plan. The NPS specialists found that the base, including the three
wooden, pre-fabricated buildings, was in surprisingly good con-
dition. Aside from cleaning up debris from the site and repairing
damaged buildings, the NPS specialists recommended that NSF
identify, document, and preserve the artifacts found in and
around base and mark and cover or remove (if possible) hazard-
ous and other wastes.

Responding to these recommendations, NSF sent an eight-man
team to East Base in February and March 1992 to systematically
collect artifacts, to remove potentially hazardous materials from
the site, and to stabilize the buildings. Two team members were
from the British Antarctic Survey (BAS) base Rothera, about 80
kilometers from East Base. At the invitation of BAS, the team lived
in an old British Station on Stonington Island, Base E, which was
closed in 1975 but is maintained as a refuge.

The 1992 team, led by NSF archeologist Noel Broadbent, found
a fascinating assortment of items that had been preserved despite
50 years of exposure to antarctic weather. Although metal objects
such as cases of canned food, tools, and vehicles (including a
World War Ivintage tank and a small tractor) were rusted, books,
papers, clothing, wooden objects, leather and rubber were
remarkably well preserved. Other items found were playing
cards under the floorboards of the science lab, a July 1938
American Digest magazine lying in the open, leather dog collars

with name tags, and a size-15 Woolworth shirt still pinned and
unused.

During 1992 the hazardous materials were excavated and
removed from the site. Among these were a large assortment of
medical supplies (pills, syringes, and drugs of various kinds), aid
helium-gas cylinders used for weather balloons, batteries, 74
shotgun shells, and asbestos from old stove plates. The team
sealed most of these substances and materials and removed the
the old medical wastes were accepted by 13A5 for process g.
Unidentified, potentially hazardous substances were labeled d
also containerized. All hazardous waste materials were collected
and taken to Palmer Station by the chartered ship Erebus for
shipment to McMurdo Station and later to the United States. The
remaining nonhazardous wastes were removed via Erebus from
the Treaty area.

The areas around the buildings were cleaned, and gravel aild
rock pathways were prepared. Signs in English, French, Spanish,
and Russian (the official languages of the Antarctic Treaty) w re
placed on each building to notify visitors of the historic status I of
East Base. Inside the science lab, an interpretive display paxtel
with photos from the first expedition was installed. Handoitts
with more detailed information and a visitors' log were left in the
building together with displays of artifacts found at the site.
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With research funding, NSF supports antarctic programs In
biology and medicine, oceans and climate, geology, glaciology,
astronomy and upper atmosphere, and Information. Operations
and science support includes major construction and
maintenance at the three U.S. antarctic stations and direct
support to science projects. Logistics funding covers support
provided by the U.S. Naval Support Force Antarctica and other
Department of Defense organizations. SEH funds are part of the
special safety, environment, and health initiative.
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Terrestrial geology and geophysics

Comments on the fossil vertebrates
from the Falla Formation Jurassic,

Beardmore Glacier region,
Antarctica

WILLIAM R. HAMMER AND WILLIAM J. HICKERSON

Augustana College
Rock Island, Illinois 61201

The first fossil vertebrates from the Falla Formation of the
central Transantarctic Mountains were collected during the 1990-
1991 austral summer from Mt. Kirkpatrick in the Beardmore
Glacier region (Hammer et al. 1991; Hammer 1992). Over 60
bones were recovered from one small exposure of tuffaceous
siltstone near the top of the formation, and three isolated bones
were found within 30 meters of the bone concentration at about
the same stratigraphic level (Hammer et al. 1991). Although
much of the material collected remains in the matrix, the prepa-
ration of the fossils is progressing, and at least four types of
animals have been recognized in the fauna.

Three of the four taxa are dinosaurs. Much of the skeleton
(perhaps over 50 percent of a new, large, carnivorous theropod
carnosaur) was recovered, and to date, most of the skull, pelvis,
and a femur of this animal has been prepared. Its most unique
feature is its large, furrowed crest that rises perpendicular to the
long axis of the skull, just posterior to well-developed nasal
ridges. The skull specimen, which is broken anteriorly, is ap-
proximately 55 centimeters in length; the actual skull length is
probably 15 centimeters longer. The size and general features of
the skull liken it to larger carnosaurs from other continents, such
as the North American genus Allosaurus and the Chinese
Yangchuanosaurus. However, the crest and postorbital construc-
tion of the skull indicate that the antarctic carnosaur represents a
new genus. The pubis and ischium are similar to that of
Piatnizkysaurus from southern Argentina which, geographically,
is the closest carnosaur locality to the Antarctic. Unfortunately,
Piatnizkysaurus is represented mainly by postcranial remains and
limited information is available about its skull structure.

At this point, few remains of the other animals have been
identified, hence their affinities to the dinosaurs are less certain.
A partially articulated pes including four large metatarsals ap-
pears to represent a sizable prosauropod or sauropod. The distal
end of a large femur may also belong to the same animal. In
addition, several small, serrated teeth of scavenging theropods
were found in the matrix near the gnawed end of the carnosaur
ischium.

A single, small humerus that was one of the isolated bones
found near the bone concentration belongs to a pterosaur. This

humerus is hollow, has the very distinctive broad medial end that
is characteristic of pterosaurs, and is larger than the humeri of
forms such as Pterodactylus from the Jurassic Solenhofen Forma-
tion (Wellenhofer 1970).

The nature of this fauna suggests that the upper portion of
the Falla Formation is of Jurassic age. Similarly, advanced carno-
saurs from other continents are Jurassic to early Cretaceous in
age. Allosaurus and Yangchuanosaurus, for example, are late Juras-
sic (Molnar, Kurzanov, and Dong 1990; Zhiming 1983; Molnar,
Flannery, and Rich 1985). Piatnizkysaurus, the only other well-
known carnosaur from a southern continent, is Middle Jurassic in
age. Previously, the Dicroidium beds below the upper portion of
the Falla Formation and the age of the overlying Kirkpatrick
basalts place a Late Triassic to Middle Jurassic age constraint on
this unit. Thus, the carnosaur indicates that the upper part of the
Falla Formation is probably closer to the Middle Jurassic age of
the basalts.

The Mt. Kirkpatrick fossils represent the first Jurassic terres-
trial vertebrate fauna known from the antarctic continent. The
pterosaur and dinosaurs also represent the first members of the
Order Pterosauria and the Order Saurischia from Antarctica. The
previously reported Cretaceous dinosaurs from islands off the
Antarctic Peninsula, a hypsilophodont and an ankylosaur, both
belong to the dinosaurian Order Ornithischia (Hooker, Milner,
and Sequeira 1991; Gasparini et al. 1987).

This work was supported by National Science Foundation
grants DPP 88-17023 and DPP 91-18620.
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' 1LDicroidium foliage from Mount Falla,
central Transantarctic Mountains

I

EDITH L. TAYLOR, LISA D. BOUCHER, AND THOMAS N. TAYLOR

Byrd Polar Research Center
and

Department of Plant Biology
Ohio State University

Columbus, Ohio 43210-1293

Dicroidium is a widespread foliage type found in Triassic rocks
throughout Gondwana. The genus is characterized by basal
forking of the frond rachis. The majority of species are once
pinnate with ovate pinnules. The first appearance of the genus,
along with the disappearance of Glossopteris, has been used as a
biostratigraphic indicator for the base of the Triassic, although
these two genera are known to coexist in Indian strata (Bose et al.
1990). Dicroidium has been found in close association with several
reproductive organs (e.g., Llmkomasia and Pteruchus) and is as-
signed to the Corystospermales, an extinct group of Mesozoic
seed ferns.

Samples of Dicroidium were collected from the north side of
the western ridge of Mount Falla, near the Beardmore Glacier in
the central Transantarctic Mountains (8421 S 16442' E). The
fossils occur as compressions 135 meters above the base of the
type section of the Falla Formation (section F2 of Barrett 1969;
Barrett et al. 1986). These rocks are considered to be late Triassic
(Camian-Norian) based on palynomorph assemblages (Farabee
et al. 1989).

Most of the specimens have a cuticle and represent one of the
few reports of preserved cuticle known from Antarctica. Thus it
was possible to examine both morphological and cuticular fea-
tures in order to determine systematic affinities. Three different
species are represented in the Mount Falla flora—Dicroidium
odontopteroides (Townrow 1957), D. lancfolium (Retallack 1977),
and D. dubium (Retallack 1977). There are some complete pinnate
fronds that show the forked rachis typical of the genus, but most
specimens represent incomplete fronds. Pinnule shape ranges
from ovate to lanceolate, and their attachments range from alter-
nate to opposite. Venation patterns are odontopteroid (D.
odontopteroides) or alethopteroid-like (D. !anczfolium, D. dubium)
and are dependent upon pinnule size.

Most cuticular features are similar in all specimens. Epider-
mal cells are generally isodiametric, but may be elongated over
the rachis and major veins. Usually more than one papillae are
present on each cell. Stomatal distribution is amphistomatic and
random; over the rachis the guard cells are parallel to the long
axis. Adjacent to the guard cells are two lateral subsidiary cells
that may sometimes be divided transversely. Two polar subsid-
iary cells are usually present. Sometimes, additional subsidiary
cells are present, and they form an incomplete outer ring. Most
stomata are slightly sunken and some have papillae arching over
the stomatal aperture. Trichome bases are rare.

In addition to the three species from Mount Falla, Dicroidium
has been described from other localities in Antarctica, including
southern Victoria Land (D. dubium and D. zuberi; Rigby 1985), the
Allan Hills (D. dutoitii; Townrow 1967; Taylor et al. 1990), the
Shackleton Glacier area (D. dutoitii, D. feistmantelii; Townrow
1967) and Livingston Island (Dicroidium sp.; Banerji and Lemoigne
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Figure 1. Dlcroidium odontopteroides.
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Figure 2. Dicroidium lancifolium.
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Figure 3. Cuticle preparation of D. odontopteroides showing
oUtlines of epidermal cells and stoma (center) flanked by guard
cells and subsidiary cells. (X 400)

1987 and D. cf. lancfolium, D. cf. elongata, D. cf. spinifolia; Lacey
and Lucas 1981). Dicroidium odontopteroides is the most common
species, known from southern Victoria Land (Plumstead 1962;
Rigby 1985), the Allan Hills (Townrow 1967), the Shackleton
Glacier area (Townrow 1967), and northern Victoria Land
(Tessensohn and Madler 1987), as well as Mount Falla. Dicroidium
fremouwensis was described from a permineralized peat deposit
at Fremouw Peak (Middle Triassic) and is the only species based
on anatomically preserved material (Pigg 1990). The remaining
specimens are preserved as impression/ compressions. The ant-
arctic taxa are most similar to Dicroidium described from Austra-
lia, however, the Mount Falla material is noteworthy in that
biprnnate frond types, such as D. zuberi, are not known.

This work was supported in part by National Science Founda-
tion grant DPP 88-15976.
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A glimpse of early Miocene antarctic
forests: Palynomorphs from RISP

diatomite

XINHE JIANG AND DAVID M. HARWOOD

Department of Geology
University of Nebraska-Lincoln
Lincoln, Nebraska 68588-0340

A clearer view of mid-Cenozoic antarctic terrestrial vegeta-
tion is available through the recovery of rich palynofloras in
lower Miocene diatomite clasts from RISP Site J/9 sediment cores

from beneath the Ross Ice Shelf (see figure 2 in Harwood et al.
1989). Problems associated with palynomorph mixing and re-
working due to glacial processes limited the ability of palynolo-
gists to distinguish in situ grains from recycled grains, and
prevented the unequivocal assessment of terrestrial fossil floras
in Antarctica. In most studies of Antarctic Cenozoic palynology,
recycled pollen dominate the assemblages (Truswell and Drewry
1984; Truswell 1986; Mildenhall 1989; Truswell 1990), and con-
fuse paleo-floral reconstructions. These problems are greatly
minimized in this study (Jiang and Harwood 1993), because we
focus our attention on marine diatomaceous sediments that show
little, if any, glacial influence, and lack reworked Paleozoic and
Mesozoic palynomorphs.

We report on a palynomorph assemblage recovered from a
lower Miocene diatomite that was deposited in the south central
Ross Embayment at a time of minimal glaciation (Harwood et al.
1989). We believe that most, if not all, of the pollen was delivered
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Palynomorphs recovered from RISP diatomite

Nothofagus type	 Reported age range	 Age ref.

Anglosperms
Nothofagidites asperus*
N. brachy-spinulosus
N. cranwelliae

N. suggatei
N. emarcidus*
N. flemingii*
N. Iachlaniae

N. spinosus
N. vansteenisll*
Ilexpollenites? sp.
Myrtaceidites mesonesus
Myrtaceidites sp.
Triporopollenites ambiguus
Proteacidites destructions
Beaupreaidites sp. *

Nuphanipollis sp.
tnicolpate sp.
tniporate sp.

Gymnosperms
Phyllocladidites mawsonll*
Podocarpidites torquatus
Podocarpidites sp.

Spores
Lycopodiumsporites sp.
Lygodiumsporites sp.
Cyathea sp.
Dictyophyuidites sp.

menziesll	 Mid-Maastrichtian—Pliocene
fusca (a)	 Paleocene—Miocene
brassii (a)	 Oligocene—Pliocene
? brass/i (b)	 mid-Miocene
brass/i (a)	 Eocene to Pleistocene
fusca (b)	 mid-Paleocene to Miocene
fusca (b)	 Oligocene—Pliocene
brass/i (c)	 Miocene—Pleistocene
brass/i (c)	 Eocene—Miocene

Cretaceous—Miocene
Paleocene—Miocene
Paleocene—Miocene
Eocene—Miocene
early- to mid-Miocene
Eocene—early Miocene

Turonian—Pleistocene
early- to mid- Miocene

1,3,4,9,11,12
1,4
1,2,3,7
1,3
1,3,10
1,3,7,10,13
1,2,3,5,6
1,3
1,10,11
3
4
3
2
3
2,3

3,4,8
3

Key to age reference:

1 - Dettmann et al. 1990
2 - Pocknall & Mildenhall 1984
3 - Mildenhall & Pocknall 1989
4 Truswell 1983
5 Mildenhall 1989

6 - Hill & Truswell 1993
7 - Haskell & Wilson 1975
8 - Playford & Dettmann 1978
9 - Romero 1973

10 - Stover & Partridge 1973

11 - Cookson 1959
12- Couper 1960
13 - Stover & Evans 1973
14 - Truswell & Drewry
Taxa reported by Brody & Martin (1979)

to the site of marine diatom deposition from temperate to cool
temperate forests in the Transantarctic Mountains (200 kilome-
ters to the west), or from island blocks of West Antarctica.

The palynofloras reported here and in Jiang and Harwood
(1993) reflect a primary assemblage of pollen and spores pro-
duced during the early Miocene, at the time of diatomite deposi-
tion. This allows us to reconstruct a clearer picture of the
Antarctic vegetation for the middle Tertiary (approximately 20
million years ago).

The timing of the progressive loss of higher plants from
Antarctica is a topic of considerable interest (Trüswell 1990;
Webb and Harwood 1992). The recovery of in situ leaves, twigs,
roots, and pollen of Not hofagus in upper Pliocene sediments of the
Sirius Group near the head of the Beardmore Glacier in the
Transantarctic Mountains suggests a continued presence of higher
plants in Antarctica until the late Pliocene (Askin and Markgra
1986; Harwood 1986; Prentice et al. 1986; Cariquist 1987; Webb
and Harwood 1987,1991,1992; Hill et al. 1991; Hill and Truswell
1993).

Burckle and Pokras (1991) speculate on an older age for the
Sirius Group vegetation, believing it to be "... a relict assemblage
which is probably no younger than Oligocene but which may
have persisted into the early Miocene." Given this suggested age,

one might expect similar palynofloras in RISP diatomite and th
Sirius Group. However, the lower Miocene pollen assemblage
documented here and in Jiang and Harwood (in press) is differert
from the Sirius Group palynofloras. Askin and Markgraf (198)
and Hill and Truswell (1993) note that the Sirius Group assem^
blages are sparse and of extreme low diversity.

Brady and Martin (1979) reported the presence of palyno-
morph assemblages in the RISP sediment matrix, which they
believed were of mid-Miocene age (an asterisk next to species
names in table 1 indicates taxa reported in their study). The
sediment matrix contains a mixture of at least three distinct ages
of marine sediment and microfossils. These include distinct
lower Miocene, middle Miocene, and upper Miocene compo-
nents that were identified by examining the diatom composition
within the sediment clasts and sediment matrix (Harwood et at.
1989; Scherer 1992). An early Miocene age of the diatomite
sample used in this study is established by diatom biostratigra-
phy reported inScherer (1992). Brady and Martin (1979) describe
palynomorph assemblages from the matrix sediments that are
dominated by Not hofagidites, occur in moderate state of preserva-
tion, did not contain Paleozoic to lower Tertiary recycled pollen
but appeared to be from an assemblage of one age, and are similar
to late Oligocene assemblages from the Ross Sea. The poor
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representation of Proteacidites suggested an early to middle Mi-
ocene age. Brady and Martin were uncertain whether the pollen
and spores were derived from local vegetation or were recycled
in the glacial matrix of the RISP cores.

Our study of pollen in the marine diatomite clasts from RISP
cores significantly reduces, and perhaps eliminates, the problem
of glacial-induced fossil recycling and palynofloral assemblage
mixing evident in RISP matrix. We report (in the table) a higher
diversity palynomorph assemblage than Brady and Martin (1979)
but obtained similar overall results (Jiang and Harwood 1993).
This is to be expected, since the matrix sediments are derived
largely from the degraded lower Miocene diatomite clasts, with
lesser contribution from middle and upper Miocene sources
(Harwood et al. 1989). Preservation is moderate to good, with
some of the grains occurring in tetrads. The pollen assemblage is
similar to early Miocene palynofloras of New Zealand (Pocknall
and Mildenhall 1984; Mildenhall and Pocknall 1989), but of lower
diversity. Nothofagidites is a common element, with approxi-
mately equal numbers of the N. fusca and N. brassii groups. The
assemblage is dominated by Nothofagidites cranwelliae, N. lachlaniae,
N. brachyspinulosus, N. einarcidus, N. spinosus (table). The signifi-
cance of the RISP pollen record was hidden when Kellogg and
Kellogg (1981, 1986) suggested the palynomorphs were all re-
worked from older Cenozoic deposits. We believe the palynoflora
as described by Brady and Martin (1979) does represent a signifi-
cant window into early Miocene Antarctic vegetation. The value
of this assemblage is enhanced by our palynological study be-
cause: the age of the deposit is more clearly defined by diatom
biostratigraphy (Scherer 1992); we minimize, and perhaps re-
move, the problem of mixed assemblages by studying the diato-
mite clasts; and the palynoflora was produced at a time of
minimal glaciation and perhaps climatic optimum in Antarctica.

The terrestrial vegetation represented by the palynoflora re-
ported herein survived in Antarctica through several glaciations
of the Oligocene (Barrett et al. 1989; Wise et al. 1991). Similar
conclusions about the survival of Antarctic floras through these
glacial events were reached by Mildenhall (1989) from the study
of the Oligocene to earliest Miocene CIROS-1 drilicore.
Mildenhall's study, however, could only refer to "presumed in
situ Oligocene taxa," due to the high level of pollen recycling
evident in the glacial sediments of CIROS-1. Even though the
sample examined here was reworked from a diatomite deposit,
the pollen assemblage recovered from within the diatomite was
produced from plants that were growing at the time the diatomite
was deposited.

We now have a clear view from which we will be able to start
to trace the progressive removal of higher plants from Antarctica
due to climate cooling and increasing ice cover through the
Cenozoic.

This project was supported by National Science Foundation
grant DPP 91-58075. E.M. Truswell and D.C. Mildenhall pro-
vided valuable comments.
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Brittle fault arrays in the Royal
Society Range, southern

Victoria Land
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The Transantarctic Mountains form the uplifted margin of the
west antarctic rift system (Fitzgerald et al. 1986; Stern and ten
Brink 1989; Behrendt and Cooper 1991), which developed during
the breakup of the Gondwana supercontinent in the Mesozoic
and Cenozoic. Compared to other rift-flank uplifts, the
Transantarctic Mountains have more dramatic vertical relief and
a greater length, comparable to mountain belts formed at conver-
gent plate boundaries. The structural architecture of the
Transantarctic Mountains differs from other rift margins in
having a uniform tilt direction and a range-parallel segmenta-
tion into blocks separated by transverse physiographic troughs,
rather than the typical along-axis segmentation into blocks with
alternating tilt direction bounded by morphologically high trans-
verse structures. My previous structural studies in southern
Victoria Land have shown that Cenozoic fault arrays define a
regional extension direction that is oriented obliquely to the
trend of the Transantarctic Mountains, possibly resulting in
reactivation and opening of the transverse structures as pull-
apart basins and explaining their unusual morphology (Wilson
1990, 1992).

The most prominent transverse break in the Transantarctic
Mountains occurs along the southern end of the Royal Society
Range, where the mountain chain steps westward toward the
Byrd Glacier. During Mesozoic-Cenozoic rifting, this transverse
zone was the site of voluminous magmatism in the Jurassic, now
represented by extensive outcrops of Ferrar dolerite around the

Skelton Névé, and in the Cenozoic from about 30 million years
ago to the present within the McMurdo Volcanic province. Sys-
tematic mapping of the distribution, geometry, and displacement
patterns of brittle fault arrays within the Royal Society Range is
being carried out in the present study in order to investigate the
structural development of this major transverse step in the
Transantarctic Mountains.

During the 1991-1992 season, field studies were carried out in
the foothills of the Royal Society Range between Ferrar Glacier
and Radian Glacier, and in exposures around the margins of the
Blue Glacier (figure 1). The initial field party, including Peter
Braddock, Robert Janosy, Timothy Stepp, and Terry Wilson, was
deployed to the ridge north of Garwood Valley on 4 November
1991. Field work was carried out on foot from helicopter-de-
ployed base camps at Garwood, Marshall Ridge, Shangri-la, Lake
Keyhole, Rücker Ridge, and Bettle Peak. Helicopter-supported
day trips were made to the ridge north of Marshall Valley,
Holiday Peak, Herbertson Glacier, Cathedral Rocks, the Walcott
Glacier area, Hobbs Peak, and Salmon Hill. In mid-December, the
party, with mountaineer Mike Roberts, transversed the northern
and eastern portions of Blue Glacier by skidoo to investigate
localities throughout that region. Field work was completed on
21 December.

Multiple brittle fault sets are present at all of the field sites
visited; representative data from several localities are presented
in figure 1. The combined data from the five localities show
considerable scatter in fault plane orientation, but the statistical
contour plot of poles to the fault planes defines five distinct fault
sets within the region (figure 1B). The parallelism between the
dominant fault sets at each locality and prominent local physi-
ographic features is of particular interest. At Cathedral Rocks
and Herbertson Glacier, the fault sets parallel the Ferrar Glacier
trend (figure 1), where a major transverse fault has been inferred
(Gunn and Warren 1962; Findlay et al. 1984; Fitzgerald 1987). At
Marshall Ridge and the locality along the western Blue Glacier,
fault sets parallel the ridge trends. Faults developed on the ridge
east of Lake Penny (figure 2) have a west-northwest trend parallel
to the major linear trough occupied by Radian Glacier (figure lÀ).
These relations demonstrate a fundamental structural control on
the morphology of the Royal Society Range, particularly the
transverse structures that segment the Transantarctic Mountains
along their length.
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Figure 1. Geologic sketch map (A) of study area modified from Findlay et al. (1984). Black denotes metasedimentary rocks. Stipple pattern
denotes igneous rocks of the Granite Harbour Intrusive Complex. Horizontal line pattern denotes Beacon and Ferrar Supergroup rocks. Heavy
dot-dash lines mark trends of transverse physiographic troughs occupied by Ferrar Glacier and Radian Glacier. Heavy dashed line indicates
trend of the structural front of the Transantarctic Mountains. Lower hemisphere stereographic projections show representative structural data
for brittle faults at selected localities in the study area. Great circle curves denote fault planes. Dots are striae on fault planes. Arrows show
motion of hanging wall above fault plane. CR denotes Cathedral Rocks. HR denotes ridge along Herbertson Glacier. MR denotes Marshall
Ridge. PR denotes ridge east of Lake Penny. WB denotes ridge on the western edge of Blue Glacier. (B) Compilation of fault plane data from
the five localities shown in A, showing five discrete fault sets within the region. Note that all but the N10W set consists of two pairs of fault
planes with conjugate geometry. Shading indicates concentrations of poles to (i.e., lines perpendicular to) fault planes. Small black dots are
Individual fault plane poles. Average fault plane orientations are shown by black symbols on the Iefthand plot and by corresponding great circle
curves on the righthand plot. Circles mark the N30E set. Triangles mark the N60E set. Squares mark the N80E set. Diamonds mark the N40W
set. The star marks the N1 OW set.
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Figure 2. Exposure is located on the ridge east of Lake Penney. The
peaks of Mt. Dromedary are visible in the background.

Several lines of evidence indicate that the discrete fault sets
were formed and subsequently moved at markedly different
times in the development of the Transantarctic Mountains. Four
of the five fault sets consist of pairs of fault planes with the
conjugate geometry and moderate to steep, opposing dips typ-
ical of normal fault sets (Anderson 1951). Instead of the dip slip
motion this interpretation would require, however, striae pre-
served on the fault surfaces document moderate- to low-angle,
oblique slip directions on all the sets (figure 1A). This difference
between fault geometry and predicted slip direction, the diverse
motion directions on parallel faults within a set, and the occur-
rence of multiple sets of striae on individual fault surfaces all
indicate that preexisting fracture surfaces were reactivated re-
peatedly during episodic rifting of the region.

Displacement directions derived from the offset of
metasedimentary layering and extensive aplite and lampro-
phyre dike swarms and from the orientation patterns of minor

fracture arrays associated with fault planes are predominantly
normal with right- and left-slip components. Where preserved
locally, superposed sets of striae on fault surfaces indicate that
dominantly strike-slip transport occurred after dominantly nor-
mal, dip-slip motion. These data are being analyzed graphically
to reconstruct shortening and extension directions from the faut
population data.

The relative chronology of the fault sets has been determined
from crosscutting relations observed in the field. The N30
conjugate fault set is clearly the oldest, because it is parallel to,
and locally intruded by, the regionally developed Vanda dik
swarm (Janosy and Wilson, this issue). The N60E and N40W
fault sets are younger than the N30E set, and sparse data sugget
that the northwest set is the younger of the two. The N1 OW anc1
N80E fault sets are the youngest in the region. These sets ar
approximately parallel and perpendicular to the regional tren4l
of the mountains in southern Victoria Land, suggesting the'
have been active during the morphologic uplift of the mountain
in the Cenozoic. Field studies during the 1992-1993 field seaso
will focus on determining the geometry of faulting associate
with the Jurassic Ferrar dolerites and with Cenozoic McMurd
volcanic rocks in order to better constrain the absolute ages of the
fault sets.

This research was supported by National Science Foundation
grant DPP 90-18055.
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The pre-Devonian basement complex of the Transantarctic
Mountains in southern Victoria Land is dominated by the igne-
ous rocks of the Granite Harbor Intrusive Complex. This complex

as originally defined by Gunn and Warren (1962) to include all
of the igneous rocks that predate the Kukri Peneplain at the base
of the Beacon Supergroup and that were thought to be associated

ith the Cambro-Ordovician Ross orogeny. The youngest igne-
ous rock types of the basement complex include mafic dike suites
that were first reported during exploratory expeditions to Ant-
rctica (Ferrar 1907; Mawson 1916) and that were shown to occur

throughout the dry valleys and the Koettlitz Glacier area by the
first systematic mapping programs in the region (McKelvey and
Webb 1962; Allen and Gibson 1962; Blank et al. 1963; Haskell et al.
1965).

A dike swarm is a concentration of dikes thought to have been
emplaced during the same igneous episode and typically consists
of a subparallel to fanning array of multitudes of individual
dikes. Where dikes occur in parallel arrays, emplacement was
controlled by the regional tectonic stress field within the conti-
nental crust (Delaney et al. 1986), and the dike swarm records the
orientations of extensional strains in deforming continental litho-
sphere. Dikes represent tensile hydrofractures propagated by
intruding magma and are emplaced in an orientation normal to
the least compressive stress and parallel to the plane containing
the maximum and intermediate compressive stresses (Anderson
1951; Pollard 1987). The regional paleostress regime that existed
at the time of dike emplacement can therefore be reconstructed
from dike trends. In cases where dike swarms extend for hun-
dreds or thousands of kilometers, the stress-field patterns de-
rived from these are inferred to reflect the interactions of tectonic
plates. This study is the first attempt to determine the stress
regime associated with the dike swarm in Victoria Land and to
use it to model plate interactions along the early Paleozoic margin
of East Antarctica during the Ross orogeny.

Structural analysis of the early Paleozoic dike swarm was
conducted during the 1991-1992 field season in the foothills of the
Royal Society Range between the Ferrar and Koettlitz Glaciers
(figure 1). The initial field party, consisting of geologists Timothy
M. Stepp and author and mountaineer Peter Braddock, was
deployed by helicopter on 4 November 1991 to Garwood Valley.
Systematic field investigations were carried out by foot traverse
from helicopter-deployed camps at Marshall Ridge, Shangri-La,
Hidden Valley, Rucker Ridge, and Bettle Peak. On 10 December
1991, accompanied by mountaineer Mike Roberts, the field team
traversed Blue Glacier by snowmobile to investigate outcrops at

Briggs Hill, Granite Knolls, Stratton Hills, the ridge north of Lister
Glacier, and at the mouth of Blue Glacier. Helicopter-supported
day trips were taken during the last week of the season to carry
out investigations at Cathedral Rocks, near Penny Lake, the ridge
north of Walcott Glacier, and Hobbs Peak.

Systematic investigation of the dikes involved obtaining ori-
entations from dike margins, recording relations with host rock
structures if present, describing their character and composition,
and sampling. All observed and sampled dikes were located on
aerial photographs for later map compilation. The exposed dike
lengths ranged from approximately 10 meters to over 200 meters,
and the correlation across intervening glaciers or valley fill indi-
cate that some dikes extend for thousands of meters. Typical dike
thicknesses are between 10 centimeters and 5 meters, with some
porphyry dikes ranging up to 10 to 15 meters thick. At several
localities individual dikes are made up of a series of subparallel,
echelon segments that average approximately 50 meters in length.
A few dikes exhibit chilled margins, and composite intrusions
occur rarely. Furthermore, xenolith-bearing dikes are present in
the Hidden Valley area.

In the Koettlitz-Blue Glacier region, Blanket al. (1963) includ-
ing biotite lamprophyres, hornblende lamprophyres, porphy-
ries, acidic aplites and coarse- to fine-grained pegmatites in the
early Paleozoic dike suite. More recently, Wu and Berg (1991)

Al

Figure 1. Geologic sketch map of study area that was modified from
Findlay et al. (1984). Black-- metasedimentary rocks; stipple pattern =
Igneous rocks of the Granite Harbor Intrusive Complex; horizontal
line pattern = Beacon and Farrar Supergroup rocks. Representative
orientation data from early Paleozoic dike planes shown as great
circle traces on lower hemisphere, equal area projections; A = Blue
Glacier area; B = Bettie Peak area; C = Hobbs Peak area; D = ridge
north of Garwood Valley; E = Marshall Valley-Hidden Valley area; and
F = Walcott Glacier area.
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described the lamprophyres in the same area as ultramafic,
alkaline, and caic-alkaline rock types, including aillikite,
camptonite, spessartite, and vogesite varieties. Dikes examined
during our field work exhibited a wide range of composition
from felsic to mafic varities; were aphanitic to porphyritic, locally
schistose to subschistose; and contained some felsic or xenolithic
components. A systematic petrographic classification of col-
lected hand samples is presently in progress to determine the
range of composition and to establish whether any correlation
exists between the dike composition and orientation.

The dike swarms exhibit a prominent northeast trend through-
out most of the study area (figure 1). At Garwood Valley, how-
ever, roughly east-west strikes and moderate northerly dips are
the result of folding of the dikes together with their metasedi-
mentary host rocks (figure 2). The Garwood dikes, which are
typically rich in biotite and contain a schistose fabric, clearly
represent the earliest generation of dike intrusion in the study
area. The dominant, northeast-trending dike arrays are planar
and cut compositional banding and ductile structures within the
host rocks at high angles (figure 3). The orientation data exhibit
distinct trend and dip variations within and between localities
(figure 1); field relations and laboratory analysis will determine
if these distinct orientations represent multiple dike sets. The
dike chronology and trend data will be used to reconstruct the
paleostress history of this sector of the Ross orogen.

Figure 3. Parallel northeast-trending dike swarm extending frorr
Miers Valley (Miers Lake in foreground) southward across Hidde
Valley. Note the dikes (black arrows) cut banding and foliation In th
host rocks (double-barbed arrow) at a high angle.

This research was supported by National Science Foundation
grant DPP 90-18055.
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moraine at Mt. Achernar (8411' S 160'59'E) consists
f ice-cored ridges that were deposited by the Law
by the Lewis Cliff ice tongue (figure 1). This ice-

oraine is composed of rock debris released by the
basal ice during the retreat of the east antarctic ice
)ck clasts in the Mt. Achernar moraine are samples of
along the flowline of the ice leading from the central
e mouth of the Law Glacier and therefore provide
about the geology of the ice-covered interior of East

During the 1990-1991 field season a cross section of the mo-
aine was sampled at 200-meter intervals between the points
abeled A and B in figure 1. The lithologic compositions of 3,237
lasts larger than 16 millimeters from 32 till samples have been

determined and are plotted in figure 2 in terms of percentage by
Lumber. The results indicate that the moraine is composed of
Lolerite and basalt, sandstone, and siltstone, shale (gray, red, and
lack), and limestone, along with minor amounts of conglomer-
te, hornfels, and lithified till. Granitic igneous rocks and high-

grade metamorphic rocks from the Precambrian shield of East
Antarctica are absent. Except for the limestone and conglomerate

^
lasts, the rock composition of the Mt. Achernar moraine is
dentical to that of the Elephant moraine (Faure etal. 1984; Faure

and Taylor 1985; Taylor and Faure 1985), the Reckling moraine
(Faure et al. 1987 a,b), and the ice-cored moraines at the Allan
Hills (Faure and Buchanan 1987). The absence of clasts of high-
grade metamorphic basement rocks at all of these sites implies
that the east antarctic ice sheet is flowing across sedimentary
rocks of the Beacon Supergroup that cover the gneisses of the east
antarctic Precambrian shield.

The data in figure 2 reveal a discontinuity in the composition
of the moraine at about 900 meters along the surveyed line, where
morainal deposits of the Lewis Cliff ice tongue and the Law
Glacier are in contact across a narrow snowband. The heavy lines
in each profile in figure 2 are 3-point moving averages. They
demonstrate that the quantities of dolerite/basalt clasts decrease
north toward Law Glacier, whereas those of sandstone/siltstone
and shale increase. The moraine ridge adjacent to Law Glacier is
forming at the present time, whereas the most distant ridge may
have formed in Pleistocene time, when the east antarctic ice sheet
retreated from a former high stand to its present low level. The
chronology of recession is being dated by K. Nishiizumi using
cosmogenic beryllium-10 produced in quartz by cosmic rays.

We thank D. Buchanan and E. H. Hagan for assistance in the
field. This work was supported by National Science Foundation
grant DPP 88-16236.
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Fission track studies in northern
Victoria Land in the

1991-1992 field season

PAUL G. FITZGERALD, THOMAS F. REDFIELD,
STEPHEN J . REYNOLDS, AND EDMUND STUMP

Department of Geology
Arizona State University

Tempe, Arizona 85287-1404

A previous reconnaissance fission track study in northern
Victoria Land (Fitzgerald and Gleadow 1988) determined that
uplift and denudation responsible for the formation of the
Transantarctic Mountains (TAM) began about 55 million years
ago. The pattern of apatite ages with elevation over most of
northern Victoria Land (NVL) is similar to individual vertical
profiles collected in southern Victoria Land (SVL) (Fitzgerald
1992): Age profiles show a distinctive "break-in slope" about 50
to 55 million years ago, with samples above the break-in slope
defining a shallow gradient and those below the break defining
a steep gradient. Track length distributions below the break-in
slope have long means (greater than 14 microns) with small
standard deviations indicative of rapid cooling, whereas those
above the break have shorter mean lengths (12-13 microns) with
larger standard deviations indicative of more complex thermal
histories. Samples below the break were quickly cooled because
of rapid uplift and denudation in the early Cenozoic, whereas
samples above the break in slope resided for some time in an
apatite partial annealing zone, before early Cenozoic uplift.

The 1991-1992 field season in NVL was designed to further the
scope of the reconnaissance study. We targeted specific areas
where a carefully planned sampling strategy could address three
main tectonic problems. The areas and problems were as follows:

The question of Cretaceous uplift and denudation. Antarctica
and Australia separated by continental extension during the
Jurassic to the mid-Cretaceous (Veevers 1988). It would seem
logical that some uplift of the TAM (especially in NVL, near
where rifting presumably was first initiated) would accompany
continent-continent breakup.

Reconnassiance fission track data from the Admiralty Moun-
tains tentatively suggests that a Cretaceous uplift signature is
recorded there (Fitzgerald and Stump 1991). Early Cretaceous K-

Ar ages in Jurassic dolerite and basalt at Litell Rocks and the Mesa
Range have been interpreted to record movement at this time
(Kreuzer et al. 1981; Elliot and Foland 1986; DeLisle and Fromm
1989). Schmierer and Bummeister (1986) suggested that paleo
magnetic results from the Bowers Supergroup were most consis-
tent with remnant magnetization recorded during uplift within
the Cretaceous normal polarity superchron period (118 to 83
million years ago).

The primary objective of this field season was to sample a
detailed vertical profile over the greatest elevation range possible
from the higher peaks of the Admiralty Mountains. Fission track
dating of the profile samples would help in the acquisition of
information about thermotectonic events from the Cretaceous
and early Cenozoic periods.

• The linking of the area of extreme uplift in the southeastern part
of NVL with the rest of NVL. The 10-kilometer total uplift postu
lated for the southeastern part of NVL (the Mount Murchison and
lower Tucker Glacier areas) is considerably greater than total
uplift estimates for the rest of NVL. Horizontal and vertical
traverses linking the Murchison area with the Admiralty Moun-
tains could help determine if the areas have the same timing of
initiation of uplift (about 55 million years ago) and different
amounts of uplift and denudation, as was suggested by Fitzgerald
and Gleadow (1988). Alternatively, uplift could have begun
earlier in the Mount Murchison area.

The team planned to collect a suite of samples at a locality
between the two different areas with different amounts of uplift
to resolve the questions of different amounts of uplift and/or
different timing of uplift. The area selected for this was Mount
Supernal, a high granitic peak midway between the Mount
Murchison area (extreme uplift) and the rest of NVL (less ex-
treme, more regional uplift).

• The pattern of post-Jurassic uplift in NVL. Fitzgerald and
Gleadow (1988) postulated a very simple pattern of uplift over
NVL, with approximately 10 kilometers in the southeastern
coastal area and 5 to 6 kilometers over the rest of NVL, the am-
ount decreasing inland toward the Wilkes subglacial basin. Roland
and Tessensobn (1987) proposed two axes of uplift in NVL, an
older axis (the Rennick trend) responsible for the main phase of
graben formation that possibly occurred during the early Creta-
ceous, and a younger axis (the Borchgrevink trend) that parallels
the coast from the Admiralty Mountains to the Deep Freeze Range;
they speculated that this trend was responsible for the formation
of the rift shoulder adjacent to the Ross Sea. The younger event
would give a northwest tilt to the entire NVL block inland of this
axis. The two trends intersect in the Deep Freeze Mountains, which
has the greatest amount of terrain over 3,000meters in elevation
(although the highest peaks are in the Admiralty Mountains).
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Figure 1. Simplified tectonic map of Victoria Land north of Terra
Nova Bay, showing terranes, uplift trends (hollow lines, the Rennick
trend; dark lines, the Borchgrevink trend) of Roland and Tessensohn
(71987), and localities mentioned in the text. Boxed area marks
lcation of figure 2. Adapted from Roland and Tessensohn (1987)
Mnd Fitzgerald and Gleadow (1988).
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Figure 2. Location map, central northern Victoria Land. Camps are
marked by solid triangles and approximate skidoo traverse routes
by solid lines. RG Rastorfer Glacier. Boxed area marks location of
figure 3.
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Figure 3. Location and geological sketch map, Admiralty Mountains.
Camps are marked by solid triangles and approximate skidoo traverse
routes by thin solid lines. Collecting routes are indicated by thicker
solid lines and solid dots. Geology is from Findlay and Jordan
(1984), Ganovex Team (1987), and field observations.

The above two scenarios are necessarily speculative. While
}itzgerald and Gleadow (1988) documented a major period of
i.kplift and denudation in NVL that was initiated in the early
Cenozoic, the fission track data do not unequivocally describe the
regional extent of that uplift. Nor do the data define tectonic
vents occurring before or after the initiation of uplift. Fission

track thermochronology built upon a more complete data set
could constrain these scenarios. Samples collected on either side
of major terrane boundary faults would also further determine the
role of these faults in the post-Jurassic tectonic evolution of NVL.

The three questions posed above were the order of priorities
for our project in the 1991-1992 austral summer. Fitzgerald,
Redfield, Reynolds, and Charles Hobbs (mountain guide) were
the field team. Unfortunately a 10-day delay before put-in and
atrocious weather during the season (more than 65 percent bad

weather days during field operations) hampered many of our
efforts to collect samples. After landing by LC-130 in the upper
Tucker Glacier, 2 kilometers north of Boss Peak on 18 November
(figure 1, 2), we traversed 120 kilometers (figure 2) to a camp on
the north branch of the upper Fowlie Glacier (figure 3). Samples
at approximately 100-meter vertical intervals over 891 meters of
relief (from the summit, 4,010 to 3,119 meters) were collected from
the north side of Mount Adam during a ten-day period. Change-
able weather, deep snow, and high winds hampered this phase of
field work.

Electrical failure of both Southcom SC-130 radios necessitated
a Twin Otter resupply flight on 3 December. We moved camp
from the north branch of the Fowlie Glacier to the south branch
on 7 December. We collected samples down the lower northwest
ridge of Mount Royalist from an elevation of 3,250 meters to 2,750
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meters. We extended the profile to even lower elevations by
sampling a small granitic nunatak under the northwest shoulder
of Mount Black Prince and a previously unmapped granitic body
at 71.68540 S 167.9676° E. Granite was also sighted at previously
unmapped localities in bluffs to the west and north of this
nunatak. We collected 23 samples in total, over an elevation
range of 2,060 meters, from the summit of Mount Adam (4,010
meters) to the base of the previously unvisited nunatak (1,950
meters). Consistent joint patterns suggest that the Admiralty
Mountains pluton has not been tilted significantly, permitting the
data to be grouped in one structural block.

We made the traverse back to the Boss Peak camp on 9
December. On 12 December the sampling profile was extended
down to an elevation of 1,314 meters, four samples being col-
lected from a ridge just east of the mouth of the Rastorfer Glacier
(figure 2), a tributary to the Tucker Glacier. Under white-out
conditions, we returned to camp safely with the aid of a Magellan
global positioning system (GPS) instrument.

Our scheduled pull-out date, 16 December, was fine, and we
used the absence of an aircraft to visit the Inferno Peak pluton in
the Victory Mountains to collect samples, close to, but not across
any major faults. A blizzard descended upon NVL and, except for
one brief spell of fine weather on the Navy safety standdown day,
remained firmly inplace until 30 December. We were pulled outby
LC-130 on 31 December. Soft snow precluded a simple field extrac-
tion; almost all field gear was left behind. Scientific samples and
some field gear were retrieved by Twin Otter on 6 January 1992.

The work done in the 1991-1992 austral summer, although not
as complete as would have been desired, does allow the opportu-
nity to address the question of Cretaceous uplift in the Admiralty
Mountains of NVL. Returned samples are being prepared for
analysis in the Fission Track Facility at Arizona State University.

This work was supported by National Science Foundation
grant DPP 90-17763. Thanks to UIAGM guide Charles Hobbs,
who assisted throughout the season. Without the LC-130 crews
of the US Navy squadron VXE-6 and the crew of the Ken Borek
Air Twin Otter, neither the fieldwork nor subsequent laboratory
analyses would have been possible.
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Paleomagnetic studies of Mesozoic
rocks from the Antarctic Peninsula:

Implications for Weddell Sea opening

A.M. GRUNOW

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210

West Antarctica's location with respect to East Antarctica after
the Middle Jurassic breakup of the Gondwanaland superconti-
nent is important for an understanding of the opening history of
the Weddell Sea. West Antarctica is composed of four major
crustal blocks: the Antarctic Peninsula (AP), the Ellsworth-

Whitmore Mountains (EWM), the Thurston Island-Eights Coast
(TI), and Marie Byrd Land (MBL) (Daiziel and Elliot 1982) (figur
1). This article describes new paleomagnetic data from th

Antarctic Peninsula (combined with existing geologic and geo.
physical data) that help to constrain the motion of the AP bloc$
relative to East Antarctica and hence increase understanding 

0

4
the opening history of the Weddell Sea.

The paleomagnetic samples were obtained (along with sampl
for uranium-lead geochronology by S. B. Mukasa and J.Tangeman
from the University of Michigan and palynological samples
collected by S. Fowell from Lamont-Doherty Geological Observa-
tory) from the AP block during a 1-month cruise in May 1990, 2
weeks' camping on Byers Peninsula in December 1990, and a 1-
month cruise during January 1991. Most locations were visited
by zodiak from the R/V Polar Duke, with the exception of remote
field camps established on Byers Peninsula, Kopaitic Island, and
Hope Bay (figure 1). Unusually deep snow cover prevented us
from sampling the primary objectives at Byers Peninsula. The
paleomagnetic samples were collected with a portable, gasoline-
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Figure 2. Reconstruction for 170 to 155 million years ago. Between 170 and 155 million years ago the AP block rotated clockwise with respect
to east Antarctica as a result of Initiation of seafloor spreading in the western Weddell Sea basin along the southern AP block margin. Inset:
175 million years ago reconstruction, before the start of Gondwanaland break-up. (See Grunow at at. 1991 for discussion of tectonic setting
at 175 million years ago.) In reconstructions, the geographic south pole (+) is centered on the east Antarctic (eat) reference pole; the west
antarctic paleopoles are located with asterisks. Latitude circles are in 150 increments. Abbreviations are as follows: AP, Antarctic Peninsula;
ap, AP block A95 circle; BSB, Bryd subglacial basin; eat, east Antarctic A95; EW, Explora Wedge; EWM, Ellsworth-Whitmore Mountains; Fl,
Faulkiand Islands; MBL, Marie Byrd Land; RVB, Rocas Verdes basin; TI, Thurston island-Eights Coast; ti, TI block A95 circle.) MBL is shown
In a 100-million-years-ago position (Grindley and Oliver 1983) in the reconstructions.

powered, diamond-bit Pomeroy coring drill with a water/glycol
mix as drill coolant. We collected 1,100 oriented drill cores and 20
oriented hand samples from 176 sites (six to seven cores per site)
at 17 locations from the AP block.

The samples were analyzed at the Lamont-Doherty Geologi-
cal Observatory of Columbia University and the University of
Oxford paleomagnetism laboratories. Pilot samples were pro-

gressively demagnetized with the use of step-wise alternating
field (AF) or thermal techniques (TH) to determine the best
demagnetization procedure for each site. Mean directions and
paleopoles were determined using Fisher (1953) statistics.

Samples collected from the Botany Bay Group sandstones and
siltstones at Camp Hill (figure 1) proved to be weakly magnetized
and unstable magnetically. Paleomagnetic cores were also col-
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Figure 3. Between about 160 and 130 million years ago, opening began along the northern Antarctic Peninsula and Rocas Verdes basin of
southern South America, effectively stopping opening in the southern AP block and causing counterclockwise rotation of the AP-TI blocks.
Subduction of the older Jurassic Weddell seafloor (dashed spreading ridge) and transpressionai deformation occurred at the base of the AP
block as the EWM block and east Gondwanaland moved southward. Inset: Reconstruction for 130 million years ago. At the start of South
Atlantic basin opening (approximately 130 million years ago) the AP block was near its present-day position with respect to east Antarctica
and opening stopped in the Rocas Verdes basin. Clockwise rotation of the TI-EWM block resulted in sinistral shearing between the EWM block
and east Antarctica and dextral shearing between the TI-EWM block and the AP block (continuing upon Initiation of South Atlantic opening
may have caused dextral shearing along the northernmost AP block).

lected at Andvord Bay, Avian Island, Charlotte Bay, Horseshoe
Island, the Lemaire Channel, the Meichoir Islands, the Pitt Is-
lands, and the Watkins Island group (figure 1); but the rocks at
these locations do not yet have radiometric age constraints.
Samples of the structurally complex and poorly dated Permo-
Tnassic Trinity Peninsula Group rocks were collected from Hope
Bay, Paradise Bay, Cape Spring, and Kopaitic Island (figure 1).

We obtained new uranium-lead ages from intrusions at Moot
Point, Cape Tuxen, Bone Bay, Charlotte Bay, and Stonington
Island, and a clast from a conglomerate on Horseshoe Island were
obtained by Mukasa and Tangeman.

A late Jurassic pole (about 155 million years ago) (130* E 67.5*
S, A95=8.5*, N=llvirtual geomagnetic poles) was obtained from
Oxfordian sedimentary rocks at Low Island (Thomson 1982) and
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160-million-year-old granites at Bone Bay (R.J.Pankhurst, per-
sonal communication) (figure 1). The new data suggest that the
AP block rotated clockwise between 170 and 155 million years
ago because of early opening in the Weddell Sea Basin (figure 2).
A new early Cretaceous (approximately 130 million years ago)
paleomagnetic pole (178' E 76' S, A95= 7.2') (based on N = three
locality mean poles from the Byers Peninsula mixed-marine
member sedimentary rocks, the Mount Banck granite, and the
Rasmussen Island granite—figure 1) indicates that the AP block
was in or near its present-day position with respect to East
Antarctica about 130 million years ago. Between 155 and 130
million years ago, counterclockwise rotation of the AP-TI blocks
(Grunow et al. 1991) relative to East Antarctica may have caused
subduction of Jurassic Weddell Sea ocean floor beneath the
southern AP block and was probably the cause of the Palmer
Land deformational event (figure 3). An approximately 130-
million-year-old pole from the TI block (Grunow et al. 1987)
requires clockwise rotation of the TI and EWM blocks between
130 and about 110 million years ago, producing sinistral strike-
slip motion between the EWM block and East Antarctica and
dextral transpressional motion between the TI-EWM block and
the southern Antarctic Peninsula (figure 3, inset). New paleopoles
representing about 105 million years ago (from Moot Point and
Vietor Rock on Byers Peninsula), about 85 million years ago (from
Cape Tuxen), and ab'out 55 million years ago (from Snow Island),
along with other equivalent age poles from the AP block (Wafts
et al. 1984; Kellogg and Rowley 1989), are similar to the east
antarctic reference poles and indicate that the AP block has been
in its present-day position with respect to East Antarctica since
about 105 million years ago.

This work was supported by National Science Foundation
grant DPP 90-22349.

Special thanks to Sarah Fowell, Ann Hawthorne, Octavio Urbin,
and especially Mickey Van Fossen for their assistance in collectirig
the paleomagnetic samples and to Sam Mukasa, Robert Pankhurc.
and Jean Tangeman for the radiometric age constraints. The
reconstructions were made with the help of Lisa Gehagan using tFe
PLATES system at the University of Texas at Austin.
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Early geologic history
of Lyreidus in Antarctica

RODNEY M. FELDMANN

Department of Geology
Kent State University

Kent, Ohio 44242

The Cretaceous and Paleogene rocks of Seymour Island, Ant-
arctica, have yielded an exceptionally diverse flora and fauna of
over 800 species (Feldmann and Woodburne 1988). Among
them, marine megainvertebrates comprise a widespread and
diverse assemblage of continental shelf inhabitants, many of
which document biological affinities with contemporary organ-
isms in New Zealand and South America. The recognition of a
southern circum-Pacific molluscan fauna prompted Zinsmeister
(1979) to coin the term "Weddellian Province." Subsequent
examination of fossils from the James Ross Basin area has con-
firmed the integrity of the Weddellian Province and similar
distribution patterns within non-molluscan groups have been
noted (see articles in Feldmann and Woodburne 1988). This
pattern is particularly well illustrated by the distribution of the
crab genus Lyreidus. The recent recognition of a new species of
this genus from Antarctica has reinforced this dispersal pattern
and forms the basis for this paper.

The first description of Lyreidus from Antarctica (Feldmann
and Zinsmeister 1984) represented the oldest occurrence of the
genus in the fossil record and established Antarctica as lying
within the region of origin of the genus. This species, Lyreidus
antarcticus, was collected from numerous sites within the Eocene
La Meseta Formation on Seymour Island. Subsequent examina-
tion of the distributional pattern of species of Lyreidus has been
summarized recently (Feldmann 1990).

The genus appears to have arisen in the high southern lati-
tudes during the Eocene and subsequently dispersed into lower
latitude regions where it is found living today. The ecological
preference of the organism also seems to have changed during the
course of that history. The oldest known forms are preserved in
medium-grained inner continental shelf sediments, whereas the
modern descendants inhabit finer substrates in outer shelf and
slope habitats. This biogeographic pattern is complicated by the
fact that there are two discrete species-groups recognizable in
living forms. These two groups now have been identified in the
fossil record, based upon species that were previously described
from New Zealand, among others. It has been suggested that
these groupings might form coherent subgenera (Feldmann 1990).
Lyreidus bennetti (Feldmann and Maxwell 1990) from the Eocene
Island Sandstone in Westland, represented the same species-
group to which Lyreidus antarcticus belonged. The other species-
group was recognized on the basis of Lyreidus waitakiensis
(Glaessner 1980), but that identification was questionable be-
cause the ventral surface of the crab, necessary for certain confir-
mation, was not preserved.

In the austral summer of 1988-1989, a field party of the British
Antarctic Survey made a brief visit to Seymour Island and gath-
ered a small collection of fossils from Unit Telm 2 (Sadler
1988)(figure 1) in the Eocene La Meseta Formation. Among the
fossils collected by Jeremy Hooker of the Natural History Mu-
seum, London, was a well-preserved specimen of Lyreidus (figure
2). The ventral surface of the specimen, which was exposed, has
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Penguin
Bay	
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Figure 1. Geologic map of Seymour Island, Antarctica, showing the
position of the locality from which Lyreidus hooker! Feldmann
was collected. Map from Sadler (1988).

Figure 2. Lyre!dus hooker! Feldmann. Dorsal (1) and ventral (2)
views of the holotype, British Antarctic Survey (BAS) IN 2397. Scale
bar equals 1 centimeter.

provided the necessary documentation to conclude that it was a
new species and that both species-groups of Lyreidus were present
during this early history of the genus in Antarctica. That discov-
ery has subsequently led to the description of Lyreidus hookeri
(Feldmann). The discovery has also reconfirmed the existence of
two species-groups, making it possible to formalize them as
subgenera. The establishment of the presence of both subgenera
in the high southern latitudes during the Eocene has greatly
strengthened the interpretation of the origin, radiation, and dis-
persal of Lyreidus.

The discovery of the second species of Lyreidus within the La
Meseta Formation raises another question, however. Although
Lyreidus antarcticus is clearly the more common of the two species,
it will be important to determine whether it was, in fact, the earliest
occurrence of the genus. This question cannot presently be resolved
but should be addressed by future field work in the region.
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This work was supported by National Science Foundation
grant DPP 89-15439. The specimen upon which the description of
the new species of Lyreidus was based was made available by M.
R. A. Thomson, British Antarctic Survey, Cambridge, United
Kingdom. (Contribution 526, Department of Geology, Kent State
University, Kent, Ohio 44242.)
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Fossil corals from Seymour Island,
Antarctica

HARRY F. FILKORN AND RODNEY M. FELDMANN

Department of Geology
Kent State University

Kent, Ohio 44242

Fossil corals have been known to occur in the rocks on Seymour
Island, Antarctica, since the early part of the century. Based upon
specimens collected on Nordenskjöld's Swedish South Polar
Expedition (1901-1903), Felix (1909) described six species of cor-
als reported to have been collected from seven localities in Creta-
ceous rocks (Nordenskjöld's map in Andersson, 1906, pl. 6). Five
of these localities were on Snow Hill Island, and two were on
Seymour Island. With the exception of a preliminary report
(Filkorn 1990), no subsequent examination of Cretaceous corals
from this region has been made.

During the austral summer of 1986-1987, M. A. Kooser, Uni-
versity of California, Riverside, California, and Rodney Feldmann
documented the presence of corals at 24 localities on Seymour
Island (figure 1), of which 18 were Cretaceous and six were
Paleocene. Although these were anecdotal collections made
while studying other macroinvertebrate taxa, over 400 specimens
were collected. These specimens, as well as the original speci-
mens studied by Felix, have served as the basis for a re-examina-
tion of the coral fauna of Seymour Island.

Sixteen species of corals have been identified from Cretaceous
and Paleocene rocks and referred to 13 genera. All the corals tend
to be relatively small and all are presumed to have been
azooxanthellate; that is, they lacked the algal symbionts that
typify modern, shallow water reef building corals. Four of the

species are colonial, forms whose skeletons formed branching,
bush-like colonies, whereas the remainder are either free-living
or attached, conical or cupolate, solitary forms. Within the
collections made to date, the corals have been more widespread
and diverse in the late Cretaceous to Paleocene Lopez de BertQdano
Formation, where 12 solitary and one colonial species have been
identified. In the Paleocene Sobral Formation, three colonial and
one solitary species have been identified including one species of
Madrepora that apparently formed relatively large thickets (figure
2). The species of solitary coral may be conspecific with one
collected in the LOpez de Bertodano Formation. Tentatively three
species have been recognized in collections from the Eocene La
Meseta Formation; however, the paucity of corals in the La
Meseta Formation is likely related to the intensity of collecting
rather than to the abundance of or diversity of forms. Although
the sampling of the rocks of Seymour Island for fossil corals s
incomplete, the high diversity of the coral fauna, particularly ii
the LOpez de Bertodano Formation, reinforces observations of
high diversity in other invertebrate taxa collected from Seymour
Island (see articles in Feldmann and Woodburn 1988).

In general, the Cretaceous and Paleogene coral faunas on
Seymour Island are dominated by taxa that have living descen-
dants. The occurrences of five genera are unique to the James
Ross Basin, four genera of corals within this assemblage represent
the first occurrence of those genera in the fossil record, and at least
eight species in five genera are ancestral to living forms that are
inhabitants of lower latitude, deep-water assemblages. Thus,
observations based upon corals from Seymour Island corrobo-
rate conclusions based on the study of arthropods, molluscs, and
echinoderms (Zinsmeister and Feldmann 1984) that the southern
high latitudes served as a site for origin of some modern deep-
water species.

Examination of the mineralogy of the coral skeletons, using a
staining technique employing Feigi's solution (Feigl and Leitmeier
1933) and X-ray diffraction studies indicated that all specimens
tested were composed of aragonite, the original skeletal mineral-
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Figure 1. Geologic map of Seymour Island denoting the sites (dots) from which fossil corals have been collected. Localities from which Felix's
material was collected are indicated by squares. Base map from Sadler, 1988.

ogy of the corallites. Unaltered aragonite in fossil material of late
Cretaceous age is relatively rare. Its presence offers the opportu-
nity of using corals for geochemical and isotopic analyses that
may yield valuable information on paleobathymetry and
paleotemperature.

The results that have been derived from the preliminary
collections made of fossil corals have documented a diverse
fauna, largely of pioneering species, that have given rise to
several modem taxa. Additional, more systematic collecting is
warranted to fully document this unusual occurrence.

Access to the type material of corals studied by Felix was
provided by Christina Franzén-Bengtson, Nautrhistoriska
Riksmuseet, Stockholm, Sweden. Field work for Feldmann was
supported by National Science Foundation grant to William J.
Zinsmeister. Laboratory work was partially supported by National
Science Foundation grant DPP 89-15439. (Contribution 525, De-
partment of Geology, Kent State University, Kent, Ohio 44242.)
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Alkalic basalts and ultramatic
xenoliths on James Ross Island,

Antarctic Peninsula

RANDALL A. KELLER

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

JORGE A. STRELIN

Inst it uto Antartico Argentino
Cerrito 1248

1010 Buenos Aires, Argentina

The northern Antarctic Peninsula was the site of at least 200
million years of subduction of oceanic crust and related arc
volcanism (Saunders, Tarney, and Weaver 1980), but recently
(since approximately 7 million years ago) extension-related vol-
canism has taken over and is known at numerous locations on
and around the peninsula (Smellie et al. 1988). Studies by our-
selves (Fisk 1990; Keller and Fisk 1992; Keller et al. 1992) and
others (Weaver et al. 1979; Smellie 1987; Hole 1988, 1990) of
extension-related volcanism in this area suggest that significant
chemical complexities of the earth's mantle are reflected in the
recent volcanic products around the northern part of the penin-
sula. We are investigating the possibility that some of these
mantle source variations can be related to the effects of the
recently extinct subduction zone on the west coast of the Antarc-
tic Peninsula. Extension-related lavas at a variety of distances
(125-400 kilometers) from the South Shetland Trench provide an
opportunity to study the spatial extent of subduction-contamina-
tion of the mantle beneath a relatively immobile lithospheric
plate. The fieldwork component of this study included the sam-
pling of the volcanic stratigraphy of James Ross Island under-
taken by us during January and February 1992 at Massey Heights
(figure 1), and the collection of ultramafic xenoliths near Ekelof
Point (figure 1).

The sheer cliffs of Massey Heights (figure 2) offer excellent
opportunities for observation and sampling of the volcanic stratig-
raphy of this area of the island. Most of the volcanic rocks on the
island are mildly alkalic basalts and palagonite breccias between
7 and 1.5 million years old (Nelson 1966; Rex 1976; Smellie 1987;
Smellie et al. 1988), but analyses of James Ross Island lavas by
modern geochemical methods are extremely limited. One facet of
our study will be the determination of the chemical compositions
of the lavas we collected and comparison of them with other
recent lavas of the Antarctic Peninsula to evaluate the range of
chemical variation of the mantle.

We will obtain additional information on the nature of the
mantle beneath James Ross Island in our study. Preliminary
examination of the ultramafic xenoliths we collected from in and
around a basalt dike near Ekelof Point (figure 1) suggests that
they are predominantly spinellherzolites (consisting of the min-
erals olivine, clinopryroxene, orthopyroxene, and spinel) with
between 50 and 95 percent olivine. They therefore appear to be
fertile fragments of the upper mantle rather than restites or
cumulates.

Antarctic
Peninsula

,ç
	Island
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Figure 1. Map of James Ross Island area showing locations of
Massey Heights and Ekelof Point, the two 1992 geological fieldwork
sites discussed in text.

Figure 2. Photograph of cliffs of Massey Heights, showing palagonite
breccias and basalt flows. Cliff is approximately 150 meters tall at
this location.
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Lherzolithic xenoliths are generally believed to represent frag-
n'ents of the upper mantle brought to the surface by their host
volcanic rocks (for example, Francis 1987). Studies of these xeno-
lihs are the primary sources of our present knowledge of the
upper mantle in many regions (Menzies 1983; Xue et al. 1990).

Detailed geochemical analyses of mantle xenoliths can decode
nt only present mantle conditions in an area but also, through
rdiogenic isotype systematics, the history of chemical inputs and
oitputs for aregion of the mantle (Xue et al. 1990). Similarly, we will
cnduct an integrated mineral phase and radiogenic isotope study
of the spinel lherzolite xenoliths from James Ross Island. The
vfrtual lack of Tertiary motion of the Antarctic Plate (LeMasurier
and Rex 1989) suggests the mantle is relatively stable there, but the
nature of the antarctic mantle is exceptionally poorly known; we
expect this study to make a significant contribution to our knowl-
edge of the sources and processes extantbeneath the Antarctic Plate
in the region of the Antarctic Peninsula.

This work was supported by National Science Foundation
grant DPP 88-17126.
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Meteorite studies

Meteorite studies: Terrestrial and
extraterrestrial applications, 1992

MICHAEL E. LIPSCHUTZ

Department of Chemistry
Purdue University

West Lafayette, Indiana 47907

During the past year a great stir of public and U. S. governmen-
tal interest has developed in the nature and occurrence of aster-
oids, and the opportunities and hazards that they present to
mankind. Orbital data and spectral information continue to be
gathered by ground-based remote analysis and, in the past year,
spacecraft have begun to image these objects. Our detailed knowl-
edge of asteroids comes from studies of fragments of them that
fall to earth as meteorites. These planetary materials are studied
intensively in terrestrial laboratories not only to establish their
genetic and evolutionary histories but also the processes that
occurred before the solar system existed that led to its being
formed. Their significance has been addressed in a lengthy and
comprehensive summary (Lipschutz 1992a) solicited by the edi-
tors of the Encyclopedia of the Solar System.

An important aspect of meteorite studies is the glimpse that
they give of their parent bodies' origins and evolutions, and of
processes that led to formation of their parent materials from
different parts of the nebula from which the solar system derives.
It is becoming increasingly obvious that the 15,000 meteorite
fragments recovered to date from Antarctica—representing an
estimated 3800±1800 separate impact events—provide a differ-
ent window of the earth's sampling of planetary materials than is
provided by the 1,763 finds and 1,103 falls observed elsewhere on
earth. This suggestion (Dennison et al. 1986) was originally made
as part of a study jointly supported by the National Science
Foundation Division of Polar Programs and NASA. (Investiga-
tions in this area are now supported mainly by NASA.)

Much of the research carried out by my group this year
involved radiochemical neutron activation analysis (RNAA) and
tomic absorption spectroscopy to determine part-per-million to

part-per-trillion levels of 12 to 15 trace elements in each sample
tudied. These elements are important because of their chalcophile,

ie
le, and siderophile geochemistry and especially because

t0ttri highly responsive to thermal processes which usually
accompany geochemical or cosmochemical fractionation. Hence,
in their absolute contents and relative abundance trends, these
elements can record various fractionation events, both

reterrestrial and terrestrial, during residence in and/or on the
ce sheet. Additionally, a major facility involving accelerator

ass spectrometry (AMS) at Purdue has begun providing data.
s dedicated facility is primarily intended to provide data for

e cosmogenic radionuclides 1O (half-life, 1.6 million years), 26A1

(0.74 million years), 36CI (0.30 million years), 41Ca (0.10 million
years), and 1291 (16 million years). This AMS facility is intended to
become a national AMS facility for the earth and planetary science
communities. During the past year we carried out measurements of
the first three of these radionuclides in almost 500 meteorites and
terrestrial antarctic (and non-antarctic) rock and ice samples.

Lindstrom etal. (1991) discusses implications of the petrologic
and chemical characteristics of two paired meteorites of lunar
origin (MAC 88104 and MAC 88105) found in the MacAlpine
Hills region of Victoria Land, Antarctica. Another paper describ-
ing the new AMS facility at Purdue University remains in press
(Elmore et al. 1991).

A study of our trace element suite in samples of the Fayettesville
H (high iron) chondrite regolith breccia has been written and
published during the past year (Xiao and Lipschutz 1991). The
results of this study shed light on the evolution of the surface of
an asteroidal-sized planet having no appreciable atmosphere.
Several different sorts of H chondrite-like parent materials were
comminuted and mixed in forming fine-grained surface dust and
a foreign clast of carbonaceous chondrite-like material was also
incorporated into the breccia as it formed from the dust.

During the past year, we also completed a paper (Xiao and
Lipschutz 1992) describing the genetic information provided by
concentration data for our suite of trace elements—Co, Au, Ga,
Rb, Sb, Ag, Se, Cs, Te, Zn, Cd, Bi, TI, and In (ordered by increasing
putative volatility in primary nebular processes)—in 42 C2-6
chondrites—all but 3 from Antarctica. From these measurements
and literature data for 19 additional chondrites, Cl-normalized
concentrations of the 9 most volatile elements (Ag to In) proved
to be rather constant in most meteorites. Trace elements trends in
39 antarctic and 22 non-antarctic carbonaceous chondrites are
similar: no evidence exists for substantial alteration by weather-
ing of samples in Antarctica nor do the data reflect modification
by open system, parent body metamorphism at> 500 °C. Volatile
element concentrations and siderophile ratios (Au/Co and Ga/
Co) define continua which correlate at statistically significant
levels. Carbonaceous chondrites do not sample a few, composi-
tionally distinct parents but, rather, a compositional continuum
in which parent materials forming under more oxidizing condi-
tions incorporated lesser complements of volatiles, essentially
unfractionated from cosmic composition. This may well refect
the range of formation conditions (temperature, duration, and
water/rock ratios) represented by oxygen isotope variations
during preterrestrial aqueous alteration of parent materials. These
conclusions will probably spark some controversy as they chal-
lenge quite a few currently held ideas concerning the origin of
carbonaceous chondrites.

In another consortium study (Zolensky et al. 1992), we report
petrologic and chemical characteristics for our trace element suite
and many other, more refractory elements in dark clasts in the
LEW 83500 eucrite (an ancient basaltic achondrite meteorite,
derived most likely from a V-class asteroid like 4 Vesta). These
clasts, previously thought to be fragments of known sorts of
carbonaceous chondrites, proved to be of unique character: they
are carbonaceous chondrite-like but of a volatile-rich sort not
previously known.
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A large number of other studies of planetary materials (some
recovered from Antarctica) are nearing completion and will
certainly be prepared for publication in the coming year. These
publications contain a series of very surprising results which
should prove of great interest to the antarctic community.

This research was supported in part by the Division of Earth
Sciences, National Science Foundation grant EAR 89-16667; Na-
tional Aeronautics and Space Administration grant NAG 9-48;
and DOE grant DE-FG07-80ER10725.
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Meteorite recovery and
reconnaissance near Pecora

Escarpment and surrounding regions
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During the 1982-1983 field season, reconnaissance parties for
ANSMET (the Antarctic Search for Meteorites) visited sites near
the Pecora Escarpment (8538'S 6842' W) and Thiel Mountains
(85015'S 91000' W) and established that significant concentrations
of meteorites were located at surrounding localities (Schutt et al.
1983). Consequently, the goals of the 1991-1992 ANSMET field
season were to systematically collect meteorites from these known
stranding surfaces and to further explore the potential of sur-
rounding areas.

Our party was put into the field on 6 December 1991 via an
open-field LC-130 landing approximately 50 kilometers north-
west of Pecora Escarpment (figure 1). Group members included
P. J. Wasilewski, M. E. Zolensky,F. Anguita,A. Krot,R. P. Harvey,

and J. W. Schutt. The field party then traversed to the main area
of interest at the Pecora Escarpment and set up camp. On 9
December we departed on an extended reconnaissance trip north-
ward to the Patuxent Range. Our first stop was near Bessinger
Nunatak (85'05' S 64'41'W), where only two meteorites were
found during extensive searching. The next objective was an
expansive blue ice area immediately east of the Anderson Hills
(8430' S 648- 00' W) in the Patuxent Range. Although we spent
five days exploring this area, only 22 meteorites were recovered
from roughly 300 square kilmeters of exposed blue ice. A decision
was made to move on to more promising sites.

The next stop was an unnamed nunatak (8451' S 68'40' W
where a few hours were spent unsuccessfully exploring smal
local blue ice patches. At nearby Brazitis Nunatak (84'58' S 67'23'
W), we discovered numerous meteorites, including a spectacu-
larly large (nearly equal to 20 kilograms) igneous meteorite. After
two days of searching in this area we headed southwest toward
a set of icefields (85'15 S 71* 33' W) where we located at least on
extended stranding surface. Twelve meteorites were marked in
this area for future recovery. Our 13-day, 811-kilometer recont
naissance trip was completed on 22 December 1992 by our returr
to the Pecora Escarpment.

For the remainder of the field season our party systematicall
searched the exposed ice around the Pecora Escarpment, on foo
and on snowmobile. Approximately 550 meteorites were recov
ered from these individual areas, mostly from the eastern, up
wind plateau side of the escarpment. Several notable occurrence4
of meteorites were found, however, on the opposite side of th
escarpment, including nearly one hundred meteorite fragmen
from the area informally called "Kink Basin." Figure 2 shows th
locations of meteorites and blue ice surrounding Pecora Escarp-
ment (Schutt and Fessler 1992).

On 7 January 1992, two of our party (J . W.Schutt and P. J
Wasilewski) began a 10-day Twin Otter supported reconnais-
sance trip. Their first stop was an area approximately 60 mile
southwest of the Pecora Escarpment, informally called the LaPa
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Figure 2. The Pecora Escarpment and surrounding meteorite
stranding surface. All icefield names marked with an asterisk are
informal designations and unofficial. After Schutt and Fessler 1992.

i efields(86 6 15' S 59 6 00W). Three meteorites were found during
o traverses, indicating this region has some potential. A visit to

ffie Stewart Hills region (846 12'S 86'00'W) yielded one specimen,
hile none were found on a smaller icefield adjacent to the Hart
ills (830 

43'S 
896 05W). Twenty-two specimens were recovered

luring a visit to the Moulton Escarpment (856 10 S 946 45 W).
veral small icefields adjacent to Spear Nunatak (866 32' S

246 06'W), nearby Strickland Nunatak, and Hatcher Bluffs were
xplored in later days, yielding 28 specimens. On 22 January

1992, the Twin Otter reconnaissance party returned to McMurdo.
The 1992-1993 ANSMET field season yielded a total of 606

meteorites, including several unusual specimens. Among these
were the large mafic specimen from Brazitis Nunatak, a second,
smaller mafic specimen from the LaPaz icefields, several interest-
ing brecciated meteorites (at least one of which may be lunar), a
few pallasite fragments, and many others (see table 1). At least
one return trip to the Pecora region is anticipated, particularly to

explore the icefields to the northwest and southeast of the escarp-
ment in more detail. The use of the Twin Otter aircraft was shown
to be a great boon for the study of isolated, less extensive icefields,
while our use of handheld GPS receivers greatly augmented our
surveying abilities. We plan to increase our use of both technolo-
gies in future seasons.

This research was supported by National Science Foundation
grant DPP 83-14496.
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Meteorites recovered during the 1991-1992 ANSMET field season.

Ordinary	 Carbonaceous
	 Stony

Area / lcefield
	 Chondrite	Achrondrite	Chondrite	Iron	Iron	Unusual

	
Total

Patuxent Mountains
Lekander Nunatak
Mt. Tolchine
*Main lcefield
Brazitis Nunatak

Pecora Escarpment
*Main Icefield Area
*Damschroder Basin
*Kink Bowl
*North Forty
*Cliff Bowl
*Northeast Steppe
*Lulow Bowl
*Halfway Icefield
*Upper Lulow

*LaPaz lcefields

Stewart Hills

Thiel Mountains
Moulton Escarpment

Wisconsin Range
Spear Nuntak
Strickland Nunatak
*East Strickland
*2250 North
*East Spear

Totals

All numbers are preliminary until laboratory examination of specimens is completed. All icefield and regional names marked with an (*) asterisk are
informal designations and unofficial.

Natural thermoluminescence of
meteorites and implications for ice
movement in the Elephant Moraine

region

PAUL H. BENOIT, DEREK W.G. SEARS,
HAZEL SEARS, AND JOYCE Rom

Cosmocheinistry Group
Department of Chemistry and Biochemistry

University of Arkansas
Fayetteville, Arkansas 72701

The blue ice fields of Antarctica have proved a prolific source
for meteorites, over 14,000 meteorite fragments having been
collected on them by U.S., Japanese, and European field teams

over the last decade. One of the major challenges has been th
rapid characterization of these meteorites in order to maximiz
their utility to researchers. While it is important to identify highl
unusual meteorites (e.g., lunar meteorites, Yanai and Kojim
1991) and to do basic comparisons using sample weights an
classifications (e.g., Huss 1990), it is also important to collect othé
scientific data for large numbers of meteorites from individul
icefields in order to allow meaningful comparisons of sites. Our
laboratory has been measuring natural thermoluminescence
(U) levels of many antarctic meteorites as part of their initial
characterization. This paper reports on our ongoing analysis of
the meteorite collection from the Elephant Moraine region.

Natural U levels are a function of the number of electrons in
metastable traps in a crystal lattice that, in turn, is determined by
the mineralogy of the meteorite, the amount of ionizing radiation
to which it has been exposed, and the effective temperature over
the recent history of the meteorite (i.e., the last million years in the
case of the cold antarctic climate). Most meteorites have natural
U levels of 30,000-100,000 rad, but those with extremely long
terrestrial histories may decay to levels less than 30,000 rad. The
temperature-dependent decay of U makes it difficult to use U
to determine exact terrestrial ages of meteorites, especially those
with long terrestrial histories. However, it canbe highly useful for
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relative comparisons and for "pairing" (i.e., identification of
fragments that are actually part of a single meteorite).

We have measured the natural IL levels of more than 800
aiitarctic meteorites, including approximately 150 from the El-
ephant Moraine region (76017S 157020'E, see figure 1). We report
here on data for ordinary chondrites collected during the 1987-
1988 field season, which have been summarized by Score and
Lindstrom (1990); data for meteorites collected during the 1990-
1991 field season are presently being processed. The Elephant
Moraine region (see Faure and Harwood 1990, and references
therein for physical description) encompasses at least five mete-
orite-bearing blue ice fields, including Elephant Moraine proper
(EM), Meteorite City (MC), Upper Meteorite City (UMC), Texas
Bowl (TB), and the Northern Ice Patch (NIP). While MC, UMC,
and TB are physically adjacent to each other, EM and NIP are on
opposite sides, and the latter is 40 kilometers separate from the
others. We have previously identified numerous pairing groups
within our data base without regard to geographic field location.
While most pairing groups are found to be restricted to single
fields, there are a significant number that span several fields. The
howardite group EET87503 covers both TB and EM, and several
large L6 groups do likewise or span TB, UMC, and MC. There is
also some pairing between UMC and NIP, although the limited
number of samples from the latter field makes comparison diffi-
cult. This result seems to indicate that, unlike the ice fields in the

Allan Hills region (see figure 1; Benoit et al. 1991), the individual
ice fields in the Elephant Moraine region are all very similar in
terms of their meteorite populations.

Natural TL levels for meteorites from the Elephant Moraine
region are generally high (figure 2) with a significant fraction
having IL levels greater than 50,000 rad. This would suggest that,
in general, these meteorites have relatively small terrestrial ages,
probably less than 100,000 years. The cumulative histogram and
the data for meteorites from TB show a large number of meteor-
ites with low IL (greater than 30,000 rad), which would suggest
these meteorites have longer terrestrial ages than the others. This
impression is, however, incorrect because the low IL "hump" in
the TB data is caused almost entirely by three large L6 pairing
groups that might be paired with each other (i.e., a single meteor-
ite). Thus, the TB data are probably dominated by a single L6
meteorite shower that impacted the Earth prior to most of the
other meteorites from this collection.

Natural TL data for the Main and Farwestern blue ice fields at
the Allan Hills are also shown in figure 2. The meteorites of the
Main ice field are known to have long terrestrial ages, and this is
reflected in the large number of samples with low natural IL

Figure 1. Sketch map showing locations of meteorite-bearing blue
Iceflelds associated with the Allan Hills and Elephant Moraine.
Names of iceflelds In the Allan Hills region are given in parentheses.
Names of icefields In the Elephant Moraine region are abbreviated:
EM = Elephant Moraine proper; UMC = Upper Meteorite City; MC =

eteorlte City; TB = Texas Bowl; NIP Northern Ice Patch.

1 2 REVIEW

0.1	1	10	100
Natural Thermoluminescence (krad)

Figure 2. Histograms of natural TL levels in ordinary chondrites from
(A) all Elephant Moraine sites, (B) all sites except Texas Bowl (TB),
(C) Texas Bowl only, (D) Allan Hills Main icefield, and (E) Allan Hills
Farwestern Icefleld. (krad denotes 1,000 rad.)



levels. The Farwestern field has a much larger number of mete-
orites with high TL levels (i.e., short terrestrial ages) and is thus
comparable with the Elephant Moraine meteorites. This and field
measurements at the Allan Hills Main field indicating strong
northerly ice movements (Schultz et al. 1990) might seem to
indicate a connection between the Farwestern field at Allan Hills
and the Elephant Moraine sites. However, an unusual, highly
distinctive group of H5 chondrites that dominates the H-chon-
drite collection at both the Main and Farwestern fields at Allan
Hills (Benoit and Sears 1992) is totally absent at the Elephant
Moraine sites. This suggests that the Elephant Moraine and the
Allan Hills sites are not linked in terms of their meteorite popu-
lations.

We are grateful to William Cassidy, Robbie Score, Marilyn
Lindstrom, Gary Huss, and the Antarctic Meteorite Working
Group for their contributions to this work. This study was
supported by National Science Foundation grant DPP 86-13998
and National Aeronautics and Space Administration grant NAG
9-81 (natural TL).
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Chemical compositions of minerals
of the ordinary chondrite (1-16)
meteorite, RKP86701, from the

Reckling moraine

T. J . BOROUGHS, G. FAURE, AND D. BUCHANAN

Department of Geological Sciences and Byrd Polar Research Center
Ohio Sate University

Columbus, Ohio 43210

About 100 meteorite specimens have been recovered from the
ice fields adjacent to the Reciding moraine located at 76015' S
158040'E, whereas the total number of specimens recovered from
Antarctica now exceeds 10,000 (Benoit and Sears 1992). Most of
the specimens are stony in composition and are classified as
ordinary chondrites of the H class. Because specimens of H
chondrites are abundant and, in many cases, weigh less than
about 50 grams, most of them are not studied in detail.

The meteorite RKP86701 was collected by David Buchanan
(see photograph) during the 1986-1987 season. It was recovered
from the ice field located between the Reckling moraine and the
prominent ice ramp along the east side of the moraine and was
classified as an H6 chondrite by personnel of the Meteorite
Working Group (MWG) in Houston, Texas. Its original weight
was 176.8 grams. The chemical compositions of the major miner-
als were determined by electron microprobe (Cameca SX-50)
using a thin section (RKP86701.9) provided by the MWG (Bor-
oughs 1992).

The results (table) indicate that the grains of the major miner-
als (olivine, orthopyroxene, clinopryoxene, chromite, taenite,

30

kamacite, and troilite) are remarkably homogeneous. The olivine
grains have high concentrations of magnesium oxide (41.6 ± 1.1
percent) and low concentrations of ferrous oxide (18.0 ± 0.5
percent), indicating a forsterite content of 80.5 mole percent. The
orthopyroxenes (opx) differ from the clinopyroxenes (cpx) by
having lower concentrations of aluminum oxide (opx= 0.18 ± 0.02
percent; cpx=1.17± 0.47 percent), sodium oxide (opx= 0.02 ± 0.01

LA

Stony meteorite on the Ice field adjacent to the Reckllng Moraine.

ANTARCTIC JOURNA



Average chemical compositions of minerals in the H6 chondrite
(RKP86701) in weight percent

Ortho-	Clino-
Olivine(5)	pyroxene(5) pyroxene(4)	Chromite(4)

38.7 ± 0.3
0.04±0.1
0.01 ± 0.004
0.01 ± 0.003
0.02 ± 0.02
0.12 ± 0.14
0.03 ± 0.02
41.6± 1.1
18.0 ± 0.5
0.43 ± 0.03

na
na

58.7 ± 0.7
0.18 ± 0.02
0.02 ± 0.01
0.02 ± 0.01
0.36 ± 0.02
0.17± 0.12
1.55± 0.39
30.7 ± 0.1
11.3 ± 0.4
0.50 ± 0.02
0.08 ± 0.06

na

54.0±1.8
1.17± 0.47
0.79 ± 0.28
0.11 ± 0.08
0.85 ± 0.08
0.67 ± 0.12
20.4 ± 2.8
17.5± 1.8
4.33 ± 0.93
0.21 ± 0.02

na
na

na
6.56 ± 0.09

na
na

2.45 ± 0.15
59.0 ± 0.7

na
3.84 ± 0.25
28.1 ± 1.1

na
na

1.07 ± 0.06

Si02
Al203
Na20
K20
hO2
Cr203
CaO
MgO
FeO
MnO
NiO
v20

Sum	99.0	103.5	100.1	101.0

Taenite(1)	Kamacite(6)	Troilite(6)

Fe	72.4	90.3±1.1	64.1±0.7
S
	

0.01	0.01 ± 0.004 36.4 ± 0.2
Si
	

0.01	0.01 ± 0.01	0.01 ± 0.01
Ni	24.4	6.98±0.10	0.02±0.02
Co	0.14	0.46± 0.05	0.01 ± 0.01
Cu	0.35	0.06 ± 0.05	0.01 ± 0.01
Zn	0.06	0.17±0.10	0.06±0.04
Cr	0.03	0.01 ± 0.01	na
Mn	0.01	0.03 ± 0.02	na
Ti	0.00	0.01 ± 0.01	na

Sum	97.5	98.1	100.7

na = not analyzed; 0 number of grains

percent; cpx=0.79 ± 0.28 percent), and calcium oxide (opx=1.55 ±
0.39 percent; cpx=20.4 ± 2.8 percent). However, opx contains
more magnesium oxide (30.7 ± 0.1 percent) and ferrous oxide
(11.3 ± 0.4 percent) than cpx, which has magnesium oxide= 17.5 ±
1.8 percent and FeO4.33 ± 0.93 percent. The elevated concentra-
tions of aluminum and sodium oxide in cpx are the result of
coupled substitution of Al(3+) + Na(1+) for Si(4+), exactly as in
terrestrial pyroxenes.

The meteorite from the Reckling moraine contains small
grains of chromite composed of the oxides of chromium and iron
with small amounts of aluminum, magnesium, titanium, and
vanadium.

The metallic iron grains differ in their concentrations of nickel
such that taenite contains 24.4 percent, whereas kamacite con-
tains only 6.98 percent. The grains of iron sulfide contain equal
molar amounts of iron and sulfur and are identified as triolite,
which does not occur in terrestrial rocks.

The silicate minerals as well as chromite contain the correct
number of cations compared with the number of oxygen atoms in
their respective formulas. Therefore, the minerals in this and
other stony meteorites could have crystallized from silicate melts
at the time of their formation (4,500 million years ago) in much the
same way that they still form on the earth today.

We thank M. L. Lindstrom, meteorite sample curator, for
providing the specimen and the thin section of RKP86701. We
also thank E. H. Hagen and M. L. Strobel for assistance in the field.
This work was supported by National Science Foundation grant
87-14324 and DPP 88-16236.
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Recovery of extraterrestrial particles
from the Lewis Cliff Ice Tongue

using a passive collection system

E. H. HAGEN, C. FAURE, AND D. BUCHANAN

Ohio State University
Columbus, Ohio 43210

K. JOHNSON

Texas Technical University
Lubbock, Texas 79409

A significant portion of the meteoritic flux to the earth Consists
of dust-sized micrometeorites and ablation spherules (Nishiizumi
et al. 1991). This material has been recovered in notable quantities

from supraglacial lakes in Greenland (Maurette et al. 1986) and
from tills along the margin of the Transantarctic Mountains
(Hagen, Koeberl, and Faure 1990). The recovery of this dust-sized
material is challenging because, unlike larger meteorites, mi-
crometeorites are transported by the wind after they ablate from
the ice and are only trapped by obstacles in their path (Harvey
and Maurette 1990). The recovery of extraterrestrial particles
from till is hindered because of the high dilution with terrestrial
mineral grains.

The purpose of our field work was to trap spherules in
transport after they ablated from the ice to demonstrate that
significant quantities of extraterrestrial particles could be trapped
with a passive collection system. The experiment was performed
during the 1990-1991 field season on the Lewis Cliff Ice Tongue
(LCIT)(84 12'S 161'10'E) adjacent to Mt. Achernar (figure 1). The
LCIT was chosen because it is a well-known meteorite stranding
surface with a high ablation rate; the supraglacial tills in the area
contain abundant spherules (Hagen, Koeberl, and Faure 1990);
and the wind direction along the ice surface remains constant
because of the channeling of the wind between adjacent bedrock
ridges.
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Figure 1. Map showing the Lewis Cliff Ice Tongue and the particle
trap locations.

Figure 2. Photograph of a particle trap as emplaced in the field. Each
particle trap measures 4.09 centimeters by 6.24 centimeters and is
hold in place by 2.34-centimeter carpenter nails.

The design of the particle traps used in this experiment is
based on devices used to trap particulate emissions from indus-
trial plants in remote areas where no electrical power is available.
These traps are designed to effectively catch particles in the fine-

sand to silt size ranges (e.g., saltating grains), but they are less
effective in collecting smaller particles.

The traps consisted of shallow, open boxes containing a plas-
tic sheet coated with a tacky substance to hold the particles. In
addition, a grid constructed of plywood was placed into each box
over the plastic sheet. The purpose of the grid was to act as a wind
break, thereby increasing the efficiency of the trap. The total
surface area of each trap was approximately 1,045 square centi-

Nine traps were placed on the LCIT at the locations shown in
figure 1. The traps were placed approximately 100 meters apart
at the terminal end of the LCIT on  December 1990 and remained
in place to collect continuously until 18 December 1990, when
they were recovered prior to a storm. Wind velocity measure-
ments taken 100 centimeters above the ice surface indicate that an
average wind speed of 14.5 kilometers per hour prevailed during
the collecting period based on measurements with a handheld
anemometer having a stated precision of 3.2 kilometers per hour.

Each sediment sample recovered from the traps was searched
microscopically for spherules and meteorite fragments. The
magnetic and nonmagnetic fractions of the sediment were exam-
ined microscopically and spherules were hand-picked using a
fine brush.

The number of spherules recovered totaled 899, with a total
weight of 6.32 miligrams. Terrestrial sediment was also trapped
and had a total weight of 6.136 grams. Figure 3 is a photograph
of some typical spherules taken from the particle traps. The size
distribution of the spherules recovered from the particle traps
was determined by dropping each spherule into a set of sieves.
Fifteen size divisions were chosen ranging between 0.600 milli-
meters to 0.038 millimeters. Spherules recovered from the par-
ticle traps follow a natural log grain-size distribution. The mean
grain-size of all the spherules trapped was approximately 0.150-
0.067 millimeters. The grain-size distribution of the spherules
recovered on the LCIT is shown in figure 4.

The results of our experiment show that abundant spherules
are ablating out of the LCIT at the present time and that they can
be trapped efficiently with a simple passive collector. A benefit
of collecting extraterrestrial particles as they ablate from the ice is
that they are not diluted with terrestrial mineral grains compared
to till.

The authors would like to thank Dave Lape for his assistance
in constructing the particle traps. This work was supported by
National Science Foundation grant DPP 88-16236.
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Figure 3. Reflected-light photograph of some typical spherules
recovered from the particle traps. Note the irregular shape and
vesicular nature of many of the spherules. The average-size spherule
Is 0.71 millimeters.
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Figure 4. Grain-size distribution of all spherules recovered from the
particle traps.
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Glaciology and glacial geology

Early Pliocene antarctic
interglaciations: Climate and
ice-sheet modeling results

M. L. PRENTICE

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

J. L. FASTOOK

Department of Computer Sciences
and Institute for Quaternary Studies

University of Maine, Orono 04469

R. J . OGLESBY

Purdue University
West Lafayette, Indiana 47907

Significant amelioration of the antarctic climate during the
ea ny Pliocene has been proposed by numerous workers (Webb et
al 1984; Harwood 1986; Prentice et al. in press). The principal
evidence is early Pliocene marine diatoms embedded within the
glacial Sirius Formation at some Transantarctic Mountain locali-
ties. Webb et al. (1984) inferred that these diatoms were derived
from east antarctic interior seaways such as that in the Pensacola
Basin. Harwood (1986) inferred ocean water temperatures be-

een 2 'C and 6 'C, whereas Burckle and Pokras (1991) sug-
gested that 0 'C to 2 'C was a more appropriate range for the
diatom species identified. Nothofagus twigs were found in situ
in Sirius sediments at the Dominion Range (Prentice et al. 1986;
Webb et al. 1986). This flora reflects significant warmth, but
dterminingits age has been problematic. Prentice et al. (in press)
irilferred water temperatures of 3 'C for an early Pliocene fjord in
Wright Valley from the 6180 of an extinct species of thick-walled
pecten, the Chlamys tuftsensis (Turner 1967), present in the fjord
sediments. The microflora and fauna present in these fjord
sediments support these inferences. When antarctic surface
waters were about 3 'C during the warmest of early Pliocene
times, it is likely that the mean, annual surface-air temperature
along the antarctic coastline was about the same.

Assuming that these inferences are correct, what was the
configuration of the antarctic ice sheet during these warm cli-
mates? Fastook and Prentice (in press) and Prentice, Fastook, and
Oglesby (in press) presented a series of numerical ice-sheet
reconstructions for a wide range of climatic and glaciological
conditions. Here, we draw on this catalogue of numerical recon-
structions to constrain the ice-sheet configuration for the climate

characterized by the mean, annual coastal surface-air tempera-
tures of 3 'C. Webb et al. (1984) proposed near-disintegration of
the antarctic ice sheet for such conditions. Denton, Prentice, and
Burckle (1991) suggested that the west antarctic ice sheet may
have succumbed to such warmth, but not the east antarctic ice
sheet.

To reconstruct the ice sheet, we used a 2-dimensional, time-
dependent, finite-element model of the antarctic ice sheet (Fastook
and Prentice in press). The model calculates a column-averaged
ice velocity as a linear combination of creep and basal sliding.
Parameters that can be tuned in the model are creep and sliding
law coefficients, as well as the percent of the ice velocity due to
basal sliding. This model allows for time-dependent variations in
mass balance and the isostatic deformation of the bed. A simple
climate model, that is coupled to the ice-sheet model, is driven by
specification of mean, annual surface-air temperature at the
antarctic coastline at 70' S (Fastook and Prentice, in press). We
checked the simple climate model using an atmospheric general
circulation model, NCAR's CCM1, which is described by
Williamson et al. (1987) with a description of the model climate
statistics given by Williamson and Williamson (1987). Bedrock
topography was adapted from the 20-kilometer-resolution digi-
tized data set of Budd, Jenssen, and Smith (1984), which was
based largely on Drewry (1983). The square grid, centered over
a stereographic projection with the standard parallel at 71' 5, has
a spacing of 100 kilometers and contains 1,772 nodes. With tuning
and mean, annual surface-air temperature at the coast being set

Figure 1. Numerical reconstruction of the antarctic ice-sheet surface
elevation for mean, annual surface-air temperature at the coast at 70
S of 3'C. Contour interval is 500 meters. The modern ice sheet and
ice-shelf edges are shown. The experiment started with the present
ice sheet at a mean, annual surface-air temperature of -14 'C along
the coastline at 70'S. After 26,000 years, the ice sheet achieved the
depicted state that is near equilibrium. The shoreline is shown by the
0 meter contour and reflects complete isostatic recovery.
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Figure 2. Annual mass balances (m/yr) calculated by the simple
climate model for the Ice sheet in figure 1. Ablation Is shown as
meters. Accumulation Is rounded to tenths.
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Figure 3A. Annual mass balance for the Ice sheet In figure 1
calculated by the simple climate model In m/yr (+). Dots show the
present-day observed mass balance from Budd et al. (1984).

Figure 3B. Annual mass balances for the Ice sheet In figure 1
calculated by CCM1 (0) and by the simple climate model (+). Mass
balances are In m/yr. All balances have been Interpolated to the CCM
grid of 7.50 longitude by 4.5 latitude. CCM1 balances are constrained
not to fall below 0 m/yr because of an Initial assumption of no snow
cover.

at -14 *C, the ice-sheet model gives a good fit to the modern ice
sheet, as represented by Budd, Jenssen, and Smith (1984). This
control ice-sheet has an average height of 1,578 meters.

When mean, annual surface-air temperature over the conti-
nent was raised by 17 *C, bringing air temperatures at the coast at
70* S up to 3 *C, the present ice sheet had a negative mass balance
and shrank until, after 26 thousand years, it achieved equilibrium
as a much smaller, but higher ice sheet (figure 1). For this
experiment, the tunable parameters were fixed at the values used
to fit the present ice sheet. The increased ablation, due to the
warming (figure 2), was sufficient to deglaciate West Antarctica
and much of peripheral East Antarctica. The McMurdo Dry
Valleys region was isolated from the ice sheet, the margin cf
which stood in the Byrd Glacier region. Apparently, the
Gamburtsev Subglacial Mountains and the southernmost
Transantarctic Mountains were sufficiently high, through isor
tatic rebound, and cold that they could accumulate enough sno'
to support an ice sheet locked between them. The altitude of th
equilibrium line for this stable ice sheet is about 1,500 meten,
assuming insignificant tectonic movements of the mountain
(figure 3A).

One potential weakness with this reconstruction is that the
base of the reduced ice sheet in interior East Antarctica is con
pletely frozen because, here, the control ice sheet is cold-based.:
is likely that the distribution of basal sliding changed as the ice
sheet diminished in area and volume, with the zones of slidin
presently at the margins of the ice-sheet migrating inland withth
receding ice margin. At the extreme, the ice base may hay
become completely melted. To determine what difference thi
extreme bed adjustment would make, we repeated the experi
ment for a completely thawed bed. We found that the surface
elevation of the completely thawed ice sheet was lower by 500 t
1,000 meters than that of the all-frozen ice sheet. The area of the
two ice sheets is nearly the same, however. With considerable
surface area still above 2,000 meters, there is apparently sufficien
accumulation to offset high net ablation below 2,000 meters.

Another potential weakness with these experiments is th
mass-balance calculation. We checked the simple climate mode
results (figure 3A) by running a CCM1 experiment with the ic
sheet depicted in figure 1 for the same interglacial climate wit]
coastal mean, annual surface-air temperatures of 3 *C. For thi
temperature and ice sheet configuration, the number of mode
nodes with essentially no net accumulation is large. There i
negligible accumulation on the high ice-sheet plateau, where i
reflects moisture starvation, as well as along the ice-sheet mar.
gins, where it reflects ablation (figure 3B). The use of an initi
condition of no snow cover in this CCM1 experiment preclude
getting negative balances, though, for many nodes with zero
balance, this would be the case. There are fewer nodes with ne
accumulation in the CCM1 result than for the simple climat4
model. What net accumulations occur in CCMI are much re
duced from those in the simple climate model. If the CCM1
balances had been applied to the reduced ice sheet, this ice sheet
would not be stable but would thin. We ran other CCM1 experi-
ments for smaller ice sheets at the same level of climate warmth
and inferred that the balances for all snapshots were negative
Hence, CCM1 suggests that the ice-sheet configuration for warm
early Pliocene interglaciations would likely have been smaller
than depicted in figure 1.

The discrepancy between the mass balance calculated by the
simple climate model and the CCM1 for the ice-sheet configura-
tion in figure 1 and smaller ice sheets is important. One param-
eterization yields an ice sheet of significant size for a warm

a).

I
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anarctic climate. The other, CCM1, would probably result in
complete ice-sheet disintegration, if it had been coupled to the ice-
shCet model and if the warm conditions were of sufficient duration.
The greater ablation in CCM1 at high ice-sheet elevations, as
compared with the simple climate model, may be correct and
simply not within the capacity of the simple climate model to
predict.

Yet another uncertainty in our reconstructions is the possibil-
ity that marine deglaciation mechanisms, not incorporated into
our model, could arise due to a calving ice front (Hughes 1987)
and potentially enhance the east antarctic ice sheet recession.
Although most of the east antarctic ice sheet is grounded above
100 meters below sea level and so is regarded as terrestrial, some
portions, such as that in the Wilkes Subglacial Basin, are grounded
more than 500 meters below present sea level. Perhaps, warm-
ing above 0 C, and some sea-level rise could cause a calving
embayment to develop over the Wilkes Subglacial Basin and to
facilitate rapid ice-sheet collapse.

In summary, our modeling suggests that, for early Pliocene
interglaciations characterized by mean annual surface air tem-
perature of 3 C along the coastline, the antarctic ice sheet was no
larger than shown in figure 1. In fact, the ice sheet was probably
smaller. This is because the base of the receding ice sheet
probably was largely thawed. Further, if the mass balance of the
simple climate model erred, it was probably on the high side.
Also, there is the possibility of a calving bay. An obvious
remaining question pertinent to constraining further early Pliocene
interglacial, ice-sheet configurations is the duration of the warm
climatic conditions. This factor could make the difference as to
whether an ice sheet remained in interior East Antarctica or was
completely ablated.

This work was supported in part by National Science Founda-
tion grant DPP 88-17147.
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The British Antarctic Survey (BAS), Bryd Polar Research Cen-
ter, University of Washington (UW), and the Polar Ice Coring
Office have been pursuing a cooperative program to obtain

paleoclimate data using ice cores from near latitude 70 S in die
Antarctic Peninsula (Thompson et al. 1989). To continue this
work BAS and UW personnel visited two sites in the 1991-192
field season to make measurements related to the ice coring.

Our primary effort was made at the site of ice coring carried
out in 1989-1990 on the crest of the Dyer Plateau (7040' S 6450'
W) and include the following:
• Resurvey of the marker network around the core site;
• Relocation of markers in a core hole for vertical strain;
• Radio echo sounding to increase spatial sampling close to the
core site;
• Temperature logging of the core hole; and
• Snow sampling.
We report on aspects of the first two.

Figure 1 shows the surface and bed topography determined
from geodetic surveys of markers, transit satellite locations,
barometric leveling between markers, and radio echo sounding
traverses (see Raymond and Weertman 1990, figure 1, for a more
detailed description of traverses). We found surface velocity by
comparison of coordinates from 1989-1990 and 1991-1992 geo-
detic surveys. We removed rigid displacement indeterminacy by
assuming that the marker closest to the summit of the local dome
did not move and that a second marker on the divide crest moved
only parallel to the divide. These constraints are consistent with

-

Figure 1. Distributions of surface and bed elevation. Contour interval for the surface map Is 5 meters. Line segments show velocity magnitude
and direction downslope.
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available transit satellite locations of four markers over a two-to
three-year period, but the accuracy of the satellite locations is not
sufficient for close constraint of the rigid motion. Surface eleva-
tion at the principal core site on the dome is 2,002 meters. The ice
depth is 365 meters. Two dimensional surface flow divergence at
this location is (1.9 ± 0.2) 10 a1.

Figure 2 shows the distribution of vertical velocity over depth
found by relocation of metal bands that were injected into one of
the holes at the principal core site in 1989-1990 with methods
adapted from Rogers and LaChapelle (1974). We completed the
measurements to a depth of 200 meters. The band-detecting
probe could not be lowered to the bottom of the core hole (235
meters) because of hole closure over the two-year interval since
the hole was drilled. Comparison of the vertical velocity with
annual layer thickness in the ice cores will provide a direct test for
time changes in the ice dynamics and accumulation rate in the
p*st. On the basis of the assumption of steady state and the
n easured density profile (Thompson personal communication),
tl e vertical motion can be partitioned into compactive and dy-
n mic components which come from densification and flow
d vergence, respectively. The dynamic strain rate deduced in this
way at the surface is consistent with the independently measured
horizontal flow divergence. The dynamic strain rate is relatively
independent of depth over the range of measurement 0 to 200
n Leters, which covers much of the full thickness of 365 meters. The
n teasured pattern is quite different from theoretical predictions
of vertical motion, which give substantial gradient in vertical
sl rain rate in the central part of the ice thickness (Raymond 1983;
P eh 1988). The reason for the discrepancy is not known with

certainty. It may arise from the location of the core site over the
sharp summit of a ridge in the bed topography (figure 1; see also
Raymond and Weertman 1990), which would allow more lateral
spreading near the base than would be possible on a flatter bed.
Whatever the explanation, the implied age vs. depth is substan-
tially different from that normally expected at a flow divide.

We carried out reconnaissance measurements around a local
ice summit (7r 5232" S 747 33'31' W, elevation 580 meters) of
Beethoven Peninsula, Alexander Island. To provide a basis for
planned ice coring on the west side of the Antarctic Peninsula.
Measurements included the following:
• Near surface temperature;
• Firn sampling in pits and hand cores;
• Deployment of markers for strain and accumulation rates; and
• Radio echo profiling for determinization of ice depth.
We report preliminary results from radio echo sounding.

Sounding was done with a light-weight, surface-profiling
impulse radar system based on a battery-powered digital oscillo-
scope and preamplifier for recording. Figure 3 shows results from
a profile across the divide running northward from the summit.
In contrast with Dyer Plateau, the bed is very flat. Ice depth at the
summit is about 618 meters. Surface elevation is about 580 meters.
Of particular interest is the up-warping of the internal layers near
the surface beneath the divide. The pattern may reflect a lower
accumulation rate near the divide in comparison with that on the
flanks. It seems distinct from a theoretical up-warping near the
bed expected on theoretical grounds from the suppression of strain
near a frozen flat bed. Because of the near-surface up-warping,
coring on the summit will provide the advantage of obtaining old-
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Figure 2. Vertical velocity vs. depth. Solid line shows velocity
difference measured relative to the surface converted to absolute
velocity assuming vertical velocity at the surface is equal to the
accumulation rate. Data point show locations of markers in the hole
that were measured both in 1989-1990 and 1991-1992. A data point
on the bed at depth 365 meters reflects zero motion associated with
the expected frozen condition there. Dashes show dynamic velocity
arising from horizontal flow divergence estimated by subtracting
settlement from densification.
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Figure 3. Radio-echo profile across a local divide at 71053'S 74034'
W on the Beethoven Peninsula, Alexander Island. The surface
topographic divide is located at the point of largest depth indicated
by arrow.

1992 REVIEw	 39



er ice at equivalent depth than on the flanks. A possible disadvan-
tage is that the dome summit may not be representative.

This research was supported by National Science Foundation
grant DPP 87-16243 and the British Antarctic Survey.

References

Raymond, Charles F. 1983. Deformation in the vicinity of ice divides.
Journal of Glaciology, 29(103):356-373.

Raymond, C. F. and B. R. Weertman. 1990. Glaciological observations

on Dyer Plateau, Antarctic Peninsula. Antarctic Journal of the U.S.,
25(5):90-92.

Reeh, N. 1988. A flow-line model for calculating the surface profile and
the velocity, strain-rate, and stress in an ice sheet. Journal of Glaciology,
34(116):46-54.

Rogers, J. C. and E. R. LaChapelle. 1974. The measurement of vertical
strain in glacier bore holes. Journal of Glaciology, 13(68):315-319.

Thompson, L. G., R. Mulvaney, and D. A. Peel. 1989. A cooperative
climatological-glaciological program in the Antarctic Peninsula. Ant-
arctic Journal of the U.S., 25(5):69-70.

Thompson, L. C. Personal communication, 5 April 1990. Field report:
1989-1990. Cooperative Climatological-Glaciological Program in the
Antarctic Peninsula (unpublished field report).

Possible effect of subglacial
volcanism on changes in the west
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Rapid changes in the west antarctic ice sheet (WAIS) may
effect future global sea level changes. Hypothesis (Alley and
Whillans 1991) to account for observed changes in the ice streams
of the WAIS (figure la) include variations in the generation and
transport of water and basal debris, and in ice strength, but not
greenhouse warming. Alley and Whillans (1991) note that "the
water responsible for separating the glacier from its bed is pro-
duced by frictional dissipation and geothermal heat," but assume
that changes in geothermal flux would ordinarily be expected to
have slower effects than glaciological parameters. I suggest epi-
sodic subglacial volcanism and geothermal heating may have
significantly greater effects on the WAIS than generally appreci-
ated.

The WAIS flows through the active, largely aseismic West
Antarctic rift system (WS) (figure 2) that defines the subsea level
bed (Bryd Subglacial Basin) of the glacier (LeMasurier 1990;
Behrendt et al. 1991). Various lines of evidence summarized in
Behrendt et al. (1991) indicate high heat flow and shallow as-
thenosphere beneath the extended, weak lithosphere underlying
the West Antarctic rift system (figure 2) and the WAIS. Behrendt
and Cooper (1991) suggest a possible synergistic relation be-
tween Cenozoic tectonism, episodic mountain uplift, and volca-
nismin the West Antarctic rift system and the waxing and waning
of the antarctic ice sheet beginning about earliest Oligocene time.

A few active volcanoes and late Cenozoic volcanic rocks
(figure 2) are exposed throughout the West Antarctic rift system
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Figure 1. Portion of WAIS flowing into the Ross Sea with Ice
and Whliians 1991).

along both flanks. No part of the rift system can be considerec
inactive (LeMasurier 1990; Behrendt et al. 1991). Short-wave-
length, high-amplitude anomalies (figure ib) observed on widely
spaced aeromagnetic profiles collected in the 1960s (Behrendt
1964) occur over exposed volcanoes, and over the ice streams and
their catchment areas. These latter anomalies, whose sources
were calculated to be at or near the base of the ice sheet, have also
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Figure 3. Generalized Isostatically adjusted bedrock elevation map
after ice removal, assuming sufficient time, In area of the west
antarctic rift system (Behrendt and Cooper 1991). Contour interval is
500 meters. The approximate limits of the grounded ice are indicated
by a dotted pattern. The 3,000-kilometer-long, 750-kilometer-wide
west antarctic rift system, which comprises areas having below-sea-
level elevations bounded by the rift shoulder, Is filled by the WAIS as
indicated. The rift shoulder escarpment has present elevations
ranging from 3 to 5 kilometers. The volcanic centers on the continental
shelf are determined from seismic reflection data (Behrendt et al.
1991). Additional (active?) volcanic centers are probable beneath
the WAIS.

been interpreted as due to late Cenozioc volcanic rocks (Behrendt
1964,1983; Behrendt et al. 1991). Volcanoes exposed above the ice
in the WAIS show evidence (LeMasurier 1990) of having been
erupted from beneath the ice. Several of the subglacial fixed
points in the ice streams interpreted from satellite images
(Bindshalder and Scambos 1991) suggest buried volcanoes. There
is no teleseismic evidence for explosive eruptions beneath the ice,
this is most likely due to few seismographs and generally nonex-
plosive volcanism (LeMasurier 1990; Behrendt et al. 1991).

I propose that subglacial volcanic eruptions and ice flow in
volcanically active areas should be considered to possibly have a
forcing effect on the thermal regime resulting in increased melt-
ing at the base of the ice streams.

The modest eruption of Mount St. Helens (in a different type

of tectonic setting) on 18 May 1980, released about 1.7 x 1018 joules
(Decker and Decker 1981). An equivalent volcanic eruption be-
neath the WAIS could result in melting a 1-centimeter thick layer
beneath a 700 by 700 kilometer area (the order of the ice streams
and a significant part of their catchment area). If an eruption of
this magnitude occurred once every 1 to 10 years in an area this
size it probably would have a significant effect on the glacial
regime; if once every 1,000 to 10,000 years, the results would be
negligible. Of course energy released by volcanic eruptions var-
ies by orders of magnitude, particularly when duration (only one
day of the Mount St. Helens eruption is considered above) of
particular eruptions is considered. The only point of this overly
simplistic calculation is that active volcanism in the vst antarctic
rift system, which might be reasonably expected (LeMasurier
1990; Behrendt et al. 1991), must be considered when studying
changes in the WAIS.

Programs such as the southeast Ross transect zone (CASERTZ)
program (Blankenship et al. 1991) presently surveying a 330-
kilometer-wide swath of aeromagnetic, gravity, and radar ice-
sounding data across the West Antarctic rift system give evidence
of subglacial volcanism and concentrations of meltwater beneath
the WAIS.

This work was supported in part by National Science Founda-
tion grant DPP 92-03170.
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Radar experiments on ice stream B
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Teams from the University of Wisconsin (UW) and the Insti-
tute of Geography(IG), Russian Academy of Sciences, carried out
field work in 1991-1992 in the vicinity of UpB camp (8,T29' S
138' 15'W) ice stream B that was devoted entirely to experiments
with radar systems. The five systems were an 80-megahertz
impulse (short-pulse) system (GSSI model SIR8) (UW), a digitally
recording 50-megahertz SPRI Mark II system (UW), a UHF (620-
megahertz with optional pulse lengths of 0.1 microsecond and 0.7
microsecond) RLS-620 system (IG), a VHF (60-megahertz) ARS-
4 system (IG), and an HF (2-megahertz and 8-megahertz) MPI-8
system with digital as well as analog recording (IG).

The central components of the UW short-pulse radar, a high-
resolution system for studying the top 100 meters of the ice sheet,
were mounted on one Nansen sled with the antenna towed 30
meters behind on another sled. A combination of a bicycle-wheel
odometer, a motion detector, and two GPS receivers provided
navigation. Output from the radar receiver and the navigation
system were logged digitally.

We used the short-pulse radar initially in a safety survey of all
lines on the strain grid established by Ohio State University
(OSU) (figure 1). This work led to a division of the survey region
into "crevassed" (crevasses near the surface) and "uncrevassed"
(crevasses buried deeply enough for safe travel with Tucker Sno-
Cats) zones (figure 1). It also yielded a general survey of the depth
and lateral frequency of buried crevasses. Profiles with the IG
UHF system, totaling approximately 100 kilometers in length,
will image not only buried crevasses but also internal layering to
depths of 200 meters or 500 meters, depending on the pulse
length.

To aid in the interpretation of radar returns from crevasses, we
ran several transects across open or shallowly (0.5 meters) buried
crevasses whose depths were measured. These experiments
showed that the bottom of such a crevasse acts as the principal
diffractor. We attribute the weakness of returns from nearer the
surface to a combination of the smoothness of the crevasse walls
and the down-looking beam angle of the antenna.

For the diffraction experiments (below) it is important to know
which variations in basal-echo strength result from interference
from near-surface crevasses, so we profiled in both longitudinal
and transverse directions over all of the diffraction grids. An
example is shown in figure 2.

Twelve successful trackings of the California Institute of Tech-
nology (Caltech) hot-water drill as it penetrated the firn will be
used for determination of the variation of electromagnetic wave
velocity with depth.
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Figure 1. Map of the OSU strain grid in the vicinity of UpB camp,
showing the boundary between the "crevassed" and "uncrevassed"
regions, areas of the high-density radar-profiling grids (numbered
areas), and the location of the polarization experiments (crosses and
rectangle marked "P").

We used the UW 50-megahertz radar primarily in surveys of
high-density grids at six sites (figure 1) to determine differential
movement rates between the upper and lower surfaces of the ice
stream by repeated precise positioning of the diffraction pattern
that arises from interference between reflections off irregularities
in the ice-bed interface.

A newly designed and built automated system provided
significant improvements in position control. It included a de-
vice, driven by a trailing bicycle wheel, for triggering the radar
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Figure 2. Short-pulse-radar record obtained from grid 3. The profile
runs one kilometer upstream from left to right. The vertical extent Is
one microsecond of two-way travel time (about 90 meters).
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Figure 3. Two detailed reflection images from a 50-meter section in
area 3. The lower recording was made 31 days after the upper, during
which time the ice moved 37 meters to the left. The tops of the dark
areas represent the base of the ice. The vertical range in both
diagrams Is one microsecond of two-way travel time. Each vertical
stripe is 0.7 meters wide.

system every 0.7 meters and also a highly directional microwave
motion sensor, which detected accurately located marker stakes
in passing.

The repeat surveys on grids 1, 2, and 3 revealed no relative
motion of basal diffraction patterns (figure 3), which means that
the differential motion is less than 2 percent of the velocity of the
ice stream. In these three locations, at least, the ice-stream sole
moves unmodified in shape through a yielding bed. We have
seen no indication of "sticky spots." The data from grids 4,5, and
6 have not yet been examined.

Only the "uncrevassed" portion of the OSU strain grid was
profiled with the UW 50-megahertz radar. Preliminary results
indicate significant anistropy in bed roughness and some surpris-
ingly large changes in reflection amplitude from place to place.

We profiled the entire grid with the IG VHF radar for determi-
nation of ice thickness and internal layering and carried ott
discrete studies of pulse amplitude and shape at 90 percent of the
grid stakes. In addition, we surveyed diffraction grid 1 for direct
comparison between IG and UW results and made ice-thickness
measurements with the IG HF (2 megahertz) system at 16 stakes
along the Z line.

The UW and IG groups performed 57 radar polarization
experiments to search for anisotropy in the ice, primarily at Site
P (figure 1) in an area where strong shear strain suggests a
boundary between blocks of ice of different origin and internal
characteristics (I. M. Whillans personal communication 1992).
Preliminary results suggest that changes in ice fabrics do occur in
a zone that lies roughly along the B line.

IC personnel made wave velocity measurements at 2 mega-
hertz by the wide-angle-reflection, common-midpoint method at
three sites; at one the IG group also made the measurements at 8
megahertz. With their VHF radar they also monitored basal
echoes around the Caltech drill holes as the drill approached the
bed to search for possible changes in the location, strength, or
pulse-shape of the returns.

This is contribution number 532 of the University of Wisconsin-
Madison, Geophysical and Polar Research Center. This work was
supported by National Science Foundation grant DPP 90-18530.
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Glaciology and Global Positioning
System at Upstream B and from

CASERTZ

IAN M. WHILLANS

Bryd Polar Research Center
The Ohio State University

Columbus, Ohio 43210

Field activities in 1991-1992 involved two phases. First, at the
Upstream B (UpB) camp on ice stream B, the existing strain grid
was enlarged and surveyed using the Global Positioning System
(GPS) receivers and Ski-Doos. Second, in a cooperative program
with R. Bindschadler, remote stations in the catchments of ice
streams B and C that were installed in 1985-1986 were revisited
using Twin Otter based at the CASERTZ (corridor aerogeo-
physics of the southeastern Ross transect zone) camp (figure 1).
These phases were very successful; however, other portions of
the plan were canceled because of problems with LC-130 support
and cargo management.

The strain grid at UpB is a key element in a study of ice-flow
mechanics. It has been used to search for regions within the ice
stream that may retard ice-stream flow (Whillans and Van der
Veen). The results are very unusual; there are no sites of very large
resistance and there is not the usual linkage between surface
slope and strain rate. A possibility is that there are large spatial
variations in ice strength. The newly enlarged strain grid will be
used to check this and test if the decoupling of the fast-ice stream
from the slow ice between the ice streams is due to the develop-
ment of a strong crystal orientation fabric or to strain heating.

The enlarged grid (figure 2) is much larger than previously
deployed grids. In order to survey it in a reasonably short time,
a fast technique is needed. The stop-and-go kinematic GPS tech-
nique was used. It is the most precise use of GPS.

A minimum of two phase-tracking receivers is needed for this
use of GPS. Each receiver tracks the carrier phase of at least four
satellites simultaneously. One of the receivers remains fixed at a
reference site, while the other visits various stations in the grid.
The receiver's antenna is placed on the pole top at each station
(the stop) and is transported by sled (the go) between stations
while maintaining phase lock on the satellites. Survey time was
about five minutes per station, of which the bulk was travel time
between stations.

The relative accuracy of the survey in the horizontal direction
is about 2 x 10, in which the major source of error is believed to
be ionospheric effects on the GPS signal.

Elevations are also obtained (shown with contours in figure 2).
Relative elevations are accurate to 0.04 meters for stations 1,000
meters apart. This is more than adequate for our needs.

One of the important questions about ice stream flow concerns
whether sites of drag or variations in ice type are being advected
with flow or are fixed with respect of the bed. Comparison of the
surface features shown in figure 2 with an elevation survey
conducted in 1983-1984 (Whillans 1984) shows that the surface
topographic features are fixed with respect to the bed. Thus, the
bed does have an important effect and causes standing waves in
the surface.
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Figure 2. Strain grid at UpB, with elevation contours from 77.5 to
122.5 meters, at 2.5-meter intervals, relative to an arbitrary datum.
Stations marked with an open circle were not used in drawing the
elevation contours. Station names involve columns, number 18
through 43, and rows, letter T through D, as labeled.

Portions of the strain grid were densely covered with move-
ment markers (not shown in figure 2). The purpose is to check for
short-scale variations in strain due to the opening of subsurface
crevasses or shearing guided by ice foliation. The station spacing
in these microgrids is 100 meters, one-tenth the spacing in the
main grid.

Personnel safety was a major concern. The UpB area is mainly
crevasse free, but in many places there are subsurface crevasses
that are bridged. Not all the bridges may be strong. There is
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Figure 3. Schema of safe rope-up procedure for travel.

especially good reason to take precautions on the portion of the
strain grid that is closer to the heavily crevassed southern shear
margin of the ice stream.

Procedures for travel by ski or foot in crevassed regions are
well developed. Some inovation was necessary to develop travel
methods by Ski-Doo. With the advice and help of Steve Dunbar,
instructor with the Field Safety Training Program at McMurdo
Station, the arrangement, which is shown schematically in figure
3, was used. This plan is evolved from procedures used by the
British Antarctic Survey. The purpose is to protect either driver
from a damaging fall into a crevasse. The lead driver tended the
GPS equipment on the Nansen sled at each stop. Either driver was
to apply the brake on his Ski-Doo if the other fell, and then add extra
protection and aid the fallen person if needed. A minimum of two
such teams worked in dose proximity and had frequent rendez-
vous. If any party should be late the other could effect a rescue.
Fortunately there were no incidents involving crevasse threat.

Roping the trailing driver to the Nansen sled entailed use of
another rope ahead of the Ski-Doo and more possibility for
tangles or driving over a rope, especially since we made frequent
stops. The protective sheath on the tow rope leading to the
trailing Ski-Doo was a section of garden hose or PCV pipe. It
protected the rope in the event that the trailing Ski-Doo drove
over it. Attempts to arrange for the rope to swing to the side, or
be taken up with a bungee cord, were not very successful.

During the second phase of the field program parties were
flown into 35 sites from 50 to 300 kilometers distant using a Twin
Otter aircraft based at the CASERTZ camp (figure 1). The sites
had been visited and marked with poles earlier (most in 1985-
1986). They were resurveyed for position. Cores were obtained at
11 sites. Station occupation was about 15 minutes if only a precise
position was needed and 6 hours if a firn core was also obtained.
Often three two-person coring and GPS teams and one one-
person GPS-only team worked simultaneously.

The motivation is to obtain a more precise calculation of the
mass balance of ice streams B and C and their catchments. The
discharge of ice stream B is 41 percent larger than replenishment
by new snow accumulation. Thus, the region must be thinning
(Alley and Whillans 1991; Whillans and Bindschadler 1988). The
major uncertainties in the calculation are due to inadequate
knowledge of the surface snow accumulation rate and the limits
to the catchment area. Both problems are addressed by this
program. The resurveying for position will yield ice velocity
vectors, and help determine through which ice stream each
portion of the catchment drains. The cores will be analyzed to
determined the 36-year average accumulation rate.

The surveying for p0-
sitionwas done using GPS

1Protecttve sheath	 receivers, using a procé-

	

on rope	 tether dure that we term quick
static." The idea comes
from Dr. Chris Rocken of
the University NAVSTAR

TRA	 Consortium (UNAVCO).

	

.4m	 SKI-0	
One receiver is operated
atCASERTZ camp simul-

Wtre rope attached	taneously with the remotearomd ski-doo receivers. Both frequen-
cies from each satellite
were tracked in order to
correct for the effect of the
ionosphere. Carrier phase
measurements for the

camp and remote receivers are double differenced in the calcula-
tions to obtain the relative positions of the two receivers with an
accuracy of about one meter. The solutions are "float," meaning
that the integer phase ambiguities are not resolved, and "iono-
sphere-free," meaning that ionospheric effects are removed. A
minimum of 15 minutes of satellite tracking is used. This is much
less than normal in normal static GPS work, but the accuracy is
adequate. The use of this technique is one of the reasons that the
CASERTZ phase of operations was finished earlier than planned.

There were no difficulties in finding the stations. The Twin-
Otter aircraft had a C/A code GPS receiver and was able to fly
directly to the station. Often we would land according to the
C/A code GPS position and find the station within 100 meters.

The drilling was done by hand using SIPRE and PICO augers.
Two people spelled one another doing drilling and core process-
ing. Five or six hours of work is needed to drill the required 12 or
15 meters. In most of the core holes temperature was measured by
thermistor at ten-meter depths. Usually the thermistor resided in
the hole only a few hours, but equilibrium is mainly complete-
after that time.

Both the UpB and CASERTZ programs proceeded very effi-
ciently since we received a great deal of good luck with the
weather and in obtaining Twin-Otter fuel, and the GPS technique
proved to be quick and reliable.

Thanks are due to the Antarctic Support Association (ASA)
camp support personnel and the Twin-Otter crews. Extra help in
the field was provided by ASA personnel and members of the
California Institute of Technology team. The UpB field party
consisted of Stefan Ganobcik, Christina Hulbe, Robert Kohler,
and Ian Whillans. The CASERTZ party included these four, plus
Theodore Scambos and Patricia Vornberger from the National
Aeronautics and Space Administration, Goddard Space Flight
Center. The GPS receivers were supplied by the National Science
Foundation-supported UNAVCO. This work was supported by
National Science Foundation grant DPP 90-20760.
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Radar studies of ice thickness and
surface features at the mouths of ice

streams D and E, Antarctica

ROBERT W. JACOBEL AND KRISTEN E. NELSON

Physics Department
St. Olaf College

Northfield, Minnesota

ROBERT A. BINDSCHADLER

NASA/Goddard Space Flight Center
Greenbelt, Maryland

During the 1991-1992 field season, surface-based ice thickness
and elevation measurements were made near the grounding line
at the mouths of ice streams D and E as a part of the continuing
effort to understand the state of the west antarctic ice sheet and its
response to climate change. The purpose of these studies was
twofold: first, to determine ice thickness for mass-balance calcu-
lations for these ice streams, and second, to use the radar to
investigate surface features in the surface topography observed
in Landsat Thematic Mapper (TM) images.

The system used was a short-pulse radar operating at a center
frequency of 2 megahertz, which has been described by jacobel et
al. (1988). Modifications since that report include a PC-based data
acquisition system that allows higher data rates to be acquired
and the use of color displays in the field. The system with
operator was towed on a Nansen sled by a skidoo, and data were
recorded with a density of one waveform every 10 meters. In
total, approximately 25 megabytes of data were collected, corre-
sponding to 110 kilometers of total surface travel.

Figure 1 isamosaic of Landsat TM images showing the general
area of the study, the base camp (Washington), and the radar
profile lines. The camp location was chosen to be near the
suspected grounding line and also proximate to the train of
waves in surface topography beginning upstream of the camp
and flowing past it to the north (just left of camp in the figure).
Data along a transverse profile (S-line) oriented approximately
north to south were acquired for the mass-balance calculation.
This profile follows a line of stakes surveyed using the GPS
satellite system and was terminated at both ends by heavy
crevassing, which can be seen in the Landsat mosaic image. Data
along shorter profiles were acquired northeast of the base camp
(B-line) to study a region of grounded ice, and west-north-west
(W-line, and N'-line) to study the wavelike features mentioned
above. In addition, radar soundings were taken at two former
Ross Ice Shelf Geophysical and Geological Survey sites, K3 and
M3.

Figure 2 shows radar data acquired along the 80-kilometer
north-south profile across most of the mouths of both ice streams.
Vertical exaggeration in the figure is approximately 50:1; thus, it
depicts ice of nearly constant thickness. Surface leveling done
over portions of the profile show that the ice is in hydrostatic
equilibrium, indicating that the profile is downstream of the
grounding line. While results from the mass-balance calculation
will not be available until the profile is resurveyed in 1993-1994,

we can at this time compare ice thickness values obtained at the
two fflGGS stations with those obtained in 1974-1975 (Robertson
and Bentley 1990). This shows a thickening of 14±10 meters at
both stations over a 16-year period. While instrumental uncer-
tainty cannot be ruled out entirely, this evidence provides at least
tentative support for our contention that the ice thickness has
increased and thus that both ice streams are in negative-mass
balance. Additional supporting evidence for this view comes
from the calculations of Shabtaie and Bentley (1987, table 2c), and
calculations made by Bindschadler (in press) of thickening in the
mouth of ice stream B at rates similar to these results.

Figure 3a shows radar data acquired along the longitudinal
W-line profile made over the wave feature downstream of the
camp. The image shows that the wave studied is only one of a
number of similar features that occur aperiodically along a nar-
row flowband. The source area for these features appears to be
the grounding line region approximatley 70 kilometers upstream.
The radar profile shows a large number of bottom crevasses, the
largest of which defines a region of thinner ice near kilometer 1.0.
Also, an internal layer that dips markedly at kilometer 1.4 can be
seen across nearly the entire profile at a depth of about 280 meters.
Figure 3b presents the corresponding profile of surface elevation
as measured by optical survey (show with x5 exaggeration) and
also the bottom topography (surface elevation minus ice thick-
ness, labelled "bed" in the figure). The internal layer topography
is shown as well.

From these data the hydrostatic surface can be calculated and
compared with the actual surface topography to reveal stresses
acting within the ice. These results show that portions of the wave
are out of hydrostatic equilibrium, most notably the second
surface trough at kilometer 1.9, which has no matching signature
in the bottom profile and is thus depressed about 6meters below
the hydrostatic surface. Simple calculations (Jacobel and
Bindschadler in press) show that imbalances of this order of
magnitude can easily persist for more than a few hundred years
because of the low shear stresses present. Using typical velocities
for this portion of the ice shelf, 175 years would be required for the
wave feature to move from the grounding line to its present
position, and thus it is quite feasible that these wae features are
produced back at that point.

Given the accumulation rate of 0.1 to 0.2 meters per year (ice
equivalent) in this part of Antarctica, the age of the ice at the depth
of the internal layer is well over a 1,000 years, which would
indicate that it accumulated well upstream of the grounding line
and possibly even upstream of the entire ice stream. The position
of the dip in this layer is offset somewhat downstream from the
deepest surface trough at kilometer 1.9 and is slightly upstream
of the heavily crevassed thin spot in the bottom profile. The dips
amplitude in the internal layer is much larger than in the surface
topography; it correlates better with the amplitude of the rise in
the bottom topography, but with a reverse curvature. This would
be the response expected if the ice were forced to thin as it came
ungrounded, which might occur over a bedrock rise located near
the grounding line. The slight offset of these three features may
be indicative of the bending moment produced at this point.

The aperiodicity of these wave features suggests that they are
formed by a time-dependent mechanism. The ice is somehow
stressed and then released, perhaps due to a shift in the point of
grounding. The features may thus reveal important clues about
ice-stream dynamics, though at this time it is not yet clear how to
interpret them. Strain-rate measurements are currently being
collected for this wave feature and will be completed with a
resurvey of the area in 1993-1994. This should enable us to make
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Figure 1. Landsat Thematic Mapper composite image of the confluence of ice streams D and E. Camp locations and profile lines are indicated
as well as the RIGGS stations K3 and M3.
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Figure 2. Radar profile of the S-line across most of ice streams D and
E just belowthe grounding line. Vertical exaggeration is approximately
50:1.

Figure 3a. Radar profile of the Mine showing ice thickness across
one of the wave features downstream of the base camp. Crevasses
at the base of the floating ice are evident, particularly in conjunction
with places where ice thickness decreases. Vertical exaggeration Is
approximately 2:1.

a more quantitative analysis of the stresses involved, hopefully
allowing us to gain a fuller understanding of the phenomena.

We would like to express our thanks to Patrica Vornberger and
Ted Scambos of NASA for invaluable assistance with the field
work. This work was supported by National Science Foundation
grant DPP 91-04417 to St. Olaf College and DPP 90-18127 to
NASA Goddard.
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Sticky spots
under ice streams

RICHARD B. ALLEY

Earth System Science Center
and

Department of Geosciences
The Pennsylvania State University

University Park, Pennsylvania 16802

The enigma of fast-moving ice streams is a central focus of the
West Antarctic Ice Sheet Initiative. Initial research focused on
why ice streams move rapidly. A likely answer has been found
in the low strength of water-saturated subglacial tills, which can
deform to allow ice motion (e.g., Alley et al. 1987; Kamb 1991).

This answer, however, makes us wonder why ice streams don't
move even faster. Something must be restraining the ice. It is
necessary to understand the nature of that restraint before predic-
tions about the future behavior of the ice streams can be made.

Restraint from ice-shelf back pressure or other gradients in
longitudinal stresses can be discounted for most of the length of
ice stream B and probably for similar ice streams (see review in
Alley and Whillans 1991). The driving stress for ice-stream flow
then may be supported on the bed (basal shear stress) or
transmitted through the ice-stream sides (side drag) to the beds
of the slow-moving ridges that separate ice streams. Side drag
depends on the rheology of ice. Basal shear stress may be
supported uniformly on the bed through the viscosity and yield
strength of subglacial till (e.g., Alley et al. 1987) or may be
supported locally on "sticky spots" where the lubrication is
reduced for some reason (e.g., Vomberger and Whillans 1986;
Kamb 1991).

For possible values of ice rheology and strain softening, the
restraint from side drag may be larger than, similar to, or smaller
than that from basal shear stress (e.g., MacAyeal 1992; Whillans
in review; Alley in review). It is not possible at present to exclude
till viscosity, sticky spots, or side drag from consideration. Of
these, sticky spots have been least studied, so our research team
at Pennsylvania State University has begun to study the theory of
ice-stream sticky spots.

I begin with the following assumptions:
• basal shear stress is significant beneath West Antarctica ice
streams;
• a deforming till lubricates most or all of the area of an ice-
stream bed;
• a distributed water system exists beneath an ice stream;
• the water pressure in this system decreases with increasing
shear stress (Robin and Weertman 1973);
• water flows down its potential gradient through this distrib-
uted system; and
• the sliding of ice over its substrate increases with water
supply.

One possible cause of sticky spots is the form drag of large
bedrock bumps, 0.1 meter to 1 meter or more in height. Ice is
believed to negotiate these primarily by enhanced creep, so that the
degree of lubrication of the ice-bump interface has little effect on the
ice motion (Weertman 1964). Evidence of the action of such features

is provided by the analyses by MacAyeal (1992) of the velocity da ta
of Bindschadler and Scambos (1991) from ice stream E. MacAy a!
(1992) found that regions of high basal drag on ice stream E
correspond to surface undulations that Bindschadler and Scam s
(1991) argue are caused by bedrock topography.

Bedrock features larger than a few meters can be imag d
directly using geophysical techniques (radar or seismics), ard
basal roughness caused by features in the 0.1-meter to 1-met r
range can be estimated from studies of radar fading patterns,
it should be possible to use geophysical techniques to estimate e
basal drag from large-scale basal roughness.

Beneath ice stream B, till is known to thin to less than e
seismic resolution of 2 meters in regions where seismic te -
niques detected no relief on the bed (Rooney et al., 1987). If tl te
lubricating till is indeed absent in these regions, they might
serve as sticky spots. However, if the Robin and Weertm
(1973) postulate is correct and such sticky spots collect lubricat-
ing water from their surroundings, then their stickiness is
necessarily limited.

A reasonable estimate from Robin and Weertman (1973) is th t
the pressure in a distributed, subglacial water system is reduc d
below the ice-overburden pressure by about three times the local
basal shear stress. The regional gradient for water flow on ice
stream B probably averages around 10 to 15 Pascal per meter,
with an average driving stress for ice flow of around 10 kiloPascal
or slightly more. A sticky spot with a shear stress of 50kiloPascal
larger than that on surrounding, lubricated regions would lower
the sticky-spot water pressure about 150 kiloPascal below that in
surrounding regions. If the sticky spot were located in the center
of the ice stream, which is 25 kilometers to 30 kilometers across,
this would create a local water-pressure gradient across the entire
ice-stream width with a magnitude as large as the regional
average along ice flow. The sticky spot thus would collect much
of the water flow from the entire ice stream and probably would
induce water flow upglacier into it as well. This would tend to
reduce lubrication on the rest of the ice stream and might stop it,
while greatly increasing lubrication on the sticky spot. It is thus
unlikely that a sticky spot of this type could support a shear stress
as large as 50 kiloPascal (Alley in review).

Detection of any sticky spots with large shear stresses ap-
proaching 100 kiloPascal would be possible through water-pres-
sure measurements in boreholes (Engelhardt et al. 1990); the low
water pressure induced by such a large shear stress would be
measurably less than in surrounding regions. The more likely
sticky spots with lower shear stresses would be harder to detect
in this manner. However, Rooney et al. (1987) show that the thin-
till regions where such sticky spots might occur occupy less than
2 to3percent of the bed of ice stream B, and a relatively low sticky-
spot shear stress on such spatially restricted regions may prove
unimportant to ice-stream dynamics.

Raised regions in the surface also can cause sticky spots at the
bed. This is because a high surface increases the ice pressure on
the bed. For given shear stress, this would cause the water
pressure in any distributed system beneath the surface high to
exceed that in surrounding areas. This in turn would cause water
to flow around the region beneath the surface high and would
decrease the lubrication beneath the surface high. However,
typical surface highs on ice streams have only a few meters relief,
increasing ice pressure on the bed by only a few tens of kiloPascal;
a shear stress higher than regional values by about 10 kiloPascal
or less then is sufficient to lower the water pressure to equal that
in surrounding areas. Sticky spots beneath surface highs thus are
not expected to be especially sticky (Alley in review).
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In summary, sticky spots on the bed of an ice stream can be
caused by several mechanisms. The form drag of any large bedrock
bumps could be significant. Geophysical surveys can identify such
bedrock bumps, and model calculations can then estimate the
stresses involved. Regions of thin or zero till might create sticky
spots but would collect water from their surroundings and increase
their lubrication, limiting the maximum shear stress. Water-
pressure measurements in boreholes might detect such sticky
spots. Surface highs, which are readily detected through radar
altimetry from aircraft or by surface surveying, also might cause
sticky spots, but would be limited by the same mechanism.

It is worth noting that if the water supply to an ice stream were
turned off from upglacier, the lubrication mechanism for thin-till
regions would no longer act efficiently. Without such lubrication,
characteristic velocities over any such sticky spots would be
greatly reduced, and the ice stream might even stop. It is
interesting to speculate that such a mechanism might have contrib-
uted to the stoppage of ice stream C, which occurred in the last
century or two (Shabtaie and Bentley 1987).

This work was supported in part by National Science Founda-
tion grants DPP 89-15995 and EAR 90-58193.
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Evidence from the Northern Hemisphere (e.g., Dowsett and
Cronin 1990) and the Southern Hemisphere (Prentice et al. in
review; Hodell and Venz in press) has been inferred to suggest

that the last time that the global climate was significantly warmer
than today was during the early Pliocene, 3 to 5 million years ago
(Crowley 1991; Denton, Prentice, and Burkie 1991). The behavior
of the antarctic ice sheets and the antarctic climate during this
time potentially constitutes a test case for their variability during
warmer-than-present global climates anticipated for the future.
Numerous outcrops of Neogene till occur throughout the
Transantarctic Mountains (e.g., Mayewski and Goldthwait 1985;
Denton, Prentice, and Burkie 1991) and indicate that multiple
glaciations characterized this time. Significant uncertainty as to
the timing, nature, and climatic setting of these Neogene glacia-
tions still exists (e.g., Denton et al. 1984; Webb and Harwood
1991).

One of the best studied Neogene tills is the semiconsolidated
Sirius Formation. The characteristics and distribution of Sirius
till have been primarily interpreted as reflecting "dwarf" ice
sheet glaciation over lower-than-present ancestral Transantarctic
Mountains (Webb et al. 1984, 1986) and massive overriding east
antarctic ice sheet glaciations (Mayewski and Goldthwait 1985).
A late Pliocene age for the Sirius Formation of approximately 2.5
million years ago was based on the inferred early Pliocene age of
marine diatom assemblages enclosed at a few locations (e.g.,
Webb and Harwood 1991; Barrett et al. 1992). However, morpho-
logical and sedimentological evidence suggested ages up to 25
million years ago, or latest Oligocene (e.g., Brady and McKelvey
1979; Barrett and Powell 1982).

Unconsolidated glacial drifts in the McMurdo Dry Valleys of
southern Victoria Land have been the basis for a very different
Neogene glacial history. The unconsolidated drifts from the
mountains of the McMurdo Dry Valleys suggest overriding ice
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sheet glaciation, but radiometric dates on these drifts suggest that
overriding glaciation dates to the Miocene (Ackert 1990; Marchant
1990; Sugden, Denton, and Marchant 1991). Unconsolidated
drifts in the valleys of the McMurdo Dry Valleys have been
interpreted to reflect expansions of the east antarctic ice sheet
dating to the early Pliocene (Prentice 1982; Hall 1992; Wilch et al.
1992; Prentice et al. in review). These expansions had to be minor
to be consistent with the interpretation of unconsolidated drifts
from the mountains.

Webb and Harwood (1991) suggested thatearlyPliocenewarmth
preceded deposition of the Sirius Formation. The occurrence of in
situ wood fragments of Nothofagus, southern beech, in Beardmore
Glacier Sirius sediments at 86 S and the inclusion of marine dia-
toms support this hypothesis. Miocene and Pliocene warm inter-
vals have also been inferred from dated marine deposits in the
McMurdo Dry Valleys (e.g., Webb 1972; Ishman and Rieck in
review; Prentice et al. in review). In sharp contrast, a variety of
evidence, including desert pavements and alpine glacier drift in
the McMurdo Dry Valleys, has been inferred to indicate continuous
polar desert climates through the early Pliocene (Marchant et al.
1989, submitted; Hall 1992; Wilch et al. 1992).

There are important conflicts between the aforementioned
hypotheses for antarctic glacial history during the Pliocene. On
the basis of Sirius Formation interpretations, the early Pliocene
was characterized by warm climates and a dynamic ice sheet. It
featured ice sheet collapse and subsequent ice sheet overriding.
On the basis of unconsolidated drift interpretations, the early
Pliocene was dominated by polar climates and a stable ice sheet.

These hypotheses concerning climate and ice sheet variability
have important implications for antarctic ice sheet behavior
under warmer climates than today's and warrant more-detailed
investigations. Very few in-depth studies of semiconsolidated
Sirius deposits have been performed so far aside from studies of
those in the Beardmore Glacier area (e.g., McKelvey et al. 1991).
Our project is to study sediments previously assigned to the
Sirius Formation in the McMurdo Dry Valleys region and relate
them to the unconsolidated drift deposits there. Here we report
some preliminary results (Stroeven, Prentice, and Borns 1992)
from Mt. Fleming, southern Victoria Land (16010' E 7T34 5),
which features an outcrop of semiconsolidated till assigned to the
Sirius Formation by Harwood and Webb (1986). It is the proxim-
ity of this Sirius-related deposit to relatively well studied uncon-
solidated drifts in Wright Valley and the adjacent Asgard Range
that challenges a detailed study at this outcrop.

Mt. Fleming lies at the head of the ice-free expanses of the
Asgard Range and Wright Valley. The mountain is isolated from
neighboring massifs by the east-trending Wright Upper and Taylor
Glaciers which lie to the north and south, respectively. The ice-free
expanses of the McMurdo Dry Valleys region to the east contrast
markedly with the polar plateau directly west of the mountain.

Mt. Fleming has a northeast-southwest divide and is flanked
by cirque-like depressions facing northeast. In the depression on
the northwest side, Bockheim (1983) recognized four deposits
ranging in age from early Pliocene to late Holocene. The south-
eastern flank features a more extensive ice-free morphology and
shows that a fossil valley floor at 2,000 meters, paralleling the
mountain range, is cut by a northeast-trending cirque. A Sirius-
like glacial drift, here referred to as the Fleming Upper Valley Drift,
outcrops on a molded wall of the fossil valley floor (figure 1).

The Fleming Upper Valley Drift (figure 2) is a semiconsolidat-
ed dark gray till covering sandstones of the Feather Conglomer-
ate of the Beacon Supergroup (Pyne 1984). The diamicton ap-
pears to be a pebbly mud (Taylor and Faure 1983). All clasts may

I/
Figure 1. Mt. Fleming mass if viewed from east-northeast. Wright
Upper Glacier and the Air Devron Six Icefails are seen In the
foreground, Horseshoe Mountain in the background. The
southeastern flank of Mt. Fleming, here clearly visible on the left of
the main water divide, shows the relatively smooth fossil valley
floors in the background and the valley floors cut by a cirque-lllçe
depression in the foreground. The Fleming Upper Valley Drift covets
the fossil valley wall closest to plateau ice levels. Photograph taken
by the U.S. Navy on 14 September 1959.

be locally derived Beacon Supergroup sandstones, siltstones,
shales, and coal (Taylor and Faure 1983). A number of welt-
striated and molded pebbles occur in the till. Elongated pebbles
with a long-to-intermediate axis ratio in excess of 2:1 were mea-
sured for till fabric. A comparison between excavation site till
fabrics and surrounding surface till fabrics showed no appre-
ciable offset (figure 3a-b). We conclude that surface pebble
orientations represent the overall till fabric. The fabrics of larger
elongated surface pebbles and boulders were measured at sev-
eral locations (figure 3c-d). At four locations, well-striated sur-
face boulders were exposed; they showed clear signs of ice-flow
direction through rat-tail striations. Rat-tail striations are ero-
sional remnants of relatively resistant minerals that, on glaciated
rock surfaces, taper in the direction of flow.

All indicators of the ice-flow suggest a uniform north-north-
east to south-southwest trend. However, it is the rat-tail striation
data that indicate flow from the north-northeast. The compaction
of the till, the abundance of molded and striated clasts, the
consistent ice-flow directional indicators, and, in places, the
subglacially deformed bedrock all suggest that this till was
posited subglacially by wet-based ice.

We consider it unlikely that the Fleming Upper Valley Drift
was deposited by an ice sheet. A variety of experiments with
models of the antarctic ice sheet on the present topography
(Prentice, Fastook, and Oglesby in review) invariably indicate
that ice sheet flow would be from the southwest in this area.
Hence, we think that the Fleming Upper Valley Drift was depos-
ited by local ice, a conclusion reached by Taylor and Faure (1983)
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for this deposit based on the absence of Precambrian fields per
grains, and by Mercer (1968,1972) for far southerly Sirius depos-
its. A critical assumption is that the topography during this
glaciation was nearly that of the present day. Brady and McKelvey
(1979,1983) suggested that nearby till, which they assigned to the
Sirius Formation, was deposited by an ice sheet flowing from the
northwest. To explain this, they inferred a different drainage
pattern. They envisaged a late Oligocene to middle Miocene
system of ice drainage from the northwest into the area of interest.
Glacial erosion concurrent with mountain uplift turned the ice
drainage toward the east (Brady and McKelvey 1983). If the
Fleming Upper Valley Drift is of great antiquity, the use of
present-day topography to infer glaciation style and iceflow
direction may be erroneous.

If the Fleming Upper Valley Drift was deposited by local ice
from the north, it is unlikely that it flowed over the present local
topography. We suggest that the glacier depositing the drift was
generated on higher ground. At present, Mt. Fleming is sepa-
rated from Shapeless Mountain (160'24' E 77*26'S) by the Wright
Upper Glacier. Shapeless Mountain shows a high mountain/
plateau morphology that we envisage once included Mt. Fleming.

:cestral
could have flowed from an ice cap that covered parts of the

 Mt. Fleming-Shapeless Mountain massif, but not over
the present topography. The ancestral upper Wright Valley could
not have been as prominent a feature as the valley of today. We
01 4 ggest that significant localized erosion has been concentrated
- that valley since the Fleming Upper Valley Drift was deposited.

If valid, central Wright Valley glacial-geologic evidence can
constrain the timing of the glaciation that deposited the Fleming
Upper Valley Drift. The Fleming Upper Valley Drift has to
predate the carving of the upper Wright Valley to the present
level. The most recent time that the upper Wright Valley could
have been cut to the present level was during the last major
glaciation of the valley. On the basis of the dated Hart ash
(McIntosh, personal communication), Prentice et al. (in review)
concluded that the last glaciation of Wright Valley, the Peleus
glaciation, occurred prior to 3.9± 0.3 million years ago. A maxi-
mum age for the Peleus glaciation comes from underlying Pros-
pect Fjord pecten shells, 17Sr/ 111Sr dated to 5 ± 1 million years ago.
We suggest that the glaciation that deposited the Fleming Upper
Valley Drift predated 3.9± 0.3 million years ago, the minimum
age of the last glaciation of Wright Valley.

The inference that local alpine glaciation is responsible for the
Fleming Upper Valley Drift has an important climatic implica-
tion. It is that the inferred wet-based ice conditions reflect a
warmer-than-present climate. To be more specific requires deter-
mining the elevation of the mountain range at the time of depo-
sition. However, we have no maximum age for the glaciation
depositing the Fleming Upper Valley Drift.

Assuming similar topography and local glaciation, the glacial
climate had to be different from that of the present in order to
create subglacial melting conditions at high altitudes ( approxi-
mately 2,000 meters above sea level). Precipitation, the limiting
factor for ice growth today, must have been high enough to
maintain a high-elevation ice source. Higher temperatures cre-
ated favorable conditions for basal melting and ice wastage.
These conditions were apparently not favorable for east antarctic
ice sheet growth beyond today's limit. The summer high tem-
peratures might reflect a nearby warmer-than-present ocean,
which represents an ample moisture supply. Such conditions
may have existed during the three fjord episodes presently known
from Wright Valley over the last 9 million years (Prentice et al. in
review).

ED Fleming Upper Valley drift
elevated relative to immediate surrounding
Dolerite-rich surface
elevated relative to surrounding drift

[J Sandstone-rich surface
elevated relative to surrounding drift

LU Fleming sandstone
highs

] Desert pavement	 1j
Fi g. 3a-b

Figure 2. Preliminary map of the surface geology of the Fleming
Upper Valley Drift (see figure 1). The Fleming Upper Valley Drift
covers Fleming sandstone. The deposit is a thin veneer, and its
surface morphology is Interpreted to reflect bedrock structures. The
surface morphology is characterized by two northeast-southwest
parallel ridges. Both ridges have a dolerite-rich surface cover, or, in
places, a sandstone-rich cover. The Fleming Upper Valley Drift
outcrops around the two ridges and is free of continuous dolerite- or
sandstone-rich debris. Three units cover the dark gray, compact
pebbly mud: a stained pebbly sand unit, the previously mentioned
dolerlte and sandstone boulder surface cover, and a desert pavement
that covers the northeastern most patch of the Fleming Upper Valley
Drift. The drift covers an estimated 0.5 square kilometers.

We are indebted to Michael Heifer, Christian Schluchter, and
Geoffry Simonds for assisting in practical and scientific ques-
tions, Dave Harwood for friendly and useful in-field discussions
and for collecting two ice samples, and Steve Dunbar and Sue
Iversen for fieldwork. Helpful comments by D. Marchant im-
proved the manuscript. We thank the Antarctic Devron Six
Squadron for excellent field support. This work was supported
by National Science Foundation grant DPP 90-20975.

References

Ackert, R. P., Jr. 1990. Surficial geology and geomorphology of Njord
Valley and adjacent areas of the western Asgard Range, Antarctica:
Implications for late Tertiary glacial history. M.S. thesis, University of
Maine.

Barrett, P. J . , C. J . Adams, W. C. McIntosh, C. C. Swisher III, and G. S.
Wilson. 1992. Geochronological evidence supporting Antarctic
deglaciation three million years ago. Nature, 359:816-818.

Barrett, P. J. and R. D. Powell. 1982. Middle Cenozoic glacial beds at Table
Mountain, southern Victoria Land. In C. Craddock (Ed.), Antarctic
Geosciences. Madison: University of Wisconsin Press, 1,059-1,067.

Bockheim, J . G. 1983. Use of soils in studying the behaviour of the
McMurdo ice dome. In L. Oliver etal. (Eds.),Antarctic Earth Science.
Canberra: Australian Academy of Science, 457-460.

Brady, H. and B. McKelvey. 1979. The interpretation of a Tertiary tiilite
at Mount Feather, southern Victoria Land, Antarctica. Journal of
Glaciology, 22(86):189-193.

1992 REVIEW	 53



Figure 3A-D. Fabric of surface and pit clasts with long-to-Immediate
axis In excess of 2:1, and a long axis In excess of 15 centimeter.
Directions are plotted in 10-degree increments relative to geographic
north. The declination for 160 015' E and 77035' S for January 1992
was 156030' E ± 30' (Information provided by the United States
Geological Survey, February 1993). A predominant north-northeast
to south-southwest direction Is visible in all plots. These plots do not
Incorporate measurements of the dip of the clasts. The outer circle
In all plots represent 20 percent of the available clasts. (A) Represents
clasts within a pit of 4 square meters, the size of the largest petal
between 1900 and 2000 is 13 percent. (B)Surface clasts surrounding
the pit of Figure 3A, 400 square meters, the size of the largest petal
between 190° and 200 0 is 13 percent. (C) Surface clasts on the
Fleming Upper Valley drift surface in between two adjacent ridges,
size of largest petal between 1900 and 2000 is 18 percent. (D)Surface
clasts on ridge in predominantly sandstone-covered area; size of
largest petal between 1800 and 1900 is 11 percent.

Brady, H. and B. McKelvey. 1983. Some aspects of the Cenozoic glaciation
of southern Victoria Land, Antarctica. Journal of Glaciology,29(102):343-
349.

Crowley, T. J. 1991. Modeling Pliocene warmth. Quaternary Science
Reviews, 10:275-282.

Denton, G. H., M. L. Prentice, and L. H. Burkie. 1991. Cainozoic history
of the antarctic ice sheet. In R. J. Tingey (Ed.), The geology of Antarctica.
Oxford: Clarendon Press, 365-433.

Denton, G. H., M. L. Prentice, D. E. Kellogg, and T. B. Kellogg. 1984. Late
Tertiary history of the antarctic ice sheet: Evidence from the dry
valleys. Geology, 12(5):263-267.

Dowsett, H. J., and T. M. Cronin. 1990. High eustatic sea level during the
middle Pliocene: Evidence from the southeastern U.S. Atlantic coastal
plain. Geology, 18(5):435-438.

Hall, B. 1992. Surficial geology and geomorphology of eastern Wright
Valley, Antarctica: Implications for Plio-Pleistocene ice-sheet dynam-
ics. M.S. thesis, University of Maine.

Harwood, D. M. and P. -N. Webb. 1986. Recycled marine microfossils
from basal debris-ice in ice-free valleys of southern Victoria Land.
Antarctic Journal of the U.S., 21(5):87-88.

Hodell, D. A. and K. Venz. 1992. Toward a high-resolution stable isotopic
record of the southern ocean during the Plio-Pleistocene (4.8-0.8 Ma).
Antarctic Research Series. In press.

Ishman, S. E. and H. J. Rieck. 1992. A late Neogene antarctic glacio-
eustatic record, Victoria Land Basin Margin, Antarctica. Antarctic
Research Series. In review.

Marchant, D. R. 1990. Surficial geology and stratigraphy in Arena Valley,
Quartermain Mountains, Antarctica: Implications for late Tertiary
glacial history. M.S. thesis, University of Maine.

Marchant, D. R., D. R. Lux, C. C. I. Swisher, and C. H. Denton. 1989. Early
Pliocene volcanic ash rests on a polar desert pavement. Antarctic
Journal of the U.S., 24(5):58-59.

Marchant, D. R., C. C. Swisher III, D. R. Lux, D. P. West, Jr., and G. H.
Denton. 1992. Anew approach for determining Pliocene paleoclimate
and ice-sheet history of East Antarctica. Nature, submitted.

Mayewski, P. A. and R. P. Goldthwait. 1985. Glacial events in the
Transantarctic Mountains: A record of the east antarctic ice sheet.
Geology of the Central Transantarctic Mountains. Antarctic Research
Series. 36:275-324. Washington, D.C.: American Geophysical Uniqn.

McKelvey, B. C., P. -N. Webb, D. M. Harwood, and M. C. G. Mabin. 1991.
The Dominion Range Serius Group: Arecord of the late Pliocene-eaily
Pleistocene Beardmore Glacier. In M. R. A. Thomson et al. (Ed.),
Geological evolution of Antarctica. Cambridge: Cambridge Universiy
Press, 675-682.

Mercer, J . H. 1968. Glacial geology of the Reedy Glacier area, Antarctica.
Geological Society of America Bulletin, 79:471-486.

Mercer, J . H. 1972. Some observations on the glacial geology of
Beardmore Glacier area. In R. J. Adie (Ed.), Antarctic Geology ad
Geophysics. Oslo: Universitetsforlaget, 427-433.

Prentice, M. L. 1982. Surficial geology and stratigraphy in central Wright
Valley, Antarctica: Implications for antarctic Tertiary glacial history.
M.S. thesis, University of Maine.

Prentice, M. L., G. H. Denton, J. G. Bockheim, S. C. Wilson, L. H. Burckle,
D. A. Hodell, and D.E. Kellogg. In review. Late Neogene antarcticglacial
history: Evidencefrom central Wright Valley. Antarctic Research Seris.
Washington, D.C.: American Geophysical Union.

Prentice, M. L., J. L. Fastook, and R. Oglesby. 1992. Neogene extreme
antarctic glaciation: An ice-sheet and climate model study. Journathf
Geophysical Research. In review.

Pyne, A. R. 1984. Geology of the Mt. Fleming area, South Victoria Land,
Antarctica. New Zealand Journal of Geology and Geophysics, 27:505-512.

Stroeven, A. P., M. L. Prentice, and H. W. Borns,Jr. 1992. Sirius Till at Mt.
Fleming, Antarctica: Implications for early Pliocene antarctic glacial
history. EOS, Transactions, American Geophysical Union, 73 (14):169.

Sugden, D. E., G. H. Denton, and D. R. Marchant. 1991. Subglacial melt-
water channel systems and ice sheet overriding, Asgard Range, Ant-
arctica. Geografiska Annaler, 73A (2):109-121.

Taylor, K. S. and C. Faure. 1983. Provenance dates of feldspar in glacial
deposits, southern Victoria Land, Antarctica. In R. L. Oliver et al.
(Eds.), Antarctic Earth Science. Canberra: Australian Academy of
Science, 453456.

Webb, P. -N. 1972. Wright Fjord, Pliocene marine invasion of an antarctic
dry valley. Antarctic Journal of the U.S., 7:227-243.

Webb, P. -N. and D. M. Harwood. 1991. Late Cenozoic glacial history of
the Ross Embayment, Antarctica. Quaternary Science Reviews, 10:215-
224.

Webb, P. N., D. M. Harwood, C. McKelvey, M. C. G. Mabin, and J. H.
Mercer. 1986. Late Cenozoic tectonic and glacial history of the
Transantarctic Mountains. Antarctic Journal of the U.S., 21(5): 99-100.

Webb, P. -N., D. M. Harwood, B. C. McKelvey, J. H. Mercer, and L. D. Stott.
1984. Cenozoic marine sedimentation and ice-volume variation on
the east antarctic craton. Geology, 12 (5):287-291.

Wilch, T. I., C. H. Denton, D. R Lux, D. P. West, Jr., and W. C. McIntosh.
1992. The surficial geology of middle Taylor Valley, Antarctica:
Evidence for limited climatic warming in early Pliocene. EQS Trans-
actions, American Geophysical Union, 73 (14):169.

54	 ANTARCTIC JOURNAL



Minor expansion of alpine glaciers in
Wright Valley, Antarctica

BRENDA L. HALL AND GEORGE H. DENTON

Department of Geological Sciences
and Inst it utefor Quaternary Studies

University of Maine
Orono, Maine 04469

Here we present information on Plio-Pleistocene alpine gla-
cier activity and paleoclimate in east-central Wright Valley that
bears on Pliocene paleoclimate and east antarctic ice sheet dy-
namics.

We collected over 400 samples from the Wright Valley drifts
for sedimentologic and lithologic analysis. We separated alpine
difts, numbered from youngest to oldest, into four map units,
bsed on areal extent, geometric relationships, morphology,
sirficial and internal weathering, sedimentology, and lithology.
411 silty tills are grouped into one map unit. Table 1 presents the
gneral stratigraphy and distinguishing characteristics of each

tap unit. The figure shows the distribution of alpine drift and
silty till near Bartley Glacier.

Silty tills. Silty tills, containing sandstone erratics, striated
ones, and ventifacts, occur discontinuously from the valley

I
oor to 1,150 meters elevation. Silty tills lack basalt clasts. All

sIty  tills underlie, and are older than, the alpine drifts. On the

basis of areal extent and distribution of erratic lithologies, we
conclude that silty tills represent expansion of east antarctic ice
seaward through Wright Valley.

Alpine glacier deposits. Alpine I drift, located less than 5 meters
from the sides of present-day glaciers, is a gravelly diamicton
containing ventif acts and lacking striated clasts. Alpine I drift is
virtually unweathered and forms discontinuous, ice-cored mo-
raines. Alpine I drift overlies, and thus is younger than, Alpine
II drift.

Alpine II drift is located 15 to 150 meters from the sides and one
kilometer in front of present-day glaciers. The drift is a coarse-
sand diamicton containing ventifacts and lacking striated clasts.
Surface boulders display cavernous weathering. Alpine II drift
beside Bartley and Meserve Glaciers contains basalt clasts. Al-
pine II drift forms small (0.2 to 1 meter high) discontinuous
moraines. These moraines extend onekilometer in front of present-
day glacier termini. Alpine II drift overlies and is younger than
Alpine III and IV drifts.

Alpine III drift, located 20 to 150 meters from the sides of
current glaciers, is a highly weathered, sandy diamicton with
numerous ventifacts and no striated stones. Cavernously weath-
ered and shattered boulders mantle the drift surface. Over 95
percent of the clasts in the left lateral Alpine III at Meserve
Glacier are composed of basalt although most Alpine III drifts are
comprised of granite, gneiss, and dolerite clasts. Alpine III drift
forms large (more than 10 meters high), bulky moraines. These
moraines overlie and are younger than Alpine N drift.

Alpine IV drift, located 75 to 200 meters from the sides of
present-day glaciers, is a highly weathered, sandy diamicton that
includes abundant ventifacts and lacks striated stones. Alpine N

Table 1. List of east-central Wright Valley alpine drifts
and silty tills, from youngest to oldest

Deposit	 Age	 Distinguishing characteristics	 Interpretation
(millions of years)

Alpine I drift	<<<3.5

Alpine II drift	<<3.5

Small, 1-rn-high, unweathered, ice-cored moraines
No striated clasts but numerous ventifacts

Small, 1-rn-high, ice-free moraines. Cavernously
weathered surface boulders, ventifacts, basalt clasts,
but no striated clasts

Slight expansion of cold-based
alpine glaciers

Expansion of cold-based alpine
glaciers in Wright Valley

Alpine Ill drift Expansion of cold-based
alpine glaciers

<3.5	 Large, 10-rn-high, broad moraines. Cavernously
weathered and shattered surface boulders, numerous
incorporated ventif acts, but no striated clasts.
One moraine is composed of 95% basalt clasts

Alpine IV drift

Peleus till and
other silty tills

3.5-3.8	 Large, 10-rn high, broad moraines. No upstanding	Expansion of cold-based
surface boulders. Strongly oxidized to >100 cm depth.	alpine glaciers
Numerous incorporated bentif acts, but no striated clasts.
Most Alpine IV moraines lack basalt clasts

>3.5-3.8	 Silty diarnictons lacking moraine ridges, which occur	Expansion of partially warm-based
discontinuously from the valley floor to 1150 rn elevation,	east antarctic ice seaward through
Contain striated clasts, ventif acts, sandstone erratics,	Wright Valley
but lack basalt clasts
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drift flanking the west side of Bartley Glacier contains reworked
basalt cobbles and gravel, whereas Alpine IV drift at other gla-
ciers lacks basalt clasts. Alpine N drift is strongly oxidized to
depths exceeding 100 centimeters. There are no upstanding
boulders on the drift surface. Alpine IV drift also forms large,
bulky moraines. Alpine IV drift, which is the oldest alpine drift
in Wright Valley, overlies Peleus till (Prentice 1982; Prentice et al.
1987).

Cold-based glaciers deposited all alpine drifts in Wright Val-
ley. We infer this basal thermal regime from the coarse texture of
the drifts, the lack of incorporated striated stones, the presence of
abundant ventifacts, and the preservation of preexisting surface
features and morphology. In addition, outwash plains, kame
terraces, and ice-contact heads, which record temperate glacier
activity in nearly all alpine valleys north of the Antarctic Conver-
gence, are not associated with alpine drifts or silty tills in Wright
Valley. This suggests that temperate surface ablation zones,
which are common north of the Antarctic Convergence, have not
existed in Wright Valley since before deposition of Alpine IV drift
and older silty tills.

Chronology. Fifteen argon-40/argon-39 age determinations on
whole-rock basalt associated with alpine drifts provide an abso-
lute chronology. We graded argon-40/argon-39 age determina-
tions A, B, or C, based on the quality of our data (Wilch 1991; Hall
1992). Whenever possible, we used only grade A data to deter-
mine the limiting ages for a deposit. Table 2 presents all grade A
and B age determinations. Table 1 shows the resulting limiting
ages on alpine drifts.

Argon-40/argon-39 dates of basalt clasts reworked into gla-
cial drifts afford maximum ages, which provide critical upper
limits on the ages of the drifts, placing the drifts in the mid-late
Pliocene or younger and precluding early Pliocene or Miocene

ages. In one case involving the Meserve Glacier, basalt clasts al
provide minimum ages for underlying deposits. The higF1y
basaltic, left lateral Alpine III drift at the Meserve Glacier is lass
than 3.5 million years ago, based on multiple age determinations
from incorporated basalt clasts. The underlying Alpine IV drift
almost surely dates to more than 3.5 million years ago, because it
lacks basalt clasts. The assumption is that, had the source volcano
in the upper catchment area erupted before emplacement of
Alpine N drift, then this drift would contain basalt clasts. The
similar extent of Alpine III and N advances and the large percent
(greater than 95 percent) of basalt clasts within Alpine III drift
support the validity of this assumption.

We conclude that the last ice flow from East Antarctica sea-
ward through Wright Valley occurred before 3.5 to 3.8 million
years ago. Silty tills, indicative of through-flowing east antarctic
ice, all underlie large, bulky Alpine IV moraines dated to 3.5 to 3.8
million years ago. In addition, any ice-sheet overriding of the
Transantarctic Mountains, which necessitates through-flowing
ice in Wright Valley, must have occurred before this time. Lak
of large ice-sheet expansion since 3.5 to 3.8 million years ago s
consistent with only a 1-kilometer advance of alpine glaciers,
located less than 50 kilometers from the ice sheet.

Cold-desert conditions have persisted since at least 3.5 to 3.8
million years ago. We infer this paleoclimate from evidence for
cold-based glaciation, abundant ventifacts incorporated within
alpine glacier drifts, and, most important, the lack of temperate
ice landforms, such as outwash plains. Our evidence sugges s
that, at least in the Wright Valley sector of the East antarctic i e
sheet, air temperatures in the last 3.5 to 3.8 million years have
never warmed enough to allow superposition of the temperate
ablation zones that we feel are necessary for ice-sheet collapseS
East Antarctica.

Table 2. Argon-40/argon-39 age determinations for basalt clasts
incorporated within alpine glacier drifts

Deposit and age interpretation

West Meserve Glacier: Dated basalt clasts incorporated within Alpine II drift;
inferred maximum age for Alpine II drift

West Meserve Glacier: Dated basalt clasts incorporated within Alpine III drift;
inferred maximum age for Alpine II drift and inferred minimum age for underlying,
basalt-free, Alpine IV drift

East Bartley Glacier: Dated basalt clasts incorporated within Alpine II drift;
inferred maximum age for Alpine II drift

Age results
(Ma)(million years)

3.6 ± 0.2
3.7 ± 0.3
3.7 ± 0.1

3.15 ± 0.06

3.4± 0.1
3.5 ± 0.1

3.6 ± 0.1
3.7 ± 0.1
3.7 ± 0.2
3.7 ± 0.1

West Bartley Glacier: Dated basalt clasts incorporated within Alpine IV drift;
inferred maximum age for Alpine IV drift

3.6 ± 0.2
3.7 ± 0.3
3.8 ± 0.2
3.9 ± 0.3
4.3 ± 0.3
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Taylor Dome ice-core study

P. M. GR0OTES AND E. J . SmIG

Quaternary Isotope Laboratory AK-60
University of Washington

From 30 November 1991 until 22 January 1992, two field
parties of four (Grootes, Steig, Merrand, and Tramoni, Quater-
nary Isotope Laboratory; and Waddington, Morse, Balise, and
Paur, Geophysics Program, University of Washington) contin-
ued the 1990-1991 surface reconnaissance and drill site selection
(Grootes et al. 1991; Waddington et al. 1991) on Taylor Dome
(77*40 S 158 E) and the upper Taylor Glacier (see also Waddington
and Morse).

A survey of boards and stakes placed the previous year
showed low, irregular accumulation across most of the area. (See
figure 1 for explanation of location names.) Nine of 18 boards
were still exposed at the surface, one was not found, and the
remaining were covered by snow ranging from 4 to 42 centime-
ters. Excluding the Skelton Névé southwest of Taylor Dome
proper, the average accumulation is 9.8±1.5 centimeters of snow.
Accumulation over the period from January to December 1991
was about half of that estimated from the 1990-1991 snowpit
studies (Grootes et al. 1991). Further observations are needed to
determine whether this period is representative for accumulation
in the Taylor Dome area.

Observations during both field seasons of snow drifts and
frequent wind-packed hard layers in pit profiles indicate that an
important part of the accumulation may occur as drifts, and thus
is not uniform over the area. Annual layers may be missing at
some locations and the mean annual accumulation will be less

than the apparent seasonal cycles of about 20 centimeters in pit
profiles. The strong winds may cause erosion, as evidenced by a
board at iON that had been undercut by about 5 centimeters.
Sastrugi were more pronounced than the previous year, espe-
cially along the N line. Snow in pits along this line (50N, a repeat
of a 1990-1991 snowpit, and 20N) showed rapid metamorphosis
with coarse depth hoar near the surface as in 1990-1991. Pits were
also repeated at lOS in the high snow accumulation area, and at
20C near the camp and the future drill site.

Little direct snowfall was observed during either field season,
yet significant drifts accumulated. This indicates that a signifi-
cant fraction of accumulating snow consists of reworked snow,
much of it probably transported from the interior of East Antarc-
tica. This snow may have an isotopic composition different from
that of local snow fall. To check this we sampled two snowpits,
one on top of Mt. Feather, the other on Mt. Crean (figure 1). These
mountains rise several hundred meters above the surrounding
glaciers and Taylor Dome, and may be expected to collect pre-
dominantly local snow. Both sites however, exhibit features of
strong firnification, having almost continuous depth hoar. Isoto-
pic enrichment by mass loss must thus be considered in their
interpretation. A significant change in the wind pattern from
1990-1991 was the presence of a second preferred wind direction
from the southeast, from the Ross Ice Shelf, in addition to the
katabatic winds from the southwest. The southeasterly winds
tended to be associated with clouds at about the 2,500-meter level
and higher temperatures.

Two 4-inch cores, the first to 128 meters at 20C and the second
to 100 meters at the entrance to Taylor Valley, were drilled by
PICO. Drilling ended when the quality of the cores deteriorated
significantly.

Stratigraphy, density, electrical conductivity measurement
(ECM), and isotope sampling of most of the 128 meter and the firn
part of the 100 meter core were done in the field using a snow
trench to keep the core below -15 C. Above this temperature a
film of liquid water may develop on crystal surfaces and affect the
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composition of trapped air (CO2) The density-depth profile indi-
cates the firn-ice transition is at about 76 meter (p-0.82) depth.

The isotope-depth profiles of the 11 pits of 1990-1991 docu-
ment important isotope differences across the Taylor Dome field
area. Figure 2 shows the isotope-depth profiles of the pits along
the S. C, and N line averaged per depth interval. Excluded from
the average were the pits at lOS and iON, both of which are
located below Taylor Dome in the Portal and the entrance to
Taylor Valley respectively, because they differed significantly
from the others. The three lines display a clear change in average
isotope values, which get heavier from S (-42J%) through C
(-41.0%) to N (-39.2%), as well as poor preservation of the
seasonal signal in the two N pits. The results of two chemistry and
three microparticle profiles by P. Mayewski and E. Mosley-
Thompson indicate about nine cycles per 2 meters like the oxy-
gen isotopes.

The additional results obtained in the field this year and the
laboratory results from last year support the choice of the 20C
area as a prospective drill site. They also show interesting vari-
ability over the Taylor Dome area which, combined with the
continuous automated weather stations results of Waddington
and Morse, may lead to new insights on the air-to-firn transfer
function for isotopes and other ice-core parameters of interest.
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Figure 1. Map of the Taylor Dome area. Snowpits were sampled at most Intersections of the survey grid, denoted by the lines marked N, C, and,
S, and 10 through 80. Stars show locations of last year's camp near 40 O and this year's camp and future drill site at 20°C.
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Glacier geophysical studies for an
ice-core site at Taylor Dome: Year two

D.L. MORSE AND E.D. WADDINGTON

Geophysics Program, AK-50
University of Washington
Seattle, Washington 98195

Taylor Dome is an ice dome first identified by Drewry (1982,
1983) from an aerial survey of the polar plateau region west of the
dry valleys. Its dimensions are approximately 100 kilometers by
50 kilometers with a peak elevation near 2450 meters. Its crest is
approximately 100 meters above a saddle connecting it with the
East Antarctic Plateau. During the 1990-1991 field season, we
began a program (Waddington et al. 1991) to study the ice
dynamics at this site in support of an ice-core paleoclimate project
(Grootes et al. 1991). A motivation for the paleoclimate study on
Taylor Dome is the opportunity to compare the ice core results
with the geologic record obtained in the Taylor Glacier terminus
region by other researchers (e.g., Denton et al. 1989; Stuiver et al.
1978). Our main objectives are to provide the depth-age relation-
ship for the ice core, and to predict the Taylor Glacier terminus
response to climate forcing. Our initial goal is to find a drill site in
a simple ice-flow regime where climatic indicators are well
preserved.

During the first season we installed a 20-by-80-kilometer
network of survey poles on the dome with which to immediately
measure topography and, after a few years of displacement,

surface velocities and strain rates. From our initial observations,
we chose a region within our network that would most likely
contain the planned ice core. In this 10-kilometer square region
we installed a more closely spaced array of poles for more
detailed topographic and velocity measurements. We also used
radio-echo sounding to survey the bottom topography. Installa-
tion of an automatic weather station (AWS), and a satellite
positioning survey to measure absolute locations within the
strain network, completed our first season's effort. A more
detailed description of this work can be found in Waddington et
al. 1991.

During the 1991-1992 field season, we expanded the scope of
the regional survey. Figure 1 shows the strain net after the second
year. We extended the surface strain survey in three ways: we
increased the survey node density in the region of the planned ice
core, extended the network across the entrance of Taylor Glacier,
and placed three transects across the glacier.

Reduction and analysis of survey and radar data allowed us to
further constrain the future coring site. In this 5-by-1-kilometer
region we increased the survey-pole density to one every 1.25
kilometers (note the high-pole-density region near the center of
the network in figure 1). We also collected radar sounding pro-
files at 1.25-kilometer line spacing. Figure 2 shows surface and
bedrock topography in this region derived from these surveys.

Toward our goal of characterizing the entire Taylor drainage
system, we extended our survey network to bedrock across the
entrance of Taylor Valley (see figure 1). This arm encompasses the
site of a 100-meter firn core drilled this season. In addition, three
cross-glacier profiles were installed further down-glacier. The
lower two of these profiles (G and F) were originally surveyed by
Robinson (1984) to measure ice flux.

Weather observations will be used to relate ice-core properties
to the conditions of the modern depositional environment of
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Figure 1. Topographic view of Taylor Dome and Taylor Glacier in relation to nearby geographic features. Elevations are in meters. Survey poles
are Indicated by points. The closely spaced array of poles near the center of the network surrounds the expected location of the main core.
The site marked with the circle (In the cluster of poles above the entrance to Taylor Glacier) Indicates the location of the 100-meter ice core
drilled this season. Stars show the locations of the two weather stations. The westernmost AWS was installed during the first season. Also
shown are the three Taylor Glacier transect lines: F, G, and H.
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Figure 2. Orthographic view of surface and bed topography in the region of the main ice core. The surface contour Interval is 5 meters. The
short vertical lines on the surface indicate positions of survey poles. The bottom topography is vertically exaggerated by a factor of five. in
this view, the surface map is displaced upward to avoid overlap with the bottom topography; the zero on the vertical axis indicates the true
surface position relative to the bottom.

Taylor Dome. A summary of 1991 weather data collected with the
first AWS (see figure 1) is shown in figure 3. This season we
installed a second AWS near the site of the anticipated main ice
core. The new unit is near the crest of the dome, 20 kilometers
closer to the Transantarctic Mountains. By comparing their re-
sults, we will examine small-scale spatial climate variability.

In late January 1992, a regional airborne radio-echo survey
was performed by researchers from the University of Texas with
the TUD (Technical University of Denmark) radar aboard a Twin
Otter aircraft. They flew a 55-kilometer square grid, with 5-
kilometer line spacing centered over the dome. These profiles will
provide the regional surface and bedrock topography needed to
model the accumulation basin of Taylor Glacier.

This is an ongoing project. Next season we plan to: Increase the
survey node density around the selected core site, continue the
radio-echo bedrock survey, repeat the satellite survey on the first
year to look for two-year displacements, resurvey much of the
network installed in the first season to measure two-year strains,
and install an AWS at the upper Taylor Glacier core site.

Mike Balise and Jason Paur assisted with the field work. We
would like to acknowledge the assistance of the many Antarctic
Support Associates, National Science Foundation, and U.S. Navy

support personnel at McMurdo Station, without whom our field
work would be impossible. This work is supported by National
Science Foundation grant DPP 89-15924.
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Marine geology and geophysics

Modern carbon-14 ages and reservoir
corrections for the Antarctic

Peninsula and Gerlache Strait area

EUGENE W. DOMACK

Geology Department
Hamilton College

Clinton, New York 13323

In a continuing investigation of sedimentation within fjords of
the Antarctic Peninsula we have been involved in establishing an
accurate chroiio1ogy based upon carbon-14 age-dating techniques.
The establishment of a reliable chronology for antarctic marine
sediments depends upon accurate regional reservoir corrections.
A complete understanding of how the reservoir correction varies
also provides useful information on the carbon cycle in antarctic
nearshore environments. We report herein on the results of nine
carbon-14 analyses on modern and near-modern samples of
organic carbon. Harden et al. (1992) reported on prior studies on
the carbon-14 ages of marine sediments in this area.

We collected materials for this study during operations of the
R/V Polar Duke in 1987-1988 and 1990-1991. Of the total of nine
samples, four are of particulate organic carbon (POC) that is acid
insoluble (table). The remaining five samples consist of biogenic
calcite in the form of molluscs, foraminifera, and brachiopods
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Distance from coastline (glacier) in km

Uncorrected carbon-14 ages for modern samples vs. distance from
coastal glacier. Note trend of decreasing age vs. distance for
particulate organic carbon ages and lack of trend for biogenic
(living) calcite ages.

table). We took the shell material from living organisms and the
POC from surface or near-surface material. Surprisingly, the ages
range from 935 to 5,625 carbon-14 years ago. The oldest ages tend
to be those of POC samples, but one POC sample has an age of
1,474 carbon-14 years ago.

An interesting relationship is observed when the carbon-14
ages are plotted against the distance of the sample from the
coastline or glacier (table). There is a uniformity of ages for the
calcite samples regardless of their distance from the coast. These
ages average to 1,260 years. In contrast, there appears to be a
direct relationship between the POC ages and the distance to the
coast in that older ages (5,625 years) are found closest to the coast
and younger ages (1,475 years) are found at some distance from
the coast (table). These results could be interpreted in two ways.
First, older ages could be the result of localized antiquity of the
reservoir age resulting from glacial meltwater effects near the
coast. In this case, the surface layer would be most affected and
the older ages would be preserved within the phytoplankton
portion of the organic carbon. The lack of older reservoir ages in
the calcite samples would imply a strong disequilibrium between
the surface and bottom waters.

Secondly, the older ages for POC samples near the coast might
also reflect reworking of old POC. This would be most effective
in altering ages where the total organic carbon contents are low,
say below 1 percent. In fact, there is avery strong gradient in the
total organic carbon content of bottom samples in the area.
Specifically, low total organic carbon contents are found in
nearshore samples while elevated total organic carbon contents
are to be found in samples from farther offshore (Domack et al.
1989). Such reworking would not influence the calcite ages.

Hence, for the purpose of radiocarbon chronology the local
reservoir age is most likely around 1,200 years. In addition, the
presence of reworked POC in nearshore areas introduces consid-
erable uncertainty into radiocarbon age. Alternatively, the effects
of glacial melt in nearshore areas may be influencing the carbon
dioxide reservoir of surface waters.

This work was supported by National Science Foundation
grants DPP 86-13565 and DPP 85-15977.

Uncorrected modern 14C ages,
Gerlache Strait region

Sample	Uncorrected	Sample	Kilometers
number	age	 type*	from coast

AA-6718	1475 ± 55	POC	20.0
AA-6720	5150 ± 65	POC	4.8
AA-5213	4735 ± 65	POC	6.0
AA-4754	5625 ± 75	POC**	2.5
AA-5211	935± 60	M	 2.5
AA-5215	1240 ± 85	M	 4.0
AA-5212	1825± 80	M	 6.0
AA-5219	1040±70	F	 3.0
AA-5216	1260± 60	B	 14.0

= particulate organic carbon, M = mollusc,
F = foraminifera, B = brachiopod.

** = Pre-modern
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Magnetic susceptibility of antarctic
glacial marine sediments	 Total Carbon %
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Geology Department
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We measured the magnetic susceptibility of three piston cores
from the Gerlache Strait area of western Antarctic Peninsula in
order to develop the method as a means of correlation between
cores and as an aid to the sedimentological interpretation of
individual cores. We measured susceptibility using a Bartington
MS-2 core scanning sensor on unsampled halves of split cores.
The results are reported as CGS x 10 units.

We collected core PD88 151 from the northern reaches of the
Gerlache Strait (64'13.108' S 61714.713'W) during cruise Ill of the
R/V Polar Duke in early 1988. Figure 1 illustrates the relationship
of total carbon to magnetic susceptibility within this core. From
the data it is apparent that there is significant variation in the
magnetic susceptibility despite the visual observation of homo-
geneity within the core. It is also apparent that the carbon content,
which is a reflection of the biogenic component within the core,
varies inversely with the susceptibility. Hence, we can subdivide
the core into three distinct intervals based upon the carbon and
susceptibility measurements. The uppermost portion (0 to 150
centimeters) is characterized by relatively high susceptibility, 50
to 75 x 10 CGS, and relatively low total carbon contents, gener-
ally less than 1 percent. A middle section of the core contains
relatively low but variable susceptibility and very high to moder-
ate carbon contents. The lower third of the core (from 375 to 560
centimeters) is characterized by very low susceptibilities, less
than 10 x 10 CGS, and high total carbon contents. Clearly the
magnetic susceptibility is reflecting compositional changes within
the core that are somehow related to the variation in the contribu-
tion of biogenic material in the core. When the biogenic content is
high, with high total carbon values, there would be less terrig-
enous material and more biogenic silica and calcium carbonate.
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Figure 1. Downcore trends In total organic carbon and magnetic
susceptibility for core PD88 151. Note inverse relationship between
carbon content and susceptibility.

In fact, the two peaks in the total carbon content correspond to
foraminifera-rich samples that indicate elevated levels of calcium
carbonate in the core. These two intervals correspond to moder-
ate lows in the susceptibility curve. Therefore it seems that the
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Igure 2. Downcore trends In magnetic susceptibility for cores DF85 63, P088 22, and P088151. Note similarity in trend of susceptibility for
II three cores.

	4agnetic susceptibility is a quick and easy method for evaluating	variable susceptibility interval that overlies a low and constant

	

relative composition, be it biogenic or terrigenous, within a	susceptibility interval. The depth at which the transition takes

	

ore. If the compositional changes within core 151 represent	place varies from core to core, which suggests that there is a

	

basin-wide changes in the nature of sedimentation, then suscep-	difference in the sedimentation rate of the three cores. If this is
tbility records of other cores should reflect a similar pattern,	indeed the case, then it implies a basin-wide change in deposi-

	

A comparison of the magnetic susceptibility of three cores is	tional conditions.

	

i lustrated in figure 2. Core DF85 63 was collected during Deep	These preliminary results indicate that magnetic susceptibil-

	

reeze 1985 from a deep basin just south of the southern entrance	ity is a useful tool in the interpretation of antarctic glacial marine

	

t ) the Bismarck Strait while core PD88 22 was collected by us from	sediments. Its wider application should allow for the resolution

	

e central basin of Andvord Bay, about midway within the	of several problems pertinent to the paleoenvironmentally his-

	

erlache Strait. All three cores are siliceous muds that are visu-	tory of the Antarctic Peninsula.

	

ily homogeneous. There is a similar pattern to the susceptibility	This work was supported by National Science Foundation

	

ecords of all three cores in that there is a relatively high but	grants DPP 86-13565 and DPP 89-15977.
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This study is an interdisciplinary investigation into the
paleoproductivity of an antarctic fjord based on sedimentologic
and biogeochemical studies of a 9-meter-long piston core. We
collected core 22 from Andvord Bay (6449.625' S 62'39.001' W)in
early 1988 as part of R/V Polar Duke cruise III. The chronology of
core 22 extends back for approximately the last 3,000 years as
based upon a set of five radiocarbon ages that range in age from
2025 ± 60 to 4480 ± 75 (table 1). These data result in a linear
accumulation rate of 0.305 centimeters per year and interval rates
of 0.23 and 0.52 centimeters per year for the upper and lower
portions of the core respectively.

Total organic carbon (TOC) analyses were conducted at 10-
centimeter sample intervals, and the smoothed results (three
sample running average) are illustrated in figure 1. Of note is the
pronounced cyclicity in the TOC content, with maxima alternat-
ing with minima approximately every 270 years. Also of note is
the generally high TOC (greater than 1.0 percent) below 550
centimeters depth in the core. Since the organic carbon and
foraminifera calcite ages are in agreement, it is apparent the
organic carbon is derived from autochthonous marine carbon,
primarily phytoplankton material, and that there is very little
reworking of particulate organic carbon within this system. Be-
cause of this cycles of TOC content within the core may reflect
direct variations in the productivity of the overlying water col-
umn within Andvord Bay. To evaluate the source of the organic
carbon we carried out chemical characterization of the lipid
fraction from the sediments.

We quantitated three sterol biomarkers by gas chromatogra-
phy (GC) after confirmation with GC/mass spectrometer (MS),
using established procedures of Venkatesan et al. (1987). They
were brassicasterol (a Phaeocyctis marker, Smith et al. 1989),
cholesta-5, 22E-dienol (a diatom marker, Nichols et al. 1986), and
dinosterol (a dinoflagellate marker, Volkman 1986). We selected
10 samples at various depths in order to evaluate the variation of
these biomarkers with variations in the TOC content of the
sediment. The results in nanograms per gram of dry sediment are
illustrated in figure 2. From the distribution profiles of these

'Present address: Department of Geology, University of California
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Figure 1. Downcore trend of total organic carbon (solid dots)
biogenic silica (open dots) for core PD88 22. Note correspon&
of both compositional parameters.

sterols it is quite evident that the preserved productivity islinke
to dominantly diatoms and phaeocystis with some contributio
from dinoflagellates. It is also evident that the levels of all thre
sterols vary in tandem with the TOC content of the sediment. Thi
tends to support the idea that fluctuations in TOC are a reflectio
of fluctuations in paleoproductivity rather than fluctuations i
meltwater-derived sediment input. If diatoms are a major com-
ponent of the preserved sediment, then there should be goo
agreement between the TOC contents and the preserved biogeni
silica contents.

We took samples every 20 centimeters and analyzed them for!
their biogenic silica content, using standard methods. The results
ranged from 12 to 21 percent biogenic silica and are illustrated ir
figure 1. The pattern of biogenic silica content is strikingly similar
to the pattern of TOC contents (figure 1) and is characterized b
peaks and troughs in the biogenic silica content that parallel th
variation in TOC. There is generally higher biogenic silica belowl
550 centimeters in the core, that is before about 2,400 years ago.
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Figure 2. Downcore variation in three biomarker compounds in nanogram; per gram of dried sediment. Also shown for comparison is the total
organic carbon content of selected intervals. Note correspondence in organic carbon and abundance of key biomarker compounds.

Radiocarbon ages of samples from core 22

Sample number Depth(cm) 14C Age, years B.P. Carbon source

	

AA-4751	66	2025 ±60	organic matter

	

AA-5210	472-510	3750±65	foraminifera

	

AA-4752	487	3825±65	organic matter

	

AA-5209	778-798	4480±75	foraminif era

	

AA-4753	792	4415±60	organic matter

The close agreement between the biogenic silica, TOC, and
biomarker abundances suggests that core 22 has a preserved
record of paleoproductivity that is both striking in its apparent
cyclicity and its time resolution. However, there are other factors
that would influence the preserved biogenic content of the sedi-
ment besides fluctuations in primary productivity. These include
sedimentation rates, mixing in the surface mixed layer (usually
the upper 10 centimeters), and bottom-water temperatures, all of
which could be variable, and downcore dissolution. If sedimen-
tation rates were variable, then there should be significant offset
of the downcore trends of carbon-14 age and fluctuations in the
background levels of ice-rafted debris. Neither of these two
conditions are found as the carbon-14 ages suggest a uniform rate
of sedimentation with slightly greater rates below 500 centime-
ters in depth. The distribution of ice-rafted material is uniform
throughout the core, which suggests a lack of current erosion or
intervals of increased fine-grain sedimentation. Variable rates of
biological mixing can influence the preservation of organic car-

bon, but there is no basis to expect changes in preserved biogenic
silica. Downcore dissolution is not apparent from an examination
of the diatom frustules (Mashiotta 1992) and is certainly not
significant because of the increase in biogenic silica downcore.
Hence, the most reasonable interpretation of the data would
suggest the fluctuations in primary productivity responsible for
the changes in TOC below 550 centimeters are a reflection of
greater sedimentation rates and that this in turn is driven by
higher primary productivity in the period before 2,400 years ago.

This work was supported by National Science Foundation
grant DPP 86-13565, DPP 89-15977 and DPP 88-16292. The au-
thors thank F. Saneghi for technical assistance, E. Ruth for CC!
MS analysis, and D. Cassidy for samples of core 22.
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The western Weddell Basin is one of the most inaccessible
regions of the earth because of heavy year-round ice cover.
Consequently, the potential field data sets gathered by satellite
and aircraft are our best source of information concerning the
regional structure of this region.

A comparison of the gravity field and bathymetry of the
western Weddell led Bell et al. (1990) to suggest that the location
of a strong gravity gradient along the eastern margin of the Antarc-
tic Peninsula could correspond to the shelf edge, implying signifi-
cantbathymetry errors in compilation of the General Bathymetric
Chart of the Oceans (GEBCO) map 5:16 (Johnson et al. 1983) and
most of the available digital bathymetric data sets of the region
which are derived from this cartography. We developed bathym-
etry and sediment thickness maps of the western Weddell margin
using aeromagnetic data gathered by the USAC aerogeophysical
survey (United States, Argentina, Chile) and the combined USAC
aerogravity (Brozena et al. 1987) and Geosat gravity (Haxby and
Hayes 1991; Marks and McAdoo 1992) data sets.

The western margin of the Weddell Basin developed in Middle
to Late Jurassic time, as evidenced by the seafloor-spreading
pattern (LaBrecque and Barker 1981; LaBrecque et al. 1986) and
the observation of shallow marine sediments on the western
Weddell margin, the Falkland Plateau (Ludwig and Krashennkov
et al. 1980) and the Magallanes Basin (Natland et al. 1974). The
Jurassic and younger sedimentary accumulation on the western
margin of the Weddell (Elliot 1988) has been termed the Larsen
Basin (Macdonald et al. 1988).

We determined the relationship between gravity and bathym-
etry or the admittance function (Kamer and Watts 1982) for a
reference region where both the gravity and bathymetry have
been mapped and applied the admittance function as a transfer
function to estimate bathymetry in a region where only gravity
was available. We selected the northwestern Weddell, where
bathymetry has been relatively well measured by satellite-navi-
gated icebreakers (Keller et al. 1985), as the reference area. Five
profiles were extracted from the gridded gravity and bathymetry
of this reference area within the latitude bounds of 65 S to 66 S.
An average of the admittance function was estimated from the
five profiles. We applied the correction of equation 6 to 21 profiles
in a 350-kilometer latitudinal band from 66 S to 69.5 S. Because
of lack of good gravity data and the apparent curvature of the
margin we could not extend our inversion farther south. Instead

"U	 4,50

Figure 1. Revised bathymetry for the Weddell derived from the
admittance inversion. Older GEBCO contours are displayed as
heavy dashed 1-kilometer contour interval.

we interpolated the bathymetry from 70 S to its intersection with
the southern continental slope near 72 S and 53S W, which is a
better explored region. To estimate of bathymetry along the
margin south of 695 Sand west of 53S Wwe assigned abathymét-
tic value of 500 meters to 10 points along the gravity maximum
and regridded the bathymetry, using the eastern GEBCObathym-
etry and the western revised bathymetry in the area described'
above. Figure 1 displays the estimated bathymetry. The GEBCO
bathymetry is shown as heavy black-dashed thousand-meter
contours. If the structure and gravity/ topography relation is the
same as for the northern Weddell margin, then the shelf edge is
located along the gravity maximum and the GEBCO shelf edge
for the western Weddell Basin is in error by as much as 100
kilometers eastward along the southwestern margin of the basin.

We estimated crustal structure from the depth to magnetic
basement calculations. We analyzed the USAC magnetic profiles,
assuming that the distribution of sources is constant, perpendicu-
lar to the flight path. Most profiles in the USAC aerosurvey were
flown perpendicular to regional trends in the magnetic anomaly
pattern; therefore, we expect this to be a valid assumption. We
used a variation of the spectral analysis technique, as described
by Spector and Grant (1970) and Treitel et al. (1971). The region
was covered with approximately four depth estimates per thou-
sand square kilometers. We corrected the depth estimates for
aircraft altitude and averaged them within a 40-kilometer grid
interval. One check on the accuracy of the gridded estimates was
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Figure 2. Depth to magnetic basement in the Weddell Basin. Contour
Interval is one kilometer. Revised bathymetry is shown as heavy
dashed 1-kilometer contours.
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Figure 3. Estimated thickness of nonmagnetic overburden (sediment
thickness) using revised bathymetry(flgure 1)and depth to magnetic
basement (figure 2). Revised bathymetry is plotted as heavy dashed
line at 1-kilometer intervals.

a comparison of the estimated source depth in the Drake Passage,
where seismic data and well identified seafloor-spreading anoma-
lies permit a reliable identification of the magnetic source depth
of between 4 to 5 kilometers below sea level. Our estimated source
dpthsin the Drake Passage are accurate to within 20 percent. The
results also compared very well (less than 1 kilometer) with the
V1erner deconvolution estimates for the Bransfield region of
Prra Yanez (1988), who used a combined USAC and Chilean
arosurvey data set (Parra et al. 1984) to estimate depth to
nkagnetic basement.

Figure 2 displays a contour map of the depth to magnetic
basement. Basement generally dips eastward from the shoreline
of the Antarctic Peninsula, with a rapid increase in depth which
averages 12-14 kilometers along and near the 510 west meridian.
The deepening of magnetic basement well west of the shelf edge
as mapped by GEBCO could indicate either a major sedimentary
basin within the margin or, as we believe, an error in the GEBCO

athymetry. Over the oceanic crust (refer to figure 1) the base-
ment tends to shoal as the crust becomes younger. Note that near

e shear zone of the northwestern Weddell the basement is deep
0-11 kilometers) over the Jurassic crust and more shallow (less

t an 9 kilometers) over the Cretaceous and younger crust to the
ast of the shear zone. The more shallow crust is still quite deep

f r the youngest crust, which should be Oligocene to Eocene age,
lthough sediment accumulations may be depressing the crust in

t s area. This crustal shoaling is also coincident with a strong

gravity gradient in the Geosat gravity field and steeper gradients
in the magnetic field.

In the final step we used the revised bathymetry to estimate
the thickness of the nonmagnetic overburden by differencing the
depth to magnetic basement (figure 2) and the revised bathym-
etry of figure 1. Because we used magnetic depth to basement
estimates in this work, we refer to our isopachs as thickness of
nonmagnetic overburden.

The thickness of nonmagnetic overburden (figure 3) for the
Larsen Basin increases from approximately 3-4 kilometers at the
eastern shoreline of the Antarctic Peninsula (similar to the esti-
mates of Renner et al. 1985) to about 4-6 kilometers at the edge of
the shelf.

Seaward of the shelf edge the nonmagnetic overburden in-
creases dramatically to 8-10 kilometers. LaBrecque et al. (1989)
consider this region to be the site of earliest rifting in the Weddell
Basin during the Middle Jurassic. The eastward increase in non-
magnetic overburden is also observed by the only seismic results
recorded in the eastern Peninsula by Keller et al. (1989), who
reported a 4* eastward slope in the Mesozoic and younger sedi-
ments on James Ross Island and sediment thickness on the order
of 4-5 kilometers. Magnetotelluric experiments (del Valle et al.
1988) report 6.7 kilometer sediment layer on Seymour Island, in
fair agreement with our estimates. The study also presents results
over the Robertson Island region (near 65*S 595* W), where they
find an anticline in the basement flanked by sediments up to 4
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kilometers thick. Grikurovet al. (1990) also gathered amultichan-
nel seismic profile across the northern margin and report sedi-
ment thickness which corresponds to our estimates. The results
also locate several basins along the shelf edge which should be of
Jurassic age. The basins are generally located in areas between the
intersection of southwest-northeast striking magnetic anomalies,
which we have interpreted to be fracture zone trends, and the
shelf edge. In the southwestern portion of the region (near 71 S
and 60 W), we observed a broad deepening of magnetic base-
ment and a consequent thickening of nonmagnetic overburden in
the southwestern Weddell Basin near 70 S and 60 W. This may
be a northward continuation of the 10-kilometer deep basin
(Kadmina et al. 1983) which extends northward beneath the
Ronne Ice Shelf. Maslanyj and Storey (1990) also report basement
depths on the order of 10 to 12 kilometers surrounding the Haag
Nunataks at the base of the Antarctic Peninsula.

Since the first publication of these results in Ghidella and
LaBrecque (1991a, b), the Anzone (1989) program (Ice Station
Weddell program), which was provided with our revised bathym-
etry, has returned bathymetric data from a drifting ice station and
helicopter stations along the continental slope of the western
Weddell. The results are in excellent agreement with our bathy-
metric predictions. For 127 soundings distributed over the re-
gion, the mean difference between predicted and observed to-
pography averaged less than 80 meters, with a standard distribu-
tion of 52 meters. A maximum error occurred in the interpolated
region at 70.30 S and 55 1) W, where the gravity field displays a
strong negative seaward gradient. The estimated topography,
was 2,406 meters while the measured depth is 1,130 meters,
suggesting a very steep continental slope to the east of this point.
This study amply demonstrates the utility of long-range aero-
magnetic and aerogravity surveys in estimation of the crustal
structure of the antarctic margins.

Data acquisition and analysis were supported by National
Science Foundation grants DPP 85-17635, DPP 87-19147, and INT
89-15072. The authors wish to express their appreciation for the
field work of the USAC team and the aircraft support operations
of the Naval Research Laboratory Flight Detachment. We also
acknowledge the invaluable support of the Argentine Hydro-
graphic Service, the Chilean Air Force, the Antarctic Institute of
Chile (INACH), the Servicio Nacional de Mineria y Geologia of
Chile, and the Argentine Antarctic Institute.
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During the austral summer of 1987-1988 15 oceanographic
stations were occupied on the Bellingshausen Sea continental
shelf from the R/V Polar Duke. Up to that time there was little
information regarding the oceanographic setting of the area. One
of the main objectives of the survey was to determine the extent
of circumpolar deep water (CDW) across the continental shelf.
Data were collected using a Seabird SBE-19 Seacat Profiler modi-
fied with a Sea Tech ST-010A transmissiometer.

The temperature maximums ranged from 1.1 to 1.6 'C, indicat-
ing that CDW is found across the entire portion of the continental
shelf (see figure). The lowest temperature maximum observed
was 1.1 'C with most stations having a temperature maximum of
around 1.2 'C. The contours of Tmax demonstrate that the core of
warmest water (1.6 'C) intrudes onto the shelf from the northeast.
The warm core seems to originate near a major coastward bend in
the 3,000-meter depth contour. It subsequently spills over from
290-meter depths to 342-meter and 372-meter depths at CTDT
stations 7, 10, and 13 respectively.

The data indicate that this portion of the Bellingshausen Sea
continental shelf is dominated by intrusion of CDW which is
directed by major trends in the upper slope to outer shelf bathym-
etry. The core of warmest temperature extends for several hun-
dred kilometers and illustrates the apparent stability of the CDW
in this area.

This work was supported by National Science Foundation
grant DPP 86-13565.

Contour diagram of maximum temperature along a portion of the
Bellingshausen Sea continental shelf. Contour interval Is ± 0.1
and depth of temperature maximum is given for stations 7, 10, and
13. The 3,000-meter depth contour is shown.
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Distribution and production of
biogenic silica in the upper water
column of the Ross Sea 1990-1992

DAVID M. NELSON AND Louis I. GORDON

College of Oceanography
Oregon State University
Corvallis, Oregon 97330

During February and early March of 1992 we made the second
cruise of an ongoing study of the cycling of biogenic silica in the
Ross Sea. This work is part of  coordinated interdisciplinary effort
to understand the biogeochemical cycling of organic and siliceous
matter in the Antarctic, being conducted in collaboration with W. 0.

Smith, University of Tennessee (primary productivity and On-
ganic-matter cycling) R. B. Dunbar, Rice University (vertical
fluxes of organic and siliceous material through the water col
umn) and D. J. DeMaster, North Carolina State University (sedi+
ment accumulation and early digenesis of silica and carbon).

In 1990 and 1992 sampling was performed from the RIV Polar
Duke. In both years we collected data over the entire Ross Sea
shelf, emphasizing transects about 600 kilometers in length ex-
tending eastward from the shore-fast ice near the Victoria Land
coast (Nelson and Gordon 1990, figure 1).

In this report we summarize data on silica production rates in
1990 and make a comparisonbetween nutrient and biogeruc silica
distributions observed in 1990 and 1992.

During the summers of 1990 and 1992 the spatial distributions
of phytoplankton biomass and nutrients in the upper water
column of the Ross Sea were strongly influenced by an intense,
diatom-dominated phytoplankton bloom in the vicinity of the
receding ice edge (figure 1). As had been observed in previous
years (e.g. Smith and Nelson 1985; Nelson and Smith 1986), this
bloom developed within a lens of low-salinity meltwater and was
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Figure 1. Salinity, nutrient, and iogenic silica distributions in the upper 80 meters along a 600-kilometer east-west section in the southern Ross
Sea (7630' S). All contours are in micromoie 1.1 a-d 14-16 January; e-h 8-10 February 1992. The black bar in each panel indicates the approximate
location of the ice edge. Locations of the three stations for which profile data are presented in figure 2 are shown at the top of (A).
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cl taracterizedby high concentrations ofbiogenic particulate silica.
if ogenic silica levels within the bloom exceeded 25 micromoles
per liter in January 1990 and 15 micromoles per liter in February
1992. The difference may reflect different stages in the seasonal
cycle of bloom development and dissipation, or an interannual
difference in bloom intensity.

To the east of the ice-edge bloom, nutrient and biogenic silica
distributions differed significantly in the 2 years. In January 1990
tf re were secondary maxima in phytoplankton biomass, with

sociated nutrient minima, centered 250-500 kilometers seaward
ol the ice edge, and apparently unrelated to meltwater effects
(f gure la-d). The species composition of the phytoplankton in
these more easterly features was very different from that in the
western ice-edge bloom. While the ice-edge assemblage was
composed mainly of three pennate diatoms of the genus Nitzschia,

e biomass maxima to the east had more diverse assemblages with
veral centric diatoms and the prymnesiophte Phaeocystis pouchetii,

all reasonably abundant. While biogenic silica concentrations in
e more easterly features were only about one-third as high as

th ose within the main bloom (figure ic), they were comparable to
those found in highly productive, diatom-dominated coastal sys-
tens, such as the Peru upwelling region or the eastern Bering Sea
(Nelson etal. 1981; Banahan and Goering 1986). During February
o4 1992, no such maxima in biogenic silica or minima in nutrient
concentrations was observed in the central or eastern Ross Sea
(figure id-f), and high concentrations of Phaeocysits were not en-
countered. As in the case of the western bloom, we do not know
whether the difference between the 1990 and 1992 data sets results
primarily from a seasonal or an interannual difference.

In both 1990 and 1992, we performed tracer studies with
silicon-30 to measure production and redissolution rates of bio-
genic silica in the upper 50-80 meters. At this writing (May 1992),
samples from the 1992 cruise have not yet been returned to our
laboratory for isotopic analysis, but samples from most 1990
stations have been analyzed. The ice-edge diatom bloom in the
western Ross Sea was characterized by elevated rates of biogenic
silica production in addition to high standing stocks of siliceous
particulate matter. Figure 2 shows vertical profiles of biogenic
silica concentrations and silica production rates at three represen-
tative stations: one within the ice-edge bloom, one within one of
the secondary biomass maxima east of the bloom, and one in an
area of relatively low biomass. Higher silica production rates in
the upper 20 meters in the ice-edge zone (figure 2b) were ob-
served consistently from mid-January through early February of
1990. Neither the concentration nor the production rate of bio-
genic silica at depths greater than 25-30 meters differed greatly
between the ice-edge bloom area and rest of the Ross Sea.

On a vertically integrated basis, the mean production rate of
silica within the ice-edge diatom bloom in 1990 was approxi-
mately three times greater than in areas away from the bloom
(table 1). The mean production rate measured within the bloom,
about 35 micromoles per square meter per day, was quite similar
to the mean of 38 micronmoles per square meter per day mea-
sured in late January and early February 1983 (Nelson and Smith
1986). However, the mean of about 12 micromoles per square
meter per day for waters outside the bloom was four times that
assumed in a previous estimate of the annual rate of silica
production in the Ross Sea (Jones et al. 1990). That estimate was
2.3 moles per square meter per day, with 83 percent of the total
attributable to the ice-edge bloom. Keeping the same assumption
used by Jones et al. (1990) regarding bloom duration and rate of
ice retreat, and including 1990 field data showing significantly
higher rates of silica production during summer in areas unaf-

fected by the ice-edge bloom, yields a revised annual estimate of
3.5 moles per square meter per day. The bloom accounts for 1.9
moles per square meter per day, or 54 percent of the annual total.

The ratio of biogenic silica production to organic carbon
production in the euphotic zone averaged 0.23 (by moles) within
the ice-edge bloom and 0.16 in other areas of the Ross Sea (table 1).
This corresponds to silica-to-carbon mass ratios of 0.8 to 1.2. These
values are similar to ratios reported for antarctic phytoplankton
from other locations (e.g., Nelson et al. 1987; Treguer et al. 1991).
The data contrast sharply with much higher values reported for the
same bloom system in January, 1983 (Nelson and Smith 1986). In
that study the mole ratio of biogenic silica production to organic
carbon production averaged 0.57, with a maximum value of 1.0.
The reason for the large difference between 1983 and 1990 data sets
is not clear. The 1983 bloom was dominated by the same three
diatom species that were most abundant in 1990 (Wilson etal. 1986).
Even with the 1983 data included, measured ratios of production
rates are about 39 times lower than the silica to carbon ratios of the
surface sediments in the Ross Sea (e.g., Dunbar et al. 1989). This
relationship indicates that the opal-rich, organic-poor sediments
must result primarily from differential recycling of silica and
organic matter within the water column.

We thank Julie Arington, Aude Leynaert, Bernard Queguiner
and Andy Ross for their very valuable work aboard the Polar Duke
in 1992, and Joe Jennings and Consuelo Carbonell-Moore for their
help in post-cruise data processing. Discussions with Dave
DeMaster, Paul Treguer and Walker Smithhave helped us greatly
in understanding the biogeochemical system of the Ross Sea, and
Smith also provided the primary productivity data summarized
in table 1. This work was supported by National Science Founda-
tion grant DPP 88-17441 to Oregon State University.
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Figure2. Biogenic particulate silica concentrations (A)and production
rates (B) at three stations representative of different biological
conditions in the southern Ross Sea during January 1990. Closed
circles denote station 8 taken in an area of low phytopiankton
biomass, and triangles denote station 23 taken In a less pronounced
biomass maximum circa 500 kilometers east of the ice edge.
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The accumulation and regeneration
of biogenic silica and organic carbon

in Ross Sea sediments

DAVID J. DEMASTER, ROBERT H. POPE, AND JOSEPH M. SMOAK

Department of Marine, Earth, and Atmospheric Sciences
North Carolina State University
Raleigh, North Carolina 27695

sured in incubated subcores) to evaluate seabed rates of biogenc
silica and organic carbon regeneration (figure 2). During the 19
field cruise, cores were collected from 65 stations (DeMaster eta
1990). We reoccupied 12 of these stations during the 1992 cruir
to evaluate the steady-state nature of porewater fluxes from the
seabed. Organic matter carbon-14 chronologies are being used t
establish rates of sediment accumulation in the study area. Alon
the southernmost transect, accumulation rates range from 250
centimeters per 1,000 years in Granite Harbor (a coastal basin) t
1.6 centimeters per 1,000 years at Mooring Site B (DeMaster et al.
1992). The intensity of bioturbation in the seabed is being evalU-
ated with Lead-210 profiles and x-radiography of sediment cores.

CHARLES A. NI1-FROUER. AND GEOFFRY H. PIERSON
1992 Ross Sea Field Season

Marine Sciences Research Center
State University of New York, Stony Brook

Stony Brook, New York 11794

Accumulation rates and regeneration rates for biogenic silica
and organic carbon are being measured in Ross Sea sediments. As
part of a larger project examining biogeochemical fluxes in the
waters and sediments of the Ross Sea (DeMaster et al. 1992), this
research provide information that allows a comparison of surface
biogemc production rates withbiogenic accumulation rates in the
seabed below. This study evaluates lateral transport of material
based on data from current meters and transmissometers moored
at three Ross Sea locations for a period of two years (Nittrouer et
al. this issue). In formation of this type is essential for an under-
standing of the oceanographic processes that control the recy-
cling and accumulation of biogenic material in high-latitude
environments.

During February 1992 we conducted the concluding field
program for the Ross Sea Project. Using the USCGC Polar Sea and
the R/V Polar Duke, we successfully recovered our three moor-
ings and occupied 146 stations (figure 1). We collected sediment
with a kasten corer and/or a spade box corer at 36 stations. We
used porewater nutrient analyses and flux core data (time series
of nutrient concentrations in waters overlying the seabed, mea-
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Figure 1. Station locations from the 1992 Ross Sea field cruise.

72

74	 ANmRcTIc JOURNAL



icx

zoa 200

0

10

20

30

40

DI

30O

200
.-
rJD

_	 +

IM

PO4 - NO3 - NH4 Si02/10 (uM)
	

PO4 - NH4 - Si02/10 (uM)

5
NNO3f2.5

y = 4.7553 - 0.041484x RA2 = 0.943

N

II•)	 N
eq

+NH4

y = 1.256: + 0.023525x RA2 = 0.354

2 

+	 .PO4z 1	+
y = 1.4453 + 0.013469x RA2 = 0.742

01 	
FC2204.06 (Granite Harbor)

0 102030405060	Ô id 20 30 4d50 60

Time (hr)	 Time (hr)
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Summary of sediment and porewater
fluxes In the Rosa Sea

Granite	Mooring	Mooring
Harbor	A	B

Biogenic silica
Burial rate (g Si0cm2/y)	40 x 10-3 2.6 x 10-3	0.05 x 10-3

Porewater flux to water
column (g Si02/cm2/y)	5.4 x 10	2.9 x 10	2.2 x 10

Particle flux to sediment-water
interface (g SiOJcm2/y)	45 x 10,3 5.5 x 10-3 2.3 x 10

% Seabed preservation
efficiency	 88	47	2.2

Organic Carbon
Burial rate (g Org. C/cm 2/y)	1.8 x 10-3 0.08 x 10-3 0.005 x 10-3

Porewater flux to water
column (g Org. C/cm2ly)	0.56 x10-3 0.46 x 10 0.23 x 10

Particle flux to sediment-water
interface (g Org. C/cm2ly)	2.4 x10-3 0.54 x 10-3 0.24 x 1 0

% Seabed preservation
efficiency	 77	13	2.1

in the southern Ross Sea. Porewater fluxes from the three stations
are much more uniform than the biogenic burial fluxes. Conse-
quently, there is a large range in seabed preservation efficiencies
within the study area. In Granite Harbor the seabed preservation
efficiency of both biogenic silica and organic carbon is very high
(88 percent and 77 percent, respectively). At Mooring Site A, 47
percent of the biogenic silica reaching the seafloor accumulates in
the seabed, whereas only 13 percent of the organic carbon is
preserved. The preservation efficiencies for material arriving at
the seabed were lowest at Mooring Site B, where only 2 percent of
the biogenic silica and 2 percent of the organic carbon ultimately
are preserved in the sediment column. The largest difference in
preservation efficiency for biogenic silica and organic carbon
occurred at Mooring Site A.

As part of the overall Ross Sea Project, similar budget calcula-
tions are being made for the euphotic zone and the lower water
column, as well as the seabed.

This research was supported by the National Science Founda-
tion grant DPP 88-17209. We would like to thank the other
principal investigators in the Ross Sea Project for their effort
during the conceptualization of the overall project and their help
during the two field programs.
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Biogenic silica, organic carbon, organic nitrogen, and total phos-
phorus contents are being measured on samples from both the
1990 and the 1992 cruises. Biogenic silica and organic carbon
contents are greatest in sediments from the southwestern Ross
Sea (approximately 40 weight percent silica and 1.2 weight per-
cent organic carbon) and decrease toward the east and north (to
1-5 percent silica and 0.3 percent organic carbon).

Combination of the biogenic accumulation rate data and the
regeneration rate measurements enables calculation of the sea-
bed preservation efficiency (i.e., rate of burial for a biogenic
component divided by the flux reaching the sediment-water
interface). The table contrasts this information from three stations
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Lateral fluxes of suspended materials are being investigated
as part of a larger study to understand biogeochemical fluxes in
the Ross Sea. The primary objective is to provide insight that can
be used to evaluate models describing the fate of biogenic Si and
carbon. In particular, the limitations on one-dimensional, vertical
models are being examined in light of observed horizontal advec-
tion. Much of the suspended material in the Ross Sea islithogenic
sediment, and therefore a better understanding of general glacial-
marine sedimentation is also being obtained.

Instrumented, taut-wire moorings were deployed at three
locations in the Ross Sea (figure 1). Moorings A and B collected
data from February 1990 until February 1992, and Mooring C was
restricted to a one-year period of February 1990 until February
1991. Each mooring (figure 2) included Aanderaa current meters
(with salinity and temperature measurements) mounted near the
water surface (210 meters below) and near the seabed (40 meters
above). On each mooring, a SeaTech transmissometer (25-centi-
meter length) was placed in the vane of the lower current meter.
In addition, sediment traps were mounted 10 meters above each
current meter in order to provide complementary information
about vertical fluxes of material.

5m

Sediment Trap

10 in

Aanderaa Current Meter

ariabl

Figure 1. Contour map (above) shows locations of moorings In the
Ross Sea. At right, representation of Instrumentation on each
mooring.
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Figure 3. A portion of the time-series record from the bottom current
meter on mooring A for October 1990 to January 1991. From top to
bottom, records are for: east(+)/west(-) component of speed (in
meters per second); north(+)/south(-) component of speed (in meters
per second); temperature (in degrees C); conductivity (in miilimho/
cm); salinity (in ppt); and suspended sediment concentrations (no
units shown). The transmissometer is being recalibrated, however;
field measurements indicate that the lower values observed are
about 0.5 mg/I.
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Figure 2. Profiles of light transmission for two locations in the Ross
Sea. Transmission is low nearthe water surface due to phytoplankton
(as indicated by peak in fluorescence), and is low near the seabed
due to lithogenic material. The latter feature Is well developed at
some locations (upper example), but not so well developed at other
locations (lower example).

The spatial distribution of suspended material was investi-
gated as part of a hydrographic survey (salinity, temperature,
light transmission, fluorescence) undertaken from the R/V Polar
Duke during February of 1990 and 1992. Over 100 stations were
occupied during these cruises (DeMaster et al.).

A strong tidal signal is observed at all three moorings, al-
though it is strongest a B and C. The currents are diurnal with a
distinct fortnightly modulation. The strongest currents are found
at mooring C, and exceed 50 centimeter per second in both the
upper and lower meters. Shear in the water column causes
significantly different directions for the upper and lower current
records at all three stations.

The spatial distribution of water-column turbidity reveals a
consistent picture from the two cruises during the austral sum-
mer (figure 3). Light transmission is low at the surface and
fluorescence profiles indicate phytoplankton to be the cause.
Light transmission increases for most of the deeper water col-
umn, with another decrease near the bottom (lower 50 meters).
The fluorescence records and observations of suspended mate-
rial collected on filters indicate that this bottom nepheloid layer
is due to lithogenic debris.

Temporal variations of turbidity were examined by transmis-
someters in the bottom meters at the moorings. The records reveal
very little fluctuation in turbidity (approximately 0.5 milligrams
per liter) for most of their duration. However, turbidity events
were observed on near-bottom waters (figure 4). Mooring A
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levated turbidity in the austral spring for both 1990 and
ing 1990 the turbidity reached a peak in early December,
'g 1991 the peak was in early October. At mooring C
iort-term (less than one week) events were observed
e austral summer 1990. The source of the turbidity and
of the events at A and C are under investigation.
itative estimates of particle fluxes will require further
In particular, transmissometers must be recalibrated to
curate estimates of mass concentrations. Also, input
ment traps (e.g., aggregate sizes and settling velocities)
ed to calculate lateral displacements of particles as they
igh the water column. Estimates of particle concentra-
ettling velocity must be merged with records of current
d direction to compute fluxes. However, their fate is
t for understanding the flux of materials in the water

column, and for evaluating the utility of one-dimensional, verti-
cal models to explain the fate of biogenic components.

This research is supported by National Science Foundation
grant DPP 88-17209. We appreciate the help provided by D.
Lucyk (SUNY Stony Brook), other PIs working with us (R. Dunbar,
L. Gordon, A. Leventer, D. Nelson, and W. Smith), and the crews
of the Polar Duke and Polar Sea.
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easonal variation in carbon isotopic
composition of antarctic sea ice and

pended-particulate, and sea-ice samples we have collected dur-
ing the past five years. We observed a large seasonal cycle in
plankton delta carbon-13 in fast-ice communities as well as in

open-water plankton communities	sediment-trap samples recovered from McMurdo Sound. The
seasonal delta carbon-13 range within fast ice is as great as 17

ROBERT B. DUNBAR

Geology and Geophysics
Rice University

Houston, Texas 77251

Amy LEVENTER

parts per mu (figure), more than the entire latitudinal range
observed in surface plankton and the largest yet reported for any
specific phytoplankton community. Delta carbon-13 of particu-
late organic carbon (POC) within the basal layers of the fast ice
increases from winter minima of -23 to -26 parts per mil in
October to late spring maxima of -11 to -17 parts per mil in late

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43214

Marine organic matter delta carbon-13 is increasingly used to
study carbon fluxes and carbon-dioxide partitioning among ocean,
atmosphere, and terrestrial reservoirs (Arthur et al. 1985; Rau et
al. 1989, 1991; Jasper and Hayes 1990). An important isotopic
trend observed in modern marine organic carbon is a decrease in
plankton delta carbon-13 with latitude, from -19 to -22 parts per
mil near the equator to -26 to -31 parts per mil in polar regions
(Sackett et al. 1965,1974; Fontague and Duplessy 1981; Rau etal.
1991). Carbon-13 depletion in high-latitude plankton was ini-
tially attributed to the influence of temperature on intra-cellular
metabolic processes responsible for isotopic fractionation (Sackett
etal. 1965) but has recently been ascribed to the greater availabil-
ity of dissolved molecular carbon dioxide in cold surface waters
(Rau et al. 1989; Degens et al. 1968; Pardue et al. 1976; Mizutani
and Wada 1982). This has led to suggestions that delta carbon-13
in sedimentary organic matter can be used to estimate past
ocean/ atmosphere carbon dioxide levels.

Sediment trap and suspended particulate samples collected in
the Ross Sea during 1990-1991 exhibit a large range in organic-
matter delta carbon-13 (table). This led us to examine the carbon
isotopic composition of other time-series sediment-trap, sus-
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McMurdo Sound. Sea ice samples were collected by the SIPRE
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field season. Note increase in delta carbon-1 3 of basal POC as bloom
develops during October through December. Basal melting begins in
December in eastern McMurdo Sound and somewhat later in western
McMurdo Sound and leads to highly variable degrees of isolation of
the sea ice community from the water column and, accordingly,
highly variable delta carbon-1 3 values. Barnes=Barnes Glacier (77036'
5, 166011'30" E); Tent=Tent Island (77042' S, 166°12' E); EIT=Erebus
Ice Tongue (77043' 5, 166021' E); IDC=lnner Debenham Canyon
(77°06'38" 5, 163°20'14" E); ODC=Outer Debenham Canyon (77000'52"
5, 163032'57" E); MacKay=MacKay Glacier (76°57'34" 5, 162047'03"
E); GH Sill=Granite Harbor Sill (76 056'41" 5, 162047'03" E); GH
Bas=Granite Harbor Basin (76 054'58" 5, 163017'59" E).
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Carbon Isotopic composition of particulate organic carbon-Ross Sea and McMurdo Sound

max. 63C

-8.30
-9.07

-22.78
-26.54

-19.01

-18.49
-25.13
-22.78

Location
and samples	 Period	# samples	means 813C

Fast Ice - McMurdo Sound*
Sea ice cores	 10/86-2/87	68	-17.92
Sinking particles	 10/86-2/87	35	-18.73

Open Water - SW Ross Sea**
Sinking particulates

Site A (high prod.)
	

1/90-2/90
	16	-23.86

Site B (low prod.)
	

1/90-2/90
	11	-28.37

Suspended POC
W Ross Sea	 1/90-2/90

	
78	-23.49

Annual time-series of sinking particulates,
seasonally ice-free areas***

McMurdo EIT	 12/87 - 12/88
	

6	-25.00
McMurdo S4	 1/90-11/90

	16	-26.72
SW Ross Sea	 1/90-2/91

	18	-25.56

maximum
mm. 813C	813C range

-25.62	17.32
-27.27	18.20

-25.78	3.00
-29.35	2.81

-27.46	8.45

-29.07	10.58
-28.73	3.60
-29.13	6.35

*Dunbar and Leventer (1992).
**Site A in SW Ross Sea (76-30.093'S 167 030.309'E)  & Site B in central Ross Sea (76-30.336'S 174 059.128'W).  Suspended POC samples

from W. Smith covering a broad range of surface productivity in the western Ross Sea.
***Time series sediment trap collections at Erebus Ice Tongue (McMurdo EIT: 77 143.66'S 166123.27' E); Eastern McMurdo Sound

(McMurdo S4: 77 047.38' S 16602.47' E), and SW Ross Sea (Site A).

November/early December. The greatest isotopic enrichment
during this period generally corresponds with the highest stand-
ing stock of POC within the sea ice.

We attribute the increase in delta carbon-13 of the sea ice
community to decreased dissolved carbon dioxide and/or rayleigh
fractionation of the available carbon dioxide pool as the annual
bloom develops. Ice algae grow in small, interconnected brine
channels within the sea ice matrix, an environment in which gas
and nutrient exchange with the water column is limited, creating
a semi-isolated carbon dioxide reservoir. Experiments have shown
that as carbon dioxide availability decreases, the delta carbon-13
difference between plant tissues and feedstock carbon dioxide
decreases (Degens et al. 1968; Pardue et al. 1976; Mizutani and
Wada 1982). In this case, since preferential uptake of carbon-12 by
algae from a semi-isolated carbon dioxide reservoir would de-
crease carbon dioxide concentration and enrich it in carbon-13,
both processes would tend to increase phytoplankton delta car-
bon-13 as the bloom progresses.

Delta carbon-13 values of sinking and suspended POC pro-
vide evidence for a similar cycle influencing productivity within
open water or ice-edge blooms. POC from time series sediment
trap samples collected in McMurdo Sound during 1987-1988
have a seasonal delta carbon-13 range of 10.5 parts per mil, with
carbon-13 enrichment occurring during summer bloom events
when the trap was either located below open water or exposed to
advection from alarge open water phytoplankton bloom. During
our 1990 and 1992 cruises in the Ross Sea (DeMaster et al. 1993),
the greatest enrichments in carbon-13 within both sinking and
suspended POC occurred during a strong bloom within a surface
layer stabilized by low salinities (table). The magnitude of the sea-
sonal delta carbon-13 cycle is reduced in the ice-free or ice-edge
setting, on the order of 3 to 10 parts per mil, consistent with more
rapid replenishment of carbon dioxide at the site of the bloom.

Most previous observations of carbon-13 depletion in south-
ern ocean plankton are based on a relatively small number of
samples from low productivity or well-aerated open-water areas
of the South Atlantic and Weddell Sea. We have observed similar
low delta carbon-13 values in plankton recovered from low
productivity regions of the Ross Sea. More importantly, our
results show that significant carbon-13 enrichment is common in
near-surface plankton during bloom events in ice-covered and
ice-marginal areas. We suggest that the average delta carbon-13
value of southern ocean POC is at least several parts per mil
greater than has been previously thought and that, in areas
characterized by sea ice or ice edge blooms, this enrichment may
be as large as 6 to 12 parts per mu. While our results are consistent
with carbon dioxide availability controlling delta carbon-13 in
marine organic matter, it is apparent that large amounts of POC
in the southern ocean are produced in carbon dioxide reservoirs
out of equilibrium with atmospheric carbon dioxide (e.g., low
carbon dioxide and/or enriched in carbon-13). Caution must be
exercised when interpreting organic delta carbon-13 in high-
latitude sediments in terms of past ocean/ atmosphere carbon
dioxide levels. Conditions favorable to sea ice or ice edge phy-
toplankton blooms may result in carbon-13 enriched sedimen-
tary organic matter irrespective of regional atmosphere/ ocean
partial pressures of carbon dioxide.

This work was supported by National Science Foundation
grant DPP 88-18136.
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Sea-ice studies___________________________

Ice thickness variability of the
McMurdo Sound landfast ice runway

K. Moiius AND M.O. JEFFRIES

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99775-0880

Every year an ice runway is prepared on the landfast ice of
McMurdo Sound (figure 1). It is built specifically for aircraft (C-
141, C-130, and C-513) equipped with wheels, which accommo-
date larger quantities of personnel and material in a shorter
period of time than is possible using ski-equipped aircraft at
Williams Field. The ice runway program begins in July with ice
coring to determine the sea ice thickness in and around the
proposed runway site, and by the second week in September, the
runway has been completed and is in operation. During its
lifetime, the ice thickness is measured weekly at sampling sites
established at roughly 100-meter intervals along each side of the
runway.

At each sampling site a measuring rod of known length, with
a horizontal bar at its bottom, is embedded in the ice for the
lifetime of the runway. The ice thickness is determined by
drawing the rod up out of the ice until the bar abuts the ice bot-
tom, measuring the amount of rod above the ice, and subtract-
ing that value from the total length of the rod. The ice runway
data are a valuable source of information on the growth of the
landfast ice in McMurdo Sound from midwinter to early spring.
However, the data appear to be ignored or underutilized by the
science community. This paper examines the ice-thickness data
aquired during 1989, 1990, and 1991.

The mean ice thickness along the runway and its standard
dviation was calculated for each set of measurements made on
a given day for each year. A plot of mean ice thickness versus
time (figure 2) shows the ice thickness increasing during the life
of the runway each year. The 1989 data are unusual compared to
the other data sets, as they suggest fluctuations in the ice thick-
ness. This is most likely a measuring error and not an actual ice
phenomenon. During the course of the sampling programs, the
ice thickness increased by 0.57± 0.08 meters in 1989; 0.6± 0.03
nhleters (main runway)-and 0.26± 0.02 meters (crosswind runway)
iii 1990; and 0.56±0.1 meters in 1991. The maximum mean ice
tIiickness was generally attained in early December, with values
of 2.28±0.13 meters (1989), 2.34±0.05 meters (1990), 2.27±0.12
meters (cross wind runway), and 2.22±0.1 meters (1991). Thus,
the amount of ice grown during the operation of the runways was
approximately 25 percent of the maximum ice thickness (except
for the crosswind runway, which operated for a shorter period of
time at the end of the season).

The data for maximum mean ice thickness for each sampling
site were examined. T-tests performed on the measurements
made on each side of the runway revealed no significant differ-

ence at a 95 percent confidence level, indicating fairly uniform ice
thicknesses along the runway. T-tests with a 95 percent confi-
dence level compared the mean maximum ice thicknesses for
each year. The 1989 crosswind, and 1991 samples were not
significantly different from each other, but all three of these data
sets were significantly different from the 1990 main runway data.
It should be noted that the 95 percent confidence level holds for
the individual comparisons (two data sets) and not the entire
range of comparisons (six combinations of two data sets). The
1990 maximum mean ice-thickness values were consistently high-
er than the values from the other runways.

An interannual comparison of the mean ice thickness on the
same Julian date was made. Ice-thickness differences on the
same date in different years (26 pairs) have a mean of 0.079± 0.05
meters (range 0.0122 meters to 0.1762 meters). Paired t-tests
(95 percent confidence level) were performed on the coincident
data subsets of 1989-1990 and 1989-1991 (seven samples), as well
as on the 1989 and 1990 crosswind runways (four samples). The
analysis indicates that on a given date the 1989 ice thickness
differed significantly from the 1990 and 1991 data but not from
the crosswind data set. Only the 1990 main-runway data differ
significantly from the crosswind data, but the relatively few data
points and coincident data sets make it difficult to draw any
substantial conclusions. However, it is clear that on any given
date, the ice thickness varies from year to year. This may be
related to such factors as the time the landfast ice cover was first
established and subsequent variations in the growth rate.

The mean ice-thickness data illustrate the thickening of the
landfast ice during the lifetime of the ice runway. The standard
deviation values over the entire runway illustrate considerable
variation from year to year as well as within years (figure 3). The
standard deviations in 1989 are much larger than those in 1990,
and the standard deviations in the crosswind data are larger than
those of the adjacent main runway in 1990. Also note the large
standard deviation of the ice thickness on 1 November 1990 (JD

Figure 1. Map of the south end of Hut Point Peninsula, Ross Island,
showing the positions of the McMurdo Sound sea-ice runways in
austral spring of 1989, 1990, and 1991.
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Figure 2. Mean ice thickness vs. time for all data sets.

305) as compared with the other values in the data set. It is
unclear whether this is the result of an error in measurement or
real variation in the ice thickness.

The ice-thickness measurements show considerable spatial
and temporal variability, which may be due to measurement
errors or to physical phenomena, such as the accumulation of
platelet ice while the landfast ice is developing. The ice-runway
operation occurs when the ice cover is thickening by the accumu-
lation and consolidation of platelet ice crystals, which relieve the
supercooling adiabatic decompression related to low-density
water flowing from under the Ross Ice Shelf (Foldvik and Kvinge
1974; Jeffries et al. in press). Spatial and temporal variations in
the supercooled water currents cause variations in the number
of unconsolidated platelet crystals and the thickness of the con-
solidated platelet ice layers (Lewis and Perkin 1985; Crocker and
Wadhams 1989; Jeffries et al. in press). The year-to-year and
within-year ice-runway-thickness variations may reflect the vari-
ability of supercooled-water flow and platelet-ice occurrence, or
they may reflect the measurement method. Because the platelet
crystals get caught between the true bottom of the ice and the
horizontal bar on the end of the rod, the loose lattice of platelet
crystals that forms directly beneath the consolidated sea-ice cover
may cause a false reading.

The McMurdo Sound ice-runway-thickness data provide valu-
able information on the development of the McMurdo landfast
ice. The existing data could be more fully analyzed and future
measurements made part of a more rigorous environmental
monitoring program, the end result of which would be a database
of ice-thickness variations over time.

This work was supported by National Science Foundation
grant DPP 89-15863. Our thanks to Kristin Larson of ASA for
coordinating with the NSFA public works to obtain the data.

JULIAN DAYS
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Figure 3. Mean Ice thickness (solid dots) and standard deviations
(whiskers) plotted with a first-order regression line (solid line) for:
(a) 1989; (b) 1990; (c) crosswind; and (d) 1991 data sets.
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Small-scale variability of physical
properties and structural

characteristics of a single ice floe

ALICE DANIELSON AND MARTIN JEFFRIES

Geophysical Institute
University of Alaska, Fairbanks
Fairbanks, Alaska 99775-0800

Most studies of the physical properties and structural-strati-
gaphk characteristics of sea ice have concentrated on large-scale
regional variations evident in multiple floes. In order to understand
the large-scale variability it is also important to understand the
snall-scale variability within single floes. Apart from studies by
Tucker et al. (1984) and Eickenet al. (1991) there have been few such
ir vestigations. Our study focuses on small-scale variations of snow
d --pth, ice thickness, structure-stratigraphy, temperature, and sa-

. ty of an ice floe located 1 kilometer south of the Drygaiski Ice
ngue (75 32'.191'S 164 22.631'E) in the western Ross Sea.
On 1 January 1992 snow depth and ice-thickness measure-

ents were made at 1-meter intervals along lines A, B, and C, and
at 2-meter intervals along line D (figure 1). Salinity, temperature,

d structure-stratigraphy analyses were completed for ice cores
DRY 1-7 (with the exception that no structure-stratigraphy core

as obtained at site DRY 7).
The mean snow depth over the entire site is 0.16± 0.034 meters

(see table), with a range of 0.095 to 0.27 meters. Although snow
depth varies very little over the entire site, there is a significant

ifference between transects, e.g., A and B (table). The mean ice
thickness over the entire site is 1.218± 0.066 meters (table) with a.
range of 1.02 to 1.335 meters. This is only slightly lower than the
1.40 ± 0.45-meters mean ice-thickness value calculated from data
obtained in February and March on first-year ice in the Weddell
Sea, as presented by Gow et al. (1987). As with the snow-depth
variability, although statistically the ice thickness varies by only
0.066 meters over the entire site, there are significant differences
between individual transects, e.g., A and B, A and D(table). In the
Weddell Sea, Lange and Eicken (1991a) report thinner mean snow
depths ranging from 0.08 to 0.59 meters and a wider range of ice
thickness, 0.52 to 2.65 meters. Their standard deviations were
significantly greater than ours, with the mean snow-depth stan-
dard-deviation values ranging from 0.12 to 0.84 meters. The
greater ice-thickness standard deviations reported by Lange and
Eicken (1991a) probably reflect the greater number of floes and
deformed sites they sampled compared to our study of a single,
apparently undeformed floe.

Overall, the data show a general relationship of deep snow
overlying thinner ice. This is common in floes dominated by
congelation growth and is due to the insulating effects of the
snow reducing the heat floe from the water to the atmosphere
through ice and snow. In the case of the Drygaiski floe, the snow-
ice thickness relationship is probably a coincidence, since none of
the cores contain congelation ice.

Each core contained granular frazil ice in amounts varying
between 95 and 100 percent of the core length. Platelet ice was
found only at the base of core DRY 2. The large amount of frazil
ice is not unusual and reflects ice growth as small crystals in the
turbulent, supercooled water conditions that are common in the
antarctic ice pack (Gow etal. 1987; Jeffries and Weeks in press (a);
Lange and Eicken 1991b).

Each ice core has a roughly S-shaped temperature profile, with
the warmest temperatures at the ice surface and the coldest tem-
perature at the base (figure 2). Ice temperatures are all close to the
melting point, with an overall mean temperature of -1.09 C and a
range of -1.4 C to -0.6 C. For all cores, the least ice temperature
variability occurs at depths of 0.3 to 0.4 meters, where the tempera-
ture is -1.0 C (figure 2). The S-shaped temperature profile probab-
ly results from surface heating during the summer as the air temp-
erature rises and raises the temperature of the near-surface ice.

The mean ice salinity of the seven cores is 3.60 parts per
thousand, with a range of 0.8 to 5.25 parts per thousand. The
salinity profiles have a reverse S-shaped pattern, with the lowest
salinities at the surface and the highest salinities at the base of the
ice. Similar profiles have been observed in McMurdo Sound
(Jeffries and Weeks in press (b)) and the northwestern Weddell
Sea (Eicken et al. 1991). Two zones of maximum salinity in each
core group occur at 0.4 to 0.6 meters (salinity range, 3.74 to 3.9
parts per thousand) and in the bottom 0.2 meters (salinities
exceeding 5.0 parts per thousand). Standard-deviation values are

C	 D

DRY 1,2,3:2 m triangle
A\ /B	DRY 1,4,5:10 m triangle

DRY 5 to 7:25 m
DRY 7 to 6:25 m

DRY 4

Figure 1. Diagram of the 1992 Drygalskl ice-floe sampling scheme
with Ice-core (DRY 1 to 7) positions. The 1O-meter triangle connecting
sites DRY 1, 4, and 5 consists of lines A, B, and C, and line D Is the
50-meter distance between DRY 5 and 6.
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Mean and standard deviation of snow-depth and
Ice-thickness measurements from the Drygaiski ice floe

Snow	 Ice
Transect	 depth	 thickness

A	 0.179 ± 0.047 (10)	1.182 ± 0.078 (10)

B	 0.161 ± 0.024 (10)	1.174 ± 0.047 (10)

C	 0.160±0.033(11)	1.197±0.068(11)

ABC	 0.167 ± 0.036 (31)	1.185 ± 0.064 (31)

D	 0.153±0.031 (25)	1.260±0.040 (25)

CD	 0.155±0.031 (36)	1.241 ±0.058 (36)

ABCD	0.160 ± 0.034 (56)	1.218 ± 0.066 (56)

Figures in parentheses represent the number of samples.

lowest in the upper salinity maximum. The two zones of low
salinity values are at the uppermost layer (salinity range, 1.0 to
1.85 parts per thousand) and one at a depth of 0.5 to 0.8 meters
where the salinities fall between 3.43 and 3.47 parts per thousand.
Prior to summer warming, sea-ice salinity profiles are chara-
teristically C- or double C-shaped (e.g., Weeks and Lee 196;
Nakawo and Sinha 1981). As the air and near-surface temper-
tures rise, brine will drain out of the uppermost layers, decreasin
the ice salinity and leading to a reverse S-shaped salinity profi1.
The salinity maximum we observe at 0.4 to 0.6 meters may Ie
partly due to this downward brine drainage. The highest salinity
values found at the base of the ice probably reflect reduced brine
drainage from the colder ice.

The structure-stratigraphy of the cores, which are comprise
almost entirely of frazil ice, indicates that individual floes c
have a fairly uniform growth pattern when the growth conditio
do not vary throughout the growth season. This structural un -
formity may account for the general similarity of the physic 1
properties and ice thickness within the floe over distances as grea t
as 50 meters. Despite ice temperatures close to the melting poin,
the ice retains a significant amount of brine, particularly in th
basal layers. Further analysis of small-scale variability of th
physical properties of sea ice is needed to fully understand th
extent to which each parameter varies with horizontal distanc
and the mechanisms that cause these differences.

This research was supported by National Science Foundatio
grant DPP 89-15863. Kim Morris, U.S.C.G.C. Polar Sea crew
member DCI Gary Currier and members of the aviation depart-
ment assisted with the field work.
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Sea-ice investigations on Nathaniel
B. Palmer: Cruise 92-2

S.F. ACKLEY AND A.J. Cow
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V.I. LYFLE AND N.E. YANKIELUN

Dartmouth College
Hanover, New Hampshire 03755
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Princeton University
Princeton, New Jersey

In this and accompanying reports (see references), we present
preliminary results of studies made on sea ice in the western
Weddell Sea, in May and June of 1992 aboard the vessel Nathaniel
B. Palmer. This work was done to complement the sea ice pro..
gram during the deployment of Ice Station Weddell #1(ISW
(Ackley and Lytle et al. 1992; Ackley and Lytle 1992). Our princi-
pal objective was to obtain some regional depiction of the ice
properties and processes over several scales, from microstruc-
tural properties, to the variability of ice types, over the length of
the track.

Several of the measurement programs were similar to those on
ISW, where the ice properties were monitored over a period of
four months, and the objective was to examine the evolution of
the different sea-ice processes over several months. The mea-
surements aboard the ship will help to expand these time
series results to a larger region and to determine how typical or
atypical the ice types seen around the camp are of the region.

The shipboard scientific team had ten members as listed in the
table. Five members were associated with the Young Scholars
Antarctic Research Experience (Darling et al. 1992).

The Nathaniel B. Palmer left Punta Arenas, Chile on 22 May
entering the ice edge on 24 May; she again left the ice edge on 19
June, arriving back in port on 22 June. About six days were spent
recovering the equipment and personnel from the ISW in con-

junction with the Russian Icebreaker Academik Federov. Data were
collected on both the inbound and outbound legs of the cruise and
consisted of observations collected both while the ship was
stopped at ice stations and while the ship was underway.

The vessel stopped for a total of 14 full ice stations and 1 coring
station (see figure of cruise tracks with ice stations). A complete
ice station consisted of:

a. The collection of four cores to be used in determining the
physical and structural characteristics of ice, biochemical studies
of ice and entrapped brine, salinity profiles, and dielectric mea-
surements (Cow et al. 1992).

b. Snow-pit studies in which physical property measurements
were made of the snow. Snow temperatures, grain sizes, crystal
types, densities, salinities, and dielectric properties were exam-
ined as a function of depth in the snow pack (Lytle and Ackley
1992).

c. Snow surface elevation surveys in which the snow elevation
above sea level, snow thickness, and ice level measurements were
made along 100 meter lines at 0.5 meter spacing. When time
permitted, ice thickness holes were drilled at 10 meter increments
along the profile lines (Lytle and Ackley 1992).

d. Radar backscatter investigations of snow thickness and
snow/ice interface characteristics (Yankielun and Ackley 1992).

With the exception of the radar measurements, these studies
were similar to those collected on ISW, and will be compared to
extend the detailed snow and ice measurements over a broader
region than could be accomplished from the camp. While much
of the data is still being analyzed, a few observations can be
readily compared.

The ice types seen during the cruise were similar to those
monitored for about four months on ISW. The ice types on the
camp varied from new thin lead-ice, to medium thick first-year to
thick deformed old ice with initial thickness ranging from 0.5 to
4 meters. The ice cores collected on the ship ranged from 0.59 to
2.3 meters, with ice types similar to those sampled on the camp,
with the exception of very thick deformed ice. Although we did
encounter thick deformed floes, in general we sampled the
smoother, thinner sections of the floe in order to examine the
growth sequence as reflected in the crystalline texture and other
physical properties.

Underway observations: While the Palmer was traveling through
the ice, several types of data were collected on a regular basis.
Although these are not directly comparable to observations col-
lected on ISW, they will be used to extend the detailed ice and
snow data collected during the ice stations described above and
at ISW over a larger area.

a. A 24-hour record of sea ice observations was maintained
from the bridge of the ship. These observations included: total ice
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Shipboard scientific team

Ice team personnel	Affiliation	 Specialty

A.J. Gow, leader	CRREL	 ice Properties
V.I. Lytle, co-leader	CRREL/Dartmouth	Sea Ice Geophysics
N.E. Yankielun	CRREL'Dartmouth	Sea ice Electro-

magnetics
P. Sullivan	Univ. S.Calitornia	Ice Biology
D. Bell	 NRL	 Sea Ice Geophysics
B. Castillo	-Univ. Chicago	NSF Young Scholar
M.N. Darling	Princeton Univ.	NSF Young Scholar
A. Swayzer	Xavier Univ.	NSF Young Scholar
P. Amati	 Holliston H.S.	Biology Teacher
J. Cavanaugh	Escondido H.S.	Physics Teacher

concentration, ice types and percent concentration, floe size, ice
and snow thickness, and surface topography (Darling etal. 1992).
Concurrently with the ice observations, an iceberg log was kept.
The size of the iceberg and the distance from the ship was
measured using the ship's radar. As many as 73 icebergs were
counted within a 44-kilometer radius of the ship. Whenever
possible, and if the iceberg was visible, the type of iceberg was
recorded, and the height measured using a sextant. Initial analy-
sis of the ice observations indicate that ISW was in a region of old,
thick ice, which extends north along the Antarctic Peninsula,
splitting into two branches at about 62' S latitude (Darling et al.
1992).

b. Sea-ice algae observations were recorded during daylight
hours making a note of the frequency of floes with brown algal
layers, the position within the ice of the algae layer, and the ice type
of the observed floes. In addition to recording these observations,
measurements were made of the algae concentration from ice cores
collected on both the camp and the ship (Sullivan et al. 1992).

c. An acoustic sounder was used to measure ridge height
and frequency while the ship was underway. The device uses an
acoustical transducer to measure the distance from its fixed
height on the ship to the surface of the snow (Lytle and Ackley
1991). Using the results from this device, the ridge heights and
frequencies can be calculated. The results from this device will be
compared to the aerial photographs taken during the ice station
(Ackley and Lytle et al. 1992).

d. Visual and infrared satellite imagery were collected by the
ship's personnel during the cruise. These AVHRR and Defense
Meteorological Satellite Program images will be used in conjunc-
tion with ice observations to estimate the percent ice coverage
over the Weddell Sea, and to identify regions of high deforma-
tion. Individual leads which persist for several days can be
identified in these images, and can be used to estimate the
variations in drift rate in different regions of the Weddell Sea. In
combination with the meteorological data collected onboard,
these drift rates will then be compared with the data collected on
ISW.

This work was supported by National Science Foundation
grant DPP 90-24809. We thank the ship's crew and Antarctic
Support Associates personnel, particularly John Evans, Kevin

55• W 58' S	 50 W 56 $

50 W 68'S	45 W 66 S	 40 W 64 S	 62 S

Track of the Nathaniel B. Paimerduring Cruise 92-2. The ice stations
are Indicated. Five stations were occupied on the inbound leg and
ten stations on the outbound leg.

Wood, Steve Schrader, Herb Baker, and Bill Wegner for the
continuous and untiring support during their cruise.
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In this report, we give some examples of the physical proper-
ties of the ice cores obtained in the western Weddell Sea and
compare them to previous work in the area (Cow et al. 1987). Ice
stations were occupied while transiting from the ice edge to the
Ice Station Weddell #1 and during the return trip to the ice edge
(21 May to 22 June 1992). A total of 15 stations were made,
including two stations where first-year lead ice was sampled in
addition to the thicker ice beside the ship. The other studies
performed are outlined in Ackley etal. 1992 and described more
fully in other accompanying articles. Locations of sampling sites
are shown in figure 1 of Ackley et al. 1992. All sampling was
conducted in the immediate vicinity of the ship, generally within
100 meters of the starboard side of the vessel. On the inbound leg
ice stations were made either before or immediately following the
oceanographic conductivity-temperature-depth (CTD) casts (Gor-
don et al. 1992). On the return trip ice sampling was conducted
simultaneously with the CTD measurements.

Ice sampling was accomplished by core drilling, using both
7.5- and 10.2-centimeter diameter coring augers mounted on Jiffy
gasoline engines. Four cores were taken through the entire
thickness of ice at each station, including a single 7.5-centimeter
core dedicated to temperature, salinity, and biochemical profile
measurements. The three additional 10.2-centimeter cores were
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Figure 1. Physical property profiles [temperature (T), salinity (S), density (D), and structure] vs. depth of Ice cores from sites 1, 3, and 11. The
symbols C and G beside each structure profile denote columnar and granular ice respectively.
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used as follows: one core for a detailed physical and structural
property study conducted aboard ship; a second core dedicated
specifically to biological analyses; and a third core that was
returned to the Cold Regions Research and Engineering labora-
tory (CRREL) for dielectric and related physical property mea-
surements.

A suite of meltwater samples from each station was also
retrieved and returned to CRREL for detailed stable isotope and
sea salt composition studies. Structural studies conducted aboard
ship included vertical sectioning of each core to determine the
major ice crystal textures present, horizontal thin section exami-
nation of crystalline structure and c-axis alignment in the ice, and
density measurements for evaluating air porosities in conjunc-
tion with brine volumes.

Examples of such profile studies of representative ice types
from three sampling sites (sites 1, 3, and 11) are given in figure 1.
Ice at site 1 consisted almost entirely of columnar-congelation ice
overlaid by 17 centimeters of snow. Such a structural make-up is
consistent with ice growth under relatively quiet conditions.
Columnar growth had proceeded to the point where a strong
alignment of c-axes had developed, most probably in response to
persistent strong relative motion at the ice-water interface. Ice
from site 3 also consisted mainly of columnar-type ice with
aligned c-axes but it also contained three layers of granular frazil
ice sandwiched between thin layers of columnar ice indicative of
at least two separate rafting events prior to stabilization of the ice
cover, followed by continued growth of congelation type ice. Site
11 consisted almost entirely of granular ice overlaid by 43 centi-
meters of snow. At midlevel this ice contained a prominent layer
of brown algae. The inclined nature of this layer together with the
abundance of frazil ice would suggest that the formation of ice at
this particular site was associated with pressure ridging. Substan-
tially linear temperature profiles were observed at the three sites;
bulk salinities all exceeded 5 ppt.

Ice crystal texture relationships at the 15 sampling sites are
shown in figure 2. Twelve of the 17 ice types sampled contained
columnar ice in excess of 50 percent of the total ice thickness with
the highest columnar ice percentages generally occurring in the
thinner ice. On the basis of total length of ice core recovered,
however, granular frazil was present in about equal amounts
with columnar-congelation ice. This ratio is very similar to that
observed by Gow et al. 1987 in pack ice sampled during Febru-
ary and March 1980 at nearly the same geographical locations
we sampled for this study. These observations again reinforce
arguments that frazil ice, indicative of turbulent growth condi-
tions, is much more prevalent in Weddell Sea pack ice than in the
Arctic Ocean (Gow and Tucker 1991).

A plot of bulk salinities versus ice thickness at the 15 sampling
sites is shown in figure 3. In general, the salinities are highest in
the thinner ice types.

On the basis of observations made so far it would appear that
we encountered three main kinds of ice:
1) young ice (less than 60 centimeters thick) that had formed
during the current winter season;
2) ice that had formed in the 1991 winter, and had survived the
1991-1992 summer; and
3) older, thicker ice that had persisted through two separate
winters and was entering a third winter.

Figure 2. Percent of columnar or granular structure vs. ice thickness
for the cores from the 15 sampling sites.
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Figure 3. Average or bulk salinities vs. Ice thickness for the 1
sampling sites.

This third type of ice was encountered near the ice edge an4
would most likely be advected out and melted before the end
the current winter.

This research was supported by National Science Foundatior
grant DPP 90-24809. We are indebted to the crew of Nathaniel B4

Palmer for their support of this project. We also gratefully ac
knowledge the untiring support of Antarctic Support Associates
in all aspects of this research.
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I During May-June 1992, the Nathaniel B. Palmer made four
t$verses of the western Weddell Sea in conjunction with opera-
tions on Ice Station Weddell #1. On the outward bound leg of the
second rotation (1-16 May) and on both legs of the recovery cruise
(0 May-22 June), ice observations were made from the bridge
while the ship was traveling through ice (figure 1). This data set
is an hourly record of ice conditions encountered in the western
Weddell Sea and can be used to provide a regional scale perspec-
tive on the work completed at the ice camp (see Ackley and Lytle
et al. 1992; Ackley and Lytle 1992). Our objectives were to
determine if the ice data collected at the camp was typical of the
surrounding region, and to compare the floe where the camp was
stationed to the surrounding ice conditions. In addition, the ice
observations provide a quantitative estimate of the different ice
types which can be used to clarify satellite remote sensing data
collected during the same period.

The method of recording observations was consistent through-
out the three legs. An observer noted the ship position and
surrounding ice conditions every hour using a numerical scheme
developed by Allison (1989). Categories noted were: total ice
concentration, percent concentration of ice types, floe size, topog-
raphy, snow type, and open water characteristics. Ice thickness
and snow thickness were also estimated using a 2.5-meter long
stick calibrated in 0.5-meter divisions that was protruding over
the ice on the starboard side of the ship from the main deck. Ice
blocks that were turned "on edge" as the ship broke through a floe
were then sighted against the divisions on the stick to provide
thickness estimates. Local weather conditions, air temperature,
visibility, wind speed and direction, and the presence of algae in
the ice were also noted. During daylight hours, photographs
were taken from both the port and starboard bridge wings to
supplement observations. Close-ups of ice features, e.g. ridges,
pancake floes, finger rafting, and icebergs were also taken.

The data collected during these three legs define a closed
region in the Weddell Sea (figure 2). The outbound leg of the
rotation cruise started at 6T56' S 4822' W before bearing north-
west and out of the Weddell Gyre passing between Elephant
Island and King George Island. This track following a band of old

k:
Figure 1. Preston Sullivan (front) and Brett Castillo (rear) making an
ice observation from the bridge of the Nathaniel B. Palmer.

Figure 2. Cruise track and ice conditions observed. The cruise
tracks are solid lines with arrows pointing in the direction of the
ship's movement; the shaded grey area is the region of the old ice
band.
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ice (ice that has survived intact through at least the previous
summer) that was being advected northward along the Antarctic
Peninsula in the western boundary current. Other than the very
beginning of this leg when the ship veered off to the northeast,
there was some old ice all along the cruise track. [Ice concentra-
tion is defined as the fractional areas of ocean surface covered by
ice and is expressed by the fraction in tenths, e.g., 7/10 = 70 percent
ice cover.] South of 631)30'S and roughly between 51 and 54 W
the ice concentration was 10/10 with large (500-meter to 2-
kilometer in diameter) to medium (100 meters to 500 meters) floes
of thick first-year ice and old ice. Between 6330' Sand 63* S (at the
same latitude as the tip of the Antarctic Peninsula), was a uniform
region of 6/10 concentration. Medium floes of old ice and small
(20 meters to 100 meters) floes of thick first-year ice each ac-
counted for 3/10 of the concentration. Directly north, at the
latitude of the Bransfield Strait, the concentration dropped to 4/
10. The floe size further decreased to less than 20 meters in
diameter consisting of old ice, brash ice, and young pancakes.
Wave field action is partially responsible for the decreased floe
size but this is a complex region with other possible contributing
factors. Ice shear deformation is probably influenced by the
proximity of the Antarctic Peninsula and Shetland Island land
masses. These topographic features affect the wind and wave
fields, contribute to the strong currents in the Bransfield Strait,
and interact to produce the observed decrease in floe size and ice
concentration. Around this latitude (62 S), the band of old ice
appeared to split, with one branch continuing north along 55 W
and the other branch veering off to the northeast. These areas of
old ice were observed on the Palmer's recovery cruise during the
end of May and June (figure 2). Before leaving the ice edge on 13
May, the ship passed through one more region of 10/10 concen-
tration consisting of a mixture of first-year ice, old ice, and
pancakes all in small floes. This ice was at the same latitude as the
South Shetland Islands which may have topographically shielded
the ice from winds, waves, and ocean currents, so that the ice
concentration remained high.

The Nathaniel B. Palmer's recovery cruise of Ice Station Wed-
dell #1(20 May-22 June) followed essentially the same route on
both inbound and outbound legs circling east around the South
Orkney Islands. On the previously discussed track there were
quite distinct divisions between the marginal ice zone and the
higher concentration/ large floe size, closed pack-ice zone. On the
second cruise the Palmer's track paralleled the ice edge for a long
time and the transition from the deep pack-ice to open water
appeared much more gradual. The conditions along the route
were highly variable (figure 3), with several transitions in ice
concentration and floe size. Working north from the ice camp, the
Palmer followed leads covered over with sheets of gray and gray-
white ice, breaking through a region of 10/10 concentration first-
year ice, medium to large floes. North of the deep pack-ice zone
was a region of high diversity with large to small first-year floes,
young ice, nilas, gray and gray-white sheet ice, pancake ice, and
brash. The ice concentration ranged from open water to 10/10
concentration. Between the ice edge and deep pack-ice, the Palmer
passed through two regions of old ice that may have drifted up
from the split branch of old ice observed on the outbound leg of
the Palmer's first cruise (figure 2). At the first location (5120' W),
the ship dipped down half a degree from 6010' S into a region of
small to medium floes of old ice. The ship traversed a second
region of old ice along 5940' S from 48 15W to 50 W iihere the
floe size was small and the concentration less than 2/10. Both of
these regions seem to connect with the circling band of old ice that
drifted up along the Antarctic Peninsula and branched northeast.

Figure 3. Close up of the ice conditions observed on the Nathaniel
B. Palmer 92-2 cruise.

The final region the ship traversed before leaving the ice was
another region of small, old ice floes and brash that appears to
have drifted up from the northern branch of the old ice band.

These observations differ from those made during the U.S.+
U.S.S.R. Weddell Polynya expedition in 1981 in which the pack-
ice zone was divided into three distinct regions (Ackley et al.
1982) delineated by wave action and swell propagation. Al,
though the outbound leg of the rotation cruise passed through
four distinct regions, they differed from those observed in 1981 in
terms of both observed characteristics and the processes by which
they were formed. There was, for example, no extended region
of 9-10/10 concentration as was observed in 1981. One similarity,
however, was the decrease in floe size that was observed as the
ship approached the open ocean boundary. No distinct bound-
aries were observed on the legs of the recovery cruise that
corresponded to those observed in 1981. One reason may be that
the ship followed the ice edge traversing east-west after rounding
the Orkney Islands. Two major differences between these data
sets are the season and location. Those from 1981 were made in
late winter in the eastern Weddell while ours were made in
midwinter in the western Weddell. While the area studied earlier
was in open ice away from land boundaries, we were in a region
sheltered by the Antarctic Peninsula and affected by both cur-
rents from the Bransfield Strait and a strong frontal zone (Weddell
Scotia Confluence) in the northeast. The wave action which was
responsible for the distinct separations in the pack-ice zone to the
east was mediated here by these additional characteristics and
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the proximity of the Antarctic Peninsula, the South Shetland
Islands and the South Orkney Islands, allowing a much more
gradual transition from the deep pack-ice to the open ocean bound-
ary.

We wish to thank Brett Castillo, Robert Swayzer, Preston
Sullivan, Peter Amati, and John Cavanaugh for recording hourly
ice observations. Thanks are also extended to Herb Baker for
making and mounting the ice calibration stick over the side of the
ship, and to the captain and crew of the Nathaniel B. Palmer for
their support. Thanks to everybody's cooperation, the most
complete set of ice observations were taken. This work was
supported by National Science Foundation grant DPP 90-24809.
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During the Weddell Sea Cruise of the Nathaniel B. Palmer in
May and June 1992, we occupied 15 ice stations, the location of
which are shown in Ackley and Gow et al. 1992. At most of these
stations ice cores were collected, surface snow and ice elevation
lines were measured, and snow characterization was performed.
The core collection and initial results are described in Gow et al.
1992; here we describe the snow pit measurements and the
surface elevation surveys. These data will be used to estimate the
heat flux to the atmosphere and salt flux to the ocean on the bas-
is of snow and ice properties, and also provide surface properties
to help in the interpretation of microwave satellite remote-sens-
ng data.

Thermodynamic ice-growth rate is determined by the heat
.lux from the ocean to the atmosphere, which is in turn regulated
y the thickness and properties of the ice and snow cover. The
now cover can provide an insulating layer, significantly reduc-
g the heat flux and slowing down the ice-growth rate. Particu-

larly in the Weddell Sea it has been found, however, that the
eight of the snow often depresses the ice surface below sea level

Ackley et al. 1990; Lytle et al. 1990; Lange etal. 1990), resulting in
an influx of sea water above the ice surface. As the sea water
infiltrates the snow pack, a slush layer is created at the snow/ice

terface. As this layer refreezes it will add to the ice thickness as
ell as acting as a vapor and heat source to modify the snow

cover. Significant algal growth can also occur in this layer
(Sullivan et al. 1992). With the influx of this sea water, the ice

becomes isothermal, and continued ice formation occurs above
the surface of the ice as this slush layer freezes, rather than at the
bottom of the ice sheet. This ice formation process will result in
a more rapid heat transfer rate to the atmosphere and possibly a
different salt flux to the ocean than would the growth of congelat-
ion ice formed by continued ice growth at the bottom of the ice
sheet.

This slush layer has been found repeatedly in the Weddell Sea
ice cover (Ackley and Lytle 1992; Ackley et al. 1990) and the
subsequent refreezing of this slush has been estimated to affect as
much as 50 percent or more of the total ice area in the western
Weddell Sea. During this cruise, temperature, density, and grain
size measurements were taken in the snow pack to estimate the
heat flux through the ice and overlying snow. In addition,
elevation measurements were collected to estimate the amount of
ice which was above or depressed below sea level and snow and
ice properties were collected to estimate the amount of ice which
had been formed due to the refreezing of this slush layer. These
measurements in conjunction with the ice core program in the
same area (Gow et al. 1992), will be used to describe whether this
process of the freezing of the slush had also occurred earlier, and
to estimate the cumulative associated heat and salt flux.

Two snow pits were dug and analyzed at each station, one
near where the cores were extracted and a second where the radar
data were collected (Yankielun and Ackley 1992). Figure 1 is an
example of the data collected from a snow pit on site number 5.
Note the large grain sizes near the base of the snow pit, indicating
that a significant amount of metamorphism has occurred. This is
most likely being influenced by the infiltration of brine, as sup-
ported by the salinity (5 ppt) in the bottom layer of the snow.
Additional snow pits were analyzed at four of the stations, where
there were significant variations in snow or ice thickness across
the floe. Snow temperatures, densities, dielectric properties,
grain sizes, and salinities were measured as a function of depth in
the snow pack. In addition, snow and ice samples were collected
for stable isotope analysis which will help estimate the relative
amount of snow which had been incorporated in the sea ice.
Snow depths for the pits varied from 10 centimeters to 85 centime-
ters, with snow salinities varying from 0 ppt up to as much as 63
ppt. We found significant variability in the pits both between
sites and at the same sites. The presence of layers in the snow
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Figure 1. Snow pit profile from site number 5. The snow grain size,
density, and temperature for each layer are indicated.
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Figure 2. Example of surface profile data. Ice and snow surface
elevations were measured every 0.5 meters over a 100-meter line.

resulted in order of magnitude variations in snow grain size
(<0.25 to 5 millimeters), with many of the deeper pits containing
layers of well-developed depth hoar. Densities varied from 0.20
to 0.60 grams per cubic centimeter. These snow data will also be
used to help interpret the radar backscatter data which were
collected at each station (Yankielun and Ackley 1992).

In general, two 100-meter surface elevation lines at each
station were measured. They were positioned at right angles to
each other and measurements of the snow thickness, and the
ice and snow elevations above sea level were collected at 0.5-
meter spacing. In addition, when time allowed, ice thickness
holes were drilled and measured along these same lines at about
10-meter spacing. A total of 22 surface elevation lines were
measured. An example profile line is shown in figure 2. These
measurements, which were taken during the austral winter, did
not in general show the significant below-sea-level portions that
were seen both on the Ice Station during this year's austral fall
(Ackley and Lytle 1992) or in data taken in austral spring (Lytle
et al. 1990). We will be examining isotope and structural evi-
dence to see if this is a result of freezeback of flooded snow as w
as observed on the Ice Station profile lines. Based on the ice and
snow elevations above freeboard, isostasy calculations will also
be used to estimate an average ice thickness for the floe.

The momentum flux from the air to the ice and ocean can be
highly dependent on the surface roughness (Andreas et al. 1984
Andreas et al. 1992). The surface profiles described above will
also be used to calculate surface roughness spectra and the
associated momentum transfer to the ice due to wind.

We thank Naomi Darling, Brett Castillo, Peter Amati, John
Cavanaugh, and John Evans for their assistance in collecting the
profile measurements. This work was supported by National
Science Foundation grant DPP 90-24809.
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Millimeter-wave radar backscatter
measurements over Weddell Sea

pack-ice (Nathaniel Be Palmer 92-2)

N. E. YANKIELUN

Thayer School of Engineering
Dartmouth College

Hanover, New Hampshire 03755

S. F. ACKLEY

U. S. Army Cold Regions Research
and Engineering Laboratory

Hanover, New Hampshire 03755

The research vessel R/V Nathaniel B. Palmer traversed the
I leddell Sea during May and June 1992. At 15 ice stations along
t te route, a K band (35 GHz) radar was used to measure back-
scatter from the snowcover and underlying sea-ice surface.
Our objective is to understand the interaction of electromag-
r etic radiation with the snow and sea ice in this region for better
ii iterpretation of geophysical parameters from aircraft, space-
1: orne radars, and radiometers at microwave frequencies. De-
t fled snow and ice physical property observations were per-
f rmed, including characterization of snow and ice surface rough-
r ess, salinity, density, grain size, and snow stratigraphy. Ackley
e : al. describe in more detail these complementary studies.

The radar used on the ship was a frequency modulated-
continuous wave (FM-CW) radar (Yankielun 1991; Yankielun et

1992) with a 13.5-GHz bandwidth (26.5 to 40 GHz). Standard
gain, 9-degree beamwidth horn antennas were used. The radar

•as rigidly mounted approximately 10 meters above the snow
surface on the ship's starboard provision crane which could be
r itated in a horizontal plane from 0 to 120' relative to the bow,
and extended radially from a minimum of 6 meters to a max-
i mum of 12 meters. A leveled, 1-square-meter plate, positioned
on the surface of the snow, was used as a calibration target, dur-
i tg each ice station measurement sequence. The typical layout of

measurement site is shown in figure 1 where data from 40 to 60
different footprints were acquired at normal incidence. For each
of the radar footprints, sixty-four radar scans were acquired,
processed, averaged, displayed, and stored, in real-time, as a
single power spectrum to lower the noise floor and provide a
degree of data compaction. Data were recorded, predominantly
over snow-covered first- and second-year sea ice, at a nadir look-
angle with a V-V polarization, when the ship was stationary at
an ice station. There were 15 ice stations where radar data was
acquired, typically separated by 30 nautical miles, along the
cruise route (figure 1 of Ackley et al. 1992). In conjunction with
the radar data acquisition at each ice station, detailed snow and
ice measurements were preformed, including: snow and ice
thickness, surface roughness, salinity, density, and dielectric
constant.

A typical 64-scan averaged power spectrum is shown in figure
2 indicating the radar reflections from the snow surface and
volume, along with several noise spikes resulting from interfer-
ence caused by shipboard electronics. These noise spikes could
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Figure 1. Layout of radar measurement site.
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Figure 2. Typical 64-scan averaged power spectrum.

not be filtered out in the field, but fortunately in all circum-
stances, the desired data fell in between and was not corrupted by
the spurious signals. Figure 3 shows enlarged trace segments
from a typical series of processed radar scans along a survey line
at an ice station. The scan-to-scan (as well as site-to-site) variation
in radar signatures form the snowcover are quite distinct. Essen-
tially all of the scans, however, appear to have a definite air/snow
interface reflection. Throughout all of the data sets there appears
to be two "typical" radar reflection waveform types, exemplified
by scans A and B of figure 3. Both scans A and B have distinct
indications of the air/snow interface and numerous subsequent
volume scattering events, however, scan A has a linear roll-off of
the trace (in terms of dB with increasing range. There is no distinct
indication of a subsequent snow/ ice interface, as an indication of
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a continuous impedance match throughout the snow layer and to
the snow/ice boundary, possibly due to a continuous variation
in salinity and density. Scan B, on the other hand, exhibits a
"pedestal" template with indication of distinct transitions at the
air/snow and snow/ice boundaries. Detailed analysis of the
radar reflections and correlation with ground truth at each of the
ice-station sites will be performed to determine the geophysical
processes contributing to the observed variability.

This work was supported by National Science Foundation
grant DPP 90-248709. We thank the other participants in the se-
ice team for their assistance with this work and Herb Bake$,
Kevin Wood, and Bill Wegner of Antarctic Support Associatiot
for their assistance with the crane operations, computer repail,
and other shipboard rigging of the radar system.
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Ice Station Weddell #1

ARNOLD L. GORDON

Lamont-Doherty Geological Observatory
Palisades, New York 10964

VALERY V. LUKIN

Arctic and Antarctic Research Institute
Saint Petersburg, Russia

The Weddell Gyre is the largest of the cyclonic flowing gyres
occupying the region south of the antarctic circumpolar current.
Its special environmental setting makes it a key constituent of the
global climate system. The coupling of the waters of the Weddell
Gyre with the atmosphere across a highly variable sea-ice cover
with the rather weakly stable water column (a condition forced by
the regional upwelling of deep water) results in vigorous vertical
fluxes of heat, salinity, dissolved gases, and nutrients. These
influence the atmosphere, the ice cover, and the biology, and
ventilate the ocean with cold, oxygenated water. A central
product of the ventilation process is the cold antarctic bottom
water, carried by the western boundary current of the Weddell
Gyre into the circumpolar belt, from which it floods and chills the
lower kilometer of the world ocean.

The importance of the Weddell Gyre has long been recog-
nized, but observation has been hindered by its sea ice cover. The
Weddell Gyre is nearly completely covered by sea ice in the
winter, marking the greatest latitudinal range of the seasonal sea
ice around Antarctica. During the 1980s a series of winter and
spring expeditions (Somov 1981; Polarstern 1986 and 1989; Fedorov
1989) provided a more precise view of the coupling of the deep
water with the winter mixed layer and its significant impact on
seasonal sea-ice thickness. Along the western rim of the Weddell
Gyre, the high concentration of perennial sea ice has hindered
even basic exploration of this important region.

Observations from ships are essentially nonexistent in the
restern Weddell (west of 48W; south of 65 S). A vast region

stretching westward to the Antarctic Peninsula is largely unex-
1ored, except by satellite-borne sensors, by recent aircraft-based

geophysical observations, and by instrumented drifters placed
cn the ice. A range of basic questions exist that can only be
addressed with detailed in situ observations of the environmental
conditions. Fundamental questions include: Why is there an
xtensive all-year ice cover in the western Weddell? How climati-

cally stable is it? How do the ocean processes along the western
m of the Weddell Gyre contribute to the formation or further

modification of antarctic bottom water? Even such a basic issue
as the continental slope location was not resolved. LaBrecque

d Ghidella (this issue) using satellite and aircraft data place the
astern continental margin of the Antarctic Peninsula about 100
1ometers to the west of the position shown on the GEBCO map.
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An effective way to gather extensive observations in the ice-
cluttered western Weddell is to borrow a successful method from
the Arctic: deployment of a scientific station on a drifting ice floe.
In 1988, the concept for the U.S./Russian Ice Station Weddell #1
(ISW), the first ice station of the southern ocean, was initiated,
with detailed planning in 1989-1991 and field deployment in
1992. The extensive experience of the former Soviet Union and
the United States in ice-station operation formed a natural basis
for a collaborative effort to meet the many challenges of estab-
lishing a scientific ice station in an unexplored part of the south-
ern ocean.

In the spirit of basic exploration of an unknown region the
science program spanned many disciplines. Included were
measurements of full water-column thermohaline and tracer
fields; current measurements; estimations of turbulent fluxes
within the oceanic and atmospheric planetary boundary layers;
sea-ice physical, chemical, and biological characteristics; sea-ice
dynamics; and water-column biology. U.S. and Russian science
programs complemented each other to yield a more complete
picture of the environment. Observations were made at the ISW
site, from remote instrumented drifters, from helicopter, and
from the ships associated with the various phases of the work

Figure 1. Map of activities of Ice Station Weddell #1.
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Values.

(figure 1). The ISW drifted roughly along 53 W at a northward
drift rate of 6.2 kilometers per day between 71.4 S and 65.8 S,
experiencing temperatures mostly about -25 C, but getting as low
as -36 C (figure 2).

The U.S.-Russian 15W may best be summarized by quoting
the closing statement from V. V. Lukin, chairman of the Soviet
Antarctic Expedition, and Arnold L. Gordon, chief scientist for
Ice Station Weddell #1:

"Tuesday 9 June 1992 at 65.63 S and 52.41 W aboard R/V
Akademik Federov and R/V Nathaniel B. Palmer

"The United States Antarctic Program of the National Sci-
ence Foundation and the Soviet Antarctic Expedition state that
on 9 June 1992 the experimental phase of the joint U.S.-Russian
project entitled Ice Station Weddell #1 has been successfully
completed.

"The difficult environmental conditions of the western Weddell
Sea have previously prohibited data collection in this segment of
the southern ocean. Only now in the closing decade of the
twentieth century has this region been thoroughly observed
through this joint effort (figures 1 and 2). Ice Station Weddell #1,
the first drift station of the southern ocean, becomes an important
part of the history of antarctic exploration, filling a large gap in
our view of this remote part of the global ocean.
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Mike Rugg
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"Ice Station Weddell #1 began operation on 11 February 1992
at 7148' S 51'43' W, with the support of the R/V Akademik
Federov. Seventeen American and 15 Russian polar scientists
successfully fulfilled the scientific program on the drifting ice
floe.The scientific program consists of physical oceanography,
meteorology, sea-ice physics, and marine biology. In March and
April 1992 part of the U.S. team were rotated with U.S. aircraft
(mid-March) and with the U.S. icebreaker R/V Nathaniel B. Palmer
(late April). In May and June 1992 Ice Station Weddell #1 was
recovered by cooperative cruise of the Aboard R/V Aakademik
Federov and R/V Nathaniel B. Palmer. The official closing cer-
emony was held on 9 June 1992 at 65.63' 5 and 52.41' W.

"The successful performance of this project was made possible
by the significant polar experience both of the American and
Russian teams. The success of Ice Station Weddell #1 forms the
basis for future collaboration between the U.S. and Russia for
both polar regions."

The articles following this overview report on the nature of
each of the component programs of ISW, the associated ship
work, and whenever possible, provide a few of the preliminary
findings (also see LaBrecque and Ghidella in this issue of Antarc-
tic Journal concerning regional bathymetry of the western

Weddell). Because of the proximity of the recovery of ISW to the
deadline for this issue of Antarctic Journal it was not possible to
more fully coordinate the reporting of the U.S. and Russian
science programs.

Many people contributed to the historic achievement of Ice
Station Weddell #1 (see participants list). The support of Office
of Polar Programs of the National Science Foundation (Peter
Wilkniss, Bernard Lettau, and Al Sutherland) is greatly appreci-
ated. John Evans of ASA had the most difficult task of procuring
and shipping all of the material required for ISW life—and
science—support systems. Jay Ardai's remarkable talent of get-
ting things to work under the most adverse conditions was
essential to the ISW success. The superhuman effort of the
Russians to come through with most of their part of the effort
even as the USSR was dissolving, was phenomenal.
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Physical oceanography studies
on Akademic Federov and

Nathaniel B. Palmer 92-1 and 92-2 in
support of Ice Station Weddell #1

ARNOLD L. GORDON, BRUCE HUBER,
AND DOUGLAS MARTINSON

+14

Lamont-Doherty Geological Observatory
Palisades, New York 10964

The data collected at Ice Station Weddell (ISW) are augment-
ed by conductivity-depth-temperature (CTD) data from
Akademik Federov (AF) and Nathaniel B. Palmer (NBP) during
their cruises in support of ISW (figure; Gordon and Lukin 1992).

Deployment of ISW was accomplished from AF, aboard
which eight CTD stations were occupied in order to observe the
characteristics of water masses flowing into the ISW drift region,
An NBIS MKIIIB CTD/O with 12 1.7-liter rosette bottles was
used. Water samples were collected for the analysis of salinity,
dissolved oxygen, silicate, phosphate, nitrate+nitrate, helium,
tritium, and oxygen isotopes. Each cast approached the
bottom within limits imposed by the lack of appropriate depth-
sounding equipment, typically within 50 meters. Although lim-
ited in scope by time restrictions, the survey clearly shows the
near-bottom characteristics found entering the ISW region from
the southeast.

Positions of CTD stations obtained from Federov(dots), Nathaniel B.
Palmer 92-1 (x), and Nathaniel B. Palmer 92-2 (+). The solid line
shows the drift of ISW, and the diamonds represent CTD stations
from ISW-based helicopters.
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The second scheduled rotation for ISW was carried out on
Nathaniel B. Palmer as cruise NBP 92-1. On the return leg, eight
CTD stations were occupied, and analyses were performed using
the ship's SBE CTD profiler and GO rosette system. Water sam-
ples were collected for the analysis of salinity and oxygen iso-
topes. The NBP 92-1 data extend the ISW CTD section north. The
dramatic thickening of the bottom sheet of concentrated antarctic
bottom water types seen at the ISW stations 65-70 (65-66' S)
continues to the north of 65' S; the sheet is not renewed by an
additional injection of bottom water.

Both AF and NBP participated in the recovery of ISW. CTD
stations were occupied from both vessels; here we report on only
the 17 occupied from NBP. These were performed with an NBIS
MKIIIB CTD mounted in a 12-liter, 24-position rosette sampler.
Water samples were collected for the analysis of salinity, dis-
solved oxygen, chlorofluorocarbons, oxygen-18, and barium.
Casts were lowered to within approximately 10 meters of the
bottom, conditions permitting. NBP 92-2 CTD data along 45' W
reveals an eastward flow of antarctic bottom water that has the
characteristics seen in the archived data, with bottom potential

temperature slightly below -1 'C and salinity near 34.62. The
complex layering, revealed for the first time by the ISW data, in
the thin benthic layer along the western edge of the Weddell Sea,
has been lost to vertical mixing. The ISW data indicate that the
final bottom water product is due to more than one bottom water
type. There are at least two types of antarctic bottom water
feeding the western Weddell Sea— a low-salinity variety and a
high-salinity variety that is much like the one observed in the
Ross Sea, though not as salty. The NBP 92-2 CU) data reveals the
blend that spreads into the circumpolar belt.

It is worth noting that air temperature on the stations during
NBP 92-1 and NBP 92-2 were often below -25 'C and occasionally
as cold as -35 'C. At such temperatures, there is a constant risk of
damage to a lowered instrument package and a risk of the
freezing of water samples. Neither occurred during these cruises
to any significant degree, primarily because of the unique design
of the NBP's baltic room for over-the-side work.

This work was supported by National Science Foundation
grant DPP 90-24755.

Ice Station Weddell #1: Thermohaline
stratification

ARNOLD L. GORDON AND BRUCE A. HUBER

Lamont-Doherty Geological Observatory
of Columbia University

Palisades, New York 10964

The conductivity-temperature-depth (CTD)/Tracer compo-
nent of Ice Station Weddell #1 (ISW) and associated ship activity
was designed to resolve water mass stratification of the Weddell
Gyre's western rim. The perennial ice cover of this region has
blocked such observations before ISW, therefore, the western
Weddell was depicted by a data void (Gordon and Lukin).
Archived data reveal the nature of the water entering the Weddell
Sea from the east and water flowing out of the western rim of the
Weddell Gyre into the Gyre's northwest corner. It is clear that
water mass modification occurs in the Weddell's western mar-
gin. However, neither the oceanic, sea ice, or atmospheric envi-
ronmental conditions responsible for the water mass alteration
or the perennial ice cover are known. Because the western Wed-
dell is perennially covered by sea ice, there is reason to believe
that processes there are markedly different from those in the
seasonal ice regions to the east.

Ocean stratification features that are of particular interest to
the CTD program research include: mixed layer and pycnocline
characteristics and their relationships to the sea ice cover; the
attenuation of the relatively warm, salty Weddell deep water
(WDW) along the flow of the western boundary current and with
distance from the continental margin; western rim contributions
to the quality and quantity of antarctic bottom water; and the
nature of the water mass structure over the continental margin of

the Antarctic Peninsula. In addition, the CTDbaroclimc informa-
tion with ISW current meter data (Muench et al.) allows estima -
tion of the absolute velocity and transport of the Weddell Gyre's
western-boundary current. The CTD data also provide the large
scale setting for the oceanic boundary layer small scale processes
research and pycnocline thermohaline steps observed at ISW and
to the east.

CTD measurements at ISW (see figure 1 of Gordon and Lukin
for station positions) consisted of CTD/hydrographic casts to the
sea floor at ISW at a nominal spacing of 10 kilometers along the
drift track (the Russian CTD program obtained daily stations to
1,000 meters) and CTD casts using lightweight equipment flown
by helicopter to remote sites (helicopter CTD or hCTD) posi-
tioned along four lines perpendicular to the drift track reaching
onto the continental shelf. Seventy CTD/hydrocasts were ob-
tained at the ISW site using non-conducting wire with up to 155-
liter bottles per station with an internally recording CTD profiler.
Water samples were drawn and analyzed for salinity and dis-
solved oxygen. Additional samples were drawn for later analy-
sis of tritium, helium, oxygen-18, and chlorofluorocarbons
(Schlosser et al. this issue).

Of the 37 hCTD profiles, most of which reached the ocean
floor. Many of the profiles were accompanied by two to four
bottle samples, which were analyzed for salinity and dissolved
oxygen. Emphasis was placed on occupying stations to the west
of the drift track to extend data coverage into this otherwise
inaccessible area of the continental margin.

An effort was made to obtain sea-floor depth measurements at
each CTD and hCTD station by precision depth recorder and
acoustic pinger mounted on the wire (figure 1). These data
indicate that the continental margin is nearly 100 kilometers west
of the position indicated on existing charts (and that the Weddell's
western boundary current is much wider than previously sus-
pected), confirming similar conclusions based on remote mea-
surements of gravity and magnetic anomalies (LaBrecque and
Ghidella). The topography on the shelf and slope appears to be
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Figure 1. The ocean depth measurements from Ice Station Weddell
and at remote sites from helicopter, superimposed on the bottom
depths as given In the Gebco map. The actual bottom depths are
greater than shown on the Gebco map and agree with the revised
topography of LaBrecque and Ghldella, this issue (see their figure 1).

irregular, with many east-west oriented troughs that may funnel
dense water to the deep ocean.

The water column at the ice station (figure 2) is characterized
by a relatively thin (mostly 50 to 125 meters thick) surface mixed
layer, which was not quite as homogeneous (perhaps because the
full winter conditions were not yet attained) as observed below
the seasonal ice to the east. The pycnocline is somewhat more
stable than that found to the east in the seasonal sea ice zone,
which suppressed vertical exchange and accounts for the re-
duced oceanic heat flux (McPhee et al.). There appears to be a
fresh-water input to the pycnocline in the southwestern corner of
the gyre that tends to cap the heat of the WDW. The WDW
temperature maximum ranged from 0.6 C on the southern end
of the drift track to 0.4 C at the northern end. Perhaps the most
unexpected observation is the thin (200 to 300 meters thick) very
cold, highly oxygenated bottom boundary layer draped over the
sea floor seaward of the shelf break. The bottom layer often
displays increased salinity at the sea floor (e.g., figure 2), which

can be traced by hCTD via slope plumes to saline, near freezing
point shelf water and perhaps in the southern region of ISW
coverage, to outflow from the Ronne Ice Shelf. The thin layer of
concentrated antarctic bottom water clearly indicates active bot-
tom water formation along the western margin of the gyre.
Suddenly near 66 S this thin layer mixes up into the water col-
umn to at least 800 meters off the sea floor, looking more like the
bottom water form observed in archived data emerging from the
western Weddell.

In addition to the CTD/hydrographic and hCTD data ob-
tained at ISW, CTD/rosette casts were obtained from the ice-
breaker/research vessels Akademik Federov and Nathaniel B. Palmer
during deployment, rotation, and recovery of the ice station
(Gordon et al.). The 15W CTD and hCTD with the ship stations
represent a unique opportunity to reveal the important water-
mass modification and ventilation mechanisms under the peren-
nial sea ice of the western Weddell Gyre.

The ISW CTD team was composed of J . Ardai, A. Ffield, R.
Guerrero, H. Heilmer, G. Mathieu, S. O'Hara, and R. Weppernig.
This work was supported by National Science Foundation grant
DPP 90-24755.
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Upper-ocean variability during Ice
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The upper ocean physics component of Ice Station Weddell
(ISW), a field experiment in the western Weddell Sea between
February and June 1992, was designed to obtain a time series of
upper-ocean properties, horizontal and vertical fluxes, velocities,
and shear. Measurements of the upper ocean evolution and
ocean/sea ice interaction are required to test and refine our
existing understanding of the relationship between the large-
scale (easily observed) property distributions, and vertical and
horizontal fluxes.

Here we present some of our initial upper ocean observations.
Other aspects of the upper ocean program are described in
Padman and Levine (this issue) and McPhee et al. (this issue). The
general program is reviewed by Gordon and Lukin (this issue).

One of the more important events to be monitored during the
ice station involved the fall erosion of the seasonal pycnocline. To
our knowledge these are the first observations of the actual

transition of the upper ocean from its summer configuration to its
winter configuration in the ice-covered Weddell region. The
summer configuration was characterized by a relatively thin
surface mixed layer, approximately 35 to 50 meters deep, under-
lain by a relatively weak and thin seasonal pycnocline predomi-
nantly reflecting the seasonal halocline (AS/Az- 0.24psu/25m)
The seasonal pycnocline was underlain by a well preserved
remnant winter mixed layer (approximately 100 to 150 meters
thick) to the permanent pycnocline.

For an average ice growth rate of 7 to 10 centimeters per day
in the 5 percent lead areas, the erosion of the seasonal pycnocline
would require over 100 days. Ackley et al. showed that no net
growth occurred at the base of the existing ice cover during the
period of the ice station, thus ice growth was limited to the lead
areas. However, the erosion was seen to proceed irregularly
through out the drift until late April when the density step across
the seasonal pycnocline was reduced to (AS/Az- 0.03psu/3m)
(equivalent to approximately 14 centimeters ice growth per day
in 5 percent lead area on average since early March if the erosion
was strictly due to local ice growth). At this time a passing storm
provided enough surface mixing to overcome the density step
and complete the erosion. The storm forced the mixed layer to a
depth of approximately 100 meters within a period of a few hours.
The mixed layer restabilized to a shallower depth when the storm
abated. This latter effect may reflect a freshwater input associated
with some melting due to the upward heat flux accompanying
the mixed layer erosion into slightly warmer water. However,
after several days and some oscillation of the mixed layer depth,
the deep winter mixed layer was established to the depth of the
permanent pycnocline (approximately 100 meters).

On 7 April the station drifted over a region stabilized by a
shallow (approximately 18 meters) surface freshwater cap. This
layer was monitored (19 microstructure casts and continuous
turbulence measurements) as the mixed layer reestablished itself
through intense surface mixing to its previous deeper (approxi-
mately 30 meters) level over the next 20 hours. This episode
provides an ideal period for testing our existing surface layer
models.

Throughout most of the drift region, a thick remnant winter
mixed layer was very well preserved (typically less than 0.1 -c
above freezing) beneath the seasonal pycnocline. This suggests
low mixing activity below the surface layer and in general im-
poses strong constraints on the flux rates across the permanent
pycnocline during the period over which the remnant winter
mixed layer has been isolated (since the previous spring melt).

In early April the station drifted over an eddy that displayed
no remnant winter mixed layer, instead having a relatively deep
mixed layer (approximately 65 meters) directly overlaying a
shallow permanent pycnocline. The ice station passed over this
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feature in approximately 8 hours. Large mixing rates were found
throughout the surface layer. We should be able to determine a
plausible source region for this eddy from an analysis of its
temperature /salinity relationship and develop some understand-
ing of the role of such features in the overall horizontal property
fluxes in this region.

Considerable intrusive activity within the permanent
pycnocline was documented throughout the drift (see figure 2 of
Pdman and Levine 1994). The frequently strong vertical prop-
erty gradients at the edges of these intrusions suggests that they
may be responsible for enhancing the diapycnal property fluxes.
The hydrographic profiles through intrusions also indicate the
potential for enhanced fluxes due to double diffusive processes,
even in the absence of the more usual shear-driven mixing.

Padman and Levine (1994) noted an example of double-
diffusive steps through which the modeled vertical heat flux
14ould be several watts per square meter. We will be investigating
tI ie regional distribution of double-diffusive features in order to
determine the importance of this process to water mass modifica-
ti in the western Weddell Sea.

Ackley et al. (1994) reports that the substantial slush layer
e countered at the ice/snow interface was a result of seawater
fl ooding due to the depression of the sea ice by snow loading. The
subsequent freezing of this slush layer at the ice/snow interface

as monitored and reported by Ackley et al. (this issue) as
C ntributing tens of centimeters of ice growth. This method of
acreation, considerably more efficient than that associated with
leat losses through the ice cover, influences the upper ocean

thermodynamic budget by as much as 25 to 30 percent during the
fall. This heat loss significantly improves the efficiency with
which ice is formed and the pycnocline eroded due to the subse-
quent salt rejection. The latter was shown to enter the water
column through the abundant brine channels that were docu-
mented by underwater video footage shot by the Russian dive
team of Mel nikov and Grischenko.

We wish to acknowledge the contributions of Roger Anderson
and Ted Baker who made many of the upper-ocean physics
measurements and set up and dismantled the equipment. Also,
thanks to Arnold Gordon, scientific coordinator; Valery Lukin,
ice station manager; and Jay Ardai, technical coordinator, for
their general contributions to the success of the camp. This work
was supported in part by National Science Foundation grants
DPP 9O-25083(DGM), DPP 91-10422(MGM), DPP 91-10423 (JHM),
and DPP 90-24695 (LP).
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For Ice Station Weddell I(ISW), we executed a field research
program aimed at characterizing the velocity, density, tempera-
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ture, and turbulent structure of the upper ocean under the
multiyear ice pack of the western Weddell Sea. Our primary goal
was to explore the transfer of momentum and heat between the
ice and ocean in this little explored region, which has a poten-
tially important impact on bottom-water transformation and on
the climate of the deep world ocean.

Two approaches were used: First, at the manned ice station,
we deployed an inverted mast with instrument clusters at six
levels from 4 to 24 meters below the ice and ocean interface. Each
cluster measured temperature, conductivity, and three orthogo-
nal components of current velocity 6 times per second. The
instrument frame operated continuously from late March to ear-
ly June 1992.

Second, we also deployed a cluster of unmanned, ARGOS-
transmitting data buoys at site Chris, about 50 kilometers west of
the main camp. Collectively, these buoys include a basic meteor-
ological package, temperature, and conductivity at six levels in
the upper ocean (10,40,70, 120,200,300 meters), a high vertical-
resolution thermistor chain, plus a travel-time acoustic current
meter at 10 meters. The current meter samples horizontal velocity
variance, as well as mean velocity. The buoys were deployed in
early March and are continuing to transmit data by satellite.

Here we present a sampling of results from a preliminary
analysis: one set from the manned station turbulence-cluster
mast during a storm in late March, and the second, a month-
long record of estimated ocean and ice heat flux from the buoy
cluster initially 50 kilometers west of the manned station.

With three-dimensional current structure measured at several
levels, we estimate turbulent flux of momentum by forming a
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Figure 1. (A) Hodograph (plan view) of 6-hour average currents
measured relative to the ice on 27 March 1992. Numbers at each
vector tip indicate in meters the distance below the ice/water interface.
Orientation with respect to magnetic north is indicated to the left. (B)
Similar hodograph of t=(u'w)i+ (v'w9jfor the same time period and
orientation. (Dotted spiral is an Ekman stress model with K
approximately 150 cm2s 1 , and the dashed arrow is the inferred
Interfacial stress.)

Reynolds stress tensor from the six possible zero-lag covariance
components. Of particular interest is the kinematic, horizontal
Reynolds stress vector and u •, a scale velocity representing the
square root of its magnitude. Another useful scalar is the turbu-
lent kinetic energy velocity, q, which is the square root of twice
the turbulent kinetic energy per unit mass. The vertical compo-
nent of turbulent heat flux per unit mass is the specific heat of
seawater times the zero-lag covariance of vertical velocity and
temperature (for definitions and techniques, see McPhee 1992).

On 27 March 1992, winds blew the ice pack north, developing
strong relative currents in the mixed layer. We have examined
approximately 12 hours of data from that storm and found the
results tantalizing. One current meter at 12 meters failed, leaving
five instrument clusters with full, three-dimensional current
records. A 6-hour average of horizontal velocity, measured rela-
tive to the drifting ice, is shown in figure la. Coriolis turning
(Ekman dynamics) is readily apparent in the leftward turn-
ing with increasing depth. Unlike the mean-velocity profile,
Reynolds stress is not sensitive to rapid variation of eddy viscos-
ity in the surface layer, nor is its representation affected by the
translation of the reference frame. Thus, in horizontal Reynolds

Figure 2. Twelve-hour time series from cluster 1,4 meters below th
ice, showing data from 15-minute flow realizations smoothed with a
1-hour running average. Upper panel shows the current speed
center panel shows the TKE scale velocity, q (light shading) and
friction velocity, u (darker shading); lower panel shows the turbulent
heat flux, pc(w'T').

stress, an "Ekman spiral" is possible, and a reasonable approxi-
mation is in fact observed when the 6-hour average stress vect-
ors (i.e., t = (u'w') i + (v'w') j) are displayed (figure ib). Also
drawn is a similarity Ekman solution (McPhee 1990) chosen so
that the stress matches the average of 4-meter and 8-meter ob-
served values. The inferred surface stress (dashed arrow) is rotated
clockwise from the 4-meter stress and closer to alignment with
the near-surface relative velocity. The eddy viscosity in this case
is about 150 square centimeters per second. Normally, other
factors in the force balance distort the stress profile (McPhee et
al. 1987); this example is one of the purest stress spirals we have
yet encountered.

A 12-hour series of scalar properties at 4 meters is shown in
figure 2. Both turbulent velocity scales, q and u, are shown in the
center panel to be relatively uniform over the period. Although
small in magnitude, turbulent heat flux is much more variable.
The positive flux in the first part of the period may result from
entrainment of heat into the mixed layer from below, which
relaxes after 6 hours as the stress temporarily diminishes. Heat
flux time series at lower levels are similar.

Figure 3 shows a month-long time series of upward heat flux
at the buoy cluster site west of camp, calculated from the horizon-
tal velocity variance 7.5 meters below the ice along with tempera-
ture and freezing temperature (based on salinity) at the same
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Figure 3. Time series of 6-hour averages of turbulent scaling velocity,
qH (top), elevation of mixed layer temperature above freezing,
(center), and derived oceanic heat flux at 7.5 meters (bottom). Heat
flux Is pcpchu*dT, where u* = qH/(0.89 x 2.62), and Ch 0.006.

level. We used the formula suggested by McPhee (1992) derived
from extensive turbulence measurements in the Arctic, and esti-
mated u from the horizontal velocity variance (McPhee 1989).
Although the record begins a few days after the storm docu-
mented in figures 1 and 2 at the main camp, peak heat flux and
turbulent scale velocity values are similar. Indeed, the 12 hours
of figure 2 could easily be a subset of figure 3, so that apparently
neither the methods nor the sites differ radically.

We acknowledge Roger Andersen for an outstanding job in
the initial setup of both the buoy and turbulence mast projects, in
addition to performing many crucial camp-related duties. We are
also indebted to Ted Baker for enthusiastically continuing the
program into the night shift, after taking over from DGM. We
also thank the camp management team, led by V. Lukin and J.
Ardai, for their excellent support. This program was supported
by National Science Foundation grants DPP 90-25083 (DGM),
DPP 91-10422 (MGM), and DPP 91-10423 OHM).
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Thermal finestructure and turbulence
in the western Weddell Sea

LAURIE PADMAN AND MURRAY D. LEVINE
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As part of thejoint Russian/U.S. ice camp, Ice Station Weddell
#1 (ISW), we deployed a temperature recorder mooring and
microstructure profiler to measure the small-scale oceanic vari-
ability in the upper 350 meters under the pack ice of the western
Weddell Sea. A brief review of these measurements is presented,
emphasizing the small-scale mixing and diffusive processes that
appear to be most responsible for vertical fluxes of heat, salt, and
momentum in the upper pycnocline and mixed layer. An over-
view for the ISW project is given by Gordon and Lukin.

Field operations. ISW was deployed by the Russian research
icebreaker Akademik Federov in late January 1992 on an ice floe
near 71.5'S 50' W, near the 2,000-meter isobath. The camp then
drifted northwards until recovery near 66' 5 52.7' W in June by

the Federov and the new U.S. research icebreaker Palmer. For most
of the duration of ISW, the water depth was between 2,000 and
3,000 meters (mid-slope). Time series of temperature were ob-
tained from 15 internally recording Miniature Data Recorders
(MDRs), manufactured by AlphaOmega. The MDRS were. de-
ployed between 12.5 and 290 meters below the ice base, and
sampled at 2-minute intervals with a resolution of about 0.001 'C.
The deepest MDR also included a pressure transducer to monitor
mooring motion. These data (figure 1) provide a background of
both large-scale and fine-scale variability in the upper ocean.

About 600 vertical profiles of velocity shear, temperature,
and salinity at centimeter scales were obtained throughout the
drift with the Rapid Sampling Vertical Profiler (RSVP) (Padman
and Dillon 1991). The RSVP is a tethered profiler that free-falls
from the surface to about 350 meters at 0.8 meters per second, and
records data at 256 hertz. The data are transmitted through the
tether for recording at the surface. These data are used to quan-
tify the rates of turbulent diffusion of momentum, heat, and salt
and to investigate other small-scale processes such as double
diffusion and interleaving that affect the rates of water mass
modification in the western Weddell Sea. The profiles will be
valuable for studying the interactions between the sea-ice cover,
the seasonal mixed layer, and the underlying pycnocline.

Temperature data. Two deployments of the temperature re-
corders were made. The first was for a duration of approximately
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Figure 1. Transect of daily-averaged temperature in the upper 150 meters from the moored temperature recorders. The nominal depth of each
recorder is shown. The shaded area (temperature less than -1.85 0 during the second deployment) approximates the depth of the surface mixed
layer.

2 weeks while the second ran for about 10 weeks. The depths of
some of the recorders were changed between deployments based
on our improving picture of the hydrography of the region from
conductivity-temperature-depth (CTD) and RSVP profiling. Fig-
ure 1 shows the time variability of daily averaged temperature in
the upper 150 meters in both deployments. The seasonal deepen-
ing of the mixed layer, approximately by the depth of the -1.85
isotherm, is clearly seen with the improved vertical resolution in
the upper 100 meters during the second deployment.

High-frequency variability is also observed in the thermistor
data, with plausible sources being vertical isopycnal motions of
internal waves and the episodic presence of large intrusions in the
upper pycnocline.

Microstructure profiles. A typical microstructure profile is
shown in figure 2. A fairly homogeneous surface layer about 30
meters thick overlies a region of small vertical temperature (and
density) gradient, followed by a transition near 25 meters into the
permanent thermocline. We suspect that the region of weak
thermal stratification between 30 and 200 meters represents the
previous winter's mixed layer, while the observed mixed layer (0
to 30 meters) is the result of the spring/summer ice melt.

Below the seasonal pycnocline, common features are intru-
sions (e.g., near 300 meters in figure 2) and thermohaline steps

(e.g., from 250 to 310 meters in figure 2). Intrusions are seen as
fine-scale variability in the vertical profiles of T and S. They
typically arise through horizontal variations in the T-S relation-
ship, since the temperature (or salinity) can change significantly
along lines of constant density. We will be able to use sequences
of RSVP profiles and simultaneous current observations to infer
the length scales of intrusive features. Thermohaline steps have
been identified previously in the central Weddell Sea (e.g., Foster
and Carmack 1976; Muench et al. 1990). Steps are the result of
double-diffusive convection, which is a process that can cause
greatly enhanced vertical fluxes of heat, salt, and momentum
simply due to the large difference in the molecular diffusivities
of temperature and salinity (Turner 1973). Such steps are only
formed when both T and S increase with depth, i.e., the salinity
gradient by itself would be gravitationally stable while the tem-
perature profile alone would be unstable. Oceanic occurrences of
double-diffusive convection are principally found in polar regions
where the surface water is cold and fresh, while the deeper water
is warmer and saltier. For steps like those in figure 2, empirical
formulae (e.g., Marmorino and Caldwell 1976) predict vertical heat
fluxes of several watts per square meter. Double diffusion might
therefore be a significant process in the evolution of the pycnocline
as the deeper water circulates around the Weddell Gyre.
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The most energetic mixing (kinetic energy dissipation rate, t)

in the profiles that have so far been analyzed was found in the
surface layer as seen in figure 2. Surface layer mixing provides a
mechanism for heat from the upper pycnocline to be lost through
the ice cover. Our preliminary analyses suggest that this mixing

was caused by the friction due to the motion of the surface layer
currents relative to the rough bottom of the pack ice, since mixing
was only large when the ice-relative surface current was high.
This condition occurred particularly during the initial stages of
storms when the ice motion was large due to wind forcing but
before the surface layer had accelerated. Another potential source
of surface layer mixing is convection caused by salt rejection from
forming ice. While this has not been observed in the profiles
analyzed so far, it may prove to be a significant source of surface
mixing in data collected later in winter as the heat lost through the
ice increased.

Peter Wilkniss, Bernie Lettau, and Al Sutherland (NSF) are to
be commended for their faith in our collective scientific ability to
perform this experiment. Arnold Gordon (LDGO) provided the
overall U.S. science leadership prior to, and during, the experi-
ment. John Evans and Kirk Kiyota (ASA), Jay Ardai (LDGO),
and Valery Lukin (AARI, St. Petersburg) provided the necessary
on-site logistics and managerial support. Doug Martinson and
Ted Baker (LDGO) carried on the RSVP profiling past the first
leg, resulting in an order-of-magnitude improvement in the
value of the microstructure data from what was expected. Walt
Waldorf (OSU) prepared and packed the instruments. This study
was supported by National Science Foundation grant DPP 90-
24695.
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Regional current measurements in
the western Weddell Sea

ROBIN D. MUENCH, MARK D. MOREHEAD, AND JOHN T. GUNN

Science Applications International Corporation
Bellevue, Washington 98005-2025

As part of the joint U. S. /Russian Ice Station Weddell (ISW)
experiment that took place in the western Weddell Sea during
February-June 1992 (see article by Gordon and others in this
issue), we have obtained measurement of upper layer (down to
200 meters) ocean currents using drifting current meter arrays
deployed through the ice pack. The pack ice motion at each array
was tracked using an Argos drift buoy, the ocean currents are to
be derived by correcting the measured relative ice water currents
for ice drift. Upper layer temperature and salinity measurements
were obtained using a conductivity/temperature/depth profiler
(CTD) and will be used in analysis of the current data. Meteoro-
logical data obtained at ISW will also be used.

The current measurement program was based at Ice Station
Weddell(ISW), a fully equipped scientific field camp established
on a large ice floe in the southwestern Weddell Sea. One of the
moorings was deployed at ISW itself, and the other more remote
moorings were deployed using a helicopter. The original inten-
tion was to deploy the moorings along a zonal transect through
ISW and centered thereon. The position of ISW relative to bottom
topography and regional ice cover dictated some modification to
this plan, and moorings in the resulting array were nominally
located 100 kilometers west, 50 kilometers west and 50 kilometers
east of ISW, as well as at ISW itself. The mooring locations were
further adjusted to take advantage of sites being used by other
scientific program components, such as that studying sea ice
process. The resulting array is shown schematically in the figure.
Distances and geographical configurations of the array varied
somewhat, in response to differential ice motion, as the moorings
drifted northward with the pack ice. Generally, the northward
drift enabled measurement of currents in a 150 kilometer wide
swath centered onabout 54 W and extending from about 7131'
(initially) to 6545' S (finally).

Currents were measured at each mooring using Neil Brown
Smart Acoustic Current Meters (SACM's) suspended at 50-meter
and 200-meter depths. An additional Aanderaa model RCM7
current meter was deployed at 25-meter depth at ISW to provide
additional upper layer detail. A Metocean Ice Bouy, using Service
Argos satellite positioning, was deployed at each mooring site to
track mooring motion and allow correction of the measured
(relative ice water) currents for this motion.

Preliminary inspection of the data has revealed that the cur-
rent meters functioned properly about 75 percent of the time
(only valid data are indicated in the figure). After correcting for
ice motion, these measurements will provide the first docu-
mentation of upper ocean circulation in the western boundary

Alex

km

Schematic showing approximate locations of current meter moorings
relative to 15W (above), and time lines showing approximate durations
of current measurements from each site (below). Regional geography,
bathymetry, and location of the ISW drift track are shown In Gordon
and others (this Issue).
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current region of the Weddell Sea, including the regions of the
continental slope and shelf break. They will contribute signifi-
cantly to our understanding of circulation in this heretofore
unexplored corner of the world ocean.

The data will also allow assessment of the importance of tidal
and inertial motions, and will contribute to our understanding of
upper ocean heat and momentum fluxes.
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