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he National Science Foundation (NSF) provides awards for research in the sciences and engi-
neering. The awardee is wholly responsible for the conduct of such research and preparation

of results for publication. The Foundation, therefore, 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 statutes and regulations and NSF policies, no person on grounds of race, color, age, sex,
national origin, or physical disability shall be excluded from participation in, denied the benefits
of, or be subject to discrimination under any program or activity receiving financial assistance
from the National Science Foundation.

The National Science Foundation has TDD (Telephonic Device for the Deaf) capability, which
enables individuals with hearing impairments to communicate with the Foundation about NSF
programs, employment, or general information. This number is (703) 306-0090.

Facilitation Awards For Scientists And Engineers With Disabilities (FASED) provide funding for
special assistance or equipment to enable persons with disabilities (investigators and other staff,
including student research assistants) to work on NSF projects. See the program announcement
(NSF 91-54) or contact the program coordinator at the National Science Foundation; 4201 Wil-
son Boulevard; Arlington, Virginia 22203 (703) 306-1636.

Cover photographs:
In the Transantarctic Mountains, wavelike ridges of hardened snow and ice, called
sastrugi, form as the polar winds blow across surfaces of the glaciers moving through the
mountains. This image and the flat, barren vistas of the polar plateau are the ones most
commonly associated with Antarctica. In sharp contrast is the picture of Antarctica as a
site of high-tech scientific research, but as the inset photo illustrates, advanced technol-
ogy is improving and expanding the research possibilities even at the geographic South
Pole. Pictured here is the first part of the Center for Astrophysical Research in Antarctica.
In the center is the cosmic background radiation anistropy (COBRA) telescope, designed
to search for and map anistropies in the cosmic background radiation. COBRA has suffi-
cient sensitivity to test current theories of the origin of the Universe. Immediately behind
the COBRA telescope is the building for the Antarctic Submillimeter Telescope/Remote
Observatory, a 1.7-meter-diameter submillimeter telescope that will survey the galactic
plane, the galactic center, and the Magellanic Cloud. Other components of CARA include
the world's largest neutrino and muon detector—AMANDA (the antarctic muon and neutri-
no detector array). The principal investigators discuss AMANDA and other CARA projects
in this volume of the Antarctic Journal of the United States (see the CARA chapter, pages
337ff). (NSF photos by Lynn Simarski.)

The National Science Foundation is the U.S. Government agency charged with maintaining U.S.
strength in scientific research; improving science, mathematics, and engineering education; and
aiding in the dissemination of scientific information. This responsibility is carried out largely
through grant programs for investigators at colleges, universities, states, and other institutions.

The Antarctic Treaty, which provides the legal framework for the area south of 60 0 S latitude,
reserves the region for peaceful purposes and encourages international cooperation in scientific
research. The United States cooperates with other Treaty Nations in research and logistics. By
Presidential directive, the National Science Foundation is responsible for budgeting and manag-
ing U.S. activities in Antarctica. This effort includes the U.S. Antarctic Research Program, station
and research ship operations, Coast Guard icebreaker operations, and the U.S. Navy's Opera-
tion Deep Freeze.
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U.S. antarctic activities, 1993-1994

T
he U.S. Antarctic Program (USAP),
which is funded and managed by

the National Science Foundation (NSF),
supported more than 120 science, engi-
neering, and environmental projects in
Antarctica during the 1993-1994 antarc-
tic field season. In the United States,
NSF-supported investigators continued
to study and evaluate samples and
observations acquired during previous
antarctic field seasons. By combining
information from field observations
with that acquired through laboratory
analysis, U.S. scientists and their col-
leagues worldwide are gaining a better
understanding of the unique role that

the southern polar region has in global
processes. According to Cornelius Sulli-
van, Director of the NSF's Office of Polar
Programs, "The continent's physical
processes influence the ocean and cli-
mate around the globe, and the health
of Antarctica's ecology is of key concern
to the rest of the planet. Antarctica also
provides an unmatched window onto
the universe of astronomy and astro-
physics."

The projects described in these
pages are highlights of the 1993-1994
antarctic field season. Although they
represent only part of the U.S. Antarctic
Program, the 174 papers in this issue of

the Antarctic Journal reflect the scope
and complexity of the U.S. program.
Prepared by program participants, these
papers describe field research, studies
of data acquired in previous seasons,
and other related activities in Antarctica
and the United States. Some projects
conducted during the 1993-1994 season
are not included in this issue because
data analysis was not yet complete. As
this information becomes available, the
researchers will publish their results in
standard scientific journals. The Antarc-
tic Journal is intended to provide an
overview of recent investigations and to
make initial reports available to other
investigators and the interested public.
The assistance of the program partici-
pants who contributed material to this
issue is gratefully acknowledged.

I/tiff

Tectonic and volcanic activity and
the dynamics of the west antarctic
Ice sheet

T
he marine-based west antarctic ice
sheet is dependent for its stability

on the ice streams that flow from the
continent's interior. Because the geo-
logic history of West Antarctica suggests
that this ice sheet either collapsed
rapidly or melted extensively about
125,000 years ago, geologists continue
to focus on understanding the physical
and environmental processes that affect
its stability.

Beneath the west antarctic ice sheet
lies an extensive rift system, marked by
a 3,000-kilometer-long, 4- to 5-kilome-

A

-

University on the Ice—During January 1994, 10 students from institutions
worldwide participated in the first biology course to be conducted at McMurdo

-I Station—"Biological adaptions of antarctic organisms." The 4-week course
J featured field collections, laboratory experiments, and lectures by antarctic

researchers. The objective of the course, as well as others planned by USAP, is
to introduce individuals interested in conducting biological research in Antarctica
to the harsh climate before they begin working in this environment and to give
experienced antarctic investigators the opportunity to develop research
approaches. Topics for this course ranged from temperature adaptations of fish
to molecular genetics of algae. The photograph shows students and instructors
collecting samples at a site on the McMurdo Sound sea ice.
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logic conditions of the region may con-
tribute as much as climate dynamics to
the ice sheet's stability.

Biology & medicine

Glaciology

Ozone-depletion
studies

Other technical
projects

Total

ter-high rift shoulder escarpment that
extends along the Transantarctic Moun-
tains from northern Victoria Land
through the Horlick Mountains and
ends in the Ellsworth Mountains. The
analysis of geophysical data from this
region and evidence of volcanic activity
that may be mantle-plume related have
led some geophysicists to suggest that
the upward movement of the Earth's
crust along the rift may have con-
tributed to the onset glaciation during
the late Cenozoic. Aeromagnetic sur-
veys conducted during the last decade
over widely separated areas of the rift
system, combined with aeromagnetic
profiles and seismic data from the Ross
Sea region and with radar ice-sounding
data over the ice sheet, reveal similar
patterns of magnetic anomalies and
together provide evidence of extensive
late Cenozoic volcanic activity. Other
data point to volcanic eruptions

beneath moving grounded ice along the
continental shelf.

Recently recorded volcanic and tec-
tonic activity indicates that the rift is
still active today. During the 1992-1993
austral summer, geophysicists conduct-
ing aerogeomagnetic surveys discov-
ered a 35-kilometer-wide active volcano
beneath the Siple Coast ice streams that
drain the west antarctic ice sheet. As the
grounded ice moves over the volcano, it
erodes the smaller peaks that periodi-
cally erupt beneath the ice sheet. Geo-
physicists believe that this current activ-
ity provides a "snapshot" of the geologic
conditions that have existed in West
Antarctica over the last 40 million years,
including the time before the last glacia-
tion. Although the data imply that a syn-
ergistic relationship could exist between
tectonic uplift and the onset of glacia-
tion, the evidence is not conclusive.
They do suggest, however, that the geo-

At the crossroads of geologic his-
tory

W
orking on Vega Island in the James
Ross Island group near the west-

ern coast of the Antarctic Peninsula dur-
ing a 1994 expedition to the region, U.S.
and Argentine paleontologists recovered
rare fossils of a primitive Southern
Hemisphere bird. The bird, which
appears to have had the body of a shore
bird but a ducklike head, lived during a
key time in avian evolution—when
toothless avian species (more like mod-
ern birds) were replacing more primitive
types. Although during this period the
diversity of birds was increasing rapidly,
fossils are rare and fragmentary at best.
The Vega Island fossils, however, which
belong to a group of early shorebirds
that are the ancestors of modern ducks,
appear to be intact and will provide
researchers with important information
about how birds were evolving 65 to 70
million years ago.

The fossils—the first of a land bird
found in Antarctica—are also significant
because of the information they provide
about the bird's habitat and the climate
of the time. Near the bird fossils, inves-
tigators found a large fossil pine cone
along with leaf and pollen remains. This
evidence suggests that the climate and
vegetation of this region during the
bird's lifetime were probably similar to
those of modern New Zealand.
Researchers believe that the Antarctic
Peninsula during this time was probably
covered with vast forests.

Because of the age of the fossils, the
discovery also figures in the continuing
debate over what caused massive
extinctions worldwide at the end of the
Cretaceous. The global fossil record
shows that many terrestrial and marine
species disappeared suddenly in most
regions, but paleontologists and geolo-
gists have found no evidence of this
"great horizon of death" in Antarctica.
In Antarctica, the geologic record across
the Cretaceous /Tertiary boundary is
clearly defined and incredibly fossilifer-
ous with no indication of abrupt extinc-
tions. The new bird fossils add to this

0 Number of scientists	• Number of projects

During the 1993-1994 research season, the U.S. Antarctic Program
supported 120 research projects in biology, oceanography, climatology,
geology, geophysics, glaciology, astronomy, astrophysics, and aeronomy
at the three U.S. year-round stations—McMurdo, Amundsen-Scott South
Pole, and Palmer—aboard the U.S. research ships Polar Duke and
Nathaniel B. Palmer, at remote field sites, and at stations of other national
antarctic programs. Logistic support for the U.S. program is provided by
an NSF contractor, Antarctic Support Associates, and units of U.S. Navy,
Air Force, and Army under the direction of the Naval Support Force
Antarctica.
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At the South Pole, a member of the AMANDA research team prepares to
lower one of the glass spheres containing the photomultiplier tubes that
measure Cherenkov light into a recently completed hole in the ice. The
1,11 0-meter-deep hole will be refrozen after 3 days, during which time the
pressure on the spheres increases to between 2 and 3 times the
hydrostatic pressure of 100 atmospheres. This pressure relaxes after a few
days to the hydrostatic level. Each of the four strings installed during the
1993-1994 austral summer had 20 of these glass spheres attached to it.

debate because birds are particularly
sensitive to environmental changes,
raising questions about why this species
survived the worldwide catastrophe.

The bird fossils join the growing col-
lection of antarctic fossils, which are
providing new insights into evolutionary
history. When the theory of evolution
was formulated, neither antarctic nor
arctic geologic history was known. With
each new discovery, scientists are learn-
ing the importance that the geologic
record of both polar regions has for
understanding the evolution of life on
Earth.

Glaclologists reach bedrock at Tay-
br Dome

T
aylor Dome (77°40'S 158°E), a gentle
80-by-20-kilometer-wide ice rise

that is the source of the Taylor Glacier,
is a key geographic juncture for obtain-
ing climate information because no
glaciers have moved through the region,
disrupting and deforming the layers of
annual snowfall. Consequently, scien-
tists can obtain a clearer record of yearly
climate change in the Ross Sea area
because the layers have remained in
chronological order.

After 3 years of reconnaissance
work and field studies, glaciologists and
geologists from 10 institutions complet-
ed drilling to bedrock at this site on 20
January 1994 and extracted a 554-
meter-long ice core, along with 6 cen-
timeters of basal sediment and rock
debris, about 1.5 kilometers southwest
of the glacier's flow divide. A crew of
eight from the Polar Ice Coring Office,
using a 13.2-centimeter drill that was
used in 1993 to reach bedrock beneath
the Greenland ice sheet, took 17 days,
including time lost due to bad weather,
to complete the project.

Preliminary observations of the core
show a clear transition in the ice at a
depth of about 370 meters. Researchers

believe that this may indicate the transi-
tion between glacial and interglacial
periods. If their assumption is correct,
the core contains 180 meters of pre-
Holocene ice and offers a significant
new record of climate and environmen-
tal conditions. Laboratory analysis of the
core will help scientists to reconstruct
the much-debated climate history of the
nearby McMurdo Dry Valleys. Scientists
hope that data from the core will reveal
how the ice cover of the Ross Sea fluctu-
ated in the past and provide new data on
the mechanics of the ice streams that
flow into the Ross Ice Shelf.

This core supplements older
antarctic ice records—ice cores from
Byrd Station (1968), Dome C in central
East Antarctica (1975), and the Russian

station Vostok (drilling still under-
way)—some of which are no longer use-
able. This new core is being archived at
the National Core Laboratory in Lake-
wood, Colorado, a facility partially fund-
ed by NSF.

Expboringa cold desert ecosystem

C
overing an area of approximately
4,800 square kilometers, the

McMurdo Dry Valleys are the largest
ice-free region on the antarctic conti-
nent. These valleys, one of the world's
most extreme desert regions, were
formed by the advances and retreats of
glaciers through the coastal ranges of
the Transantarctic Mountains and are
characterized by perennially ice-cov-
ered lakes, ephemeral streams, and
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This new to 0-story dormitory, which includes solar panels as part of its heating system, used only 45
liters (12 gallons) of fuel for heating during the first week that the solar panels were operating.
Incorporating advanced technology and design concepts, this building also includes a water-recycling
system. The plumbing system is designed so that gray water from sinks, showers, and the laundry is
reused to service the toilet system.

extensive areas of soil that are subject to
low temperatures, limited precipitation,
and salt accumulation.

During the 1993-1994 field season,
a multidisciplinary team of researchers
began a long-term investigation of the
region as part of NSF's Long-Term Eco-
logical Research (LTER) Program. Their
selected site, Taylor Valley, is the 17th
site to be included in the worldwide
LTER network and the second antarctic
LTER site. It is colder and drier than
any of the other sites and, consequent-
ly, represents an "end-member" envi-
ronment, containing microbe-domi-
nated ecosystems that are simple com-
pared to other LTER sites. Research at
this site can potentially contribute to a
general understanding of ecological
processes because researchers will be
better able to resolve questions about
these processes in this simpler environ-
ment.

Through systematic collection of
environmental data, long-term experi-
ments, and modeling, the LTER project
addresses two primary hypotheses:

• Physical and biological factors dif -

ferentially constrain the structure
and function of ecosystems in Taylor
Valley.

• Material transport modifies the
structure and function of these
ecosystems.

During the 1993-1994 austral sum-
mer, 18 scientists began conducting
research in Taylor Valley to acquire
baseline data relevant to the region's
ecology, including data from glaciers,
streams, soils, and lakes. This effort cov-
ered six primary research areas.
• Glacier meltwater: Researchers

established a network of surface-
based measurements on the Com-
monwealth, Canada, and Howard
Glaciers to determine mass balance
and the flow of meltwater. They also
set up meteorological stations on the
Commonwealth and Howard Glaci-
ers.

• Stream/low measurements: At Taylor
Valley streams, located in the basins
of Lakes Fryxell, Hoare, and Bonney,
researchers set up a comprehensive

network of stream-gauging stations.
Although their data show large varia-
tions in flow regimes over 24-hour
periods and differences in the time of
streamfiow initiation, their prelimi-
nary observations indicate that sev-
eral years of data will be necessary to
develop reliable correlation among
the streams and to understand the
relationship between local environ-
ment and streamfiow.

0 Microbial mats and moss communi-
ties: These communities, which are
active during the austral summer, are
present in and along the margins of
the streams in Taylor Valley. The
1993-1994 preliminary study incor-
porated spectroradiometry to assess
the distribution of biomass and
nutrient status of the stream com-
munities.

0 Paleolimnology: Geologic history of
environmental and ecological
processes in the dry valley lakes that
are no longer present provides
important physicochemical and bio-
logical information that helps to
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trace the history of environmental
change in the region.
Water chemistry: The chemistry of
each lake affects the development of
biota and ecosystem within it. As
part of the effort to establish baseline
data during the 1993-1994 austral
summer, investigators collected data
on the chemical and biological com-
ponents of Lakes Fryxell, Hoare, and
Bonney, focusing on the production
and dissolution of calcium carbon-
ate, phytoplankton nutrient deficien-
cies (particularly nitrogen and phos-
phorus), and productivity patterns of
benthic microbial mats through
mathematical models.
Soil studies: Glacial movement,
material from which the soil is
formed, and site characteristics,
along with other factors, influence
the characteristics of soil. To under-
stand how spatial variation in soils
influences nematode abundance,
researchers collected samples at vari-
ous elevations on the south shore of
Lake Hoare. Their initial results sug-
gest that the development of nema-
tode populations may be influenced
by soil age, salinity, moisture, and
the availability of soil carbon and
nitrogen and not primarily by accu-
mulation of organic matter.

Because much of this data is geographi-
cally referenced, the project also
includes the development of a geo-
graphical information system for data
management and analysis. Although
still in the experimental stage, the sys-
tem is presently being made available to
LTER investigators so that they can eval-
uate and manipulate the available data.

Ocean studies in the Amundsen
and Beliingshausen Seas

S
ince the earliest days of antarctic
exploration, thick, nearly impenetra-

ble sea ice has covered the southern
portions of the Amundsen and Bellings-
hausen Seas almost year-round, pre-
venting scientists from exploring and
studying this region. Scattered observa-
tions suggested that relatively fresh sea
water lay over the continental shelves,
"warm" modified circumpolar deep
water was present at depth, and ocean
circulation produced little or no bottom
water. Deep water carried upward by
the currents provided a source for sur-
face and shelf waters, and the melting of
the underside of ice shelves that extend

outward from the continent contributed
significantly to the stability of the west
antarctic ice sheet.

Recent satellite data suggest that
the northern edge of the sea-ice cover
may be retreating southward. Not only
did this phenomenon provide scientists
with the opportunity to study this previ-
ously ice-covered area, but it also
emphasized the need to obtain addi-
tional data on the region so that they
could understand how the ocean
responded to regional and global envi-
ronmental changes. To investigate the
region, scientists supported by the
USAP, other U.S. Federal agencies, the
British Antarctic Survey, and the New
Zealand Antarctic Program embarked

To improve the operation of USAP's research ships, a new data-collection
network, which provides remote-sensing data directly to the ship, was
introduced during 1993-1994. Developed by NSF's antarctic support
contractor Antarctic Support Associates, the new system accesses satellite
data on sea-ice conditions, as well as current weather information, and
makes this information available to researchers and technicians on board
U.S. ships such as the icebreaker Nathaniel B. Palmer, pictured here in the
Weddell Sea. This information enables scientists and support personnel to
make adjustments in the field and ensures that science teams can obtain the
data needed for their research.
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on a 7-week cruise from 14 February to
5 April 1994 along the southeast Pacific-
antarctic continental margin. Using the
U.S. research ship Nathaniel B. Palmer,
the group made observations, took
measurements, and conducted various
experiments that included
• geochemical measurements of car-

bon dioxide, chlorofluorocarbons,
helium isotopes, oxygen isotopes, tri-
tium, and nutrients;

• observations of seals and birds;
• bottom-sediment sampling;
• underway and magnetic gravity

measurements;
• observations of ice shelves and ice-

bergs;
• sea-surface temperature and salinity

measurements; and
• meteorological and bathymetric

measurements.
Preliminary observations show that

the continental shelf in both seas differs
greatly from similar broad shelf regions
in the Ross and Weddell Seas and that
the local topography of the sea floor is
different from that shown in the avail-
able charts; canyons or depressions
often extend to or along the coast line.
Modified circumpolar deep water is
present throughout the region just
below the top few hundred meters. Sea

water in the region is also about 2°C
warmer than any similar inflow water in
Ross and Weddell Seas and extends
beneath the ice shelves along the
perimeters of both seas. The research
team believes that the presence of this
warmer water may contribute to the
high melting rate of the underside of ice
shelves in the two seas, limit the growth
of congelation ice, and contribute to the
formation of coastal polynyas.

The group encountered numerous
large icebergs, many of which appeared
to be grounded on shoals. Once ground-
ed, these icebergs are surrounded by
close or fast ice and form peninsulas or
islands. Combined with frequent, light
easterly and northerly winds, these
aggregations of icebergs may help to
slow the ocean circulation on the conti-
nental shelf and to maintain coastal
polynyas.

To test the hypothesis that the
northern ice edge—a feature that is sen-
sitive to climate change in this region—
is retreating, the investigators extended
a data set, recently used to show that a
change in the ice edge has taken place,
into early 1994. Although other evalua-
tions using selected satellite data sets
and records of ice coverage have not
shown a significant temporal change in

the total amount of sea-ice coverage for
the entire southern ocean region, this
examination of 21 years of satellite data,
combined with the 1994 observations,
indicate that the northern ice edge in
the Amundsen-Bellingshausen Seas
region is retreating southward. Al-
though the 1994 summer ice edge did
not move farther south than recent
records for the minimum extent of the
ice edge, it did remain below the 21-
year average. In January and April 1994,
the ice edge was farther south than it
had been during the same months in 18
of the last 21 years. The ease with which
the Nathaniel B. Palmer was able to
navigate the sea ice in the region also
suggests that the ice-edge retreat does
not simply result from strong southward
blowing winds compacting the ice
cover.

Automated observatories probe
the polar ionosphere and magne-
tosphere

U
nlike the northern geomagnetic
polar cap, which lies in the ocean,

the southern geomagnetic polar cap
(above 80° magnetic latitude) is located
on the east antarctic polar plateau.
Because of the southern polar cap's ter-
restrial position, scientists have been
able to develop and set up a network of
ground-based, unmanned observatories
that provide near-global coverage of the
polar upper atmosphere at high geo-
magnetic latitudes.

Understanding how the Sun influ-
ences the structure and dynamics of
Earth's upper atmosphere requires
knowledge of the electrodynamics of the
polar cap region and of the role that the
polar cap has in coupling the solar wind
with Earth's magnetosphere, iono-
sphere, and thermosphere. In Antarcti-
ca, many countries operate radar facili-
ties at their coastal stations and net-
works of observatories, but supporting
additional manned stations at these
high latitudes is not practical. Thus,
automatic geophysical observatories
(AGOs) were developed to fill the void.
Over the last several years, U.S. scientists
supported by USAP have completed the
design of and begun deploying an AGO
network at high geomagnetic latitudes.
The U.S. network is complemented by

During the 1993-1994 austral summer, USAP again launched instrumented, high-
altitude helium balloons from a site near McMurdo's ice shelf skiway, Williams Field. LlThe balloons carried instruments for cosmic-ray composition experiments being
conducted jointly by U.S., Japanese, and Polish investigators. Four U.S. institutions
(the University of Washington, Louisiana State University, the University of Alabama,
and NASA's Marshall Space Flight Center) participated and were funded by NSF
and NASA.
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British and Japanese AGOs operated at
lower geomagnetic latitudes.

Each of the U.S. observatories,
which were designed, built, and tested
by Lockheed Palo Alto Research Labora-
tory, provide power and data acquisi-
tion to a suite of instruments that is
maintained year-round at room tem-
perature. The observatories are pow-
ered by propane-fueled thermoelectric
generators, which have been designed
to operate unattended for a full year.
The science program, known as the
"polar experiment network for geophys-
ical upper-atmosphere investigations,"
was developed by a group of U.S. and
Japanese investigators and includes
optical and radiowave auroral imagers,
magnetometers, and narrow- and wide-
band radio receivers to study processes
that occur in and characteristics of the
ionosphere and magnetosphere. Since
1992, three of six planned observatories
have been set up at sites on the polar
plateau. During the 1994-1995 austral
summer, two more AGOs will be
installed, and the last scheduled deploy-
ment will be in 1996.

To evaluate the data obtained from
the AGO network, investigators selected
a week-long data set (23 to 31 May 1993)
obtained by an observatory at 85067'S

46038'W. Some of these data were com-
pared with simultaneous measurements
taken at the geographic South Pole and
nearby sites. According to the research
group, the preliminary results indicate
that the prospects for coordinated
research are excellent. The new
unmanned units also help scientists to
gain data from remote areas, without
significantly increasing the human
impact on the antarctic environment.

Astrophysics at the South Pole

T
he Center for Astrophysical Re-
search in Antarctica (CARA), one of

25 NSF Science Technology Centers,

was designed to develop at the South
Pole an astronomy and astrophysics
observatory with the unifying theme of
studying the origins of structure in the
Universe. The site was selected because
the polar plateau offers Earth's coldest,
and consequently, driest atmosphere.
CARA, which is a collaboration of 12
educational and industrial institutions
led by the University of Chicago's
Yerkes Observatory, focuses on the
study of
• cosmic microwave background radi-

ation to help scientists understand
the formation of early structure in
the Universe

• star-forming regions of the galaxy
and possibly the formation of other
galaxies

•

I

jv

• the earliest galaxies that formed
shortly after the "Big Bang."

One CARA project that was a focus of
the 1993-1994 austral summer was
AMANDA—the antarctic muon and
neutrino detector array. The AMANDA
observatory, the world's largest neutri-
no detector, is designed to address fun-
damental questions in astronomy and
particle physics, as well as to search for
sources of high-energy cosmic rays and
dark matter.

According to one senior AMANDA
investigator, neutrinos can be described
as the "messenger particles of high-
energy physics" that can help astron-
omers and astrophysicists to under-
stand the nature of the astronomical
objects, such as pulsars or active galac-

:

This Twin Otter airplane is equipped with aerogeomagnetic instruments used to survey West
Antarctica. This unique system combines ice-penetrating radar, a laser altimeter, a gravimeter,
and a magnetometer to profile the ice-sheet surface while simultaneously measuring the
magnetism, height, and gravitational pull of the bedrock beneath the ice sheet. These data along
with satellite imagery and other data enable geophysicists to develop models to describe the
mechanics and controls of ice dyamics along the west antarctic rift system below the ice sheet.
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Ice cores extracted from the east antarctic ice sheet at Taylor Dome are
removed from the drill. Core processing, including making a preliminary record
of core depth, begins immediately before it is prepared for shipment to the
United States. An on-site review of segments of this core revealed that at a
depth of 360 meters, the 554-meter core recorded a change from a glacial to
interglacial climate. The core will be permanently stored at the National Ice Core
Laboratory in Colorado, where it will be available to investigators for study.
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tic nuclei, in which the neutrinos are
formed. The most numerous particles in
the Universe, neutrinos can travel where
light cannot. They often pass through
Earth, coming up through the antarctic
ice sheet. As they move through the ice
sheet, they collide with atoms and pro-
duce particles called muons. The result
is a flash of blue Cherenkov light that is
visible through the transparent ice. The
AMANDA detector is designed to record
this light as it passes through the ice,
like a buoy responding to waves gener-
ated by a passing boat.

The 60-meter-diameter array, when
completed, will consist of 10 strings of
photomultiplier tubes—nine strings
forming a circle around a central tenth
string—that have been frozen into the
ice sheet. Each string is 1 kilometer long
and has 20 glass pressure spheres, each
separated by 10 meters. Each of the
pressure spheres contains a downward-
looking 20-centimeter photomultiplier
tube. By timing the pulses recorded by
each photomultiplier tube, investigators
can calculate the position and direction
of each muon. With this information,
they can survey the Northern Hemi-
sphere sky for astrophysical sources of
neutrinos and possibly obtain informa-
tion about Earth's interior structure by
using the neutrinos to form an image of
the interior.

During the 1993-1994 austral sum-
mer, four of the 10 strings with 80 photo-
multiplier tubes were deployed. Using a
hot-water ice drill, each hole took
between 80 and 90 hours to drill to a
depth of 1,100 meters. The system began
its first observing period during the 1994
austral winter. The data gathered during
this period will help the AMANDA inves-
tigating team understand how the array
is operating and enable them to com-
plete the 10-string array during the
1994-1995 austral summer.

Tourism: Is there an environmen-
tal price tag?

T
he Lindblad Explorer, completed in
1969, was the first tour ship

designed specifically for antarctic
tourism. Although Chile and Argentina
began bringing tourists to Antarctica in
the late 1950s (supporting four cruises
to the South Shetland Islands) and U.S.

companies began operating in the
region in 1966, the launching of Lind-
blad Explorer marked the beginning of
tours similar to those conducted today.

During the last 25 years, U.S. and
foreign companies have brought thou-
sands of tourists by ship and airplane to
the icy shores of the southernmost con-
tinent. Each year, the number has
grown—during 1992-1993 austral sum-
mer, U.S companies alone brought
about 6,000 tourists to visit Antarctica.
Although the environmental impacts of

these visits are only now beginning to
be evaluated, scientists, national pro-
gram managers, tour companies, and
the Antarctic Treaty nations are com-
mitted to learning how the increased
numbers of visitors to the continent are
affecting antarctic ecosystems.

Most tourist ships visit the Antarc-
tic Peninsula. Of these groups about
1,200 tourists visit the region near the
Palmer Station every year. More than 60
percent of them come in January—
which also is the peak of the breeding



season for Adélie penguins. As part of
USAP's environmental research pro-
gram, researchers began a systematic
survey of the environmental impacts of
tourism on Torgersen Island, an island
near Palmer Station that is frequently
visited by tour ships.

The survey focused specifically on
the impact on wildlife in the Palmer
area. Reviewing some of the early
results, researchers caution that a natur-
al drop in penguin populations across
the peninsular region could be mislead-
ing about tourism's effect, and that on
Torgersen Island, "wide open" to human
visits for years, the Adélie population
dropped only 19 percent in 1992. On
nearby Litchfield Island, a Specially Pro-
tected Area under the Antarctic Treaty,
the population plummeted 43 percent.

Early conclusions about why Tor-
gersen Island penguins have fared bet-
ter than the population on Litchfield
Island point to natural factors, such as
greater snowfall and more effective pre-
dation by brown skuas, that are affect-
ing the Litchfield Adélies. (Most brown
skuas in the Palmer area live on Litch-
field.) Although tourism could ultimate-
ly combine with adverse environmental
conditions to affect penguins in some
areas dramatically, for researchers to
answer the question requires long-term
data that are still being collected.

South Pole welcomes the Informa-
tion highway

Around trip from the South Pole and
ack now takes about three-quar-

ters of a minute—via the Internet!
Although Amundsen-Scott South Pole
Station has had satellite communica-
tions for some time, the service was
intermittent because the satellites used
by the station remained in range for
only a few hours each day. During the
1993-1994 austral summer, a new 4-
meter dish antenna, mounted on the
roof of a new elevated dormitory, was
used to initiate a proof-of-concept
satellite communications link between
the South Pole and the University of
Miami's ATS-3 satellite operations and
control center in Malabar, Florida.

The new system uses relatively low-
cost, off-the-shelf ground equipment
(state-of-the-art digital signal-process-
ing satellite modems) to link to the
National Oceanic and Atmospheric
Administration's GOES-2 satellite,
which is in an inclined geosynchronous
orbit that rises to a maximum of 20
above the South Pole horizon. This gives
the station about 5 hours of access to
the satellite each day, with real-time
access to Internet during this period.

The upgrade in service was not lim-
ited to the link with GOES-2 satellite.
The new system is also successfully sup-
porting a live Internet connection via
the LES-9 satellite, which is in a geosyn-
chronous orbit and is visible to the
South Pole ground station for about 8
hours each day. Because the two satel-
lites are available different times of the
day, the upgraded communication sys-
tem will give South Pole Station about
11 hours of live Internet communica-
tion. Now scientists can log into com-
puter accounts back home; send back
large electronic files (e.g., astronomical
images composed of large amounts of
data from the various CARA telescopes);
or communicate "live" via written mes-
sages with colleagues around the world.

Alternative energy arrives at
McMurdo and Amundsen-Scott
South Pole Station

T
he environmental impacts and ris-
ing costs associated with the fuel

needed to maintain and operate its
antarctic stations and to power vehicles
and aircraft are continuing concerns for
the USAP managers. Although alterna-
tive energy sources have been reviewed
in the past, at the time all were in the
experimental stage and not considered
reliable enough for use at remote
antarctic sites. Today, improved tech-
nology is making alternative energy sys-
tems a cost-effective, reliable choice for
use in Antarctica.

McMurdo Station's satellite com-
munications facility is located on Black
Island about 56 kilometers from the
Ross Island base. Because the facility
was designed to be unmanned, except

when maintenance or new construction
is necessary, USAP selected it as a
model site to use alternative energy. A
system consisting of wind turbines,
solar photovoltaic arrays, three ORMAT
closed-cycle vapor turbines, and a back-
up diesel generator powers the facility.
Any of these can be brought online from
McMurdo Station, and in an emergency
or during a power breakdown, a large
battery bank stores enough energy to
keep the site running for about 5 days.
This design means that USAP commu-
nications can stay online during the
winter, despite power outages or emer-
gencies, until personnel can traverse the
sea ice to make repairs or adjustments.

Maintaining a scientific station at
the geographic South Pole presents
numerous operational challenges, not
the least of which is how to develop a
world-class astrophysical observatory
without increasing environmental
impacts. To solve this problem, USAP
managers looked to advanced technolo-
gy and design applications.

As part of this effort in December
1993, a new 279-square-meter, elevated
summer dormitory was completed and
occupied at a site near the CARA facili-
ties. The new structure, which has an
integrated solar heating system, houses
up to 19 people and will serve as an
emergency camp during the winter. The
well-insulated building also has a
kitchen, a lounge, 2½ bathrooms, a laun-
dry, two storage closets, an entry hall,
and a mechanical room. Before the
solar panels were ready for use, 213
liters (56 gallons) of fuel—less than
older buildings at the station—were
necessary to operate the building. Dur-
ing the week of 29 January 1994, howev-
er, the first week that the solar heating
was fully operational, the building con-
sumed only 45 liters (12 gallons) of fuel.
Outside the average temperature was
-34.9°C. Although USAP managers
expect that the panels will be useful
only through the end of February, dur-
ing the midsummer months, they antic-
ipate that the building will rely on the
solar panels for heat, using almost no
fuel at all.
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Terrestrial geology and geophysics

Paleobiogeography of Cretaceous and Paleogene decapods
from the high southern latitudes

R.M. FELDMANN, Department of Geology, Kent State University, Kent, Ohio 44242

E
xamination of fossil decapod crustaceans—crabs and lob-
sters—and summaries of their occurrences from high

southern latitude localities in New Zealand (Feldmann and
Keyes 1992), Antarctica (Feldmann, Tshudy, and Thomson
1993), and Chile (Chirino-Gálvez 1993) have established that
this southern circum-Pacific region has served as the site of
origin of species known to inhabit modern assemblages in
deep water and lower latitude areas (Zinsmeister and Feld-
mann 1984). Furthermore, some close biotic relationships
have been established between decapods in widely separated
areas in the southern circum-Pacific.

The affinities of these organisms with those in Argentina,
however, and the nature of introduction of decapods into
eastern South America, particularly with reference to the
influence from the enlarging Atlantic seaway, are far less
defined. Weaver (1927) envisioned the possibility of post-
Senonian introduction of faunal elements, probably with pri-
mary reference to mollusks, from Europe into South America,
but he believed that most of the fauna of the Roca Formation
was endemic to South America. To resolve this problem, sev-
eral exposures of the Cretaceous/Danian Roca Formation in
the Neuquén Basin, in west-central Argentina, were visited
during May and June 1993.

The exposures studied lay within La Pampa and Rio
Negro provinces. By far the most productive site for decapods
was the type section of the formation at General Roca.
Although the Neuquén Basin was connected to the Pacific
during the early Mesozoic, it was separated from the Pacific
by an emergent volcanic area along its western margin and
was connected to the Atlantic Basin in Campanian-Danian
times for the first time (Weaver 1927).

Prior to this work, the only published record of a decapod
crustacean from the Roca Formation was that of Xanthilites
gerthi Glaessner. Preliminary study of the specimens col-
lected during the field season of 1993, coupled with a speci-
men, previously unstudied, from the Museo de Ciencias Nat-
urales de La Plata has resulted in the description of 10 distinct
species, including one lobster, three mud shrimps, and six
true crabs. Although the fauna is still under study and formal
description of the species has not yet been completed, it is
possible to make some preliminary observations regarding
the affinities of this large fauna, which represents the first
diverse decapod fauna known from Argentina.

The only species that bears close affinities with high-lati-
tude species is the lobster Hoploparia sp. Representatives of
this genus have been collected in Campanian, Maastrichtian,
and Danian rocks in the James Ross Basin of Antarctica as well
as in southernmost Argentina (Aguirre-Urreta 1989). The three
species of mud shrimps, represented largely by partial claws,
are known to occur in a variety of Cretaceous and Paleogene
sites throughout the world and, therefore, must be considered
cosmopolitan. There is no clear indication from the morphol-
ogy of the organisms that they are particularly closely related
to those from the high southern latitudes. All of the crabs ten-
tatively referred to the families Portunidae, Xanthidae, Gone-
placidae, Hexapodidae, and Retroplumidae are characteristic
of low-latitude, generally warm-temperate to tropical habitats.
None is closely related to decapod species previously
described from Chile, Antarctica, or New Zealand, and only
the one species, Xanthilities gerthi, has previously been
described from Argentina. Costacopluma has recently been
identified in Brazil (Feldmann and Martins Neto in press);
however, all other occurrences of this genus are from Northern
Hemisphere localities in the Atlantic and Tethyan basins.
Thus, it is clear that the Atlantic influence on the distribution
of decapod crustaceans was strong in west-central Argentina,
at least through the Danian. It will be necessary to examine
correlative exposures in southern Patagonia to resolve the pat-
tern of interaction of Pacific high-latitude faunas with Atlantic
lower latitude faunas during this time interval.

Luis Chirino-Gálvez, Department of Geology, Kent State
University, Kent, Ohio; Maria Aguirre-Urreta, Departamento
de Ciencias GeolOgicas, Universidad de Buenos Aires; and Sil-
vio CasadIo, Facultad de Ciencias Exactas y Naturales, Uni-
versidad Nacional de La Pampa, accompanied me in the field.
Casadio made available extremely useful logistic support dur-
ing the fieldwork.

This work was supported by National Science Founda-
tion grant OPP 92-17538. (Contribution number 563, Depart-
ment of Geology, Kent State University, Kent, Ohio 44242.)
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Stratigraphic and structural investigations in the northern
Heritage Range, Ellsworth Mountains: Evidence for the Ross

Orogeny?
MARGARET N. REEs, Department of Geoscience, University of Nevada, Las Vegas, Nevada 89154

ERNEST M. DUEBENDORFER and DONALD J. THORSTENSON, Department of Geology, Northern Arizona University,
Flagstaff Arizona 86011

O
ur 1993-1994 field season in the northern Heritage Range
was the initiation of a 4-year project to collect strati-

graphic, structural, geochronological, and geochemical data
to evaluate currently conflicting models for the origin (Cam-
brian) of the Ellsworth-Whitmore Mountains terrane and the
timing and kinematics of its accretion to East Antarctica. The
Ellsworth Mountains, which are part of a California-sized ter-
rane, are located between the Transantarctic Mountains of
East Antarctica and the collage of amalgamated terranes of
West Antarctica (figure 1). The approximately 13,000 meters
(m) of Cambrian-through-Permian strata exposed in the Her-
itage Range appears to have paleogeographic and paleobio-
geographic affinities to the paleo-Pacific margin of Gond-
wanaland (Webers and Sporli 1983, pp. 261-264; Craddock et
al. 1986; Webers, Craddock, and Splettstoesser 1992, pp. 1-9),
but the depositional and tectonic history of the terrane is
equivocal.

Our field party consisted of Margaret N. Rees (stratigra-
pher), Ernest M. Duebendorfer (structural geologist), Donald
J. Thorstenson (graduate student), and Lucylle J. Smith
(mountaineer). On 22 November 1993, an LC-130 aircraft with
a VXE-6 crew put us into the field on the Balish Glacier
(79 0 24'06"S 84 0 32'22"W) near the fuel cache left by a
1992-1993 U.S. party and near four 55-gallon drums of motor-
gas that were air dropped during a reconnaissance flight on
12 November 1993. Over the next 30 days, we used four snow-
mobiles and four Nansen sledges to transport gear and estab-
lish five temporary camps (figure 1). We met briefly with Mike
Curtis (structural geologist) and Brian Hull (mountaineer) of
the British Antarctic Survey. We were pulled out of the field
on 24 December, leaving only the nearly buried drums from
the 1992-1993 expedition.

The northern Heritage Range is dominated by lower
greenschist facies metasedimentary and metavolcanic rocks
of the Cambrian Heritage Group and the Late Cambrian to
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Figure 1. Index map of field area in the northern Heritage Range,
Ellsworth Mountains, Antarctica. Triangles are camp sites. Small filled
circles are peaks. Dashed lines are snowmobile routes. Solid square
is put-in site.
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Devonian Crashsite Group (figure 2; Craddock et al. 1986;
Webers et al. 1992, pp. 9-21; Sporli 1992, pp. 21-36) that
record three phases of folding, the earliest of which had not
been reported previously. Evidence for this deformational
event includes
• a west-northwest-striking, moderately north-dipping

cleavage and mesoscopic folds in the Middle Cambrian
Springer Peak Formation that are cut by the dominant
north-northwest-striking cleavage;

• the presence of rotated xenoliths of phyllite interpreted as
fragments of the Springer Peak Formation within a Devon-
ian stock (369±18 million years ago: rubidium/ strontium
whole-rock isochron date, Vennum et al. 1992, pp.
295-324) that carries a later north-northwest-striking
cleavage; and

• the presence of strongly cleaved phyllite clasts within basal
conglomerate beds of the Crashsite Group.

Goldstrand et al. (1994) reported that the Crashsite Group
disconformably overlies the middle Late Cambrian Minaret
Formation and attributed the unconformity to the Ross
Orogeny. The present data, however, can constrain the tim-
ing of the early phase of deformation only to postdeposition
of the late Middle Cambrian Springer Peak Formation and
predeposition of the Crashsite Group. The basal Crashsite is
very poorly dated: the beds are certainly older than Devonian
and may be as old as late Late Cambrian (Shergold and
Webers 1992, pp. 125-168). Given present data, it is permissi-
ble to attribute the deformation reported here to the Ross
Orogeny.

The second deformational event, which produced the
dominant structural trend in the northern Heritage Range, is
defined by north-northwest-trending folds and an associated
subvertical axial planar cleavage. This deformation has been
attributed to the Triassic Ellsworth Orogeny (Craddock 1983,
pp. 449-455). We have recognized two previously unreported
east-vergent thrusts that are associated with this period of
deformation: the Hurst Peak thrust and the Conglomerate
Ridge shear zone. The latter fault dips moderately northwest
and is marked by a 10- to 30-meter-wide cataclasic zone that
records west-side-up, dextral movement. Large domains of
east-dipping axial planar cleavage suggest opposite vergence
for structures east of the Balish Glacier. Second-phase folds
plunge variably to the northwest or southeast and may reflect
post-D2 regional warping about approximately east-trending
fold axes as suggested by Sporli and Craddock (1992, pp.
375-392).

Our structural data and the recognition of an early Paleo-
zoic phase of folding indicate that previously described
stratigraphy in the Heritage Range (figure 2) needs to be
refined. For example, the Drake Icefall area had been inter-
preted as a simple west-dipping homocline with a con-
formable stratigraphic succession (Craddock et al. 1986;
Webers et al. 1992, pp. 9-21). Where we observed the Drake
Icefall Formation, its base was highly sheared and the contact
with the Union Glacier Formation appeared to be faulted. The
contact of the "lower" and "middle units" also appeared to be
faulted. The "lower unit" has yielded no fossils and carries
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Figure 2. Generalized stratigraphic section for the Ellsworth Moun-
tains (after Webers, Craddock, and Splettstoesser 1992, PP. 1-9;
Webers et at. 1992, pp. 9-21).

neither original sedimentary textures nor fabrics. Therefore,
the stratigraphic position of this unit is uncertain. The "mid-
dle unit" is also strongly sheared and highly folded. It is com-
posed predominantly of thin-bedded black limestone and
calcareous shale, and our preliminary faunal data suggest a
middle Cambrian age (Robison personal communication).
The previously reported Middle Cambrian fauna from this
unit (Jago and Webers 1992) came from one of the "pod-like,
light-gray to black limestone lenses" (Webers et al. 1992, p.
15). We interpret the contact of these pod-like units with the
thin-bedded limestone and shale succession as faults. There-
fore, their stratigraphic position is uncertain, although at least
one of them is Middle Cambrian in age (Jago and Webers
1992, pp. 101-124). The uppermost exposures of the "Drake
Icefall Formation" is an argillite with sandstone succession
that is indistinguishable from parts of the Spring Peak Forma-
tion. This upper unit is faulted against the "middle unit of the
Drake Icefall Formation" on one side, and along its other
margin, it is juxtaposed against the Conglomerate Ridge For-
mation by the Conglomerate Ridge tectonite zone. The age
and stratigraphic position of this unit is unconstrained. Previ-
ously recorded west-dipping bedding attitudes within the
Conglomerate Ridge Formation are attitudes of metamorphic
cleavage; bedding attitudes dip gently east. Thus, in the Drake
Icefall area, the stratigraphic relationships are still uncertain.

Our structural and stratigraphic fieldwork revealed sev-
eral features that are evidence for an early Paleozoic deforma-
tional event, possibly resulting from the Ross Orogeny. Ongo-
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ing paleontologic, microstructural kinematic analysis, and
argon-40/argon-39 and uranium! lead geochronologic inves-
tigations will constrain more closely the timing and kinemat-
ics of this deformational event. If deformation resulted from
the Ross Orogeny as we suspect, then the structural history of
the Ellsworth Mountains is much more similar to that of the
Transantarctic Mountains than previously proposed.

This research was supported by National Science Foun-
dation grants OPP 92-20395 and OPP 93-12040.
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Geologic investigations in the Shackleton Range and Coats
Land nunataks, Antarctica

IAN W.D. DALZIEL, MARK A. HELPER, FREDERICK E. HUTSON, and STEPHEN W. GRIMES, Department of Geological Sciences
and Institute for Geophysics, University of Texas, Austin, Texas 78712

R
ecent global plate reconstructions for the Neoproterozoic
(Daiziel 1991; Hoffman 1991; Moores 1991) suggest that

prior to the latest Precambrian to Cambrian amalgamation of
Gondwana, the east antarctic craton was the core of an earlier
supercontinent, Rondinia, whose break-up gave rise to North
America. Our research tests this hypothesis by comparing the
Precambrian geology of crustal provinces in North America
and East Antarctica that the plate reconstructions suggest
were once contiguous. The reconstructions start from the
premise that two, distinct, Precambrian crustal provinces of
the southwestern United States, the 1.8-1.6 billion-year-old
Yavapai-Mazatzal and the 1.3-1.0 billion-year-old Grenville
orogens, have equivalents in the Weddell Sea region of the east
antarctic craton. Although previous work by British, German,
and Russian geologists (cited below) has identified rocks of the
former age range in the Shackleton Range and of the latter in
nunataks along the Weddell Sea coast in Coats Land (Bertrab
and Littlewood Nunataks), existing data are insufficient to test

the hypothesis thoroughly. To facilitate a more detailed com-
parison, we spent 6 weeks examining and sampling the rocks
of these regions. A major goal of the work at both locations was
the collection of well-characterized suites of samples suitable
for petrologic, isotopic, and paleomagnetic study.

Fieldwork during the 1993-1994 field season was con-
ducted from an LC-130-placed tent camp on Recovery Glac-
ier, approximately 3 kilometers south of Watts Needle in the
Read Mountains of the Shackleton Range (figure). The field
party consisted of Ian W.D. Dalziel, Mark A. Helper, Frederick
E. Hutson, and Stephen W. Grimes and mountaineers Andy
Harris and John Roberts. The camp was supported for 10 days
early in the season by Twin Otter, which provided transport to
the Coats Land nunataks and allowed 5 days of reconnais-
sance work in the Shackleton Range in areas remote from the
camp. These included reconnaissance study and sampling of
sites near the eastern end of the Pioneers Escarpment and the
northern side of the Read Mountains, a site in the central Her-
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bert Mountains, and sites at the northern ends of the Otter
and Haskard Highlands and at Mount Sheffield in the La
Grange Nunataks. Fieldwork during the remainder of the sea-
son was by Ski-Doo and sledge-supported ground traverses
from the Recovery Glacier camp. Ancillary camps established
during extended trips included a temporary camp near
Mount Wegener in the Read Mountains and a succession of
temporary camps established during a 2-week traverse to the
La Grange Nunataks, Haskard Highlands, and Stephenson
Bastion.

Prior work on the Grenville-age igneous rocks of the
Bertrab and Littlewood Nunataks (Eastin and Faure 1971;
Marsh and Thomson 1984) suggests that these rocks have not
been affected by a Ross-age (approximately 500 million years)
thermal overprint and, thus, that they may preserve a primary
magnetization. Comparison with extensive North American
paleomagnetic reference data for the same time period could,
thus, provide a test of the proposed reconstructions. To
examine this possibility, we collected hand specimens and
approximately 90 oriented rock cores of granophyre and rhy-
olite from both groups of nunataks for paleomagnetic analysis
and uranium-lead zircon geochronometry. Recently com-
pleted paleomagnetic analyses of these samples indicates an
exceptionally well-defined primary magnetization that yields
a pole position that, within the framework of the plate
restoration suggested by the Dalziel (1991), is not far from the
North American Grenville apparent polar wander path for this
time period (see Gose et al. 1994). These data are thus consis-
tent with, and lend support to, the suggested Neoproterozoic
plate reconstructions.

In the Shackleton Range, a major focus of study was the
Paleo- to Mesoproterozoic basement gneisses and granitoids
of the Read Mountains and their Neoproterozoic to Lower
Cambrian sedimentary cover (Clarkson 1982; Marsh 1983a,
pp. 190-193; Pankhurst, Marsh, and Clarkson 1983, pp.
176-182; Buggisch et al. 1990). Basement rocks in the Read
Mountains have previously yielded rubidium-strontium
whole-rock ages within the range of those of the Yavapai-
Mazatzai province in the southwestern United States and,
although in part at higher grade, appear lithologically similar.
The fabric of the gneisses throughout the Read Mountains is
dominated by a steeply north-dipping mylonitic foliation
with kinematic indicators consistently indicative of a reverse
shear sense. This fabric least affects migmatites in the north-
ernmost exposures and is most strongly developed in ortho-
and paragneisses in central portions of the range. The fabric is
locally cut by at least two generations of shallow to steep brit-
tie faults and by discordant felsic and mafic dikes and veins.
Attitudes of these features were measured throughout the
range and samples of basement units representing the spec-
trum of cross-cutting relations and compositions were col-
lected for uranium-lead geochronometry and neodymium,
strontium, and lead isotopic characterization.

The sedimentary cover sequence of the Read Mountains
includes the Neoproterozoic Watts Needle Formation. The
Watts Needle Formation rests depositionally on Read Moun-
tain basement and, at two localities along the southern
mountain front, is not appreciably deformed or metamor-
phosed (Clarkson 1984; Buggisch et al. 1990; Paech, Hahne,
and Maass 1991). Stratigraphic sections at both of these loca-
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tions were measured and sampled in detail. Hand specimens
and oriented rock cores, keyed to the measured sections, will
be used in an integrated paleomagnetic, stable isotopic and
geochemical study of this sequence in order to establish a
more precise age and provide a basis for comparison with
similar sequences elsewhere. Additional work in the cover
sequence of the Read Mountains and elsewhere in the Shack-
leton Range included
• sampling, clast counts, and analysis of sedimentary struc-

tures in the overlying Turnpike Bluff and upper Blaikiock
Glacier Groups;

• study of cleavage/ bedding relationships and folding in the
Turnpike Bluff Group; and

• measurement of stratigraphic sections and collection of
oriented samples for paleomagnetic analysis in the lower
Blaiklock Glacier Group at Mount Gass and Mount Proven-
der and in conglomerate of the upper Blaikiock Group at
Trey Peaks, Otter Highlands.

In the northern Shackleton Range, tectonically inter-
leaved basement and high-grade metamorphic cover of the
Shackleton Range Metamorphic Complex (Clarkson 1982;
Marsh 1983a, pp. 190-193) were examined and sampled dur-
ing a 2-week traverse through the La Grange Nunataks and
Haskard Highlands. Most of the basement and supracrustal
metamorphic units recognized by Marsh (1983b, 1984) were
sampled for uranium-lead geochronometry to establish pro-
tolith and metamorphic ages for the complex and to assess
the ages and relationships between fabric formation, thrust-
ing, and metamorphism.

This research is supported by National Science Founda-
tion grant OPP 91-17996. We wish to thank Antarctic Support
Associates, U.S. Navy personnel, and Captain Harry Hanlan
and his Twin Otter crew of Ken Borek Air Ltd. for their efforts
in support of our work. Special thanks go to the personnel of
the Instituto Antartico Argentino station Belgrano II for their
gracious hospitality, to Werner Buggisch, who kindly provided
a geologic map of the Read Mountains resulting from his work
with the German Antarctic program, and to Peter Clarkson of
the Scientific Committee on Antarctic Research for advice on
LC-130 landing sites and logistics.
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How important is late Cenozoic tectonic and volcanic activity
in the west antarctic rift system on the dynamics of the west

antarctic ice sheet?
JOHN C. BEHRENDT, U.S. Geological Survey, Federal Center, Denver, Colorado 80225

THE GERMAN ANTARCTIC NORTH VICTORIA LAND EXPEDITION (GANOVEX) GROUP
THE CORRIDOR AEROGEOPHYSICS OF THE SOUTHEAST Ross TRANSECT ZONE (CASERTZ) GROUP

T
he asymmetric rift system is marked by a 3,000-kilometer
(km) long, 4- to 5-km-high rift shoulder escarpment (fig-

ure) which extends along the Transantarctic Mountains from
northern Victoria Land to the Horlick Mountains, thence to the
Ellsworth Mountains. Behrendt and Cooper (1991) suggested
that episodic uplift rates of the order approximately 1 km per
million years of the highest sections of the rift shoulder might
have a climate-forcing effect on antarctic glaciation; the onset
of late Cenozoic rift activity and antarctic glaciation are
approximately coincident. This interpretation is controversial,
however (Wilch et al. 1993; Behrendt and Cooper 1994). The
alkaline volcanic activity (LeMasurier 1990) started in the late
Cenozoic (about Oligocene time) and continues to the present;
it is possibly mantle plume related (Behrendt et al. 1991, 1994).
No part of the rift can be considered inactive. Numerous expo-
sures of hydroclastic volcanic rocks are interpreted as evidence
of subglacial eruption (LeMasurier 1990), and the active sub-
glacial volcano in the CASERTZ survey (Blankenship et al.
1993) indicates volcanic activity beneath the west antarctic ice
sheet today. Microearthquakes of probable tectonic origin are
reported to occur every 2 days and are interpreted as being
associated with rifting in the Victoria Land basin (Behrendt et
al. 1991). An Mb 5.3 earthquake occurred (U.S. Geological Sur-
vey, unpublished data, 1994) on the northwest Ross Sea conti-
nental margin; the earthquake had both normal and strike slip
components, subparallel to the west antarctic rift system fab-
ric, in an extensional stress regime.

Aeromagnetic surveys (made in 1984-1985, 1990-1991, by
GANOVEX-USGS and 1991-1992, by CASERTZ) over widely
separated areas of the largely ice- and sea-covered west antarc-
tic rift system reveal similar patterns of magnetic anomalies.
These data combined with more than 100,000 km of widely
spaced aeromagnetic profiles, vertical incidence, and large off-
set seismic data in the Ross Sea and radar ice sounding meas-
urements over the west antarctic ice sheet control and extend
the magnetic interpretations from the detailed surveys. Linear
magnetic rift fabric and numerous semicircular, high-ampli-
tude anomalies having sources essentially at the base of the ice
and sea floor, which appear to be magnetized in approximately
the present field direction, are evidence of extensive late Ceno-
zoic(?) volcanism (having high Q magnetizations). The similar-
ity of the magnetic anomaly patterns over the west antarctic
ice sheet (CASERTZ aeromagnetic survey) constrained by radar
ice sounding to the aeromagnetic surveys in the Ross Sea area
data allows extension with some confidence of our volcanic rift
interpretation to this totally geologically unsampled area.

Glacially smoothed volcanic edifices and associated sub-
volcanic intrusions overlie and penetrate respectively the
youngest sedimentary rocks (for example, Cooper et al. 1987,
pp. 27-76) in the Victoria Land Basin area, as imaged by
marine seismic reflection data (Behrendt et al. 1991). We con-
sider this as evidence that these volcanic rocks erupted
beneath, or at least were subsequently covered by, moving
grounded ice which covered the present continental shelf
north of the Ross Ice Shelf. In contrast are several volcanic edi-
fices and inferred fault scarps in the same area defined by seis-
mic reflection profiles that give the appearance of never having
been overlain by moving grounded ice. We interpret these fea-
tures as evidence of Holocene tectonic and volcanic activity.

The active approximately 3,800-meter high Mount Erebus
and most of Ross Island have not been eroded, in contrast to
an obviously eroded (the ice shelf is not grounded now) sub-
marine -subglacial volcano interpreted from a circular 50-km
wide, 725-nanotesla anomaly, 130 km east of Ross Island.
Probably the volcanic source was overlain by more rapidly
moving grounded ice (an ice stream?) during previous maxi-
mum glaciations.

In a similar manner, we interpret the topographic expres-
sion of the active subglacial volcanic peak, imaged by
CASERTZ radar ice sounding data (Blankenship et al. 1993),
which lies in the catchment basin (Blankenship et al. 1993), of
the very rapidly moving ice streams draining the WAIS (Alley
and Willans 1991; Bindshadler and Scambos 1991). This 6-kin-
wide, 600-meter-high peak sits atop an approximately 35-km-
wide volcano interpreted from a 400-nanotesla-magnetic
anomaly having a smoothed topographic expression.
(Behrendt et al. 1994). We infer that as the grounded ice moves
over the active volcano, it continuously erodes the small peaks
[likely easily eroded hyaloclastite and pillow breccia (LeMa-
surier personal commununication; Borg personal communica-
tion)] that are episodically erupted beneath the ice sheet
(Behrendt et al. 1994). The CASERTZ survey over this active
volcano, is essentially a "snapshot" of conditions that exist and
have existed beneath the west antarctic ice sheet over the Byrd
Subglacial Basin episodically since about Oligocene time and
were present on the Ross Sea continental shelf prior to the last
deglaciation.

Seismic-reflection and radar ice-sounding data are inter-
preted (Behrendt et al. 1991, 1994) as indicating glacial erosion
of volcanic peaks erupted beneath the ice sheet in several
places, suggesting this is a general case. Behrendt and Cooper
(1991) suggest a possible synergistic relationship between the
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high uplift rate of the rift shoulder and antarctic glaciation
which is generally coincident in late Cenozoic time. We know
that there is some associated submarine and subglacial activity
today and has been for the coincident period of apparently
episodic late Cenozoic glaciation. Behrendt (1992) and
Blankenship et al. (1993) speculate on the effect of this sub-
glacial volcanism on the dynamics of the west antarctic ice
sheet, but the mechanism of any possible influence remains
controversial.

This work was supported by National Science Founda-
tion grants OPP 89-19100, OPP 89-19661, and OPP 92-03170.
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Figure 1. Location of samples and drill cores discussed in this paper, superimposed on west
antarctic bathymetry (after Drewry 1983). The solid white line traces the Siple Coast grounding line;
the dashed white line traces the ice shelf edge. Line AA, which follows the trough associated with
ice stream C (which is currently stalled, according to Whillans, Bolzan, and Shabtaie 1987) and the
Central Trough of the Ross Sea, refers to the interpretive cross-section shown on figure 2.

A speculative stratigraphic model for the central
Ross embayment

REED P. SCHERER , Department of Geology and Geography, University of Massachusetts, Amherst, Massachusetts 01003

*Present address: Institute of Earth Sciences, Uppsala University, Uppsala, Sweden.

T
he general character and geometry of sediments of the
Ross Sea are known from extensive seismic surveys (e.g.,

Anderson and Bartek 1992, PP. 231-264) and stratigraphic
drilling during Deep Sea Drilling Project (DSDP), leg 28 (sites
270-273) (Hayes and Frakes 1975, pp. 919-942; Savage and
Ciesielski 1983, pp. 555-559), Cenozoic Investigations of the
Ross Sea-1 (CIROS-1) (Barrett 1989), and McMurdo Sound
Sediment and Tectonic Studies-1 (MSSTS-1) (Barrett and
McKelvey 1986), as well as numerous piston and gravity cores
across the Ross Sea. In contrast, the stratigraphic record
beneath the west antarctic ice sheet and Ross Ice Shelf is very
poorly known. Data available from beneath the Ross Ice Shelf
and the west antarctic ice sheet include limited seismic and
other geophysical surveys (for example, Bentley and Clough
1972, pp. 683-691; Rooney et al. 1991, pp. 261-266) and few
sub-ice sediment samples that have been recovered from
three sites in the southern Ross embayment, south of the Ross
Ice Shelf barrier.

Available sub-ice sediments from the Ross embayment
include 53 short gravity cores recovered from beneath the
southern Ross Ice Shelf during the Ross Ice Shelf Project
(RISP) (Webb et al. 1979), sediments recovered from Crary Ice
Rise (CIR) during the 1987-1988 field season (Bindschadler,
Koci, and Iken 1988), and sediments recovered from beneath
ice stream B in the vicinity of the Upstream B camp (UpB)
(Engelhardt et al. 1990) during five field seasons on the ice
sheet (figure 1). All of the recovered west antarctic interior
sediments are glacial diamictons containing a mixture of par-
ticles, including diatom fossils derived from deposits of vari-
ous Cenozoic ages (Scherer 1992).

The diatoms in RISP, CIR, and UpB include mixed assem-
blages derived from marine strata of different ages, providing
evidence of eroding or eroded strata that exist or existed near
to or upstream from the sample site (Harwood, Scherer, and
Webb 1989; Scherer 1992). The dominant age within a marine
till most likely reflects locally derived source beds. A diatom

age that is relatively rare may reflect
more distal provenance. RISP sedi-
ments contain abundant diatoms
with a strong dominance of diatoms
derived from lower Miocene sedi-
ments, including abundant sediment
clasts of lower Miocene age. This
suggests a local source of eroding
lower Miocene strata. Middle and
upper Miocene diatoms are present
in RISP sediments, but they are less
abundant than lower Miocene
diatoms, suggesting transport from
their original up-glacier source beds
(Harwood, Scherer, and Webb 1989;
Scherer 1992). CIR sediments, recov-
ered from the down-glacier side of a
bathymetric high, contain abundant
diatoms with a strong dominance of
upper Miocene diatoms including
diatomaceous clasts of this age, and
relatively rare middle and lower
Miocene diatoms (Scherer et al.
1988; Scherer 1992). Unequivocal
Pliocene and younger diatoms have
not been found in recent studies of
either RISP or CIR sediments,
although an earlier study reports
Pleistocene diatoms in RISP sedi-
ments (Kellogg and Kellogg 1986).
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Sediments recovered from Upstream B contain few
diatoms, though total diatom abundance varies between sed-
iments collected during different field seasons. The sparce
and highly fragmented diatom assemblages present in
Upstream B sediment samples are dominated by diatoms
typical of upper Miocene antarctic deposits. Unlike RISP and
CIR, the furthest-south sample (Upstream B 1988-1989)
(83 029'S) contains rare Pliocene and Pleistocene diatoms, in
addition to the far more common upper Miocene forms
(Scherer 1991, 1993). The occurrence of post-Miocene
diatoms in subsequent Upstream B samples is equivocal,
pending further study. The occurrence of post-Miocene
diatoms in sediments from UpB 1988-1989 (Scherer 1993)
gives strong evidence of open marine conditions in the west
antarctic interior (ergo no ice sheet) during certain
Pliocene-Pleistocene intervals. The rare Pliocene and Pleis-
tocene diatoms recovered from sample UpB 1988-1989
(Scherer 1991, 1993) were transported to the sample site from
further upstream, probably within the basal water conduit
system that actively flushes sediment-laden water beneath
the west antarctic ice sheet from the interior toward the
grounding line (Scherer 1993).

Seismic surveys and stratigraphic drilling on the conti-
nental shelf of the Ross Sea offer compelling evidence that
massive volumes of late Neogene sediments have been eroded
from the west antarctic interior by advancing grounded ice
during previous glacial maxima. These sediments were
deposited near the Ross Sea continental shelf edge, where
thick packets of glacial sediment are preserved (Cooper et al.
1991, 1993, pp. 75-98; Anderson and Bartek 1992). The glacial
erosion exposed Miocene sediments near the top of the strati-
graphic column, beneath a thin layer of till that blankets the
Ross embayment from Up-
stream B (Scherer 1991,Zone

Zone 	.2:1992) to the central Ross Sea
(Savage and Ciesielski 1983,
pp. 555-559). Little in situ
Pliocene or Pleistocene
strata is preserved in the
southern Ross embayment.
The outer Ross Sea conti-
nental shelf is characterized
by seaward-dipping (pro-
graded) glacial and glacial-
marine strata, including
considerable thicknesses of
Plio -Pleistocene sediments
(Cooper et al. 1991; Ander-
son and Bartek 1992, pp.
231-264).

Available biostrati-
graphic, geophysical, and
glaciologic data have been
compiled and a schematic
stratigraphic cross-section
along a transect across the
Ross embayment has been

developed (figures 1 and 2). The model (figure 2) proposes
that a stratigraphic record of episodic marine sedimentation
in the west antarctic interior, including a discontinuous
Pliocene and Pleistocene marine record, is preserved beneath
slow-moving interior ice in the deep basins (for example, the
Bentley Trough, which reaches more than 2,500 meters below
sea level), where glacial erosion has likely been less intense
than on the continental shelf (zone 1). Extensive erosion of
late Neogene sediments is evident across the Ross embay-
ment continental shelf (average depth between 500 and 600
meters below sea level). Erosion is active beneath the lower
part of the catchment area (zone 2) and is strong beneath an
active ice stream (zone 3). Sediments are deposited as a "till
delta" at the grounding line, following the model of Alley et al.
(1989) (zone 4). Beyond the current grounding line lie relict
glacial and active glacial-marine sedimentary facies beneath
the ice shelf (zone 5) and across the open continental shelf to
the continental margin (zone 6). The Pleistocene history of
the floor of the Ross embayment is dominated by glacial ero-
sional events across the inner shelf, leaving little record of
intervals of marine deposition. The Pleistocene record of the
outer shelf includes net deposition of glacial and marine
strata. The model (figure 2) is of a dynamic system, conse-
quently the positions of the zonal boundaries shift with
advance and retreat of the grounding line.

Figure 2 is a vastly oversimplified, broad-stroke model,
ignoring such critical elements as structural geology and
stratigraphic discontinuities below the upper few meters.
Thus, it must not be read as a literal interpretation. Instead,
the model is meant to provide an explanation for the distrib-
ution of microfossils that are known from the Ross embay-
ment, including proposing an explanation for the apparent

ZoneZone 3	A	Zone 5

UpB	FISP

Zone 6

DSDP LEG 28
Site Site Site
270 272 271

l-----f--Sea Level--

A'

Figure 2. A conceptual (and highly speculative) cross-sectional model for line A-A' of figure 1. The schematic
model is divided into six zones: inland ice (zone 1), catchment (zone 2), ice stream (zone 3), till delta (zone 4),
ice shelf (zone 5), and open marine continental shelf (zone 6). Zone 4 is highly exaggerated, to show detail.
The cross-section is built from biostratigraphic, seismic stratigraphic, lithostratigraphic, and glaciologic data
available from the Ross Sea and the ice-covered portions of the Ross embayment.
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absence of Pliocene and Pleistocene diatoms beneath most
of the Ross embayment. The model is consistent with avail-
able stratigraphic, sedimentologic, and geomorphic data
from the Ross embayment. Despite the paucity of data, the
cross-section presents a hypothesis regarding the stratigra-
phy that may be preserved in the Ross embayment, including
the Bentley Trough. The model can (and, I hope will) be
tested in the coming decade(s?). Testing this model will
require additional sub-ice sampling in the deep interior
basins and the development of stratigraphic drilling beneath
thick glacial ice.

This research was supported by National Science Foun-
dation grants OPP 92-20413 and OPP 94-96169.
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Volcanic activity and seismicity of Mount Erebus, 1986-1994
RAYMOND R. DIBBLE, Victoria University of Wellington, Wellington, New Zealand

PHILIP R. KYLE and MICHAEL J. SKOV, Department of Geoscience, New Mexico Institute of Mining and Technology, Socorro,
New Mexico 87801

M
ount Erebus, a 3,794-meter (m) high, active volcano on
Ross Island, Antarctica, has a permanent lake of molten

anorthoclase phonolite magma in its inner crater. A 3-month
period of sustained large strombolian eruptions starting in
September 1984 buried the lake and ejected over 100,000
cubic meters of phonolite bombs and other ejecta. Since

1985, when the lava lake was exhumed, small strombolian
eruptions have occurred at rates of between zero and at least
eight per day. Between December 1986 and December 1990,
Victoria University of Wellington maintained surveillance of
the lava lake (when cloud and solar battery power allowed)
from a videocamera situated on the north rim of the main

ANTARCTIC JOURNAL - REVIEW 1994

11



crater (Dibble et al. 1988). The video signal was radioed to
Scott Base using a teleyision transmitter where it was
recorded on videotape. Following are brief descriptions of the
volcanic activity and changes in the lava lake recorded using
the video monitoring system and ground-based surveillance
made during austral summer field seasons.

In 1986-1987, there was one incandescent lake 2-10 m in
diameter near the center of the inner crater. It exploded like a
cannon about three times per day. By the austral summer of
1987-1988, the lake was on the north side of the inner crater.
It was 10 m in diameter and erupted large bursting globules of
magma. A much smaller lava pool, which rarely erupted,
formed near the south side of the inner crater, and near the
northwest side, steam revealed a third vent, which was hidden
from the videocamera. A camera failure limited surveillance
during the austral summer of 1988-1989 until January 1989. At
that time, the north and south lakes were almost frozen over,
but in February, a lava flow from the south pool formed a lake
at least 15 m long. In April, both lakes were about 5 m across.
By November 1989, a fauklike crack had appeared at the base
of the west wall of the inner crater, and the floor appeared to
be subsiding on the north side. The south lake was 13 m
across and rarely erupted, but east-to-west magma convec-
tion within the lake was common. The north lake was again
frozen over, but between 18 and 25 December 1989, lava
flowed north-northwest from it. After this, frequent small
explosions occurred from the hidden northwest vent until
mid-January. A line of small incandescent vents formed
between the south and north lakes in March 1990, ending on
26 March at 10:00 universal time (UT) in a violent explosion,
which joined all the lava lakes into one of 25 m diameter (fig-
ure 1, left) with flow toward the north. This persisted until TV
transmission ceased on 19 April 1990. When video transmis-
sion resumed on 10 November 1990, a new solid flat lava floor
had formed above that observed in March 1990. The north
and south lakes had been reestablished in shallow pit craters

(figure 1, right) and were about 10 m in diameter. Again, erup-
tions were from the north lake, which convected less than the
south lake. The TV station was dismantled on 11 December
1990. No observations were made during the 1991-1992 field
season. In the 1992-1993 field season, rare small strombolian
eruptions occurred from two small lakes generally similar to
those observed in November 1990.

On 19 October 1993, two large phreatic eruptions
occurred. These are the first ever recorded at Mount Erebus,
and they showered the north crater rim with pulverized
hydrothermally altered debris. The eruptions formed a new
crater about 50x20 m across near the edge of the main crater
floor above the lava lakes (figure 2). The earthquakes that
accompanied the eruptions gave seismograms with cigar-
shaped envelops and had durations of around 1 minute. The
earthquakes were well recorded by a seismometer at
McMurdo Station. A helicopter piloted by Lt. Bob Brodin was
flying along the flank of Mount Erebus at an altitude of about
1,850 m and recorded the first eruption at about 16:46 (local
time). The crew observed a black mushroom-shaped cloud
rising vertically about a thousand meters above the crater.
Wind dispersed the cloud to the north.

An array of six vertical 1 -hertz seismometers monitors the
seismicity associated with the volcanic activity. The data from
the array are recorded at the Mount Erebus Volcano Observa-
tory (MEVO) at McMurdo Station using helicorders and a PC
computer running XDETECT, an International Association of
Seismology and Physics of the Earth's Interior (IASPEI) event-
recording program. The digital recordings are automatically
transferred to a Sun workstation and (after compression) sent
to New Mexico Institute of Mining and Technology and Victo-
ria University via the Internet, utilizing the STARS communi-
cation link between Antarctica and the United States. This
allows year-round study of the volcano.

From December 1993 to June 1994, high-quality record-
ings of two or more seismic events per day have been made.

Figure 1. Scenes from the TV surveillance tape showing (left) the enlarged lava lake at 0446 UT on 13 April 1990 and (right) the two pools of lava
in the new solid lava floor at 2300 UT on 30 November 1990. The view is from the north rim of the main crater and is 38 m wide at the distance of
the lava lakes.
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Figure 3. Contours of seismic P velocity in the model obtained by interpolation and
smoothing of the values determined on each depth plane. A. At 1.5 km above sea
level. B. At 1.5 km below sea level. C. At 4.5 km below sea level. Left: First iteration.
Right: Second iteration using corrected hypocenters.

- 2-	 These result from small erup-
tions and earthquakes scattered

.	 throughout the volcano to
depths of 10 kilometers (km)
below the summit. A provisional
three-dimensional seismic veloc-
it  structure clown to LZ Km
I)elow the summit of Erebus vol-
cano has been obtained (Luo and
l)ibble 1994) by a traveltime
inversion technique similar to
i\kj and Lee (1976). A three-

______ dimensional grid model of the
velocity structure was defined at
9 points on each of three 15-km
square planes at depths of -1.5,
1 .5, and 4.5 km below sea level
(BSL). A three-dimensional ray
tracing routine (Cerveny, Mimes,
and Psencik 1988, pp. 89-169)
was used to calculate traveltimes

Figure 2. View southward across the crater floor of Mount Erebus, showing a new crater formed by the through the model Velocity d
two phreatic eruptions that occurred on 19 October 1993. In the foreground is the wall to the inner	 .	.7

crater, the site of the permanent convecting lava lake of anorthoclase phonolite magma. Behind the new location corrections were solved
crater is the main crater floor. The crater is over 50 m in diameter.	 simultaneously. Figure 3 shows

contours of final P velocity on the
three planes. The average velocities over the
grids are 3.9±0.1 kilometers per second (km/ s) at
-1.5 km BSL, 4.1±0.1 km/s at 1.5 km BSL, and
4.5±0.1 km/s at 4.5 km BSL. In addition, there
are horizontal velocity variations of up to 20 per-
cent. The plane at 4.5 km BSL has an area of
lower velocity about 5 km across centered below
the crater. It could be a magma chamber of
rather lower velocity and diameter than shown
in the figure. The plane at 1.5 km BSL has a less
symmetrical area of low velocities extending
from beneath the lava lake toward the Hut Point
Peninsula. The top plane 1.5 km above sea level
shows no sign of a low-velocity region below the
lava lake. The diameter of the conduit at this
depth must be much less than the 5-km resolu -
tion of the study.

The rapid availability of digital seismic data
from Mount Erebus not only increases our abil-
ity to provide effective volcanic monitoring but
also enhances our ability to build a large data-
base through which an improved velocity model
might be created.

This research was supported by National
Science Foundation grant OPP 91-18056. Victo-
ria University of Wellington supported the
tomography study and the TV surveillance. We
greatly appreciate the tremendous support from
the VXE-6 helicopter squadron and the Berg
Field Center staff of Antarctic Support Associ-
ates. Lt. Bob Brodin kindly provided photos of
one of the 19 October 1993 phreatic eruptions
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and Bob Mien, U.S. Geological Survey, provided the vertical
air photo of the Erebus Crater.
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Argon-40largon-39 dating of Mount Erebus,
Ross Island, Antarctica

RICHARD ESSER, M. HEIZLER, P. KYLE, and W.C. MCINTOSH, Department of Geoscience, New Mexico Institute of Mining and
Technology, Socorro, New Mexico 87801

M
ount Erebus (77 032'S 167°10'E) is a 3,794-meter high
active volcano overlooking McMurdo Station on Ross

Island, Antarctica. Two major types of rocks dominate Mount
Erebus: a core of less evolved basalt and a carapace of
anorthociase phonolite. The former rock type crops out prin-
cipally on Fang Ridge, an eroded remnant of a proto-Erebus
volcano, and is composed predominantly of plagioclase-
phyric ne-hawalite. Smaller volumes of this rock type outcrop
sporadically on the southwestern flanks of Mount Erebus,
often near the coast. The majority of exposed rock on Mount
Erebus is anorthoclase phonolite which represents the
youngest and current stage of growth. Anorthoclase phonolite
lava flows are exposed around the flanks and inifil the major
summit caldera. The summit cone is mainly composed of
anorthoclase phonolite ejecta erupted by explosive eruptions.
Mechanical disintegration of the bombs has left a lag of
anorthoclase crystals up to 10 centimeters in length. Within
the bombs and lavas, anorthoclase feldspar is abundant
(approximately 30-40 percent) and is often riddled with melt
(glass) inclusions trapped during rapid growth. The high
potassium oxide (1(20) content (3-4 percent), abundance, and
large size potentially make the anorthoclase ideal for argon-
40/argon-39 (40Ar/ 39Ar) dating.

Previous attempts at dating lavas from Mount Erebus
have produced suspicious results. Historically erupted
anorthoclase feldspar phenocrysts yielded conventional
potassium/argon (K/Ar) dates of over 200,000 years (Arm-
strong 1978). Because there is no evidence for xenocrystic
contamination, the anomalously old ages are attributed to
"excess argon" as defined by Dalrymple and Lanphere
(1969). In this study, historically erupted phenocrysts as well
as other samples from Mount Erebus previously dated by
the K/Ar method were re-dated using the more accurate and
precise 40Ar/ 39Ar dating method (Merrihue and Turner
1966).

Anorthoclase and plagioclase feldspars were separated
from phonolite, trachyte, and hawaiite collected from the
summit and flanks of Mount Erebus over several field sea-
sons. Whole-rock separates were also obtained for those
lavas containing no abundant feldspar phenocrysts. All
40Ar/ 39Ar analyses were performed at the New Mexico
Geochronology Research Laboratory at New Mexico Institute
of Mining and Technology in Socorro, New Mexico.

The anorthoclase feldspars from historically erupted
(1984) volcanic bombs, hereafter called summit phenocrysts,
were selected for analysis so that any deviation from an age
of 0 would help identify the source of excess argon. By ana-
lyzing pure vs. glassy summit phenocrysts, a positive rela-
tionship between the chlorine content and the apparent age
of the anorthoclase was discovered (that is, the higher the
chlorine content, the older the age). Because no chlorine is
thought to exist within the feldspar itself, we concluded that
excess argon is associated with the glass melt inclusions
(1,700 parts per million chlorine) present in the anorthoclase
feldspars.

With the excess argon component now identified, it was
desirable to remove as many of the contaminating melt
inclusions as possible from the anorthoclase. In most cases,
older samples containing greater than 5 percent glass often
produced discordant age spectra that were considerably
higher in age than those produced with the same sample of
lower glass content (less than 5 percent). Fortunately, for the
majority of samples displayed in this study, apparent ages
were derived from a "plateau" in the pure samples.

The table shows several dates for Mount Erebus lavas as
determined by the 40Ar/ 39Ar method. A number of these
samples were not analyzed in duplicate; consequently an
accurate measure of their susceptibility to excess argon is not
available. However, pure Mount Erebus samples (approxi-
mately 99 percent anorthoclase) older than approximately
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Summit phenocrysts
Summit phenocrysts
Summit phenocrysts #2
Summit phenocrysts #2
Summit (bomb) glass

Lower Hut flow
Three Sister's cones
Three Sister's cones
Hooper's Shoulder
Hooper's Shoulder cone

Hooper's Shoulder cone
Cape Evans
Cape Evans
Cape Royds
Cape Royds

Cape Barne phonolite
Cape Barne phonolite
Cape Barne phonolite
Cape Barne phonolite
Bomb Peak trachyte

Aurora Cliffs trachyte
Turks Head phonolite
Turks Head plagioclase
Inaccessible Island
Abbott's Peak

48±9a	Excess argon—Too Old
179±16a	Excess argon—Too Old

49±27a	Excess argon—Too Old
641±27a	Excess argon—Too Old
101±16a	Excess argon—Too Old

24±4b	Acceptable
26±2b	Acceptable

11 1±8b	Contamination?
36±4b	Acceptable
32±5b	Acceptable

94±15a	Excess argon
42±4b	Contamination?
32±6b	Acceptable
735b	Acceptable

153±32a	Excess argon

88±3b	Acceptable
91±2b	Acceptable
90±6b	Acceptable
88±4b	Acceptable

159±2 b	Acceptable

197±14a	Acceptable
243±5b	Acceptable
377±5C	Acceptable
542±3b	Acceptable
550±8b	Acceptable

-10

30-40
100

<1
-4

<1

-5

-5
-2
-20

<1
<1
-5
-5
<1

-3
-2
-5

whole rock
<1

Cape Barne basalt	whole rock	1,310±6c	Acceptable

aAges determined from integrated or total gas age (used when no plateau is apparent).
bAges determined from plateau.
CAges determined from isotope correlation diagram.

200,000 years are obviously affected to a lesser degree than
younger samples containing a lower proportion of radiogenic

40Ar139Ar ages for Mount Erebus as determined in this study

argon (40Ar*) to excess argon (40ArE) and are, therefore, taken
to be a truer representation of the actual age of that particu-
_______________________ lar sample. Still, it must be noted

that all the 40Ar/ 39Ar ages pro-
duced from Mount Erebus are
maximum ages owing to the
uncertainty of complete removal
(through sample preparation) of
all excess argon.

Evaluation of these new data
is still in progress; however, it is
apparent that our new age deter-
minations are significantly
younger than those previously
obtained by the conventional
K/Ar method. The evolution and
growth of Mount Erebus may
have been much faster than pre-
viously thought.

This research was supported
by National Science Foundation
grant OPP 91-18056.
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The antarctic crustal profile seismic project,
Ross Sea, Antarctica

ALAN K. COOPER and Guy COCHRANE, U.S. Geological Survey, Menlo Park, California 94025
JIE ZHANG, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

GIuUANO BRANCOUNI, Osservatorio Geofisico Sperimentale, Trieste, Italy
Giuuo PELLIS, University of Trieste, Trieste, Italy

FRANK EGLOFF, Institut für Geophysik, Hamburg, Germany

T
he antarctic crustal profile (ACRUP) project is a multina-
tional seismic experiment that was conducted in the Ross

Sea area during the 1993-1994 austral summer under the aus-
pices of the Italian National Research Antarctic Program
(PNRA). Scientists from five research institutes in Italy, two in
Germany, and two in the United States (the U.S. Geological
Survey and Massachusetts Institute of Technology) partici-

pated in the experiment. This article provides a brief overview
of the project and some preliminary results. More complete
information on the field project is available from Della Vedova
et al. (in press) and Cooper et al. (in press).

The objective of the ACRUP project was to record large-
offset seismic and other geophysical data along a 400-kilome-
ter (km) transect across the tectonic boundary between East
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Figure 1. Map showing locations of drill sites, major structures, and ACRUP seismic transects 1, 2A,
and 213 done during the 1993-1994 austral summer. Letters A to D on transect 1 show shot locations.

and West Antarctica to study the deep crustal structure of the
Transantarctic Mountains and adjacent Victoria Land basin
in the western Ross Sea (profile 1, figure 1). The onshore part
of the experiment was successfully completed, but due to
severe ice-pack conditions in the western Ross Sea, the off -

shore part of the experiment could not be accomplished over
most of the Victoria Land basin. An alternative large-offset
seismic experiment, with ancillary geophysical data, was done
using ocean bottom seismometers (OBS) along a 600-km
transect of the southern Ross Sea, to investigate the crustal
structure of the major rift basins and ridges that lie beneath
the Ross Sea (profiles 2A and 213, figure 1). Although numer-
ous sonobuoy-seismic measurements have been made in the
Ross Sea (e.g., Cochrane et al. 1993, pp. 313-335), large-offset
seismic experiments using OBS to gather information on
lower crust and mantle structure have been done only in the
western and central Ross Sea (e.g., O'Connell and Stepp 1993,
pp. 229-277; Tréhu, Behrendt, and Frisch 1993; Makris et al.
1993, pp. 277-291).

For the onshore part of the ACRUP experiments, several
types of data (in addition to seismic) were recorded; these
data included airborne magnetic, radio-echo-sounding, grav-
ity, and down-hole heat-flow measurements. The seismic
data were recorded along a 150-km east-west profile by 49
three-component seismometers at 3-km intervals (profile 1,
figure 1). The seismometers included 25 digital REFTEK
instruments (12 REFTEK instruments were provided by the
U.S. Geological Survey, on loan from the IRIS-PASCALL proj-
ect) and 24 German-built analog instruments. Global posi-
tioning system receivers were used to establish location, ele-
vation, and time-reference for the seismic stations. The
energy sources for the experiment were four explosion-arrays,
ranging in size from 80-kilogram (kg) to 530-kg explosives,

and offshore shots from a 71.5-liter air-gun array. Due to the
heavy ice, the offshore shooting could be done only at the far
eastern end of the planned transect.

The seismic data from the digital REFTEK instruments
were downloaded onto a SUN workstation at the remote field
camp directly following the experiment. An example of the
data from shot A near the coast (figure 2A) indicates the
absence of sediment beneath the site, where ice is only about
70-100 meters thick, based on radio-echo-sounding data.
Refracted energy with velocities near 6 kilometers per second
(km/sec) arrives at 15 km and beyond, suggesting that high-
velocity crustal rocks are close to the surface. The seismic
responses from shots B, C, and D (not shown) differ from
those of shot A due to a thick ice cover (about 500 m) and likely
thicker continental crust. Abnormally large Raleigh waves
characterize the recordings and are now under study. Once
analog data from German instruments have been digitized
and combined with the REFTEK data, a detailed analysis of the
crustal structure beneath the mountains can be completed.

A small-scale, high-resolution refraction experiment was
also conducted onshore using 10 REFTEK instruments
deployed near the remote camp to investigate the influence of
the upper part of the ice cap on seismic-wave propagation.
Four 1-kg explosions were recorded at 500 samples per second
over distances to about 1,600 m. An example of one shot (fig-
ure 2B) illustrates that seismic propagation in firn and ice (3.8
km/sec for refracted P-wave multiples; 1.8 km/sec for SV-
wave; lower for surface waves) can be distinguished from that
of underlying rock (4.7 km/sec for P-waves) at distances less
than about 1 km. Preliminary full-wave reflectivity studies of
the data indicate that wave propagation in fim and ice is com-
plex, with refracted turning multiples, S-wave generation,
anisotropy, and strong attenuation (Zhang et al. 1994). Ice-

quakes were also recorded dur-
ing the study, and that data will
be used to further refine the
high-resolution structure of
the upper part of the ice cap.

The offshore part of the
ACRUP experiment was con-
ducted aboard the Italian
research vessel R/V Explora.
Several types of geophysical
data were recorded including
ocean-bottom seismometers
(OBS), multichannel seismic
reflection, gravity, and mag-
netic-gradiometer. A 36-air-
gun array with a total volume
of 71.5 liters was used for all
seismic experiments. The U.S.
Geological Survey provided six
digital OBS, and Italy and Ger-
many together made available
more than 30 analog OBS.

During the first part of the
experiment, four OBS were
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deployed near Franklin Island to record data at the far eastern
end of profile 1 (figure 1). Multiple shots were fired as the ship
circled near this location, to provide large-offset data to the

to the southern Ross Sea to record two separate and contigu-
ous OBS transects, each about 300-350 km long. The transects

were placed directly on top
of previously recorded mul-
tichannel seismic-reflection
profiles (BGR-02 and USGS-
404) where shallow crustal
structure was well known.
The first transect was
recorded across the Eastern
basin using 26 OBS, and the
second across the Victoria
Land basin and Central
trough using 30 OBS (pro-
files 2A and 2B, figure 1).
OBS spacing was 10 km, but
on transect 2A, there were
30- and 40-km gaps in OBS
spacing at the far ends of
the transect. After deploy-
ing OBS, the air-gun shots
were fired every 240 m (i.e.,
a shot every 120 seconds)
along the transects. Ten,
out of the 60 OBS deployed,
were not recovered.

The data from the U.S.
Geological Survey digital
OBS were downloaded at
sea and are currently being
processed and evaluated.
Because most OBS data
were recorded by analog
instruments and these data
are currently being digi-
tized, the seismic results of
the crustal transects are still
preliminary. Multichannel
seismic reflection (MCS)
data and gravity data from
this and prior studies
(Cooper, Davey, and Hinz
1991, pp. 285-291) clearly
show that broad sedimen-
tary-rock-filled basins, with
positive free-air gravity
anomalies over the center
of the basins, characterize
the Ross Sea. The MCS data
also show block-faulted
basement structure typical
of rift basins. Prior OBS
studies of the Central
trough (Tréhu et al., 1993,
pp. 291-313) showed that
the positive gravity anom-
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Figure 2. Examples of onshore seismic data. A. Data recorded along ACRUP transect 1. Shot A is near 0 km,
and distances increase to the west. B. High-resolution data recorded near Starr Nunatak remote camp. Dis-
tance from each receiver to the shot is given at left.
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aly is due to high-velocity (high-density) rocks in the lower
crust beneath the center of the basin, rather than to high-
velocity volcanic rocks near the base of the sedimentary sec-
tion. The positive gravity anomaly in the Eastern basin is
more subdued than in the Central trough. Preliminary ray-
trace analysis of data from one OBS in the middle of the East-
ern basin (figure 3) does not show a high-velocity layer in the
lower crust, like the wedge-shape "rift cushion" seen in the
Central trough. Rather, the velocities of about 6.0 to 6.5
km/sec at depths of 7 to 17 km suggest that basement crustal
rocks have a continental affinity, like those recovered at DSDP
site 270 (Hayes and Frakes 1975, pp. 919-942) on the Central
high. The total thickness of the crust under the Eastern basin
is not yet known, and its determination awaits integration of
the other OBS data along the transect.

The ACRUP seismic experiments exemplify the type of
scientific projects that can be accomplished only with exten-
sive cooperation, skilled coordination, and well-organized
planning of international logistic and equipment resources.
Most planning for the project by Italy and Germany was done
in less than 1 year prior to going into the field. The extensive
data sets recorded by the project were made possible by the
careful work of many people and by the graces of the good
weather that prevailed throughout the project. We thank
PNRA for the logistic and technical support for this program.
We also thank the U.S. Antarctic Program and the U.S. Coast
Guard ship Polar Sea for their assistance with the onshore
and offshore parts of the project. This research was sup-

ported in part by National Science Foundation grant OPP 92-
2 1362.
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Thirty years of measurements of sand wedge growth in lower
Wright Valley, Antarctica

MICHAEL C. MALIN, Malin Space Science Systems, Inc., San Diego, California 92191-0148
MICHAEL A. RAVINE, Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California,

San Diego, La Jolla, California 92093-0210

T
roy Pewe first reported the existence of nonsorted poly-
gons with active sand wedges in the McMurdo Sound

region and ice-free valleys, Antarctica (Pewe 1959). Bob
Black, one of the acknowledged U.S. authorities on cold-
region periglacial processes (along with Pewe and Lincoln
Washburn), first visited the area the year following Pewe's
reconnaissance. During the 1960-1961, 1961-1962, and
1962-1963 seasons, Black and his field assistants Tom Berg,
Jim Sullivan, and Peter Vogt established 14 sites on Ross
Island, in the Taylor, Beacon, and Wright Valleys, and at sev-
eral miscellaneous sites (including Marble Point). The pur-
pose of these sites was to monitor the growth of the sand
wedges. In his previous studies in arctic environments, Black
had shown that wedge growth was relatively monotonic;
indeed, he had successfully used wedge growth rate and
transverse dimension to estimate the age of glacial deposits
and periglacial activity affecting them. During the 1963-1964
season, Black and Berg returned to Victoria Land and made
measurements after 1-2 years. Their published results (Berg
and Black 1966, pp. 61-108) indicate preliminary growth
rates of 0.5 to 3.8 millimeters per year, measured over a
year's time.

Black returned several times between 1967 and 1982 to
measure the sites. The tone of his last Antarctic Journal article
(Black 1982), suggested disappointment with the results of the
study, which by 1982 suggested that the growth rate was
highly variable and that, in fact, some wedges were shrinking.
He concluded that only about half the sites had sufficiently
"uniform" growth rates to be of any use in age dating and that
"...many decades of measurement [would be] required to
determine reasonably precise growth rates and ages over the
lives of antarctic polygons" (p. 54).

If a project is truly long-term, death may overtake the
investigator before it is completed. In the case of studies of
nonsorted polygons in Antarctica, the most reasonable suc-
cessor to Black—his co-investigator Tom Berg—died in
Antarctica at a young age: the Berg Field Center is named for
him. Black died in the mid-1980s without making provisions
for the work to continue.

This past field season (1993-1994), during visits to test
sites established 10 years ago to study chemical and physical
weathering in the ice-free valleys and Transantarctic Moun-
tains, we had the opportunity to examine a small number of
Black's sites to see if the wedge growth behavior had changed
over the past 12 years. On 21 January 1994, we spent a day in
the lower Wright Valley looking for, and eventually recover-
ing, three of Black's sites. The sites, designated in Berg and
Black (1966, pp. 61-108) as Wright Valleys sites B, C, and D,

are located immediately north (site C), and south (B, D) of the
Onyx River at the locations shown in table 1.

Site D was 150 meters (m) south-southwest of the cairn at
site B. Latitude and longitude were measured using a Magel-
lan global positioning system receiver; elevation was meas-
ured using a Casio wristwatch altimeter/ barometer calibrated
against the deploying helicopter's altimeters.

Distances between all stakes were remeasured at sites B
and C. Owing to time constraints, only about one-half the
stake pairs were remeasured at site D. The same person read
all measurements. At least three measurements were made,
with a standard error on the order of less than 0.01 centimeter
(cm). Our measurements are probably somewhat worse than
this, and marginally worse than Black's, because we used a
Lufkin 3-rn steel tape measure rather than a low coefficient of
thermal expansion (CTE) metal rule. If the tape measure we
used was imprinted when the tape was at 27°C (about 800F),
and our measurements were made while the tape was -3°C
(close to the actual air temperature measured throughout the
period of wedge measurement), then for a GTE of 12x10 6 per
degree C, the systematic offset of our measurements would be
12x10 6x30x approximately 100 cm or 0.036 cm. Thus, the
results for 1982-1994 shown below are most reasonably accu-
rate only to, say, 0.05 cm.

Using the data presented in Black (1982) and Berg and
Black (1966, pp. 61-108), we computed the average growth
rates for wedges at the sites over the period 1982 to 1994
(table 2). For comparison, we also give the rates from Black.

Given the precision of the measurements, it is unlikely
that these decadal long averages are much in error. The non-
monotonic variations seen by Black appear to have continued.

Because Black's study was initiated to examine age rela-
tionships by using monotonic growth of wedges as an age-
dating technique, he may have found the variations in growth
rate to be annoying at best. His 1982 paper was more than a
little pessimistic about the chances of doing anything useful
with the wedge measurements.

On the other hand, the cause of the variations in growth
rate seems interesting. There are many possible factors con-
tributing to the different rates—variations in moisture reach-

Table 1. Location of polygon sites in lower Wright Valley

B	77026.82S	162031.78E	940
C	77026.69S	162031.68E	920
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Table 2. Average growth rates for wedges (cm/year)

WV-B	1.39	0.78	0.71	0.89
WV-C	0.90	0.33	0.49	0.52
WV-DR	0.49	0.52	1.28	0.81

aRemeasurement incomplete at this site.

ing the wedge-growth zone, variations in slope response to
near-by geomorphic action (for example, undercutting of the
banks of the Onyx River), and variations in the contrac-
tion/expansion cycle of the perennially frozen ground in
which the wedges are growing. The overriding factors causing
all of these other contributing factors, however, are environ-
mental: variations in temperature of the surface and subsur-
face owing to insolation variations, air temperature variations
and the like. These changes in the rate of wedge growth repre-
sent a 30+ year record of their response to environmental
change.

Consider, for example, temperature control of the wedg-
ing process. Owing to the 15-50 cm of relatively dry (certainly
unsaturated) regolith overlying the permafrost in southern
Victoria Land, the annual temperature wave attenuates
quickly: measured 50°C annual surface temperature excur-
sions are less than 150 at the top of the permafrost and less
than 70 at 5 m depth. These values suggest a thermal skin
depth for annual variations of roughly 15 cm in the regolith

and 3 m in the permafrost. Calculations of the thermal skin
depth that use textbook values for average thermophysical
properties give comparable numbers. Using such calcula-
tions, we can show that decadal-long temperature excursions
of a few degrees are less affected by the regolith: a 5°C surface
excursion is still nearly 40 at the top of the regolith and over 2°
at 5 m depth. Taken as an integral, the cumulative effects of
variations on timescales of decades to centuries are likely to
contribute as much as one-third or more to the temperature
variation seen at the depth where wedges are formed. The
magnitudes of the variations seen by Black (and in our meas-
urements) are of this order.

It has been suggested that Black's sites be removed as
part of the general cleanup of the ice-free valleys. It is our
opinion that this should not occur, because they may prove
useful in monitoring long-term environmental change in the
ice-free valleys.

This research was funded by National Science Founda-
tion grant OPP 92-19087.
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Late Wisconsin/Holocene history of the
Wilson Piedmont Glacier
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T
he extent—and even the existence—of a grounded ice
sheet in the Ross Sea during the last glacial maximum

remains an unresolved question. Based on the distribution
and generally low elevations (32 meters or less) of Holocene
raised beaches along the Scott Coast (figure 1), Colhoun et al.
(1992) and Kirk (1991, pp. 85-105) suggested not only that
grounded ice in the Ross Sea was areally limited but also that
the thickest grounded ice emanated from Victoria Land near
Mackay Glacier. This view is at odds with the hypothesis of an
extensive, grounded Ross Sea ice sheet that flowed into
McMurdo Sound and projected into ice-free valleys of the
Transantarctic Mountains (Denton et al. 1989; Stuiver et al.
1981, pp. 319-436).

We present here new evidence pertaining to the late Wis-
consin/Holocene history of the Wilson Piedmont Glacier,

which is situated in southern Victoria Land beside the critical
raised beaches of the Scott Coast (figure 1). The Wilson Pied-
mont Glacier covers over 800 square kilometers and extends
from Hjorth Hill to Mackay Glacier. An ice divide trends
north-south along the central axis of the glacier, with flow
from the divide both east toward the Scott Coast and west
into Wright Valley. Much of the eastern flank of the Wilson
Piedmont Glacier calves into the Ross Sea and McMurdo
Sound along the Scott Coast, but Cape Bernacchi, Marble
Point, Gneiss Point, Spike Cape, Dunlop Island, and Cape
Roberts remain free of ice and reveal the raised beaches that
constitute a key piece of evidence used by Coihoun et al.
(1992) to suggest restricted grounded ice in the Ross Sea.
Here, we discuss the significance of local glacial geology to
the interpretation of raised beaches on the Scott Coast.
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On Marble Point, Gneiss Point, and Spike Cape, unweath-
ered to slightly weathered glacial drift occurs as a thin sheet
that extends from the present-day Wilson Piedmont Glacier to
the coast, where it has been reworked into beaches up to 20
meters in elevation. This drift is coarse-grained and contains
marble, granite, and gneiss clasts of local origin. Distinctive
basalt and kenyte erratics common to Ross Sea drift just south
of Marble Point on Cape Bernacchi and in eastern Taylor Val-
ley are absent in the drift above the highest raised beaches at
Marble Point and north along the Scott Coast.

Bedrock outcrops, most commonly basaltic dikes but
also occasionally gneiss and marble, protrude through the
drift and preserve numerous striations (figure 2). Cross-cut-
ting striations show two iceflow trends. At South Stream on
Marble Point, older striations trending about S71 0E are cut by
striations oriented at S46°E. Likewise, striations at Spike Cape
trending N83°E cut older striations oriented at N70°E. Well-
preserved glacial molding and crescentic gouges, along with
cavitation crusts, show that in all cases iceflow was from the
Wilson Piedmont Glacier toward the Scott Coast.
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(	that a similar situation also
occurred during the late Wis-
consinglacial maximum. Our
new field evidence from the
Scott Coast, however, shows

that this was not the case. Based on the lack of basalt and
kenyte erratics characteristic of Ross Sea drift and the abun-
dance of west-to-east iceflow indicators, we infer that
grounded Ross Sea ice did not impinge on the Scott Coast
during the last glacial maximum. Rather, we suggest that the
Wilson Piedmont Glacier expanded eastward over the pre-
sent-day Scott Coast and merged with grounded Ross Sea ice
flowing southwestward from Ross Island toward eastern Tay-
lor Valley. The two ice masses must have merged between
Marble Point, which shows no evidence for Ross Sea ice, and
Taylor Valley, which shows abundant evidence, especially in
the form of kenyte erratics.

Colhoun et al. (1992) used the low elevations of raised
beaches along the Scott Coast to infer limited ice-sheet
grounding in the Ross Sea at the last glacial maximum. Our
new field evidence shows, however, that the areas where
these beaches occur was covered by the Wilson Piedmont
Glacier, not the Ross Sea ice sheet. We suggest that raised
beaches along the Scott Coast reflect recession of the Wilson
Piedmont Glacier (available radiocarbon dates indicate this
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Figure 1. Index map of the dry valleys region showing the ice-free areas along the Scott Coast.
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Figure 2. Bedrock at Marble Point preserves excellent striations and
glacial molding. In the photograph, iceflow is from left to right toward
McMurdo Sound.

recession occurred probably in mid-Holocene time; Stuiver et
al. 1981, pp. 319-436) and, therefore, may not record the
extent or thickness of grounded ice in the Ross Sea at the last
glacial maximum.

T. Dochat, C. Lagerbom, B. Overturf, R. Verow, and J.
Whittier assisted in the field. This work has benefitted from
discussions with T. Dochat, D. Marchant, C. SchlUchter, and
D. Sugden. Research was supported by National Science
Foundation grant OPP 91-18678.
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Geochemistry of a layer of volcanic ash in the ice near
Brimstone Peak, southern Victoria Land

G. FAuRE, T.M. MENSING, V.L. MANSON, and M.C. PLACE, Department of Geological Sciences and Byrd Polar Research Center,
Ohio State University, Columbus, Ohio 43210

L
yers of ice containing volcanic dust are a common fea-
ure of the ice fields in the ablation zone of the east

antarctic ice sheet along the western side of the Transantarc-
tic Mountains. (Keys, Anderton, and Kyle 1977; Kyle and Jezek
1978; Kyle et al. 1981, 1982; Palais 1985; Koeberl et al. 1987;
Palais and Sigurdsson 1989, pp. 31-53). Such layers must be
distinguished from debris layers, which are exposures of basal
ice and contain rock flour and clasts being transported by the
ice sheet. When debris layers are exposed at the surface of the
ice sheet, the entrained sediment may accumulate to form
supraglacial moraines such as the Elephant Moraine at
760 17'S 157 020'E (Faure and Taylor 1985) and the Reckling
Moraine at 760 15'S 158 040'E (Faure, Strobel, and Hagen 1987).

During the 1992-1993 field season, a block of ice
[27x42x24 centimeters (cm)] containing a dust layer was cut
with a chainsaw from an exposure of ice at 75052.77'S
158031.90'E in the valley between Brimstone Peak (75°48'S
158°33'E) and Griffin Nunatak (75055'S 158 020'E) (figure 1). The
dust layer (about 2 cm thick) is one of at least three layers that
occur at this site at intervals that range from 20 to 164 meters.
The strike of the dust layers is N40°W and the dip is 600N.

The block of ice was placed inside a new plastic bag and
shipped frozen in a rock box to the continental United States

for study. In the laboratory, the block of ice was sawed into six
7-cm-thick vertical sections at right angles to the strike of the
dust layer. One of these vertical sections was cut into 29 1-cm
slices oriented parallel to the dip of the dust layer and pro-
ceeding upward in stratigraphic sequence. One half of each
slice was melted in a sealed plastic bag for oxygen isotope
analysis by Krueger Enterprises. The other half was used to
determine the concentrations of microparticles and of sulfate,
chloride, and nitrate ions.

The oxygen isotope (8 180) composition of the ice in figure
2 is expressed in the delta notation relative to standard mean
ocean water in units of permil. The 8180 values lie primarily
between -35 and -36%o, but decrease to -36.4%o in the upper
part of the section. The concentrations of particles having
diameters greater than 0.63 but less than 2.00 micrometers are
fairly constant at less than JX105 particles per milliliter, but
rise to 4x105 in a 2-cm layer near the top of the section. The
sulfate concentrations likewise rise to 600 parts per billion
(ppb) in the layer of dusty ice confirming the volcanic origin of
the dust. In addition, a smaller sulfate-concentration peak
precedes the main peak and occurs in ice whose dust content
is only slightly elevated. The concentrations of chloride and
nitrate are not shown but also increase in the dusty ice.
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Figure 1, Matthew C. Place standing beside a block of ice containing a layer of volcanic dust being
cut with a chainsaw near Brimstone Peak, southern Victoria Land during the 1992-1993 field season.

between the ice and the volcanic ash.
Silicate minerals and volcanic glass
are characteristically enriched in 180

compared to sea water and, in most
cases, have 8180 values greater than
about +5.0%o. The possible alteration
of the isotope composition of oxygen
in ice by the presence of silicate parti-
cles (volcanic ash or rock flour) will be
investigated in the future.

We thank Ellen Mosley-Thomp-
son and Lonnie Thompson for the use
of their analytical facilities, and we
express our appreciation to Mary
Davis and Keith Henderson for meas-
uring the particle concentrations and
the concentrations of sulfate, chlo-
ride, and nitrate ions. In addition, we
acknowledge David Reed for his assis-
tance in the field. This research was
supported by National Science Foun-
dation grant OPP 91-18485.

The data indicate that the 8 180 values of the ice began to
decrease before the deposition of the volcanic ash and
reached a low value of -36.4%o. The decrease of the 8180

parameter of about 0.8%o implies a decrease of the average
annual temperature of about 1.1°C, based on the relation
between the average annual temperature and the value 8180

of snow in East Antarctica that is derivable from the data of
Lorius and Merlivat (1977, pp. 127-137).

The ice containing the volcanic dust is enriched in 180 rel-
ative to the ice directly above and below the dust layer and has
an average 8180 value of -35.6%. The enrichment of the dusty
ice in 180 may have been caused by oxygen isotope exchange
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Figure 2. Stratigraphic profiles of oxygen isotope compositions,
microparticle concentrations, and sulfate content in the block of ice.
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The vertical variation of composition in the Peneplain and
Basement Sills of the McMurdo Dry Valleys:

The null hypothesis
B.D. MARSH and M.M. WHEELOCK, MX Blaustein Department of Earth and Planetary Sciences, Johns Hopkins University,

Baltimore, Maryland 21218

T
he diversity of igneous rocks, and possibly also the overall
chemical diversity of the terrestrial planets themselves,

owes its origin to the differentiation of magma through crystal
fractionation, the systematic separation of growing crystals
from their native liquids. Igneous crystals are invariably dis-
tinct in chemical composition from their host liquids such that
separation of crystals and liquid produces a systematic refine-
ment of the liquid. Carried to an extreme, a basaltic magma
containing about 50 percent silica in theory can, through frac-
tionation of 90-95 percent less siliceous crystals, produce a
granitic magma containing some 70 percent or more silica.
Considering that Earth has a bulk composition roughly chon-
dritic in composition, which is a great deal less siicic (approxi-
mately 35 percent) than basalt, it is no surprise that the
roughly granitic (actually andesitic) continental crust repre-
sents less than about 0.5 percent of the mass of Earth (e.g.,
Anderson 1989). It is not unreasonable that this compositional
refinement occurred through a protracted and discontinuous
process of crystal fractionation over billions of years.

The usual means envisioned for this to happen is by grav-
itational settling of dense crystals from viscous magma. Early
in this century, N.L. Bowen proved experimentally to a broad
class of skeptics that olivine easily sinks from picritic magma.
Bowen was himself impressed enough with this result, and
also by the nature of the chemical differences between crys-
tals and liquid (i.e., the actual phase diagrams), to propose a
grand scheme genetically linking most igneous rock types
through crystal fractionation, leading to a protracted liquid
line of compositional descent.

A fundamental difficulty with crystal fractionation, which
plagued Bowen throughout his research, is the fact that many
basaltic plutonic and volcanic systems show little chemical dif-
ferentiation. Even the Hawaiian magmatic system, which has
poured out some 1 million cubic kilometers of basalt over the
past 1 million years, has produced no siicic lavas. Why? The
answer seems to he in the dynamic interaction of solidification
fronts and phenocrysts, which is well displayed by the Pene-
plain and Basement Sills of the McMurdo Dry Valley region.

Crystals are generated in magmas due to cooling from
the outside in. Because magma crystallizes over a 200°C range
of temperature, the margins of magmas consist of a mushy
zone, or solidification front (SF), where crystallinity varies
from 100 percent nearer the margin to 0 percent in the inte-
rior. The actual width of the SF increases continually during
solidification. For an initially crystal-free magma, crystals
nucleate on the leading edge, marked by the liquidus, and
grow to maturity within the SF. Final crystal size, or grain size,

is determined by the crystal growth rate and the length of
time spent in the SF. For successful crystal fractionation, a
crystal must sink fast enough to escape the inward-propagat-
ing SF. Only in the leading margin of the upper SF, where
both crystallinity and magma viscosity are low, is fractiona-
tion likely. But even here, escape is possible only in large,
slow-cooling magma bodies [more than approximately 100
meters (m) thick]; furthermore, these escaping crystals fall
through the hotter magmatic interior and are very likely
resorbed (Mangan and Marsh 1992). Significant fractionation
would seem to be difficult in bodies initially free of crystals.
We call this the null hypothesis. That is, no initial crystals, no
differentiation. But the ultimate test is to examine an actual
large magmatic body emplaced carrying few if any crystals.

The critical question is, thus: If a sheet of magma is
emplaced carrying no crystals, does it undergo chemical dif -

ferentiation by crystal fractionation? Magmatic intrusions sat-
isfying this initial condition are uncommon, but the superbly
exposed Peneplain Sill (330 in of the dry valley region is
one such body (Gunn and Warren 1962; Gunn 1966).
Emplaced some 175 million years ago during continental
breakup (Heimann et al. 1994), this is one of several vast,
sheetlike basaltic sills, constituting the Ferrar Dolerites, that
are exposed in the Transantarctic Mountains (Elliot 1992, pp.
165-184). In striking contrast, the underlying and slightly
younger Basement Sill (270 m) of similar bulk composition
carried upon emplacement a thick tongue of large (1-8-mil-
limeter) orthopyroxene (Opx) crystals. Crystal fractionation is
most efficient when relatively large crystals (i.e., phenocrysts)
can settle unencumbered through relatively low viscosity
(approximately 1,000 poise) magma. Chemical differentiation
would thus be expected to be much more extensive in the
Basement Sifi than in the Peneplain Sill.

Shown by figures 1 and 2 are major element chemical pro-
files through both the Peneplain and Basement Sills. Also
shown are stratigraphic depictions of the nature of the rock
itself. Neither sill shows, at first glance, a particularly simple
variation in composition, but on closer inspection, several
basic features are readily understood. First, near the top of
each sill the composition becomes markedly enriched in
granitic components (i.e., silica, soda, potash, and phospho-
rous and also iron and titania). This enrichment marks the
zone of siicic segregations or lenses formed by internal tearing
of the SF and drawing-in of nearby interstitial residual melt.
The origin of these segregations is a main avenue of our
research and is reported on elsewhere (Wheelock and Marsh
1993, 1994; Marsh and Wheelock 1994); they are not due to
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crystal settling in the usual sense of the word. Second, the cen-
tral portion (100-300 m) of the Peneplain Sill, which crystal-
lized last and is most sensitive to differentiation, is nearly con-
stant in composition. Last, the lowermost 75 m is irregular in
composition, which is highly suggestive of haphazard ingestion
of small amounts of the underlying Irtzar Granite wall rock.

The upper and lower margins of the Basement Sill are
nearly identical in composition; then, neglecting the zone of
silicic segregations, the interior becomes first slightly then
highly enriched in MgO due to the tongue of Opx crystals. But
overall, no sign of any production of granitic material that
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could contribute to the even-
tual accumulation of continen-
tal crust is evident in the central
portion of either sill. Only the
silicic segregations, formed well
within the SF, show any marked
progression of chemical differ-
entiation. In the context of dif-
ferentiation by gravitative crys-
tal fractionation, the null
hypothesis is supported by
these observations.

This research was sup-
ported by National Science
Foundation grant OPP 91-
17576.
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Figure 1. A schematic cross-section of the Peneplain Sill shows that the sill is relatively uniform except in
the zone of silicic segregations. Selected chemical profiles show abundance (weight percent) of silica
(Si02), calcium oxide (CaO), and magnesium oxide (MgO) as a function of vertical position in the sill.

Figure 2. A schematic cross-section of the Basement Sill. Selected chemical profiles illustrate variations in
chemical composition (weight percent) as a function of position in the sill.
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Geologic investigations in the Lanterman Metamorphic
Complex, northern Victoria Land, Antarctica

JOHN W. GOODGE, Department of Geological Sciences, Southern Methodist University, Dallas, Texas 75275
NICHOLAS W. WALKER, Department of Geological Sciences, Brown University, Providence, Rhode Island 02912

KIM A. BRACCHI, Department of Geological Sciences, Southern Methodist University, Dallas, Texas 75275

w
e are conducting a comparative petrotectonic study of
high-grade metamorphic and plutonic rocks of the

Nimrod Group in the central Transantarctic Mountains and
the Lanterman Metamorphic Complex in northern Victoria
Land (figure 1). These rocks are significant because they con-
stitute some of the few exposures of high-grade basement in
the Transantarctic Mountains, and they likely represent rem-
nants of the ancient east antarctic craton. As such, improved
documentation of their age, provenance, petrogenesis, and
tectonic evolution will help to provide a better understanding
of east antarctic cratonal evolution and assembly of the
Gondwanaland supercontinent.

This article summarizes our fieldwork conducted in the
Lanterman Metamorphic Complex during the 1993-1994 aus-
tral summer field season. During November and December
1993, we conducted a field study of metamorphic rocks in the
Lanterman complex from a
field camp established by LC-
130 put-in to the Husky Pass
area of the Lanterman Range
(figure 1). Our field party con-
sisted of J.W. Goodge, N.W.
Walker, K.A. Bracchi, and M.J.
Roberts. We operated from
this base by snowmobile and
by helicopters provided by
the Italian Antarctic Program
operating from the Terra
Nova Bay station.

Our field research in-
cluded geologic mapping and
sampling for structural,
petrologic, and geochrono-
metric study. A primary goal
of our work is to document
the age and character of
metamorphism and defor-
mation within the Lanterman
complex. Field study and
sampling focused on the
southern third of the Lanter-
man Range, but we also
investigated plutonic rela-
tions in the northern range,
structural relations of rocks
in the northeastern range,
and plutono-metamorphic
rocks in the Salamander

Range to the southeast. Additionally, we collected samples
from adjacent volcanic and sedimentary terranes (Bowers
and Robertson Bay) for geochronometric and provenance
investigations. Initial results indicate that rocks of the Lanter-
man complex may represent a Neoproterozoic siliciclastic
supracrustal sequence that was involved in oblique contrac-
tion within the Ross orogen during earliest Paleozoic time.

High-grade metasedimentary rocks of the Lanterman
Metamorphic Complex are believed to represent the outer-
most part of the east antarctic craton in this part of Antarctica
(figure 1). This craton-margin assemblage lies inboard of the
Bowers terrane, a Cambrian volcanic-arc assemblage that was
accreted to the margin during Ross orogenesis (Kleinschmidt
and Tessensohn 1987).

Rocks of the Lanterman complex are dominated by kyan-
ity- to sillimanite -zone quartzofeldspathic gneisses interlay-

map of the Lanterman Range,
ern Victoria Land, Antarctica
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Figure 1. Geologic map of the Lanterman Range, modified from Roland et al. (1984). Location of LC-130
landing site and base camp shown in Husky Pass area. Inset shows location of Lanterman Range (LR) in the
northern Victoria Land region (NVL) of the Transantarctic Mountains (TM), and the Nimrod Group (NG) in the
central Transantarctic Mountains; EA = East Antarctica, WA = West Antarctica.
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ered with subordinate pelitic schist, quartzite, caic-silicate
gneiss, and amphibolite, and structurally interleaved ultra-
mafic bodies. These rocks are similar in lithologic diversity
and metamorphic history to those of the Nimrod Group
(Goodge et al. 1990), but the abundance of monotonous
quartzofeldspathic gneisses with a probable graywacke pro-
tolith is also similar to metasedimentary rocks of the Neopro-
terozoic Beardmore Group exposed in the central
Transantarctic Mountains, Isotopic studies are in progress to
test these possible correlations.

Despite extensive modification by approximately 500-
million-year-old granitoid plutons, including formation of
migmatite complexes and felsic dike swarms, and structural
disruption along the northeastern tectonic boundary against
the Bowers terrane, rocks of the Lanterman complex preserve
coherent L-S (L = elongation lineation; S = foliation) tectonite
fabrics. Regionally, foliation strikes northwest and dips
steeply northeast and southwest, and elongation lineations
are generally steep (figure 2). Mesoscopic fold axes plunge

Figure 2. Lower hemisphere stereonet projection, showing major syn-
metamorphic fabrics of Lanterman complex tectonites. Contour inter-
vals of elongation lineation are 1-8 percent per 1 percent area.

moderately southeast. Locally, syn-metamorphic asymmetric
ductile shear fabrics are preserved within the foliation; field
and microscopic fabrics indicate contractional (northeast-
ward) as well as oblique (northwestward) senses of displace-
ment. These early syn-metamorphic fabrics are overprinted
by later brittle cleavage, crenulation cleavage, and intersec-
tion lineations, formed as a result of northeast-southwest
contraction.

Widespread granitic sills and dikes show pre-, syn-, and
postkinematic relationships with respect to tectonite fabrics
in the Lanterman metamorphic rocks, indicating that mag-
matism spanned the entire period of deformation and meta-
morphism.

Left-oblique syn-metamorphic displacement within the
Lanterman complex is kinematically similar to displacements
recorded by high-grade ductile tectonites of the Nimrod
Group in the central Transantarctic Mountains (Goodge et al.
1993). This pattern of coupled oblique and contractional
motion, as previously documented for the Nimrod tectonites,
indicates that convergence and accretion during Ross orogen-
esis may be the result of oblique plate interactions between
the east antarctic cratonal basement, its supracrustal cover,
and outboard allochthonous assemblages of a convergent
paleo-Pacific plate.

We thank Mike Roberts for returning to Antarctica with
us and providing excellent field assistance. Helicopter sup-
port was provided by the Italian Antarctic Program (Pro-
gramma Nazionale di Ricerca in Antartide), and we thank
Ward Bremmers and Andy Baker for excellent flying. Our
camp put-in and pull-out were capably assisted by the U.S.
Navy LC-130 crews of VXE-6. This research was supported by
National Science Foundation grants OPP 92-19818 to John W.
Goodge and OPP 93-96282 to Nicholas W. Walker.
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t-igure 1. I ransverse section ot the larger axis showing vascular tissue
organization. (x 6.5)

An unusual plant organ from the Triassic of Antarctica
LISA D. BOUCHER, THOMAS N. TAYLOR, and EDITH L. TAYLOR, Department of Plant Biology and Byrd Polar Research Center,

Ohio State University, Columbus, Ohio 43210-1293

s a result of the discovery of silicified plant material at
remouw Peak several years ago, the Triassic flora of

Antarctica today represents the most completely known
assemblage of fossil plants providing anatomical detail. The
flora currently include representatives of the following major
plant groups: sphenophytes (for example, Osborn and Taylor
1989), several types of ferns (for example, Millay and Taylor
1990; Delevoryas, Taylor, and Taylor 1992), cycads (for exam-
ple, Smoot, Taylor, and Delevoryas 1985), conifers (for exam-
ple, Meyer-Berthaud and Taylor 1991), and seed ferns (for
example, Meyer-Berthaud, Taylor, and Taylor 1993). Dis-
persed pollen grains and spores preserved in the silicified
peat indicate that during the early Middle Triassic this region
of Antarctica supported a diverse flora (for example, Farabee,
Taylor, and Taylor 1990). Various types of fungi are also asso-
ciated with plants preserved at the Fremouw Peak site
(840 16'S 164021'E) (for example, White and Taylor 1989).

The plant remains occur in silicified blocks that are
believed to represent levee deposits that were undercut during
flooding (Taylor, Taylor, and Collinson 1989). Although many

floral elements can be placed within major groups of vascular
plants, there are several organs for which taxonomic assign-
ment remains problematic. One of these organs is represented
by axes that display unusual vascular tissue organization. The
larger axis possesses secondary vascular tissue, and the diame-
ter ranges from 1.2 to 2.2 centimeters (cm). All specimens are
incomplete, the largest being approximately 12 cm long.

Vascular tissue distribution is best described as polyarch,
in which 10-16 arms radiate toward the periphery of the axis
(figure 1). Each of these vascular segments contains a small
amount of secondary xylem, which surrounds a narrow pri-
mary body. Thin-walled cells, topographically in the position of
a vascular cambium, and presumed phloem tissue make up the
remainder of the vascular tissue. Circular-elliptical bordered
pits are present on the radial walls of the tracheids. Some speci-
mens possess a distinct periderm. Possible root traces extend
from the periphery of several vascular segments (figure 2).

Associated with the larger axis are several smaller stems
that appear immature. These range from 0.2 to 0.5 cm in
diameter; all are fragmentary and extend just a few millime-

ters in the matrix. In transverse section, they contain
cortical lacunae incompletely surrounded by vascular
tissue; some tracheids project into the lacunae (figure
3). These axes consistently lack secondary tissues,
however. In addition, the individual vascular seg-
ments are separated in the cortex and lack continuity.
In these axes, the primary xylem is mesarch. Some
cortical cells contain opaque materials. Based on both
the histology and arrangement of the vascular seg-
ments, we believe that the small axes represent imma-
ture stages of the larger polyarch stem.

One of the most interesting aspects of this Triassic
axis is the anatomical similarity with the Cladoxylales,
a group of Devonian plants. The vascular tissue
arrangement of this group includes radiating arms of
mesarch xylem, which are interconnected longitudi-
nally (Stein and Hueber 1989). One apparent differ-
ence between the cladoxylaleans and the Fremouw
Peak axis is the consistent presence of peripheral
loops in the former. Such loops are represented by
thin-walled parenchyma cells that are associated with
protoxylem elements.

Most Cladoxylales are considered relatively small
plants that branched irregularly and bore ultimate,
planated appendages thought to have functioned as
leaves. Although the Cladoxylales have been included
in several taxonomic categories in the past, today
most regard them as a type of fern. At least one proba-
ble Devonian sphenophyte, however, possessed a cla-
doxylaleanlike vascular system (Schweitzer 1973).
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Figure 2. Transverse section showing possible root traces originating irom tne
periphery of vascular segments. (x 6.5)

Figure 3. Transverse section of the immature stem illustrating trie organization ci
vascular and cortical tissues. (x 15)

Despite the absence of peripheral loops, we believe that the
Fremouw axis is related to some group of Mesozoic ferns. The
abundant traces in some specimens are anatomically similar

to adventitious root traces in both their origin and distribu-
tion. Although both marattialean and filicalean ferns are
known to have been present in rocks from this site, to date

there is no character that can be used to associate the
above-ground portions with their subterranean
organs. Finally, despite an increasing understanding
of the vegetative and reproductive parts of the Meso-
zoic seed ferns, such as the corystosperm Dicroidium,
there is nothing known about the rooting organs of
these plants. It is not beyond reason to suggest that
this interesting axis from the Fremouw Peak site may,
in fact, represent some component of the under-
ground system of a Mesozoic seed fern. We hope that
as these studies progress, especially concerning the
developmental anatomy of the immature specimens,
it may be possible to relate this "cladoxylalean"
anatomy with either the ferns or seed ferns.

This research was supported by National Science
Foundation grant OPP 91-18314.
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1-igure 2. Detail ot two cupules. (Scale = 1 cm).

Triassic seed fern cupules from Antarctica
GEORGINA M. DEL FuEY0, THOMAS N. TAYLOR, EDITH L. TAYLOR, and N. RUBEN CUNE0, Department of PlantBiology and

Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210, and Museo Paleontológico Egidio Feruglio,
Trelew-Chubut, Argentina

p
teridosperms (seed ferns) are an important group of fossil
vascular plants that formed a conspicuous element of the

Paleozoic flora. Although the Paleozoic forms were critical in
demonstrating several details about the evolution of the seed
habit, none of the orders extended into the Mesozoic. Never-
theless, several distinct groups of Mesozoic seed ferns have
been recognized, and these have played an important role in
discussions regarding the evolution of flowering plants.

Mesozoic pteridosperms are well known throughout
southern continents including South America, Africa, Aus-
tralia, and Antarctica. Today, they are included in four orders.
Three orders had been based on compression/ impression
material: Caytoniales (Thomas 1925) principally from Jurassic
rocks; Peltaspermales, first reported from the Triassic of
Greenland (Harris 1937); and Corystospermales, known from
the Triassic of Africa (Thomas 1933). Recently, a new (the
fourth) seed fern order, the Petriellales, was established from
the Triassic of Antarctica based on permineralized specimens
(Taylor, Del Fueyo, and Taylor 1994).

The seed fern cupules described in this paper were recov-
ered from two sites: Allan Hills (southern Victoria Land) and
Mount Falla (Transantarctic Mountains). Both localities are
Triassic and represent the first compression fossils of seed
fern cupules that have been recorded from the Mesozoic of
Antarctica (Taylor and Taylor 1988). The cupules, together
with the foliage Dicroidium and the pollen organ Pteruchus,
are believed to represent disarticulated organs belonging to
the Corystospermales.

The specimens consist in a branched axis 4 centimeters
(cm) long and ranging from 1.5 millimeters (mm) to 3 mm
wide (figure 1). The arrangement of the branches on the axis is
alternate. Each branch divides dichotomously at the distal end
(figure 2) or in a few specimens; three ultimate divisions are
produced (figure 3). Each ultimate segment is terminated by a
single cupule. Cupules are elliptical-elongate and up to 1.2 cm
long; at the widest region, they measure 3.0-7.0 mm. The pedi-
cel of the cupule is approximately 0.6 mm long and 0.5 mm to
1.0 mm wide. The morphology of the cupules suggests that
each contains a single ovule, although we have not yet macer-
ated the cupules to see if more than a single megaspore is
present. None of the cupules possesses extended micropylar
projections. Although there is considerable variability in the
size of the cupules, we believe that this may be accounted for
by stages in cupule ontogeny at the time of fossilization.

Among the existing Mesozoic pteridosperm orders, seeds
of the Peltaspermales are borne on peltate megasporophylls
(Townrow 1960; Kerp 1988). In the Caytoniales, the cupules
are multiovulate and oppositely arranged (Harris 1964; Rey-
manOwna 1970). Morphologically, cupules from Antarctica
appear to have the closest affinities with members of the
Corystospermales or Petriellales; however, the cupules of the
latter are known to be multiovulate (Taylor et al. 1994). We
believe that the specimens from Antarctica share the largest
number of characters with cupules placed in the Corys-
tospermales, including the arrangement and shape of the
seed-containing units (Thomas 1933; Petriella 1980). In spite

Figure 1. Fertile branch bearing several ter-
minal cupules. (Scale 1 cm).
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Figure 3. Distal end of branch bearing three cupules (arrows). caie
= 1 cm).

of these similarities, however, corystosperm cupules
described to date are all characterized by an elongate
micropylar tube that projects from the cupule and the pres-
ence of bracts subtending each branch. We are hopeful that
an analysis of the cuticle, which is currently being processed,
will provide additional information not only on affinities of
these cupules but also on the plants that produced them
based on cuticle similarities with Dicroidium foliage.

This study was supported by National Science Founda-
tion grant OPP 91-18314.
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A dinosaur assemblage from the Transantarctic Mountains
WILLIAM R. HAMMER, WILLIAM J. HICKERSON, and RICHARD W. SLAUGHTER, Department of Geology, Augustana College,

Rock Island, Illinois 61201

T
he vertebrate assemblage collected during the 1990-1991
austral summer from Mount Kirkpatrick in the Beardmore

Glacier region of the Central Transantarctic Mountains
includes 120-140 bones and 16 teeth representing at least six
different taxa. The specimens are from the upper Falla Forma-
tion and include the partial skull and numerous postcranial
elements from a crested theropod dinosaur, Cryolophosaurus
elliott (Hammer and Hickerson 1994; see table). Other speci-
mens in the collection include more fragmentary material
from a large plateosaurid prosauropod, at least two different
scavenging theropods, a (?)dimorphodontid pterosaur, and a
large tritylodont (table).

Most of the bones collected belong to a single individual
of Cryolophosaurus ellioti (table). A diagnosis of Cry-
olophosaurus elliott and a brief consideration of its affinities
have been published by Hammer and Hickerson (1994). In
addition to the elements referred to this animal in the table,
many of the isolated vertebrae and other bones listed as inde-

terminate at this point may belong to the same skeleton.
Many of these pieces are still in matrix awaiting preparation;
others have been partially prepared.

A recent review (Slaughter, Hickerson, and Hammer 1994)
of serration densities and patterns of teeth found near gnawed
elements among the Falla Formation fossils showed that the
teeth represented at least two (and possibly three) different
types of scavenging theropods. In addition to these teeth, five
isolated teeth appear to be from the Cryolophosaurus skull and
an isolated theropod maxilla with three teeth may belong to
another individual of this genus.

A partial foot and the distal end of a femur representing a
large prosauropod were recovered. The animal has a foot
structure indistinguishable from the two large plateosaurid
prosauropods known from more complete specimens, Pla-
teosaurus, from Germany, and Lufengosaurus, from China.
The antarctic prosauropod most likely is closely related to
these forms.
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Fossils collected from the Falla Formation at Mount
Kirkpatrick

Ctyolophosaurus Articulated skull with mandibles
Ilium
lschium
Pubis
Femur
Articulated tibiotarsus and fibula
2 articulated metatarsals
Tibia fragment
Maxilla fragments with teeth
4 articulated caudal vertebrae
3 articulated cervical vertebrae with ribs
5 teeth

Indeterminate	Maxilla fragment with 3 teeth
theropods	6 additional isolated teeth

Prosauropod
	

Articulated astragalus, 4 metatarsals, and 2
distal tarsals

Distal end of femur

Pterosaur	Humerus

Tritylodont
	

Upper postcanine tooth

Indeterminate	28 isolated vertebrae
2 ribs
10 limb fragments
Pelvic fragment
6 indeterminant bone pieces
Numerous smaller fragmentary bones

The single pterosaur humerus recovered probably belongs
to a dimorphodontid or a related primitive family within the
Rhamphorhynchoidea. Other dimorphodontids are known
from the Late Triassic and Early Jurassic of Europe. This bone
was one of three isolated elements recovered approximately 20
meters from the main concentration of fossils.

The single postcanine tooth from a large tritylodont indi-
cates synapsids persisted into the Early Jurassic in the Antarc-
tic as they did elsewhere. Diverse faunas of Early to Middle Tri-
assic synapsids have been described from a number of other
sites in the Transantarctic Mountains (Hammer and Cosgniff
1981; Hammer 1990, pp. 42-50). The Mount Kirkpatrick trity-
lodont is equal in size to the two largest known tritylodonts
from China (Bienotheroides) and South Africa (Tritylodon)
(Hammer and Hickerson 1994).

The upper Falla Formation fauna suggests an Early Juras-
sic (Pliensbachian-Toarcian) age. Diabase intrusions into the
upper Falla Formation indicate a minimum age of 177 million
years (early Middle Jurassic; Heimann et al. 1994; see figure). A
Dicroidium flora some 300 meters below the bone bed indi-
cates a Late Triassic age for the lower Falla Formation.
Prosauropods are known from all of the other continents and
are restricted to the Late Triassic and Early Jurassic; however,
large plateosaurids most like the antarctic specimen are from
the Late Triassic (Plateosaurus, Keuper Formation, Germany)
and earliest Jurassic (Lufengosaurus, Lufeng Formation, China;

Comparative age chart showing ranges for plateosaurid
prosauropods, Bienotheroides "dade" tritylodonts, and dimophodon-
tid pterosaurs.

see figure). Dimorphodontids are also restricted to the Late
Triassic and Early Jurassic (figure). Tritylodonts are known
from the Late Triassic (Nonian) into at least the Middle Juras-
sic, but the other large tritylodonts similar in size and tooth
morphology to the antarctic animal are Tritylodon maximus,
from the Early Jurassic (Pliensbachian) of Africa, and
Bienothero ides, which occurs above the Lufengosaurus beds in
China (Middle Jurassic; see figure). Other related tritylodonts
within the Bienotheroides "dade" (Sues 1986, pp. 279-284)
range back into the Early Jurassic (Pliensbachian).

As illustrated in the figure, the overlap of ranges for the
large plateosaurid prosauropods (Lufengosaurus) and the
Bienotheroides "dade" would suggest a Pliensbachjan to, per-
haps, a Toarcian age for the Falla Formation fauna. The
advanced nature of Ciyolophosaurus compared to Late Trias-
sic and earliest Jurassic theropods reinforces this middle-to-
late Early Jurassic age.

This research was supported by National Science Founda-
tion OPP 88-17023 and OPP 91-18620 and by the Augustana
Research Foundation.
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Jurassic phreatomagmatic volcanism in the central
Transantarctic Mountains

RICHARD E. HANSON, Department of Geology, Texas Christian University, Fort Worth, Texas 76129
DAVID H. ELUOT, Department of Geological Sciences and Byrd Polar Research Center, Ohio State University,

Columbus, Ohio 43210

T
he upper part of the Gondwana sequence in the Queen
Alexandra Range, Beardmore Glacier area, central

Transantarctic Mountains (84°30'S 165 0E), records a transi-
tion from deposition in a retroarc foreland basin in the Trias-
sic to explosive basaltic and rhyolitic volcanism in the Jurassic
(Barrett, Elliot, and Lindsay 1986, pp. 339-428; Collinson et al.
in press). The explosive volcanism is represented by the upper
part of the Falla Formation, which is probably of Early Juras-
sic age, and the overlying Middle Jurassic Prebble Formation.
Explosive volcanism was directly followed by quiet effusion of
the Middle Jurassic Kirkpatrick tholeiitic flood basalts; both
phases of volcanic activity are interpreted to have occurred in
a continental rift environment associated with incipient
stages in Gondwanaland breakup (Elliot 1992, pp. 165-184).
Previous work revealed evidence that the explosive volcanism
was phreatomagmatic in nature, involving violent interaction
between magma and external water (Larsen 1988; Elliot and
Larsen 1993, pp. 397-410). The present research was initiated
during the 1990-1991 field season, with the intention of gain-
ing further insight into the nature of this phreatomagmatic
volcanism in relation to tectonic setting.

The Prebble Formation contains the main record of prox-
imal explosive basaltic volcanism prior to effusion of the Kirk-
patrick lavas and provides a unique opportunity to examine
the events leading up to eruption of a typical continental
flood-basalt province. The formation, which has a maximum
thickness of some 200 meters, consists primarily of coarse-
grained basaltic debris-flow deposits (lahars) and is an
unusual example of a regionally developed, basaltic lahar
field. Rapid thickness variations are interpreted to reflect the
effects of extensional faulting during accumulation of the
lahars, and clear evidence that monoclinal warping and
explosive volcanism were broadly contemporaneous has been
documented by Elliot and Larsen (1993, pp. 397-410).
Detailed mapping during the present study has shown that
deposition of thick lahars in steep-sided channels occurred
during large-scale slumping of the Falla Formation, providing

clear evidence for an active volcano-tectonic regime prior to
effusion of the Kirkpatrick basalts.

Individual lahar deposits are massively bedded, very
poorly sorted, and up to 50 meters thick (figure 1). Coarser
clasts typically are supported in a matrix of basaltic ash and
fine lapilli intermixed with large quantities of accidental
material. The deposits are intercalated with accretionary
lapilli tuffs, which are characteristically developed in moist,
cohesive volcanic ash produced by phreatomagmatic erup-
tions. Accretionary lapilli also are common in the matrix of
the deposits, and some beds grade directly up into accre-
tionary lapilli tuff. The latter relation suggests that at least
some of the lahars were produced during eruptive events,
rather than resulting from later slumping of unstable, near-
vent tephra accumulations.

In thin section, characteristics of the basalt shards in the
matrix of the deposits reveal details of the mechanisms driving
the explosive eruptions. Many of the basalt shards consist of
weakly devitrified, clear, pale-brown sideromelane glass,
which is indicative of rapid quenching of basaltic magma in
contact with water. Vesicularity of the shards is variable, but
shard outlines in many cases are controlled by fracture sur-
faces rather than broken bubble walls, indicating that steam
explosions generated from external water played a major role
in magma disruption. Dark brown, turgid, scoriaceous
tachylite shards also are present in variable amounts, however,
and indicate that some magma batches were subject to less
drastic quenching, with explosive release of magmatic
volatiles in large part driving the eruptions in these cases.

A notable feature of the laharic deposits is their high con-
tent of accidental lithic debris derived from quartzose sand-
stone, silicic tuff, and carbonaceous shale in the underlying
Falla Formation. This debris ranges from discrete sand grains
present in abundance in the matrix of the lahars to boulder-
sized clasts measuring 50 centimeters or more across (figure
1). Apparently, violent disruption of parts of the Falla Forma-
tion occurred when subterranean steam explosions were initi-
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one; note the horizontal lamination
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-ranged vesicles. The light color of
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cies alteration.

ated in groundwater-rich parts
of the sequence during uprise
of basaltic magma. Cored
bombs, in which clasts of
quartzose sandstone are
coated by thin layers of basalt,
indicate that fluid magma min-
gled with the lithic debris
before or during eruptions (fig-
ure 2). Large, composite clasts
within the lahars preserve a
remarkable record of mag-
ma/sediment interaction
below the surface prior to
eruption. Some clasts show
sharp contacts between intru-
sive basalt and sediment. In
other cases, peperite has devel -

oped where quenched basalt
has been intimately intermixed
with the host sediment in a
chaotic fashion.

Evidence that subsurface
phreatomagmatic eruptions
generated the widespread
Prebble lahar field points to a
model in which volcanism
occurred in a basinal setting,
where uprising basalt magma
repeatedly came in Contact
with sediments containing
large volumes of groundwater.
We interpret this basinal
region to be a direct result of
extensional tectonism preced -

ing eruption of the overlying
Kirkpatrick plateau lavas. Sig-
nificantly, similar basaltic
phreatomagmatic deposits
occur in the Jurassic Exposure
Hill and Mawson Formations
in northern and southern Vic-
toria Land, respectively, where
they immediately underlie the
Kirkpatrick lavas exposed in
those areas (Elliot 1992, pp.
165-184). Thus, explosive
phreatomagmatic activity,
presumably associated with
extensional tectonics, appears
to have occurred on a large
scale in the Transantarctic
Mountains prior to the onset
of quiet flood-basalt effusion.

Thomas Fleming and
Christopher Miller participated
in the fieldwork described
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Stratigraphy of Upper Carboniferous and Permian rocks
exposed between the Byrd and Nimrod Glaciers

JOHN L. ISBELL, GINA M. SEEGERS, and GREG GELHAR, Department of Geosciences, University of Wisconsin, Milwaukee,
Wisconsin 53201

PETER MACKENZIE, Department of Geological Sciences, Ohio State University, Columbus, Ohio 43210

D
uring the austral summers of 1992-1993 and 1993-1994,
Upper Carboniferous and Permian rocks exposed

between the heads of the Nimrod and Byrd Glaciers were
examined to identify the nature of strata exposed in this
region. Rocks of this age were not previously known to exist
north of the Starshot Glacier (c.f., Laird, Mansergh, and Chap-
pell 1971). The area between the Nimrod and Byrd Glaciers
was believed to occupy a high which separated strata in
southern Victoria Land from strata in the central Transantarc-
tic Mountains (c.f., Elliot 1975, pp. 493-536; Collinson et al. in
press). The purpose of this paper is the following:

to describe the late Paleozoic strata in this region,
• to define the outcrop belts for rocks in the central

Transantarctic Mountains and southern Victoria Land,
• to compare and contrast strata in the two areas, and
• to define the extent of the depositional basin/basins for

late Paleozoic rocks in the Transantarctic Mountains.
Late Paleozoic strata in the area between the Nimrod and

Byrd Glaciers were found to consist of the following, in
ascending order:
• interstratified diamictite, coarse-grained sandstone, and

laminated siltstone;
• interstratifled black shale and fine-grained sandstone;
• thick fine-to-medium grained sandstone; and
• interstratifled coarse-grained sandstone, shale, and coal.
Respectively, these rocks are laterally continuous with strata
of the Pagoda, Mackellar, Fairchild, and Buckley Formations
exposed in the Beardmore Glacier region. We propose that
these formational names be extended into the Nimrod-Byrd
area. Upper Carboniferous and Lower Permian strata in the
central Transantarctic Mountains are continuous from the

Byrd Glacier to the Ohio Range. Paleocurrent orientations
from these rocks display regional directions toward the pre-
sent Weddell Sea (Collinson et al. in press); these orientations
suggest that the rocks were deposited within the same deposi-
tional basin.

Late Paleozoic strata in the area between the Nimrod and
Byrd Glacier differ from rocks exposed in southern Victoria
Land to the north of the Byrd Glacier. In southern Victoria
Land, a discontinuous diamictite is overlain by interbedded
sandstone and coal-bearing shale (Bradshaw, Harmsen, and
Kirkbride 1990). Regional paleocurrent directions for these
strata are toward northern Victoria Land, opposite of those in
the central Transantarctic Mountains (Barrett and Kohn 1975,
pp. 329-332). Differences in strata on opposite sides of the
Byrd Glacier support the hypothesis that this glacier marks
the position of a major Cenozoic strike slip fault (c.f., Grindley
and Laird 1969) and that strata in the central Transantarctic
Mountains and southern Victoria Land were deposited in two
separate basins.

Rocks of the Pagoda rest unconformably on Precambrian
and lower Paleozoic rocks in the area between the Nimrod
and Byrd Glaciers. The Pagoda is 180 meters (m) thick and
laterally continuous across the study area, except at Mount
Cerberus, where it fills erosional depressions on the top of
the Devonian Alexandria Formation. Lithofacies consist of
unstratified diamictite, crudely stratified diamictite, lenticu-
lar sandstone within diamictite, coarse-grained sheet sand-
stone, and laminated shale deposits. These are interpreted as
lodgement till, melt-out till, sub- or englacial meltwater
channel, outwash stream, and lacustrine deposits, respec-
tively. These lithofacies and the presence of numerous stri-
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ated surfaces suggest deposition from wet-based terrestrial
glaciers.

Black shales of the overlying Mackellar Formation are in
sharp contact with diamictite and sandstone of the Pagoda
Formation. Lonestones are extremely rare in these shales and
were observed only in the lower 1.5 m. Two coarsening-upward
sequences occur within rocks of the Mackellar Formation.
These sequences consist of basal shales that grade upward into
interstratified cross-laminated sandstone (0.01-0.1 m thick)
and shale (0.1-0.5 m thick); the shale in turn grades into hori-
zontally and cross laminated sandstone (1-10 m thick). Sand-
stone at the top of the lower sequences is in sharp contact with
black shale of the overlying sequence. The second sequence
coarsens upward into medium-grained sandstone of the
Fairchild Formation. Shales in the Mackellar were deposited
from suspension in a basinal setting. Sandstones were intro-
duced into this environment as underfiow currents in front of a
prograding deltaic system. The sharp lower contact of the
Mackellar Formation is a flooding surface and suggests rapid
destruction of the late Paleozoic ice sheets followed by flooding
of the depositional basin. The sharp contact separating the two
coarsening-upward sequences is also a flooding surface and
due to its widespread distribution across the Byrd-Nimrod area
indicates a rapid rise in basinal water levels.

Basal medium-grained sandstones of the 150-rn-thick
Fairchild Formation contain dipping foreset beds 1-5 rn thick
These foresets dip at 4-16 0 and grade downward into fine-
grained sandstone that interfingers with shale in the underlying
Mackellar Formation. Upward, the Fairchild is characterized by
sandstone filled channel-form structures. Deltaic sedimenta-
tion characterizes the lower Fairchild, whereas rocks in the
upper portions of the unit were deposited by braided streams.

The 250(+) -m-thick Buckley Formation consists predomi -
nantly of coarse-grained sandstone (5-40 m thick) interstrati-
fled with shale (0.5-5 rn thick) and coal (0.05-0.3 m thick)
beds. The sandstones occur as sheets, which contain numer-
ous downstream accreting macroforms surfaces and sand-
stone-filled channel structures. The Buckley was deposited
within a braided stream depositional system.

Compression, impression, silicified peat, and silicified
logs were collected from the Buckley Formation in the Geolo-

gist Range and the All Black Nunataks and at Mount Cerberus
and Turbidite Hill. Sandstones contain abundant silicified
logs, some of which are contained within large deformed
mudstone clasts. The presence of mudstone clast suggest
slumping of cutbanks into the adjacent channel. The associ -
ated logs were probably transported only a few hundred
meters or less. Silicified peat and logs in the Nimrod-Byrd
area occur lower in the Buckley Formation than similar fossils
in the Beardmore Glacier region. These fossils may be the old-
est silicified Permian plant material in the central
Transantarctic Mountains.

We are grateful to Nicholas Rowe, Shaun Norman, and
Mike Roberts for their help in the field. Dr. Rowe collected
most of the plant fossils reported in this paper. These fossils
are being examined at the paleobotanical laboratory at the
Ohio State University. Logistics in Antarctica were provided
by Antarctic Support Associates, the U.S. Navy Squadron VXE-
6, Ken Bork Air Ltd., and the National Science Foundation.
This research was supported by National Science Foundation
grant OPP 91-18495.
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Geodynamic links between the Transantarctic Mountains
and Tethys

RASOUL B. SoRIulArn and EDMUND STUMP, Department of Geology, Arizona State University, Tempe, Arizona 85287-1404

T
he Transantarctic Mountains, extending for approximately
3,500 kilometers, constitute a major morphotectonic

boundary between the Precambrian craton of East Antarctica
and the continental "collage" of West Antarctica (figure 1;
Elliot 1985, pp. 39-61). The genesis of the Transantarctic
Mountains has been attributed to an extensional regime in the

antarctic crust, with the mountains forming the shoulder of a
rift system on the east antarctic side (e.g., Fitzgerald et al. 1986;
Stern and ten Brink 1989). Therefore, the Transantarctic
Mountains do not represent an "orogen" resulting from con-
vergence of tectonic plates but, rather, a "taphrogen" related
to fault-block uplifts of a thinning crust.
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Figure 1. A physiographic map of Antarctica (modified after Elliot
1985, pp. 39-61). (m denotes meter.)

The Transantarctic Mountains taphrogeny is geodynami-
cally related to major plate reorganizations surrounding
Antarctica. With this view, we suggest here a scenario for the
formation of the Transantarctic Mountains in light of the
breakup of Gondwanaland and the opening and closure of
the Mesozoic Tethyan Ocean(s) lying between Gondwanaland
and the northern supercontinent of Laurasia (figure 2).

SengOr et al. (1988, pp. 119-181) have argued that the first
fragments to break away from Gondwanaland were those of
the Cimmerian continent (notably Tibetan, Iranian, and Turk-
ish plateaus) during Permian times. Evidence for this rifting is
preserved in, for example, the
Panjal Traps of the Himalaya
(northern margin of the Indian
plate) (Gansser 1964). The drift-
ing Cimmerian continental
blocks closed Paleo-Tethys,
which then lay between Gond-
wanaland and Laurasia and sub-
sequently collided with the
Eurasian plate during Late Juras-
sic times. It is of note that the clo-
sure of Paleo-Tethys was coeval
with widespread alkaline/tholei-
itic magmatism in Gondwana-
land (e.g., the Ferrar dolerites of
approximately 180 million years
ago in the Transantarctic Moun-
tains; Kyle, Elliot, and Sutter

	

1981, pp. 283-287). The magma-	 Laurasia
tism in Gondwanaland ushered Palaeo-Tethayan sutures
in other episodes of fragmenta-
tion in Gondwanaland (figure 3).

The first drift took place be-
tween West Gondwanaland

(Africa-South America) and East Gondwanaland (Antarctica-
India-Australia) resulting in the widening of the Weddell Sea.
(We have followed the review by Lawyer et al. 1991, pp.
533-539, and references therein for the timing of breakup of
Gondwanaland). Africa separated from Antarctica around 150
million years ago. Initiation of a rapid phase of uplift-
exhumation in the Ellsworth Mountains of West Antarctica
shortly before 140 million years ago, as shown by fission-track
data, probably records tectonism of the region related to this
breakup (Fitzgerald and Stump 1991).

This was followed by rift-volcanism between Africa and
South America approximately 130 million years ago, a rift that
ultimately led to the opening of the South Atlantic Ocean.
Geometrically, the Transantarctic Mountains lie online with
the South Atlantic Mid-Ocean Ridge. Sufficient separation
between West and East Gondwanaland possibly prevented
this sea-floor spreading from extending to the locus of the
Transantarctic Mountains. Nevertheless, the Transantarctic
Mountains seem to have been affected by the same line of
tension. The continuous uplift-exhumation as documented
by fission-track data in the Ellsworth Mountains may be a
record of this extensional event, and we suspect that the Early
Cretaceous phase of rift-block uplifts was widely spread in the
Transantarctic Mountains.

The fragmentation of Gondwanaland seems to have fol-
lowed a clockwise (west-east) direction (Behrendt, LeMa-
surier, and Cooper 1992, pp. 315-322) so that after Africa, the
next continent to break away was India approximately 120
million years ago. Australia separated from Antarctica proba-
bly around 95 million years ago. Separation of these conti-
nental blocks from the northerly margin of the east antarctic
craton marked phases of uplift-exhumation in the
Transantarctic Mountains margin of East Antarctica as

Gondwana-land ftflflj Cimmerian Continent E Exotic Blocks

Atlantic sutures - Non-Tethayan sutures -	Neo-Tethyan sutures
(Circum-Pacific)	 (Alpine-Himalayan)

Figure 2. A first-order paleogeographic/paleotectonic sketch map of the Earth showing elements of the
Tethyan belt (Cimmeride continent), Laurasia, and dispersed fragments of Gondwanaland (modified after
Sengoretal. 1988, pp. 119-181).
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Figure 3. Reconstruction of Gondwanaland
(modified after Lawyer and Scotese 1987,
pp. 17-23) showing the approximate tim-
ing of breakup and paleogeologic relations
between Antarctica and other tectonic
plates derived from Gondwanaland. EM
(Ellsworth Mountains), M (Madagascar),
MBL (Marie Byrd Land), NNZ (North New
Zealand), SNZ (South New Zealand), I
(Tasmania), TI (Thurston Island block), and
WM (Whitmore Mountains). (Ma denotes
millions of years ago.)

revealed by apatite fission-track ages of rocks in the Scott
Glacier Area (Mount Griffith: 115 million years ago; Fission
Wall: 80 million years ago) (Stump and Fitzgerald 1992) and
the Beardmore Glacier Area (Moody Nuntak: 115 million
years ago) (Fitzgerald 1994).

Drift of the Africa-Arabia-India cratons during Creta-
ceous was accomplished at the expense of Neo-Tethys, which
was consumed beneath the Eurasian plate. The closure of
Neo-Tethys and initial continental collision occurred in Pale-
ocene times (e.g., Searle et al. 1987). This was coeval with the
major phase of uplift-exhumation at 55±5 million years ago
throughout the Transantarctic Mountains as revealed by fis-
sion-track data (e.g., Gleadow and Fitzgerald 1987).

In this short article, we have documented several coeval
events in the tectonic evolution of the Transantarctic Moun-
tains and the opening and closing of Paleo- and Neo-Tethys.
This is a new perspective on the geological problems of the
Transantarctic Mountains because most studies have viewed
the Transantarctic Mountains in light of Pacific tectonic evo-
lution. Although our scenario is a first step and needs to be
critically assessed and refined, it does point to possible geody-
namic links between the Transantarctic Mountain margin of
the east antarctic craton and the tectonic history of Tethys
through the breakup and northward dispersion of Gond-
wanaland fragments surrounding Antarctica.

This research was supported by National Science Foun-
dation grant OPP 91-17441.
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EAST93—Geophysical traverse from the Transantarctic
Mountains to Wilkes Basin, East Antarctica

URI TEN BRINK, U.S. Geological Survey, Woods Hole, Massachusetts 02543
STEPHEN BANNISTER, Institute of Geological and Nuclear Sciences, New Zealand

YIZHAQ MAKOVSKY, Department of Geophysics, Stanford University, Stanford, California 94305
RON HACKNEY, Research School of Earth Sciences, Victoria University, New Zealand

RAFAEL KATZMAN, Massachusetts Institute of Technology/Woods Hole Oceanographic Institution Joint Program, Woods Hole,
Massachusetts 02543

T
he joint U.S.-New Zealand East Antarctic Seismic Traverse
(EAST93), carried out during December 1993 and January

1994, was designed to obtain images of the shallow sedimen-
tary layers under the east antarctic ice cap. The traverse (fig-
ure 1) started 10 kilometers (km) west of the McMurdo Dome
drill site and 25 km west of the exposed bedrock of the
Transantarctic Mountains at Lashly Mountains and ended
323 km west of the drill site over the Wilkes subglacial basin.
The traverse was subparallel to latitude 78°S and 30-50 km
north of the 1958-1959 Victoria Land traverse (Crary 1963). It
included multichannel seismic-reflection data with 2.5-meter
(m) trace intervals, gravity data collected at intervals of 2.1
km, magnetic data collected at average intervals of 0.5 km,
and surface radar at intervals of 77 m.

The scientific objectives of the study were
to test and constrain models of the uplift of the
Transantarctic Mountains and the subsidence of the
Wilkes Basin, models that involve a flexed lithospheric
plate with a free edge at the boundary with West Antarctica
(Stern and ten Brink 1989);

• to understand whether the Ferrar dolerite sills and basalts
originated from an active mantle plume or whether they
were the by-product of rifting and passive upwelling (Elliot
1991, pp. 541-548); and

• to help resolve the debate about the climatic conditions
and the size of the ice sheet in the Cenozoic, in particular
whether parts of East Antarctica were deglaciated for much
of the Late Cenozoic (Webb 1991, pp. 599-607).

To our knowledge, this was the first large-scale geophysical
traverse on the polar plateau since the early 1960s. As such,
the experiment presented several logistical challenges:
• how to collect regional seismic profiles during the short

antarctic summer;
• how to keep the scientific instruments running with mini-

mal protection in the harsh conditions; and
• how to move camp daily and still have a full day of work.

The fieldwork lasted 54-60 days, of which only 20 days
were spent collecting data. The rest of the time was lost to bad
weather, mechanical problems, and rearrangement of sup-
plies and equipment at the beginning and the end of the

experiment and upon arrival to
caches. The work was conducted
by 10 people: an advance party of
three that surveyed and planted
flags every 150 m and the main
party of seven that carried out all
the geophysical measurements.
The main party consisted of a
group that plowed the snow,
planted the primacord, and con-
ducted geophysical and weather
measurements and a group, trail-
ing 2-3 km behind, that shot and
recorded the seismic data. A third
group, the base camp, moved
once a day, measured the radar
profile, and set up magnetic and
barometric base stations (to be
compared later with the roving
station).

Elevation along the profile
latu varied between 2,190 m to 2,470

T" and temperatures varied
between -15°C to -30°C. Snow
conditions varied from soft to

155	 15O

Figure 1. Bottom-ice elevation map contoured from aerogeophysical profiles (dotted lines) in the British
Antarctic Survey/Scott Polar Research Institute database and showing the location of the EAST93 line.
Heavy line—location of figure 2. Top—Map of Antarctica with the location of bottom map.
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Figure 2. Preliminary seismic data, total magnetic intensity anomaly, free-air gravity anomaly, and elevation along a section of the traverse
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steel-narci. sastrugi were encountered between km 122 and
265 and had dominant southwest-northeast direction and
variable amplitude and wavelength, reaching as much as 1.5
meters. Katabatic wind persistently blew from the west and
the southwest at 10-50 kilometers per hour (km/h) (6-30
knots), but the sky was clear. The wind picked up snow at
speeds above 30 km/h (17 knots). Daily maximum wind
occurred around 6:00 p.m. local time. Weather fronts from the
south occasionally brought warmer temperatures, low winds,
snow fall, and whiteout conditions.

Our seismic source was a 40- to 60-rn-long detonating
cord (primacord) (1.6 to 2.4 kilogram explosives) per shot laid
at 150-rn intervals along the traverse. The primacord was
buried by snow plow at a depth of 16.5 centimeters below the

surface. A 200-rn-long Norsk Hydro's snow streamer with 60
active channels was towed and used as a seismic receiver. The
seismic signals were recorded and demultiplexed by Geomet-
rics Strataview R-60 seismic system, which was also used for
quality-control processing. The gravity field was measured by
a LaCoste-Romberg gravimeter. Two Geornetrics G-856 mag-
netometers measured the magnetic field, one used as a roving
station and the other as a temporary base station. The radar
profile was collected by towing low-frequency (1.25 mega-
hertz), 80-rn-long receiving and transmitting antennas behind
a moving snowmobile.

The experimental design and the scientific equipment
chosen for this experiment were successful in achieving the
following.
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• High data-acquisition rate. In a full working day, 60-80
shots were fired (maximum of 108 shots) in addition to
other geophysical and weather measurements. Sastrugi,
encountered along 60 percent of the traverse, did not
cause any particular problems except slowing vehicle
movement.

• Data acquisition in harsh weather. Surveying, measuring
potential field, and primacord planting could be per-
formed in almost any weather. Shooting was limited to
wind speeds no greater than 30-35 km/h because of wind
noise on the streamer and because the blowing snow
posed a risk of premature detonation by electrical shorten-
ing. In addition, low temperatures due to wind chill (-50°C
to -70°C) made plastic cover of shooting wires brittle, elec-
tric tape nonadhesive, and exposed fingers unbearably
cold. Radar and magnetic equipment that had to operate
outside were boxed and kept warm by hot water bottles.
The remaining equipment (seismic recorder and tape
drive, gravimeter, computers) were housed in the cabin of
one of the large tracked vehicles. The cabins were heated
only during data acquisition.

• Efficient air support. A necessary logistical component to
the geophysical traverse was an efficient air support. To
reduce the load on the traverse vehicles, caches of food,
fuel, and explosive were put along the profile in advance of
the experiment by a Twin-Otter plane. Reference stations
for absolute location and elevation were measured during
these flights. Airdrops of explosives by a Royal New
Zealand Air Force C-130 plane flying from Christchurch to
McMurdo were highly accurate and did not damage the
explosives. A Twin-Otter plane was available on demand to
help with mechanical, logistical, and medical problems.

A coincident suite of geophysical measurements for a
small section of the traverse is shown in figure 2. Preliminary
processing of the seismic data indicates that the ice thickness
is about 1,900 m, the subglacial topography appears rough on
a scale of 100 m, and no indication of sediments is evident.
The magnetic anomaly drops by 40 nanotesla toward km 61
where the seismic reflection ends, a reading that may imply
that the strong seismic reflection represents a magma sill at or
near the rock surface. The gravity anomaly, however, is not
consistent with this interpretation. Preliminary analysis of the
seismic data indicates that the primacord generated a

broader band signal (6-500 hertz) and stronger surface waves
compared to a down-hole shot. The burial of the primacord
improved the energy coupling with the snow, minimized
environmental pollution and energy loss to the surface, and
saved one person's work. The gravity data, processed along
the entire profile, show that the Bouguer anomaly drops by
100 milligals in the eastern 100 km of the line and by addi-
tional 25 milligals in the remaining 212 km. Superimposed on
this long-wavelength trend are 30-km-long anomalies with
amplitudes of 20-30 milligals.

In summary, EAST93 was the first major geophysical tra-
verse on the polar plateau of East Antarctica in 30 years. The
experiment combined state-of-the-art seismic methods with
other geophysical techniques for the purpose of solving
remote geological problems. The experiment was successful
in its major logistical objectives—the collection of a long seis-
mic profile in a short field season, reliable operation of the
instruments, and efficient camp support. Scientific results are
too preliminary to address but the data are promising.

We thank E. Rygg and Norsk-Hydro Co.; R. Huggins and
Geometrics, Inc.; J. Behrendt, S. Hodge, and W. Robinson of
the U.S. Geological Survey; and E. Waddington and D. Morse
of the University of Washington for lending scientific equip-
ment and guiding us in their use. We thank D. Benson and L.
Hotham, U.S. Geological Survey, for locating reference points,
and the U.S. Antarctic Program, Antarctic Support Associates,
VXE-6, and the New Zealand Antarctic Programme for their
excellent field support. We thank S. Colman and D. Hutchin-
son for their reviews. This study was supported by National
Science Foundation grant OPP 92-20462.
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Early Paleozoic continental-rise deposition off East Antarctica:
The Patuxent Formation of the Pensacola Mountains

A.J. ROWELL, W.R. VAN SCHMUs, L.W. MCKENNA, III, and K.R. EvANs, Department of Geology, University of Kansas, Lawrence,
Kansas 66045-2124

C
rustal extension and deposition of deep-water turbidites
along the margin of East Antarctica were not confined to

a period of Neoproterozoic rifting. Our new uranium/lead
(U/Pb) isotopic dates indicate that at least part of the turbite
succession of the Patuxent Formation in the Pensacola
Mountains (figure 1) is Early Paleozoic. These results are con-
sistent with our discovery of marine fossils in limestone ohs-
tolith blocks in the formation. Much of the Patuxent Forma-
tion may represent formerly unknown deep-water deposits
that accumulated oceanward of, and contemporaneously
with, the Early Paleozoic shelf succession exposed to the east
in the Transantarctic Mountains.

The existence of a large supercontinent and its breakup in
the Neoproterozoic is a central feature of present-day paleo-
geographic models of late Precambrian time (Moores 1991;
Dalziel 1991, 1992). Breakup is thought to have led to the isola-
tion of Laurentia and the formation of the proto-Pacific as
western North America drifted away from a conjoined Aus-
tralian-East Antarctic plate. Comparative studies of Precam-
brian geology across the putative rifted margins generally sup-
port such a geological history (Ross 1992; Stump 1992; Young
1992). As Borg and DePaolo (1994) have observed, however,
the match of Precambrian isotopic age provinces is greatly
improved if the position of inferred allochthonous segments of
the antarctic margin is restored by right-lateral motion to
remove effects of early Ross transpressive deformation (Row-
ell, Rees, and Evans 1992; Goodge, Walker, and Hansen 1993).

The time of the breakup, however, remains a difficulty.
Imprecise isotopic dates suggest initial separation of Antarc-
tica-Australia from western North America between 700 and
800 million years ago (Devlin and Bond 1988; Borg, DePaolo,
and Smith 1990). The evidence in Antarctica, however, is geo-
graphically limited. Deformed turbidites, labeled with a variety
of formational names, crop out along much of the length of the
Transantarctic Mountains (figure 1) from southern Victoria
Land to near the Weddell These formations are commonly
assumed to be Neoproterozoic and to have developed in a con-
tinental rise setting subsequent to rifting. The age of the tur-
bidites is not well controlled but, at Cotton Plateau, near the
Nimrod Glacier, a pillow basalt interbedded with turbidites of
the Goldie Formation yielded a samarium-neodymium (Sm-
Nd) mineral isochron age of 762±24 million years (Borg et al.

tWhile this manuscript was in press, we learned that our colleagues in the
British Antarctic Survey have independently arrived at somewhat similar
conclusions and have obtained almost identical uranium-lead zircon ages
for the Gambacorta Formation and the Gorecki Felsite Member. Their
results will be published as follows:

Millar, IL., and B.C. Storey. 1995. Early Palaeozoic rather than Neo-
proterozoic volcanism and rifting within the Transantarctic Moun-
tains. Journal of the Geological Society, London, 152.

1990, but see Storey et al. 1992). A Sm-Nd mantle separation
age of 700-800 million years from a pillow basalt in the Cocks
Formation is also consistent with a Neoproterozoic rifting
event in the Skelton Glacier area (Rowell et al. 1993).

Nevertheless, our new data demonstrate that not all of
this belt of turbidites is Neoproterozoic. In the Pensacola
Mountains, the basis for such a claim, interpretation of rubid-
ium-stronium (Rb-Sr) isotopic analysis of the Gorecki Felsite
Member of the Patuxent Formation (e.g., Eastin 1970, pp.
67-114; cited by Schmidt, Williams, and Nelson 1978 and
Storey et al. 1992) is invalid. At its type locality in the Schmidt
Hills (figure 1), the Gorecki Felsite Member is underlain and
overlain by fine-grained turbiditic sandstones and argillites. It
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Figure 1. Map of Neptune Range in the Pensacola Mountains showing
outcrops, principal localities mentioned in the text, and camp sites
indicated by stars. (WS denotes Weddell Sea. TAM denotes
Transantarctic Mountains.)
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Figure 2. Sponge spicules from limestone clast in Gorecki Felsite Member at its
type locality. Field of view approximately 45 millimeters.

consists predominantly of oligomictic megabreccias that
include large blocks of felsitic tuffs, tens of meters in maxi-
mum size, together with locally abundant limestone blocks
that typically are less than 1 meter in diameter. The
megabreccias are poorly sorted and matrix supported. We
interpret them as a volcanic apron deposit formed by subma-
rine gravity-driven mass movement that probably was associ-
ated with a caldera event. A diversity of carbonate rock types
is present representing marine depositional settings from
peritidal to below storm-wave base. A few of the limestone
blocks are fossiliferous, and their sparse fauna includes
hyolithids and sponge spicules (figure 2). The Gorecki Felsite
Member is clearly Phanerozoic, not Neoproterozoic!

Felsic igneous activity is widespread in this part of the
Pensacola Mountains (Schmidt et al. 1978). Quartz por-
phyritic rhyodacite forms a thick intracaldera phase (Hawkes
Member, Gambacorta Formation) of the Iroquois caldera,
which crops out on the eastern ridges of Mount Hawkes
(Schmidt et al. 1978) (figure 1). In addition, thin sills of felsitic
quartz porphyry are intruded into Patuxent metasediments at
Teeny Rock in the Williams Hills. Both of these igneous rocks
have field petrographic characters that are closely similar to
each other and to the felsite blocks in the Gorecki Felsite
Member. Initial U/Pb isotopic ages for zircons from these
units (Gorecki Felsite Member, Teeny Rock felsite, Hawkes
Member) indicate Cambro/Ordovician crystallization ages of
490 to 500 million years, although further analysis may allow
more precise definition of their ages.

Because of deformation of the Patuxent Formation and
lack of distinctive marker beds, it is virtually impossible to
obtain a reliable estimate of its thickness. Schmidt et al.
(1978) estimated that it was greater than 10 kilometers. Fold-
ing and faulting likewise preclude placing relative ages on the
Gorecki Felsite Member and the thick pillow basalts that crop
out in the Williams Hills. It is apparent, however, that not all
the Patuxent Formation is of Late Cambrian or Early Ordovi-

cian age. On the eastern side of the Roderick Valley (figure 1),
probably separated from outcrops in the Williams and
Schmidt Hills by a fault that extends down the Roderick Valley
(Schmidt et al. 1978), strongly deformed argillites referred to
the Patuxent Formation crop out beneath the late Middle
Cambrian Nelson Limestone. We have elsewhere suggested
that this eastern outcrop belt of the Patuxent may, in part, be
of early Cambrian age and that it may have been deformed by
an additional phase of early Ross deformation (Rowell et al.
1992); in any case, it is clearly pre-late Middle Cambrian. We
recognize, however, that the oldest beds in this formation
may possibly be Neoproterozoic and have formed along the
continental rise in response to rifting, although currently we
have no data to document this possibility.

In summary, available information clearly demonstrates
that a substantial part of the Patuxent Formation is Lower
Paleozoic and does not represent Neoproterozoic extension.
The significance of the probable extension, recognized by
Storey et al. (1992), has yet to be fully assessed by geochemi-
cal examination and further geochronological study of collec-
tions that we have made.

Our field party consisted of all the authors. We air-
dropped four 209-liter barrels of mogas fuel and twelve 209-
liter barrels of JP-8 aircraft fuel on our reconnaissance flight
of 17 November 1993 and were subsequently put in the field
by LC-130 aircraft on 18 November. Our put-in site in the
Roderick Valley (83040'S 58 007'W; see figure 1) served as our
main depot from which we established camp sites with snow-
mobiles hauling sledges (figure 1). We were pulled out from
our main depot on 23 December.

We thank the LC-130 crews of the U.S. Navy VXE-6
squadron for assistance in putting us in the field and for col-
lecting us at the end of the season in marginal flying condi-
tions. We are indebted to our colleagues with Antarctic Sup-
port Associates and the National Science Foundation for their
ready help and logistical support, and to the Twin-Otter crew

while supporting our work for several days in the
Rambo and Postel nunatak areas. We particularly
want to thank Alan Fetter for help in obtaining U/Pb
isotopic ages. This work is supported by National Sci-
ence Foundation grant OPP 91-17444 to the University
of Kansas.
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The global positioning system surveying, aerial photography,
and mapping program of the United States in Antarctica

JERRY L. MULLINS, National Mapping Division, U.S. Geological Survey, Reston, Virginia 22092

T
he National Science Foundation (NSF), through the U.S.
Geological Survey (USGS), supports surveying and map-

ping in Antarctica. During the 1993-1994 season, USGS
directed its antarctic surveying and mapping activities toward
the acquisition of mapping aerial photography, global posi-
tioning system (GPS) geodetic mapping control, topographic
and satellite image mapping, seismology, doppler satellite
tracking, and the compilation of an antarctic gazetteer.

The USGS/National Mapping Division (NMD) in cooper-
ation with the New Zealand Department of Survey and Land
Information and with the support of NSF and the New
Zealand Antarctic Programme, photographed areas of mutual
interest in the Ross Sea region of Antarctica. Aerial photogra-
phy of the Convoy Range, Ross Island, and Specially Protected
Areas (SPA) in the Ross Sea region was taken. During Novem -
ber 1993, approximately 21,000 square kilometers of mapping
aerial photography was taken. A Rockwell Commander 690B
aircraft, owned by the New Zealand Department of Survey
and Land Information, was employed; the aircraft was
equipped with a Zeiss RMK A 15/23 aerial mapping camera
with a 152-millimeter lens. The aerial ifim consisted of color
and black-and-white negative film with a 23-centimeter for-
mat. Ashtech receivers were used both in the aircraft and at
ground stations at McMurdo Station and Scott Base. The GPS
positions will be used to establish the location of the aircraft
for GPS photogrammetry purposes.

The USGS's field surveying crew established geodetic
mapping control in the Convoy Range using GPS receivers.
This cooperative project with the New Zealand Department of
Survey and Land Information used NSF helicopters to establish
new stations to support 1:50,000-scale topographic mapping.

At Amundsen-Scott South Pole Station, USGS established
and operated a GPS fiducial base station, which served as a
reference station to integrate local GPS surveys conducted in
support of the Siple Coast ice stream dynamics project and
the GPS aerial photography program and for kinematic GPS
surveys in the McMurdo Sound region.

Geodetic surveys were conducted in the Taylor Valley to
support the U.S. Antarctic Program's Long-Term Ecological
Research program. The surveys were conducted by Gordon
Shupe using both optical instruments and GPS receivers. A
surveying benchmark was established to tie the GPS observa-
tions into the continuous tracking GPS base station at
McMurdo Station.

In January 1994, the USGS team of Dale Benson and
Cathleen McDermott conducted a geodetic survey to estab-
lish the position of the true South Pole (marker) at Amund-
sen-Scott South Pole Station. Based on this season's observa-
tions and data from previous surveys, analysts have deter-
mined that the ice sheet at the South Pole continues to move
approximately 10 meters per year in a northwesterly direc-
tion. The team installed a permanent brass marker identifying
the 1993-1994 austral summer position.

The USGS's mapping program includes 1:50,000-scale
topographic maps for areas in the McMurdo Dry Valleys. The
mapping is being conducted in cooperation with the New
Zealand Department of Survey and Land Information. Under
this cooperative program, the USGS obtains the aerial pho-
tographs, establishes the geodetic control, and performs the
aerotriangulation. New Zealand performs the stereocompila-
tion, collects digital cartographic data, prepares shaded relief,
and provides color separates. The USGS will print the maps.
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The maps cover the Taylor and Wright Valleys, the Convoy
Range, and Royal Society Range in the McMurdo Dry Valleys
area. These 1:50,000-scale, 15-minute topographic maps have
50-meter contour intervals and 25-meter supplemental con-
tours. The maps will be published using the WGS-84 geodetic
datum. The maps will include existing and new place names
approved by the U.S. Board on Geographic Names (BGN).
Five maps covering part of the Royal Society Range were pub-
lished in August 1993, and seven additional maps are planned
for publication in 1995.

The USGS produced five 1:250,000-scale Landsat the-
matic mapper satellite image maps for the Siple Coast ice
stream project. The maps were published in September 1993.
Ten additional maps in this series are in the final stages of
compilation and are scheduled for publication in October
1994. The maps will be published using the International Map
of the World geographic reference system. The USGS is also
producing a second version of the advanced very-high-reso-
lution radiometer digital image map of Antarctica at
1:5,000,000 scale. This version will contain contour data, per-
manent station locations, and BGN place names. This map is
planned for publication in early 1995.

The South Pole winter team of Cathleen McDermott and
Alan Ward continued doppler satellite tracking and the
USGS's seismic program during the 1994 austral winter sea-
son. The doppler satellite tracking program functions as a
local tracking station to improve orbital data for the polar
region. The orbital data are used to improve the ephemeris

data that support the geodetic control field surveying and to
upgrade and densify the existing geodetic networks in Antarc-
tica. The USGS's South Pole seismic station serves as a key
station in the Worldwide Standardized Seismograph Network.
These data are used by the USGS National Earthquake Infor-
mation Center to help locate earthquake epicenters and ori-
gin times for seismic wave propagation.

The USGS manages the Scientific Committee on Antarc-
tic Research library for the NSF and the U.S. Antarctic Pro-
gram. The library is the official depository and distribution
point for antarctic aerial photographic and cartographic
products produced by the United States. The library has
approximately 450,000 black-and-white and color aerial pho-
tographs of the Antarctic dating from Operation Highjump
(1946-1947) through the 1989 field season. The library also
houses geodetic control records, satellite images, maps,
charts, and publications. These maps, charts, and publica-
tions are exchanged with other nations under the provisions
of the Antarctic Treaty.

In 1989, the NSF, in cooperation with the BGN and the
USGS, published an antarctic gazetteer. The gazetteer con-
tains feature names and locations. It is being revised to
include descriptive text of the features and geographic names
approved by the BGN since 1989. Publication is planned in
early 1995. The data are part of a computer-based Geographic
Names Information System.

These programs were funded by National Science Foun-
dation grant OPP 91-14787.
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Meteorite studies

Results from the antarctic search for meteorites project,
1993-1994 field season

RALPH P. HARVEY, Department of Geological Sciences, University of Tennessee, Knoxville, Tennessee 37996-1410
JOHN W. SCHUTr, Department of Geology and Planetary Science, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

T
he Walcott Névé region has been a pro-
lific source of meteorites for ANSMET

(antarctic search for meteorites) field par-
ties, including well-known meteorite
sources such as the Lewis Cliff ice tongue
and the MacAlpine Hills iceflelds (figure 1).
This season's research efforts were twofold.
The goal during the first part of the season
was to collect ice samples and radio echo-
sounding data from the Lewis Cliff ice
tongue in an effort to understand the
glaciology of that meteorite-stranding sur-
face. The second goal was to search system-
atically for meteorites in an area informally
called "Foggy Bottom," a set of unnamed
nunataks at the southeast end of the Wal-
cott Névé, which had been visited previous-
ly for reconnaissance purposes and limited
systematic searching (figure 2).

Our initial party was put into the field
on 13 November 1993, via LC-130 Hercules
aircraft, at the established Beardmore South
Camp landing site. Field party members
entering the field at this time were W.A.
Cassidy, J.W. Schutt, S. Russel, C. Kohl, T.
Meisel, and K. Echelmeyer. The field party
then traversed to the Lewis Cliff ice tongue
and set up camp. During the next 10 days,
radio echo-sounding traverses were per-
formed down the length of the ice tongue
and across it to develop a crude three-
dimensional model of sub-ice topography.
In addition, many surveying stations
installed during the 1985-1986 ANSMET
field season were re-surveyed in support of
continuing ice-movement studies of the ice
tongue. Ice-movement rates from 1.1 to 1.5
meters (m) per year were measured. Finally,
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near the northern end of the ice tongue,	Figure 1 Meteorite icefield locations in and around the Walcott Névé region, Transantarctic
volcanic dust bands suggest a tilted strati-	Range, Antarctica. All icefield names are unofficial.
graphic sequence in the ice. A 10-rn channel sample was cut at	graphic sequence. This sample has been subdivided and dis-
the ice surface, perpendicular to the suspected time-strati-	tributed to various ice-chemistry specialists in the hope of
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Figure 2. The Foggy Bottom area.

identifying, by comparison to established ice chemistries from
core studies, the specific time sequence exposed.

During the period from 21 to 23 November, Twin-Otter
aircraft were used to make a personnel switch. K. Echelmeyer
and W.A. Cassidy were relocated to McMurdo Station and to
other research projects, and R.P. Harvey and E.J. Dasch
replaced them at the Lewis Cliff
camp. Two days later, the field I Meteoritefindsfromcamp was relocated approximate-
ly 50 kilometers (km) south to the
Foggy Bottom area. Reconnais-
sance and a short period of sys-
tematic searching during two pre-

	

vious seasons had established the	Meteorite Moraine

	presence of meteorites in this	Lower Lewis Cliff ice tong
Upper Lewis Cliff ice tong

	region. Roughly 100 meteorites	South Lewis Cliff icefield
	had been recovered in this area,	Central Walcott Névé

and we estimated another

	

200-300 might be present, based	Total Lewis Cliff area
on similarities to other fields. We

	

were pleasantly surprised, there-	Pwellam
	fore, to find an abundance of	Mare Meteoriticus
	meteorites at various localities in	Foggy Bottom icefield
	the area (figure 2). Many of these	Upper Foggy Bottom icefi

	meteorites were found scattered	Central Nunataks icefieldE

	among terrestrial rocks in supra-	Foggy Bottom moraine
	glacial moraines and on firn near	Scoraine moraine

R B moraine
	the edges of icefields. The large	Lunch moraine
	numbers of meteorites did not	Footrot Flats

allow us to complete systematic

	

searching of the area, and there-	Total Foggy Bottom area
fore, we are compelled to revisit
the region in the near future.

	

A total of 858 meteorites were	Total for entire season
recovered during the 1993-1994

	ANSMET season (table). The vast	aAll names and classificat

majority of these are ordinary chondrites and may represent a
small number of shower falls (hundreds of stones falling
together) rather than a large number of individual falls. As is
often the case in science, the rarer specimens generate the
most attention, and the several achondrites, carbonaceous
chondrites, and metal-rich meteorites recovered should
prove to be of significant interest to scientists. A likely source
of particular interest is a single recovered meteorite that may
be a lunar specimen; unfortunately, the exact nature of this
rock cannot be confirmed until initial study of the returned
sample has been completed.

Although many theories speculate why meteorite strand-
ing surfaces exist and how they work to concentrate extrater-
restrial specimens, our understanding remains fragmentary
for several reasons. Although each stranding surface appears
to share a few broad traits, such as high ablation rates and
obstruction to ice flow, individual icefields also exhibit
unique and complex characteristics. Recognizing the complex
nature of the problem has clarified the need for rigorous long-
term experiments in these areas. During the 1994-1995 field
season, we plan to establish a highly controlled, large-area ice
movement and ablation network throughout the Foggy Bot-
tom region to provide an accurate baseline of local iceflow
and removal characteristics. The eventual goal is to establish
an accurate recent history of the ice sheet in this important
area near the head of the Beardmore Glacier.
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Meteorite studies: Terrestrial and extraterrestrial
applications, 1994

MICHAEL E. LIPSCHUTZ, Department of Chemistry, Purdue University, West Lafayette, Indiana 47907

I
n the past year, tantalizing glimpses have been received of a
number of bodies in the inner Solar System. Two S-class

minor planets (asteroids), 951 Gaspra and 243 Ida, were
imaged by the Galileo spacecraft—the latter body was the first
minor planet discovered to possess a moon—and a third,
1620 Geographos (another S-class, Apollo asteroid), will be
imaged later in 1994 by the Clementine spacecraft. These
data, however, constitute mere glances: our detailed knowl-
edge of asteroids comes only from studies of their fragments
that fall to Earth as meteorites.

These planetary materials are studied intensively in ter-
restrial laboratories, not only to establish their genetic and
evolutionary histories and links to particular asteroid classes
but also to determine processes that occurred before the Solar
System existed and that led to its formation. Although mete-
orites fall sporadically all over the Earth and, in some cases,
are recovered for study (cf. Lipschutz et al. 1993, for one inter-
esting case), Antarctica provides the only sustained and
assured source for meteorite recoveries on a regular basis. It is
becoming increasingly evident that the numerous meteorites
(more than 15,000 fragments to date representing 3,800± 1,800
separate impact events) provide a different view of their
extraterrestrial sources than that provided by the approxi-
mately 2,900 meteorites recovered elsewhere on Earth. Cur-
rent studies of these materials are supported mainly by the
National Aeronautics and Space Administration, with addi-
tional help from the National Science Foundation.

The research conducted by my group this year involves
three techniques: radiochemical neutron activation analysis
(RNAA); accelerator mass spectrometry (AMS); and thermo-
dynamic modeling of igneous processes.

In our RNAA studies, we determine 12-15 trace and ultra-
trace elements (microgram-to-gram to nanogram-to-gram
levels) in each sample studied, 10 of which (silver, bismuth,
cadmium, caesium, indium, rubidium, selenium, tellurium,
thallium, and zinc) are thermally labile and give unique infor-
mation on the thermal histories of planetary materials. For
example, Hiroi et al. (1993, 1994) demonstrated from RNAA
and spectral-reflectance data that surfaces of numerous C-,
G-, B-, and F-classes of asteroids contain large (and variable)
proportions of thermally metamorphosed material excavated
from the planets' interiors by impacts. Clear sampling selec-
tivity is obvious: the numerous asteroids are represented by
only three metamorphosed carbonaceous chondrites—all
from Antarctica. All other carbonaceous chondrites (over 70)
are unmetamorphosed. Sampling selectivity also is evident
for H4-6 chondrites. The Earth's sampling of sources has
changed with time—on the short term (from 1855 to 1895)
and on the long term, more than 50,000 years (Dodd, Wolf,
and Lipschutz 1993; Michlovich et al. in press; Michlovich et

al. 1994; Vogt et al. 1994; Wolf and Lipschutz in press a,b). The
unique capability of our laboratory to quantify the highly
informative, thermally labile trace elements results in our
involvement in consortium studies of important meteorites.
In the past year, we reported RNAA results for an antarctic
Martian meteorite (Treiman et al. 1994) and chondrite hosts
and igneous inclusions of three meteorites—all from Antarcti-
ca (Wang et al. 1994; Sack et al. 1994)—as well as separated
chondrules from nonantarctic meteorites and peculiar,
whole-rock samples of them (Lipschutz et al. 1993; Olsen et al.
1994; Petaev et al. 1994; Sears et al. in press).

Development has continued on our AMS facility, one of
three national AMS facilities in earth science supported by the
National Science Foundation. The other facilities (at Wood's
Hole Oceanographic Institution and the University of Ari-
zona) are carbon-14 (14C) machines; ours (PRIME Lab) is the
only one capable of quantifying the full spectrum of cosmo-
genic radionuclides:
• Beryllium- b ('°Be) (half-life, 1.6 million years);
• Aluminum-26 (26A1) (half-life, 0.74 million years);
• Chlorine-36 (36C1) (half-life, 0.30 milion years);
• Calcium-41 (41 Ca) (half-life, 0.10 million years); and
• Iodine-129 (1291) (half-life, 16 million years).
In the past year, we chemically prepared almost 350 samples,
mainly of '°Be, 26A1, and 36C1, (Vogt, Wang, and Lipschutz
1994) and have run almost 1,500 samples (Elmore et al. 1994)
of terrestrial rocks (Dep et al. 1994) and rain (Knies et al. 1994)
and meteorites (Lipschutz et al. 1993; Wang et al. 1994; Mich-
lovich et al. in press; Michlovich et al. 1994). The planned
upgrade of our AMS has just been completed, and as a result,
we anticipate improved resolution and sensitivity as well as
higher throughput. In the coming year, we expect 41 Ca and 1291

measurements to become as routine as those of '°Be, 26A1, and
36Cl (Elmore et al. 1994; Vogt et al. 1994).

Because of our developments in the applications of mul-
tivariate statistics and nuclear chemistry to terrestrial and
extraterrestrial materials, invitations to prepare chapters for
monographs in these areas have been accepted. These have
been completed (Wolf and Lipschutz in press c; Lipschutz in
press).

Finally, we have demonstrated the application of a newly
developed computer analysis program, MELTS, to calculate
the crystallization sequence of igneous melts. We used this
program to demonstrate that a large igneous inclusion in the
antarctic chondrite, Yamato 794046 (Sack et al. 1994), was
shock-produced, and we now plan to apply this technique to
Martian meteorites, many of which were recovered from
Antarctica.

This research was supported in part by National Science
Foundation grants EAR 89-16667, 92-14636, and 93-05859;
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National Aeronautics and Space Administration grants NAG
9-48 and 9-580 and NAGW-3396 and 3640; Department of
Energy grant DE-FG07-80ER1 072SJ; and the W.M. Keck
Foundation.
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Compositional studies of new groups of chondritic meteorites
ALAN E. RUBIN and GREGORY W. KALLEMEYN, Institute of Geophysics and Planetary Physics, University of California,

LosAngeles, California 90024-1567

T
he abundances of refractory and common nonvolatile
elements in chondritic meteorites are similar to those in

the Sun's photosphere. These meteorites represent unfrac-
tionated samples of the solid materials that existed in the
early solar nebula. Different groups of chondrites have dis-
tinct bulk compositions and mineralogical and textural char-
acteristics; researchers infer that each group was derived
from a separate asteroid. The large number of meteorite

samples discovered in Antarctica in the last 25 years (more
than 15,000) has led to the discovery of new chondrite
groups. During the last year, we analyzed members of two
new groups by instrumental neutron activation analysis to
determine the concentrations of 27 elements with different
geochemical affinities. We combined these data with miner-
alogical and petrographic studies to characterize the chon-
drite groups.
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The CR carbonaceous chondrite group comprises six
independent meteorites, four of which are from Antarctica
(Weisberg et al. 1993; Kallemeyn, Rubin, and Wasson 1994).
These chondrites have refractory lithophile element abun-
dances of approximately 1.OxCI, that is, they are approxi-
mately equal to those in CI carbonaceous chondrites (the
group most similar in composition to the Sun). The abun-
dance of metallic iron-nickel (Fe-Ni) is 100-160 milligrams
per gram, unusually high for carbonaceous chondrites. Chon-
drules are large (approximately 900 micrometers) and some-
what irregular in shape; magnetite framboids are common.
Previous studies of metallic Fe-Ni grains in CR chondrites
(Lee, Rubin, and Wasson 1992) have shown that these mete-
orites experienced some reduction during weak thermal
metamorphism. The magnetite framboids formed from
hydrothermal alteration of metal-rich precursors on the par-
ent asteroid.

Several years ago, we described a new grouplet of chon-
drites that were not members of the ordinary, carbonaceous or
enstatite chondrite classes; we called these meteorites Carlisle
Lakes chondrites after the largest member (Rubin and Kale-
meyn 1989). Since that time, several new specimens have been
described, most from Antarctica (e.g., Rubin and Kallemeyn
1994), but one observed 1934 fall from Rumuruti, Kenya,
recently turned up in the Berlin collection, and the group has
been renamed R chondrites after this specimen (Schulze et al.
1994). The R chondrites constitute the 12th major chondrite
group: they are characterized by a high degree of iron oxida-
tion, a low chondrule/groundmass modal abundance ratio,
and a high abundance of the oxygen isotope 170 (e.g., Weis-
berg et al. 1991; Bischoff et al. 1994). Refractory lithophile
abundances are about 0.9xCI, indicating a moderate depletion
in these elements relative to CI chondrites. All of the R chon-
drites exhibit moderate metamorphic re crystallization and

most exhibit significant brecciation and/or moderate impact
melting. Several of the samples are regolith breccias that once
resided at the surface of their parent asteroid: they consist of
light-colored, highly metamorphosed clasts surrounded by
less-metamorphosed, dark-colored material containing solar-
wind-implanted noble gases.

This work was supported in part by National Science
Foundation grant EAR 91-19065.
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Stability of antarctic blue icefields over the last 300,000 years:
Meteorites as surface exposure markers

PAUL H. BENOIT, JOYCE ROTH, HAZEL SEARS, and DEREK W.G. SEARS, Department of Chemistry and Biochemistry, University of
Arkansas, Fayetteville, Arkansas 72701

B
are "blue" icefields are found in the inland portions of the
antarctic ice sheet and are especially common in places

where ice flow is disturbed by interaction of the ice with
mountain chains, nunataks, and sub-ice topography (Delisle
and Sievers 1991; Takahashi et al. 1992, pp. 128-139). The
ablation of deep ice on these icefields sometimes results in the
accumulation of entrained rocks on the ice surface, and the
composition of these "moraines" can be indicative of regional
iceflow dynamics (Faure et al. 1987). Among the rocks in the
moraines are sometimes found meteorites; at some icefields,
meteorites are the most common type of morainal specimen,
with hundreds of meteorite fragments collected on the ice sur-

face (Whillans and Cassidy 1983; Cassidy et al. 1992). Using the
activity of cosmogenic radionuclides, one can determine how
long each individual meteorite has been on Earth, that is, its
terrestrial age. In this article, we discuss the use of thermolu-
minescence of antarctic meteorites to determine how long
individual meteorites have been exposed on the ice surface as
opposed to being buried within the ice, that is, a surface expo-
sure age. These data, coupled with terrestrial age data, permit
study of the stability of the iceflelds on which the meteorites
were found over the last 500,000 years or so.

The interaction of cosmic rays with meteorites in space
results in the production of radionuclides, including carbon-

ANTARCTIC JOURNAL - REVIEW 1994
51



14 ('C), aluminum-26 (26jJ), and chlorine-36 (36C1). Under
the much lower dose rates at the Earth's surface, the activity
of these radionuclides decreases to much lower levels and can
thus be used to determine how long a meteorite has been on
Earth (Nishiizumi, Elmore, and Kubik 1989). It is apparent
that most antarctic meteorites have terrestrial ages ranging
between a few thousand years to about 400,000 years,
although a few meteorites have terrestrial ages up to approxi-
mately 1 million years. The presence of meteorites with very
old terrestrial ages has been used as evidence for the long-
term stability of the icefields on which they were found
(Drewry 1980).

Natural thermoluminescence (TL) is also produced as a
result of the interaction of cosmic rays with a meteorite in
space. Unlike the decay of radionuclides, however, the rate of
TL decay is determined by ambient temperature. In temper-
ate climates, the meteorites' average ambient temperature is
fairly close to that of the air, and thus one can use the average
temperature of the discovery site as a guide to the decay rate
of TL. We find a correspondence between natural TL levels
and terrestrial age for meteorite finds from the Sahara and
from the deserts of the western United States which is in
accord with calculated TL decay rates based on the average
temperatures at these sites (Benoit et al. 1993). Antarctic
meteorites can reside in two very distinct thermal regimes
during their terrestrial history, however; namely, they can be
held at very low temperatures during burial in the ice or at
much warmer temperatures (by solar heating) on the ice sur-
face. In figure 1, we show calculated TL levels of meteorites in
each regime; it is apparent that the rate of TL decay for mete-
orites buried in the ice is negligible when compared to that
for meteorites exposed on the ice surface. A meteorite with a
two (or more) step history involving burial and exposure will
have a more complex TL response, such as that shown by
curve C of figure 1, but TL decay is still dominated by periods
of surface exposure and the TL level thus reflects the duration
of surface exposure of the meteorite.

In figure 2, we show a comparison of surface exposure
ages, derived from natural TL levels and terrestrial ages
(derived largely from 14C and 36Cl activities) for a group of
antarctic meteorites, most of which are from the large [75-
square-kilometer (km2)] "Main Icefield* near the Allan Hills
(76045'S 159020'E) in Victoria Land (Benoit, Sears, and Sears
1993). We find that meteorites with terrestrial ages less than
or equal to 300,000 years exhibit a broad range of surface
exposure ages, ranging between almost no surface exposure
to the full duration of their terrestrial history. Meteorites with
terrestrial ages greater than 300,000 years, however, generally
exhibit a more restricted range of surface exposure ages, gen-
erally between 200,000 and 300,000 years.

One interpretation of these data is that the icefield was
formed between about 300,000 to 350,000 years ago, perhaps
after a pulse of unusually high iceflow related to the begin-
ning of an interglacial period (Cassidy et al. 1992). With the

*The designation "Main Icefield" is not an official name, but the feature is a
distinct geographic unit.
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Figure 1. Calculated TL histories for antarctic meteorites. Curve A is
for a meteorite buried within the ice (average temperature-30 0C), and
curve B is for a meteorite on the ice surface (-10°C). Curve C shows
the TL level for a meteorite that is buried for the first 200,000 years of
its terrestrial history and then brought to the surface. (krad denotes
thousand rad; ka denotes thousand years.)

restabiization of iceflow and the icefield following the pulse,
"old" meteorites (with terrestrial ages greater than 300,000
years) were carried to the field within the ice. Since that time,
newly fallen meteorites have been added to these "old" mete-
orites, either by direct infall onto the field or by local trans-
port within the ice, thus producing the large range of
observed surface exposure ages in meteorites with terrestrial
ages less than 300,000 years. It appears that glacial-inter-
glacial cycles following the event at about 300,000 years ago
were not intense enough to remove large numbers of mete-
orites from the field.

We anticipate more detailed analysis of the surface expo-
sure histories of meteorites from other icefields in Antarctica
in the future. Although it appears that the meteorites from
most other iceflelds have younger average terrestrial ages than
those at Allan Hills and thus may not document the event at
about 300,000 years ago, it is likely that some of these fields
were more sensitive to ice pulses in more recent glacial-inter-
glacial transitions, and this may be recorded in the natural TL
of meteorites found on their surfaces.

We thank W.A. Cassidy and S.W.S. McKeever for discus-
sions on natural TL and antarctic meteorites. This research
was supported by National Science Foundation grant OPP 91-
15521 and National Aeronautics and Space Administration
grant NAG 9-81.
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Measurements of ice thickness and related studies on the
Lewis Cliff Ice Tongue, 1993-1994

KEITH ECHELMEYER, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775
WILLIAM CASSIDY and JOHN SCHurr, ANSMETProject, Department of Geology and Planetary Science, University of Pittsburgh,

Pittsburgh, Pennsylvania 15260

T
he Lewis Cliff Ice Tongue (84 0 16'S 161 020'E) is a 2x10-kilo-
meter (km) patch of exposed ice that terminates in a large

moraine below Mount Achernar (84°12'S 160 056'E). We have
recovered approximately 2,000 meteorite specimens on this
and adjacent ice surfaces (Cassidy et al. 1992), with the highest
concentration located on the ice tongue itself; therefore, we are

interested in characterizing this ice tongue with a view to

learning its origin and history. Specifically, during the early
part of the 1993-1994 field season, we were interested in the
transverse and longitudinal variations in ice thickness and how
these patterns relate to the flow of the ice tongue and, ulti-
mately, to the distribution of meteorites on the surface. Addi-
tional work was also carried out to determine if an ice-strati-
graphic sequence is exposed on the surface of the ice tongue.
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Radio echo sounding methods were used to measure the
ice thickness. The ground-based, ice-radar system consisted
of a monopulse radar transmitter and a small, portable digital
oscilloscope as the receiver. Identical resistively loaded dipole
antennas were used for transmitting and receiving; the anten-
nas were tuned to a center frequency of about 5.5 megahertz
(MHz). Transmitter and receiver were placed on the ice sur-
face 50 meters (m) apart; the antennas were parallel to each
other. The direct air/surface wave was used to trigger the
oscilloscope, and the time to the reflected arrivals was record-
ed to the nearest 0.04 microsecond.

Measurements were made along two transverse and one
longitudinal profile (figure 1), with an average spacing of
about 200 to 300 in the profiles. Additional measure-
ments were made in the terminal region at the north end of
the ice tongue. Positions of the ice radar and surface elevation
were determined by taping, limited global positioning system
(GPS) positioning, and barometric altimetry.

In most cases, the basal reflection was clear and unam-
biguous; however, reflections were not so clear in the north-
ern terminal region. Reduction of the travel time data to ice
thickness followed the graphical pointwise migration proce-
dures outlined by Echelmeyer (1983). A radiowave speed of
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Figure 1. Map of Lewis Cliff Ice Tongue showing position of radio echo
sounding profiles and location of meteorite finds (small dots).

168 meters per microsecond was used. Because the transmit-
ter and receiver are separated, each reflection must come
from somewhere on an ellipse with receiver and transmitter
at the foci; the ellipse is assumed to be in the vertical plane of
the profile. Each of the reflection ellipses is plotted beneath
its corresponding position along the profile, and the envelope
of all ellipses for a given profile is then taken to be an outline
of the bed (figure 2A). The estimated accuracy in ice thickness
is taken to be about 10 m.

The results for the three profiles are shown in figure 2.
The profiles show an overall ice depth of about 400 to 500 m.
The channel shape is interesting in that it is not a symmetric
U-shaped trough, as might be expected; instead, it appears to
be two intersecting U-shaped channels. The trough on the
west side extends downglacier to the northern terminal
region and is generally deeper. The eastern trough thins
abruptly from the uppermost profile (A) down to the lower
profile (B). The longitudinal profile shows a marked decrease
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Figure 2. A. Transverse profile at A, showing reflection ellipses. B. B
profile. C. Longitudinal profile. Surface elevation shown in figures 2A
and 2B is relative to the crossing point of the longitudinal profile; the
elevation of the longitudinal profile is relative to the northern terminus,
which is at an elevation of about 2,000 m above sea level (MSL). Open
circles on the surface represent radio echo sounding sites.
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in thickness near the location of the B profile thinning from
about 500 in to about 200 m. It appears that a sub-
glacial ridge extends in from the bedrock hill on the eastern
margin across the ice tongue to the centerline. As figure 2
shows, the radio echo sounding mesh was densified over this
feature, and it is well defined both up and downglacier and
transversely. Downstream of the subglacial ridge the ice
becomes thicker, increasing to the 400+ in 	As the ter-
minal moraine is approached, about 7 kin the A profile,
the ice again thins to less than 200 m. Spot measurements in
this terminal region below the subglacial ridge also show that
the ice is thicker on the western side than to the east, but a
complete profile could not be obtained due to poor basal
reflections. These poor reflections may be due to changing
basal conditions or because of complex geometry causing
interference in multiple returns.

The interesting bed topography is also portrayed, to a
lesser extent, by the surface topography. Downglacier of the B
profile, a prominent downward step is evident in the surface;
below this step the surface is quite flat. Scattered surface
crevassing exists upglacier of the B profile, but it becomes
much more pronounced in the region of the surface step
below this profile. This crevassing dies out below the step.
The western third of the ice tongue also has fewer crevasses.
Below the step, a quasipermanent patch of firn extends across
the blue ice from the eastern margin almost to the western
margin. This firn patch appears to be due to wind deposition
and decreased wind erosion in the lee of the ice surface step.

Structures in the ice, such as foliations and dust bands,
are prominent on the western half of the ice tongue and are
less prominent to the east. The western side of the ice tongue
is adjacent to the steep Lewis Cliff, an escarpment that extends
some 25 km upstream under the ice. Ice feeding this western
side appears to have a source on the polar plateau, flowing in
over the escarpment through several icefalls and crevassed
regions to the west. The ice on the eastern side of the ice
tongue appears to come from the Walcott N&6—a somewhat
isolated icefield that also drains down past Beardmore South
Camp to the northeast. These sources of ice have not yet been

confirmed by ice-velocity measurements but are derived from
consideration of surface topography and iceflow structures.

The deeper channel underlies the western half of the ice
tongue. It is interesting to note that a vast majority of the
meteorites found on the Lewis Cliff Ice Tongue occur on this
western half of the ice tongue (figure 1). The ice on the east-
ern side of the tongue is devoid of meteorites, the dividing
line generally follows the bedrock crest between the two
intersecting U-shaped troughs. This probably indicates that
ice flowing in the western trough carries meteorites in from
the polar plateau and that few meteorites are transported
from the Walcott Névé, except possibly those found along the
small moraine east of the Lewis Cliff Ice Tongue proper. This
will have a direct bearing on residence age of the meteorites.
A source on the Walcott Névé would lead to relatively short
residence times because of its limited size, whereas a source
on the polar plateau would lead to much longer times.

Near the northern terminus of the ice tongue, we located
two dust bands that dip steeply into the ice. We judged that
these dust bands might bracket a stratigraphic sequence and
obtained a channel sample about 10 in cutting across the
presumed section with a chain saw. These samples were sub-
divided in McMurdo Station at the Crary Laboratory and
shipped to eight investigators for such measurements as parti-
cle counts, electrical conductivity, petrography, dissolved
species, insoluble residues, trapped gasses, oxygen isotopes,
and cosmogenic nuclides. We will compare the resulting data
as if we were comparing stratigraphic sequences and will try to
decide if we have, in fact, sampled a stratigraphic sequence.

We thank Candace Kohl, Sara Russell, and Thomas
Meisel for their help in the field. This research was supported
by National Science Foundation grant OPP 91-17558.
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Land-ice studies

Geophysical experiments on Ridge B1/B2, Siple Coast
C.R. BENTLEY, P.D. BURKHOLDER, T.S. CLARKE, C. Liu, and N. LORD, Geophysical and Polar Research Center, University of

Wisconsin, Madison, Wisconsin 53706

G
eophysical field experiments were carried out during the
1993-1994 austral summer on the ridge of nearly station-

ary ice, known as the "Unicorn," that lies between ice streams
BI and B2. The "Unicorn" is bounded by the marginal shear
zones of the two ice streams, called the "Heffalump" and the
"Dragon," respectively (figure 1). The base camp, OutB, was
situated across the "Dragon" from station UpB, the site of
many measurements during several previous field seasons.
The overall purpose of our study was to examine the charac-
teristics of the ice and its bed and to search for contrasts with
ice stream B2 that might help us to understand the nature of
the lateral transition zone between regions of slow [approxi-
mately 5 meters per year (m yr')] and fast (approximately 500
m yi- 1) ice movement. The geophysical program comprised
seismic, radar, and electrical resistivity experiments spread
out over much of the "Unicorn" (figure 1).

Radar studies

()
ur radar program included short-pulse examination of the
upper 100 m of the ice sheet, 50-megahertz (Mhz) ice-

thickness sounding, a relative-motion study, and polarization
experiments.

The short-pulse work was designed to reveal the location
of buried crevasses, for both scientific and safety purposes.
Initial experiments with 80-Mhz and 500-Mhz antennas
revealed that the former was more effective in imaging the
crevasses, both because of deeper penetration and because
the lower-frequency waves were more strongly diffracted at
the crevasse boundaries. The profiling revealed that near-sur-
face crevasses were limited to a strip about 500 m wide along
each shear margin, but that much of the "Unicorn" is under-
lain by a dense network of crevasses buried at depths of 20-25
m. The boundary between the regions with and without the
buried crevasses (figure 2) lies parallel to, but offset by several
kilometers from, a curved lineation, which we call the "Fish-
hook," that appears on satellite images (Merry and Whillans
1993); the buried-crevasse zone lies on the "Dragon" side of
the boundary. Detailed imaging of the boundary between
crevassed and uncrevassed ice revealed buried curved crevass-
es similar in configuration and orientation to those that are
found at the surface just on the "Unicorn" side of the "Drag-
on." The implication is strong that the buried-crevasse bound-
ary is a former shear margin of ice stream B2 and that the
"Fishhook" is somehow associated with that boundary. The
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Figure 1. Sketch maps of the "Unicorn," showing the locations of the
geophysical experiments. The base map is adapted from Shabtaie
and Bentley (1988); the positioning of the experimental lines relative to
the "Fishhook" was fixed by a SPOT image, provided by Merry (per-
sonal communication), that shows both vehicle tracks and the "Fish-
hook." The upper map shows the line designators and the locations of
all geophysical experiments except the radar profiling, which is shown
in the lower map. "UpB88" is the position of UpB camp in 1988. The
grid coordinates are relative to a rectangular grid with axes along the
Greenwich-180 0 and 90°W-90°E meridians; grid north is toward
Greenwich.

depth to the buried crevasses is more or less constant from the
"Dragon" to the limit of buried crevasses, which implies that
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u-igure z. i-art oT a snort-pulse radar transect across the "Unicorn," showing the transition from
chaotic ice (left) to layered ice without crevasses (right). The boundary comes at about 600 m
along the profile. The ordinate is two-way travel time; 0.2 microseconds ( [Ls) is about equivalent
to a depth of 20 m.

the shear margin jumped rapidly from its old to its current
position about a century or so ago.

Ice-thickness sounding was carried out along all the lines
of geophysical experimentation and additional lines as shown
in figure 1. Ice thicknesses increased grid northeastward
across the "Unicorn" by about 250 m, with very little relief.
About 5 kilometers (km) from the "Dragon" along the A line, a
feature that strongly resembles a bottom crevasse extends
about 250 m up into the ice. This feature, also seen on the C, X,
R, and S lines, lies close to, and appears to have the same
shape as, the "Fishhook" (figure 1).

A 1-kilometer section of the D line, at the grid southeast-
ern end of the "Unicorn," was profiled with high positional
precision five times during the season to determine if any
movement, relative to the surface, of the diffraction pattern
produced by roughness at the bed could be measured. Prelim-
inary analysis has shown only that any such relative motion
must be less than 5 m yr', which happens also to be the total
speed of movement of station 27 at the grid northern end of
the D line (Whillans and van der Veen 1993). We hope that a
more detailed analysis will make it possible to put smaller lim-
its on the contribution of internal deformation to the observed
speed of ice movement.

Using newly developed automated equipment, 206 depo-
larization experiments were carried out along lines A, R, and S.
For each experiment, the receiving antenna was placed alter-
nately parallel and perpendicular to the line and for each posi-
tion of the receiving antenna the transmitting antenna was
rotated by a motor through 360 0 ; echoes were recorded at
intervals of slightly more than 1 degree. Assuming that the
dielectric behavior of the ice can be approximated by a trans-
versely anisotropic medium, we have estimated the azimuths
of the symmetry axis and the cosine of the phase difference
between ordinary and extraordinary waves for each location

(see Liu, Bentley, and Lord in press).
Surprisingly, there is no change in the
observed polarization pattern along any
of the three lines, all of which cross the
inferred former shear margin.

Seismic work

total of 37 km of seismic common-
idpoint reflection profiling was

carried out along six lines (figure 1), all
but 5 km of it with fivefold stacking
(stacking on the Z line was threefold).
For the fivefold shooting s-pound shots
were fired at the center, each end, and
360 m from each end of each 690-m
spread. Initial processing of the data
reveals clear bottom and gently dipping
subbottom reflections on the "Heffa-
lL1111p" side of the "Unicorn" (figure 3),
with less clear results on the "Dragon"
side. Part of this difference probably can
be attributed to the densely distributed
buried crevasses in the latter area (see

below), but we suspect that part of it also is because the bed
grid north of the "Fishhook" is frozen, as shown by tempera-
tures measured in a California Institute of Technology drill
hole at the junction of lines A, U, and W (Engelhardt personal
communication).

Near the "Heffalump" there is a remarkable internal
reflector about 30 m above the base of the ice (figure 3) that
extends over an area at least 0.5 by 3 km subparallel to the
"Heffalump." The cause of this feature is obscure. The impul-
sive nature of the echo and the absence of other returns from
within the 30-m layer argue against englacial debris as its
cause (cf. Bentley 1971), and its concave-up shape in the pro-
file shows that it is not a diffraction. Temperature measure-
ments in the California Institute of Technology drill hole
(Engelhardt personal communication) indicate that the tem-
perature at this depth is about -3.5°C (2° below the pressure
melting point), so the reflection could not be caused by a
temperature-induced velocity boundary (Bentley 1971). A
change in ice fabric could produce a sufficiently large reflec-
tion coefficient (Taylor 1982), but it is difficult to see why a
fabric boundary would extend for only 0.5 kilometer along the
profile line.

Common-midpoint wide-angle reflection profiles with
three-component recording were completed out to 5-km off-
sets at eight locations. For these profiles, as for the vertical
reflections, the data from the "Heffalump" side of the region
are clearer, showing both subbottom and shear-wave reflec-
tions. These data should allow us to determine crystalline fab-
rics in the ice and wave velocities in the bed. Corrections for
the lower wave speeds in the firn layers will be made on the
basis of results from three three-component short-refraction
profiles.

A passive seismic array comprising nine three-component
seismographs spread over a 12-km2 area was deployed about 5
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Figure 3. Seismic section along the A line south of the "Heffalump." Note the concave-up reflector
above the bed between 1.2 and 2 km along the line.

km from OutB camp (figure 1). About 91 events identified as
possibly coming from the bottom of the ice have been identi-
fied in the 30 percent of the data examined so far, but none yet
can be said to be certainly on the "Unicorn."

Resistivityproffles

R
esistivity profiles were completed on each side of the
buried-crevasse boundary. The Q line was placed as close

as safely possible to the "Dragon," whereas the P line was
simply placed well within the uncrevassed zone. Current-
electrode separations greater than 4 km (measured from the
center) were attained. Measurements were made at 10 sepa-
rations per decade to provide detailed results. The two pro-
files are very similar; both show the effect of the typical high
resistivity in the deep ice (increase of apparent resistivity at
separations greater than 500 m; see Shabtaie and Bentley in
press) although at somewhat different depths, and neither
extended far enough to reveal any influence from the bed,
which must be characterized by a much lower resistivity than
that in the ice. A second set of measurements at short separa-
tions along the Q line made 5 weeks after the first set showed
the effect of seasonal temperature change only in the upper
meter (separations less than 2 m). On the other hand, resistiv-
ities on the P line were significantly less than on the Q line
through most of the upper 10 m (separations less than 20 m).

The assistance of David Staeheli, both in keeping us out
of crevasses and in helping with many aspects of the field-
work, was invaluable. Carolyn Merry kindly provided us with

the Systeme Probatoire d'Observation de la Terre (SPOT)
image used to draw figure 1. The work was supported by
National Science Foundation grant OPP 92-20678. (Contribu-
tion number 556 of the Geophysical and Polar Research Cen-
ter, University of Wisconsin at Madison.)
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Temperature measurements in the margin of
ice stream B, 1993-1994

WILLIAM HARRISON and KEITH ECHELMEYER, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99 775- 7320

T
he low shear stress at the bottom of ice stream B suggested
by soft subglacier sediment samples acquired by the Cali-

fornia Institute of Technology near UpB Camp (Engelhardt et
al. 1990) and recent theoretical analyses of transverse profiles
of velocity across the ice stream (Echelmeyer et al. in press;
van der Veen and Whilans in press) indicate that the margins
of the ice stream probably play a significant role in its force
balance, perhaps exerting more drag on the ice stream than
the bed itself. Because the ice stream is wide relative to its
thickness (the ratio is roughly 35:1), this situation would
require a large shear stress at the margins of the ice stream,
large enough that the effects of strain heating there should be
detectable by temperature measurements within the ice. The
most important unknowns are the rate of convergence of ice
into the ice stream (the rate controls the residence time of the
ice in the active part of the margins), the stability of the posi-
tions of the margins, and the shear stress itself. These ideas are
being examined on ice stream B by a program of temperature
measurements in the margins and a surveying program to
improve our knowledge of the rate of convergence of the ice
into the ice stream. The work began in the south margin near
UpB Camp in 1992-1993 and continued
at OutB in 1993-1994.

Severe crevassing in the margins
posed a major challenge to drilling opera--40
tions, which were performed with the	0
California Institute of Technology hot-
water rig. A careful program of probing	50and subsurface exploration of buried
crevasses was required during both sea-
sons to find a safe route for the drill rig	1 00
and a safe location for it as close to the
margin stream as possible. From the rig	150
(located to the south of the margin in
1992-1993 and to the north in 1993-	200
1994), 1-2 kilometers of hot-water hose %E.
was dragged into the chaotic crevasses of	250the margin, where the drilling was per-
formed with a light hose-handling winch
and a single heater, which was used to C3 300

boost the temperature of the water arriv-
ing from the distant drill rig.	 350

Six holes were drilled in 1993-1994,
which, along the three drilled in	400
1992-1993, complete a transverse profile
across the south margin of the ice	450stream. All holes were drilled to interme-
diate depths in an area where the ice

1 AAA	r_-.	 500

the inner part of the margin (Echelmeyer and Harrison 1993)
show a rather different behavior from the others; this behav-
ior probably indicates a different origin for the ice. The main
features at the other sites are illustrated by the figure. Site
"Stage" is off the ice stream, about 900 m south of the south-
ern (outer) edge of the margin; "Lost Love" and "Chaos" are in
the margin, about 350 and 1,000 m north of its southern edge,
respectively. There are two obvious features to the data. First,
the upper layer of the ice within the margin (represented by
"Lost Love" and "Chaos") is much colder than the ice off the
ice stream ("Stage"). Second, below about 200 m depth
(where the effect of the cold surface layer is negligible), the
situation is reversed: the warmest ice is found farthest into
the ice stream. The first effect must be due to the ponding of
cold winter air in the multitude of chaotic crevasses pervad-
ing the margin; the thickness of the cold layer can be inter-
preted in terms of the residence time of the ice in the margin.
The second effect must be the strain heating that we were
seeking; a column of ice flowing into the margin from the side
warms in proportion to its residence time in the high stress
and strain rate fields there.
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The temperatures in the three holes in Temperature at three sites near the outer edge of the south margin of ice stream B.
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Interpretation is still in progress, but preliminary results
indicate that the heating rate implies high shear stress, high
enough to be important in the force balance of the ice stream
as predicted. A quantity that will be useful in the analysis, par-
ticularly in the question of the stability of the margin, is a direct
measurement of the rate of flow of the ice into it; this measure-
ment should result from a surveying program still in progress.

We are grateful for the support of the personnel from
many different institutions who contributed to the field oper-
ations. Financial support was from National Science Founda-
tion grant OPP 91-22783.
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Progress in ice-stream basal modeling
RICHARD B. ALLEY, Earth System Science Center and Department of Geosciences, Pennsylvania State University,

University Park, Pennsylvania 16802

traverse down the flank of ridge BC and onto ice stream
West Antarctica, shows a fivefold reduction in gravita-

tional driving stress, an order-of-magnitude decrease in basal
shear stress, but an increase in ice velocity by two orders of
magnitude (Shabtaie and Bentley 1987; Whillans and Van der
Veen 1993). Extreme basal lubrication beneath the ice stream
is the only physically plausible explanation.

Predictive models of the antarctic ice sheet and other
past or present ice sheets must address this remarkable
behavior, a task made difficult by our lack of data about basal
conditions. Here, I summarize some recent advances leading
toward a model of efficient basal lubrication. Notice that fast
iceflow is not synonymous with efficient basal lubrication—
east antarctic and Greenlandic outlet glaciers and ice streams
achieve high velocities largely through internal deformation
of the ice owing to great thicknesses and high basal shear
stresses (Bentley 1987).

A summary of general results about the bed includes the
following:
• Efficient basal lubrication requires a thawed bed, so the

thermal state of the ice is important.
• Basal sliding (the water-lubricated motion of ice across

rock or till) depends on the water storage at the bed—
increased water storage causes the bed to become
smoother and speeds sliding (Weertman 1972; Kamb
1987). A variety of sliding "laws" are available in the litera-
ture, with and without cavitation (e.g., Weertman and
Birchfleld 1982; Fowler 1987).

• Water storage and water pressure increase with water sup-
ply in a steady basal drainage system fed by basal melt. Col-
lapse into low-pressure channels is unlikely for probable
basal water supplies (Walder 1982), especially over a soft
bed (Alley 1989a; Walder and Fowler 1994). The Humphrey
(1987) global-stress-balance limit on basal water pressure
becomes important only for extensive cavitation over beds
lacking steep bedrock obstacles (Alley in press).

Although efficient basal lubrication is theoretically possi-
ble from sliding with cavitation, efficient basal lubrication
is known to have persisted for more than a year or so only
for ice resting on soft till beds (e.g., Alley et al. 1987; Alley
1991; Clark 1992).
The shearing rate of soft sediment increases with the water
pressure and increases with a low power of the shear
stress. Observations and experiments have disagreed on
the stress exponent (e.g., Kamb 1991; Boulton and Hind-
marsh 1987). Where data are available, however, (Boulton
and Hindmarsh 1987; Blake 1992; Humphrey et al. 1993),
till shearing occurs at similar rates over a considerable
thickness. High stress exponents cause deformation to col-
lapse to a surface, whereas low stress exponents leave
deformation distributed over a considerable thickness
(Alley 1989b). The several-meter thickness of soft till
beneath ice stream B (Blankenship et al. 1987), and the
debris fluxes of the Lake Michigan lobe and other lobes of
the Laurentide ice sheet (Alley 1991; Johnson, Hansel, and
Stiff 1991) argue for a low stress exponent at those sites as
well.
Till sources and transport are important. A thick deforming
layer and a high ice velocity require large debris flux;
hence, till continuity must be modeled. Rapid till genera-
tion almost certainly requires a soft or unconsolidated
substrate. For unconsolidated subglacial sediments, the
water pressure plus soil-mechanical considerations may
allow estimation of sediment supply.
Sticky spots are important. Thin or discontinuous till, or
regions of large bedrock topography projecting into the ice
with or without a till cover, can greatly restrain the ice (e.g.,
MacAyeal 1992; Alley 1993; Humphrey et al. 1993; Anan-
dakrishnan and Alley in press; Alley et al. in press). In one
limit, the entire restraint of iceflow is provided by sticky
spots, and till continuity controls the size and extent of the
sticky spots.
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These observations and inferences outline the require-
ments for a basal model. Thermal state of the bed and inte-
grated water flux must be calculated. Sliding can be estimated
using a relation including cavitation, with cavitation increas-
ing with water supply and water pressure but limited by the
increase in water flux that occurs with increased cavitation. In
regions of soft subglacial materials, water pressure will affect
till properties and the mobilization of more till. Till continuity
is essential, because thicker till will bury more sticky bedrock.

The references cited here include candidate relations for
the low-stress-exponent till flow law, the sliding relation, the
till-generation relation, and the description of the water system
needed for a complete basal model. Much work remains to
choose among these candidate relations and then refine them.

This work was supported in part by National Science
Foundation grants OPP 89-15995, its continuation, and EAR
90-58193.
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Ice velocities near a relict flow feature on Siple Dome
R.W. JACOBEL, C.W. DORSEY, andA.M. HARNER, Department of Physics, St. Olaf College, Northfield, Minnesota 55057

A dvanced very-high-resolution radiometer (AVHRR)
magery of the western Ross Embayment shows a linear

feature crossing the northwest flank of Siple Dome, the ridge
separating ice streams C and D. Bindschadler and Vornberger
(1990) have tentatively identi9fied this as a possible relict ice
stream margin, traversing an area which today is interstream
ice. If this is the case, it would indicate a different configura-
tion of these ice streams in the past and have important
implications for the behavior of the west antarctic ice sheet.

In an effort to gain more information about this relict margin
feature, we have made enhancements of AVHRR imagery to
gain greater spectral resolution. We have also used repeat
Landsat thematic mapper (TM) scenes and the methods
developed by Bindschadler and Scambos (1991) to determine
surface-ice velocities at one location near the relict margin.

From the National Oceanic and Atmospheric Administra-
tion's archive of AVHRR imagery, we have selected five nearly
cloud-free images of the western Ross Embayment. Three of
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the images were acquired at approximately the same Sun
azimuth and two others with the Sun approximately 900 and
1800 relative to this. Surface features illuminated at low Sun
angle may appear with high contrast in images recorded at a
particular solar azimuth, but other Sun positions can give use-
ful information about the feature as well. Working with band 2
data, we first coregistered all the images and then performed a
principal component analysis on the three with different solar
azimuths to extract brightness information common to them.

After several trials, we found that the best enhancement
of the surface features of interest came from using the first
principal component of the three images acquired at approxi-
mately the same solar azimuth. A subscene of approximately
380 by 260 kilometers (km) from this composite is shown in
figure 1. The image is centered on the Siple Dome and shows

the hypothesized relict margin feature striking diagonally
across the northeast flank of the dome, just right of center in
the image. Ice stream D enters the scene at the upper right
and flows into the Ross Ice Shelf near the upper center, while
ice stream C flows from right to left across the lower part of
the image. The relict margin feature appears to result from
flow out of ice stream C, across the Siple Dome divide and
into the Ross Ice Shelf adjacent to ice stream D. The enhance-
ment in this image over any of the individual scenes does not
result from improvement in spatial resolution, which is still
1.2 km per pixel, but because the original radiometric bright-
ness values are now mapped into a much larger range due to
the principal component analysis.

To study this feature in more detail, we have examined
Landsat TM imagery of the area. Figure 2 is a portion of one

Figure 1. Composite AVHRR image of Siple Dome and surrounding ice streams C and D made by extracting the first principal component of three
individual scenes at approximately the same Sun angle. Image size is 260 by 380 km; true north is toward the top. The prominent linear feature
crossing the northeast flank of Siple Dome is hypothesized to be a relict ice stream margin.
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TM scene showing the northeast corner of Siple Dome and
part of the ice stream D grounding line area. The image is
approximately 53 by 42 km on a side; true north is to the left.
The south margin of ice stream D trends from the upper right
toward the center of the image where it joins the Ross Ice
Shelf. A train of crevasses and buckled ice generated at this
shear margin continues diagonally across the image on the
floating ice. The Siple Dome relict margin feature enters the
image at the lower right trending parallel to the modern shear
margin and terminates where ice becomes ungrounded, right
of center in the lower part of the image. Long wavelength con-

trast changes in the image (for example, between the relict
margin and the modern ice stream D shear margin) are the
result of albedo variations due to new snow accumulation.
The TM scenes have been processed by combining bands 2, 3,
4, and 5, and then using a high-pass filter to remove most of
the edge-to-edge solar brightness differences (Bindschadler
and Scambos 1991).

Figure 3 is a 25-by-16-km subscene of the TM image in
figure 2 shown at full resolution. The heavily crevassed and
buckled ice zone running diagonally across the left side of the
image is the extension of the shear margin of ice stream D

1-igure 2. Landsat TM image of the northeast corner of Siple Dome and part of the ice stream D grounding line area. The south margin of ice
stream D trends from the upper right toward the center of the image where it joins the Ross Ice Shelf. The Siple Dome relict margin feature cuts
diagonally across the image at the lower right. Scene dimensions are approximately 53 by 42 km; true north is toward the left.
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flowing onto the Ross Ice Shelf. The relict margin, though
muted in this enhancement, runs diagonally across this lower
right portion of the image. Between this relict margin and the
modern shear margin of ice stream D (just right of center in
the image) is a small group of crevasses.

These crevasses have been located in two other images of
this area taken 2 years before and 2 years after the scene in
figure 3. Using the methods of Bindschadler and Scambos
(1991), we have coregistered all three images and then used a
pattern recognition algorithm to measure the displacements
of these crevasses. The resulting velocities are given in the
table. Because most of the uncertainty in the crevasse posi-
tions comes from the coregistration, the velocities for individ-

ual crevasses from each image pair show good agreement,
whereas the means for the 2- and 4-year intervals cluster
about slightly different values. This does not indicate a
change in velocity but simply that the ice here is moving at a
rate of 20 and 30 meters per year.

Using these same image pairs, we have measured veloci-
ties within ice stream D of greater than 500 meters per year in
agreement with results obtained independently by Scambos
et al. (in press). In contrast, ice in the interstream ridges
moves typically at a rate of less than a few meters per year.
Thus, at least one area of the ice within the hypothesized for-
mer relict ice stream channel is moving at speeds intermedi-
ate between those of interstream ridge ice and a modern ice

Figure 3. Landsat TM image of a subportion of figure 2 at full resolution. The scene is approximately 25 by 16 km; true north is to the left. A train
of crevasses can be seen inside the paleo ice stream channel, just west (above) of the relict margin feature (right of scene center).
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Velocities of crevasse cluster inside relict margin

20	 36
21	 31
22	 44
21	 27

21	 29
18	 31
21	 32

aln meters per year ±10. Mean 20.5 meters per year. Standard
deviation of the mean = 1.2 meters per year.
b ln meters per year ±14. Mean = 32.7 meters per year. Standard
deviation of the mean = 5.7 meters per year.

stream. This is an intriguing result, which if confirmed, sug-
gests that the configuration of the ice streams has been
altered dramatically in response to environmental change.

We are presently engaged in fieldwork to study the relict mar-
gin area using surface-based ice-penetrating radar to examine
the continuity of internal layers, and geodetic surveying to
measure ice velocities and strain rates.

We wish to acknowledge R. Bindschadler, M. Fahnestock,
1'. Scambos, and P. Vornberger, who gave us invaluable assis-
tance with the images and the software for obtaining veloci -
ties. This work was supported by National Science Founda-
tion grant OPP 93-00165 to St. Olaf College.
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Internal layer folding patterns from radar studies of
ice streams B and C

ROBERT W. JACOBEL and BEN J. GROMMES, Department of Physics, St. Olaf College, Northfield, Minnesota 55057

W
e have continued studies of the folding patterns of inter-
nal layers seen in ground-based radar studies of ice

streams B and C. The echoes from these layers arise from
changes in the dielectric properties of ice due to deposition of
debris on the ice surface. Therefore, the internal layers repre-
sent isochrones that can be analyzed to gain clues about ice
dynamics (Whillans and Johnsen 1983). In earlier studies using
data we collected in collaboration with the U.S. Geological Sur-
vey during the 1987-1988 and 1988-1989 field seasons (Wright
et al. 1990), we found that the folding patterns of internal layers
are not related to bed topography or to areas of high basal
shear stress—"sticky spots" (Jacobel et al. 1993). Instead, we
concluded that the folds are initiated as the ice transits from
the inland ice sheet to fast-streaming flow by some process
that is not yet well understood. Additional evidence placing the
origin of folding well upstream of the point of detection in the
ice streams was our observation of the tilting of axial fold
planes in the flow direction. Assuming that folds form with the
axial fold plane vertical and using the flow law, we calculated
that it would take on the order of several hundred years to pro-
duce the observed tilting, therefore placing the origin of the
folds many kilometers upstream (Jacobel et al. 1993).

Our recent work has focused on the three-dimensional
nature of the fold structures because we have found that there
is also considerable deformation in the direction transverse to
flow, and this deformation needs to be incorporated into an

understanding of ice-stream dynamics. Figure 1 shows two
intersecting radar profiles acquired at the downstream B loca-
tion, one approximately along the flow direction and the
other transverse to it. The same prominent fold in the internal
layers can be seen in both profiles. This can be the case only if
the actual fold structure trends oblique to the flow direction
and the profiles depict a projection of the fold on each axis.

In figure 1, the horizontal scales in each of the projec-
tions are different, and this information has been used to
determine the strike of the fold, which in this case is at
approximately 58 0 to the iceflow direction. Bed topography
on the ice plain at the downstream B location is essentially
flat, and the ice is only marginally grounded on a bed of
deformable till (Blankenship et al. 1988; Rooney 1988). Basal
shear stresses have been determined from an analysis of
strain rates by Bindschadler et al. (1987) and are found to be
very small. Variations in them are thus unlikely to be respon-
sible for producing the large folds we observe.

At the downstream B location, three-dimensional infor-
mation is limited to the region of the two crossing profiles
shown; however, at the upstream C location, we have radar
data from a grid of approximately 5 by 30 kilometers (km),
with 1-km spacing between the profile lines. Echoes from a
prominent internal layer have been identified in nearly all the
profiles at a depth of approximately 725 meters, and figure 2
shows a mesh surface depiction of this isochrone. This map is
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isochrone at the upstream C location. Folds labeled 1 and 2 have
been analyzed at intersecting profiles to confirm their strike and fold
axis orientations.
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Figure 1. Intersecting radar profiles recorded at the downstream B location. The same fold feature in the internal layers can be seen projected in
both profiles enabling a determination of its strike relative to the flow direction.

similar to figure 4 of Jacobel et al. (1993) but has been extend-	the aforementioned high, and the layer depicted shows this
ed to nearly twice the original length with additional data	general trend as well.
along the flow direction in the central 3 km of the grid.	 Superposed on the long wavelength rise are several short-

Bed topography at the upstream C location is complex,	er wavelength fold features labeled in the figure. These folds
and the grid is located over a local high which extends for sev-	can each be identified at the intersection of two radar profiles
eral kilometers in both directions (Retzlaff, Lord, and Bentley	and also traced across the grid from one profile to the next. In
1993). Satellite imagery suggests that the region of the grid is	each case, we have measured the strike of the fold from its
an area of more stagnant ice surrounded by flow bands,	projection on our radar profiles as in the example of figure 1.
though velocities today are less than 13 meters per year	The results are given in the table and agree with the trends
(Whillans and van der Veen 1993). In the area of the grid,	depicted in the mesh surface of figure 2. All three of the folds
bedrock topography rises in the downstream direction toward strike at oblique angles to the flow direction. They bear no

simple relationship to the local bed topography and are clear-
ly not the product of simple longitudinal compressive stress-
es. One possible explanation for fold structures trending at
oblique angles to the flow is that they form when ice transits
from ice sheet flow to the ice streams in a catchment basin

Fold 2	 -	 from a wide range of angles relative to the ultimate ice-stream
-	.	 -	flow direction.
-.	%-	

Although the above mesh depiction and analysis refer to a
-	 single internal layer, we have also analyzed the axial fold planes
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Figure 3. Longitudinal radar profile depicting one section of fold num-
ber 2. Note that the axial fold plane tilts in the upstream direction
against the flow.

of the full thickness of layers which constitute each of these
fold features. In fold 1, the axial fold plane is tilted sharply
downstream at approximately 52 0 to the vertical and slightly
outboard of the grid, similar to what we have reported previ-
ously (Jacobel et al. 1993). In contrast, figure 3 shows a radar
profile along the flow direction in the vicinity of fold 2 where it
can be seen that the axial fold plane is tilted upstream against
the flow at approximately 20° to the vertical. Other depictions
of this fold in adjacent profiles confirm this result; the axial fold
plane tilts against the flow and slightly outboard of the grid.

This result is puzzling because it is difficult to imagine a
mechanism that could create folds with an axial fold plane

tilting against the flow. It is likewise hard to conceive of extru-
sion flow in the ice streams somehow causing the axial fold
plane to tilt upstream after the fold formed with an initial ver-
tical fold plane. Although these "snapshots" of internal layer
deformation provide intriguing clues about ice-stream flow, it
may not be possible to draw firm conclusions about the
processes that create them without more detailed radar stud-
ies from the heads of the ice streams. Our future plans involve
a model study of the fold features and possibly more field-
work in one of the catchment areas to try to understand how
they are produced.

We would like to acknowledge J. Bradley, S. Hodge, B.
Vaughn, and D. Wright of the U.S. Geological Survey for col-
laboration in the fieldwork and B. Uhlhorn for programming
assistance. This work was supported by National Science
Foundation grant OPP 93-00165 to St. Olaf College.
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Preliminary data from western Ross Sea cores—Part of an
investigation of long-term ice-sheet stability

KATHY LIGHT and XIAO JIANG, Institute ofArctic and Alpine Research (INS TAAR) and Department of Geological Sciences,
University of Colorado, Boulder, Colorado 80309

R
ecent studies of the west antarctic ice sheet and the Ross
Ice Shelf have identified variable iceflow rates, unstable

bed-ice sheet coupling, and the presence of water-saturated
deforming sediments beneath ice stream B (Alley et al. 1989).
This evidence indicates that the west antarctic ice sheet is
likely to be unstable and may have been so during the Late

Quaternary. To address the issue of long-term ice-sheet sta-
bility, research efforts at INSTAAR are focusing on the extent
of west antarctic ice sheet expansion during the last glacial
maximum, subglacial sediments associated with ice advance,
and the timing of ice-sheet retreat. This article discusses
analyses that have been completed on existing cores stored at
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Figure 1. Location of cores from the western Ross Sea used in
this study collected on cruises NBP94-1, DF80 and 87, and
Eltanin 32 and 52.
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the Florida State University Antarctic Research Facility and
analysis of new cores acquired during a 1994 cruise of the
Nathaniel B. Palmer to the Ross Sea.

Examination of existing piston cores collected from the
Ross Sea during the Deep Freeze 80 and 87 and Eltanin 32
and 52 cruises (figure 1), provides detailed information on
diatom and foraminiferal abundance, magnetic susceptibility,
and lithologic and sedimentologic characteristics. Our work
on these cores (Jennings et al. 1993; Licht and Jennings 1993;
Williams, Licht, and Jennings 1993) suggests that foraminifera
are sparse in the diatomaceous muds, magnetic susceptibility
variations mimic lithologic variations, and massive diamic-
tons deposited by paleo ice streams A and B and by east
antarctic outlet glaciers have fairly distinctive magnetic sus-
ceptibility signatures. Detailed lithologic and sedimentologic
analyses will be reported in a masters of science thesis at the
University of Colorado by Licht.

A significant effort has been expended on accelerator
mass spectrometry carbon-14 dating of foraminifera and
decalcified organic matter to determine a minimum date for
changes in permanent ice cover in the western Ross Sea. As a
group, the 22 radiocarbon dates reveal two age clusters
(table): from more than 18,000 to less than 30,000 radiocar-
bon years ago and less than 12,000 radiocarbon years ago.
The dates of more than 18,000 radiocarbon years are on sedi-
ments north of approximately
74°S, which may delimit the

-..t ,f	I	'ATrn.	ot I
UI LIIC	 VVIUII7IiI "Lora	Radiocarbon date listfor the western Ross Sea

antarctic ice sheet. The group of
dates that are younger than 12,000 
radiocarbon years provides a min-
imum age for ice sheet retreat.
Diatom analyses reveal a produc-	CAMS 7789	DF80-57

tivity spike (based on diatom	AA 11876	DF8057

abundance per gram) in the upper	AA 13244	DF8O-102
CAMS 12581 DF80-102

parts of most cores. Radiocarbon	AA 13242	DF80-108
dates on the diatom spikes are

CAMS 8253	DF80-111
usually within the top 15 centime-	CAMS 4061	DF80-1 12
ters of dated cores and range from	CAMS 8251	DF80-1 32
1,460±70 radiocarbon years ago to	CAMS 11793 DF80-1 32
6,270±70 radiocarbon years, with	CAMS 11798 DF80144
a reservoir correction of 1,200	AA 11877	DF80-144
years subtracted.	 AA 12899	DF80-1 44

During a 1994 cruise of the
Nathaniel B. Palmer (NBP94-1) to	CAMS 12582 DF8O-144

CAMS 7790	DF80-177
the Ross Sea U.B. Anderson, chief	AA 15699	DF80-177
scientist), two northwest-to-	AA 11878	DF80-177
southeast trending transects of	AA 13229	DF80-177
piston cores were collected in the
western Ross Sea (figure 1). The	CAMS 8252	DF80-189
following techniques have been or	AA 13243	DF80-1 89
will be employed on the new	CAMS 4062	DF8732

cores: whole-core magnetic sus-
AA 9361	DF87-32

ceptibility, shear strength, visual
description, x-radiograph descrip-	CAMS 4063	DF87-32
finn. riin-size analyses, rock

0

magnetic properties, sediment	aAA, denotes the University of Arizona at Tucson; CAMS denotes Lawrence Livermore.
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Figure 2. Lithologic core log from core
NBP94-1 -17 and corresponding measure-
ments of magnetic susceptibility and shear
strength. Note low values of magnetic sus-
ceptibility in upper diatomaceous sandy
mud unit. Shear strength is highly variable
within this core. Core NBP94-1-19, located
adjacent to core NBP94-1-17 (figure 1),
reflects the high variability in shear strength
measurements within the seafloor trough
produced by paleo ice stream B.

fabric analyses, diatom and foramineral analyses, and car-
bon-14 dating. Analysis of biogenic material should allow us
to estimate changes in paleoenvironmental conditions such
as sea-ice cover and ocean circulation patterns. These analy-
ses should also help us understand how depositional environ-
ments vary between the shallow banks and deep troughs that
are characteristic of the Ross Sea continental shelf. The mas-
sive diamicton deposits in the bases of the troughs are of spe-
cial interest because the troughs are thought to represent
paleo-ice-stream paths (Hughes 1977). Detailed analyses
should determine whether subglacial sediments were
deposited in the troughs during the last glacial maximum and
whether cohesive basal tills or fluidized tills similar to the pre-
sent day sub-ice stream sediments were deposited.

Sediment characterized by variable degrees of com-
paction and density maybe fluidized till. Shear strength mea -
surements taken immediately after splitting cores aboard the
N.B. Palmer reveal highly variable sediment strength within
individual pebbly mud units (figure 2). Measurements of
shear strength in massive diamictons from cores 16, 17, and
19, orthogonal to the Joides Basin (trough produced by paleo
ice stream B), range from 0.04 kilograms per square centime-
ter (kg/cm2) to 0.49 kg/cm2 (figure 2). These highly variable
shear-strength measurements along with petrologic evidence
(Jahns, Antarctic Journal, in this issue) may be indicative of
fluidized till.

I / Magnetic susceptibility generally
varies with lithology and can be used
to trace sediment source areas (Licht
and Jennings 1993). Preliminary analy-
sis of the NBP94 cores reveals an

350	
increase in magnetic susceptibility

k9/cmA2 from east to west in both transects of
cores. This likely results from a greater
input of terrigenous (especially vol-
canic) sediment from the northern
Victoria Land Coast.

A cruise is planned for the 1995 austral summer aboard
the N.B. Palmer, to collect additional cores in the southwest-
ern Ross Sea.

Collaborators in this research at INSTAAR include J.T.
Andrews, A.E. Jennings, K.M. Williams, R. Kihi, and N. Weiner.
This research was supported by National Science Foundation
grant OPP 91-17958.
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Reconstruction of atmospheric carbon dioxide and isotopic
carbon-13 dioxide from air occluded in ice cores from

Greenland and Antarctica
MARTIN WAHLEN, Scripps Institution of Oceanography, University of California at San Diego, La Jolla, California 92093-0220

e measure the carbon dioxide (G02) mixing ratio and
isotopic carbon-13 dioxide (813CO2) in the air extracted

from ice cores from Greenland (GISP 2, Greenland Ice Sheet
Project 2) and from Antarctica (Vostok). The goals are to
determine the phasing between temperature and atmospher-
ic CO2 changes during periods of different climatic conditions
and to gain insight into the mechanisms producing the
observed CO2 variations. Experimentally, we use a dry extrac-
tion technique at low temperature for G0 2 by crushing about
4 cubic centimeters (cm 3) of ice (Wahlen et al. 1991). The
extracted air is then condensed quickly at 35°K and subse-
quently released into a cell, where the G0 2 mixing ratio is
determined by tunable diode infrared laser spectroscopy on a
single vibrational-rotational transition in the 4.3-micrometer
(tm) band by measuring the absorbance relative to stan-
dards. Three standards are processed identically to samples
with every three samples. The experimental uncertainty is ±3
parts per million (ppm). 8 13 GO2 is measured in duplicate by
using a dry air extraction technique similar to Etheridge, Pear-
man, and de Silva (1988) on larger samples. CO 2 is separated
cryogenically from the extracted air, and 8 13CO2 is measured
by stable isotope ratio mass spectrometry. Severe extraction
fractionation is observed. It is controlled and accounted for
by admitting standard air samples over the ice; the standard
air samples are then processed in the same manner as the
extracted air samples. This fractionation amounts to about
-0.25 permil PeeDee Belemnite (PDB), a carbonate used as a
standard for carbon-13 stable isotope analyses. The 813G02

results are corrected for nitrous oxide mass interferences and

for gravitational fractionation. The experimental uncertainty
is better than ±0.1 permil.

We measured G0 2 in the GISP 2 ice core over the last
1,000 years (figure 1A). We observe an increase since 1800 AD
and a rather smooth transition into the direct atmospheric
measurements (Keeling et al. 1989, pp. 165-236); this transi-
tion gives us confidence that the ice core results represent
atmospheric values. Preindustrial values are 289±5 ppm (1600
to 1800 AD), but natural variations to about 305 ppm are
observed toward the medieval climatic optimum between
1050 to 1200 AD (figure 1A). Simultaneously, the 613G02

becomes progressively lighter with increasing G0 2 (figure 1B).

The isotopic composition of the G0 2 added to or removed
from the atmosphere appears to be -11.5 permil (intercept of
the 8 13GO2 vs. 1/CO2 plot of figure 1B). When analyzed with a
global carbon cycle model by deconvolution, these results
indicate a variable terrestrial biogenic sink for CO 2 of 0.2 to
0.4 gigatons of carbon per year between 1050 and 1750 AD,
changing to a variable source between 1750 to 1850 AD with a
peak value of about 0.7 gigatons of carbon per year. This
change is interpreted as the pioneer effect caused by defor-
estation and changing agricultural practices.

The Vostok ice core (5G) was examined for G02 for the
penultimate glacial-to-interglacial transition between 2,000
and 1,840 m depth, corresponding to about 140,000 to
128,000 years ago. We observe a fairly smooth transition in
G02 from glacial (180-200 ppm) to interglacial (about 290
ppm) values as indicated in figure 2. These results are similar
to those obtained by Barnola et al. (1987) and also similar to

	

-7.2 1	.	. 	I 	 -

	

32	33	34	35	36	37
1/CO2 (PPM-1 xl 0)

Years AD (Gas age)

Figure 1. A. CO2 results from air of the GISP 2 ice core for the period 1050 to 1950 AD. Data are averaged over 50-year intervals. Total number of
samples is 160. Solid line represents direct atmospheric measurements by Keeling et al. 1989. B. 6 1 CO2 results from air of the GISP 2 ice core
VS- 1/CO2, for the preindustrial period 1100 to 1800 AD. The trend seems to be coherent, with 813CO2 being lighter when the mixing ratio is higher.
The intercept points to -11.5 permil PDB.
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Figure 2. CO2 results from air of the Vostok ice core 5G for the penulti-
mate transition (1840 to 2000 m). Data points are averages for 2 to 12
samples each for similar depth. The corresponding air age is approxi-
mately 140,000 to 128,000 ago. Total number of samples is 103.

those observed for the last glacial-to-interglacial transition in
other cores, such as the Byrd antarctic core.

We also measured a large number of samples for CO2
across the last glacial-to-interglacial transition in the GISP 2
ice core. The results so far are displayed in figure 3 (upper
curve). Indicated is a spline fit through 331 CO 2 data points as
function of air age. The occluded air is younger than the sur-

Figure 3. CO2 results of the GISP 2 core for the last glacial-to-inter-
glacial transition. Solid line (upper) is a spline fit through average data
points containing three to nine samples from similar depths as func-
tion of the air age. Total number of samples is 331. Lower line is accu-
mulation rate (from Meese et al. 1994, pp. 1-66), which can be con-
sidered as a proxy for temperature.

rounding ice due to the air-enclosure process. The age differ-
ence depends on accumulation rate and temperature and is
220 years for warm time conditions and about 750 years for
glacial conditions. The lower curve is the accumulation rate as
function of the ice age. The accumulation rate can be taken as
a proxy for temperature. The scatter observed in the CO 2 data
exceeds the experimental uncertainty and seems to be real. It
is larger in this Greenland core than in the antarctic core from
Vostok. The main features of the GISP 2 CO 2 record over this
period are a gradual increase from glacial to interglacial times,
with main variations superimposed. These variations seem to
follow closely the main temperature changes, such as the
increase from the last glacial maximum to the Boelling-
Allerod, the main fluctuations afterward, and the increase
from the Younger Dryas to Pre-Boreal times. An interesting
feature is the reduced CO 2 drop during the 1,300 years
Younger Dryas. The fact that the CO 2 level does not return to
full glacial conditions as does temperature might indicate that
the atmospheric CO2 is not regulated by a single mechanism.

Currently, we are working on 8 13CO2 for the last glacial-
to-interglacial transition in the GISP 2 core and for the penul-
timate transition in the Vostok core. We will also investigate
in detail possible variations of atmospheric CO 2 during the
numerous climatic excursions (interstadials) between 30,000
and 65,000 years ago in the GISP 2 core.

Derek Mastroianni, Bruce Deck, David Allen, and Robert
Bacastow contributed heavily to this work. Bruce Deck and
David Allen participated in the GISP 2 fieldwork, and Connie
Weyhenmeyer took part in one field season at Vostok. This
work was supported by National Science Foundation grants
OPP 88-21973, OPP 91-18534, OPP 91-96095, and OPP 93-
21552 and National Oceanic and Atmospheric Administration
grant NA37GPO518.
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Uptake of methanesulfonate and sulfate in ice
PAI-YEI WHUNG and ERIC S. SALTzMAN, Rosenstiel School of Marine and Atmospheric Science, University of Miami,

Miami, Florida 33149-1098
GERARDO W. GROSS, Department of Geoscience, New Mexico Institute of Mining and Technology, Socorro, New Mexico 87801

M
ethanesulfonate (MSA) is an atmospheric oxidation
product of dimethyl sulfide; the latter is produced by

phytoplankton in the surface ocean. Because of its biogenic
origin, MSA can be used as a biological tracer in studies of
atmospheric sulfur chemistry. The ratio of MSA to total non-
seasalt sulfur has been used as an indicator for various atmos-
pheric sulfur sources (Legrand et al. 1991; Whung et al. 1994).
Due to differences in physicochemical properties of MSA and
sulfate, postdepositional processes could alter this fraction.
Specifically, we address the question of whether there is a dif-
ference in the distribution coefficients (Conc. jce I COflC.water)
of MSA and of sulfate. We also study the effect of ammonia on
the uptake of MSA and sulfate in ice.

Ice columns 1=20-25 centimeters (cm), 4=3.8 cm] are
grown from dilute solutions of MSA or sulfate (initial concen-
trations 10-' to 10-1 IV). The initial volume of liquid solution is
always 350 cubic centimeters. Controlled unidirectional
growth imposes a steep temperature gradient and a nearly
constant freezing rate on the system [0.2 centimeters per hour
(cm/hr)]. Continuous stirring keeps solute concentration in
the melt nearly uniform, and it minimizes the trapping of
solute in grain boundaries. This method primarily determines
the limits of solute solubility in the ice matrix itself. It may
become a proxy for solute distribution in antarctic ice in cases
where solute rejected from the matrix is trapped in grain

boundaries (Mulvaney, Wolff, and Oates 1988). Slices of about
1.5-cm thickness were analyzed by ion chromatography (fig-
ures 1 and 2). As a measure of solute uptake we compute the
distribution coefficient (see table) by a curve-fitting algorithm
(Gross, Wong, and Humes 1977). Distribution coefficient is
the ratio of solute concentration on the solid side to that on
the liquid side of an equilibrium phase boundary. For the pur-
poses of the fit, the cone section (figure 1) and an initial solute
transient, if present (figure 2), are excluded from the fit, and
the curve is extrapolated to the starting coordinate (zero
length) of freezing. Concentrations are expressed in units of
gram-equivalent weight (IV) and in parts per million (ppm) of
solution or of melted ice.

For the acid form of the two species, the following trends
are observed in the table. Except for MSA columns grown from
concentrations less than iO N, the distribution coefficient
declines with increasing concentration in the liquid. Average
sulfate concentration in the ice is higher, up to 40 times, than
the MSA concentration for starting solutions of similar normal-
ity. One remarkable exception was the 1.7x10 1 NMSA solution
(column number 318-046) for which the ratio was reversed:
about 17 times higher in the MSA column; we suggest that
appreciable intergranular trapping of MSA must have occurred.

The presence of ammonium, even in considerably less
than stoichiometric proportion (see table, column number

COLUMN 319-020

CONE
LO

I
SLIDE
	 SLIDE

	DIEL
	 SLIDE

NOTE: ALL CUTS 0.2 cm
Figure 1. Typical slicing diagram for an ice column. Slices taken for grain-size analysis ("Slide") and for dielectric measurements ("Diel") are
shown, but results will be discussed elsewhere.
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Both MSA and sulfate columns show
evidence of strongly non-steady-state
solute uptake (large scatter of data, large
differences between columns grown
from similar concentrations of the same
solute, e.g., columns 318-055 and -040).
These effects are greatly attenuated in
solutions containing ammonium hy-
droxide (NH40H). Dielectric measure-
ments, to be reported elsewhere, show
the effects of grain-boundary trapping
and of hydrogen-bonding by ammoni-
um. To pin down these phenomena

Figure 2. Typical plots of solute concentration vs. ice-column length, and er
uptake by ammonium. Each point represents the concentration measured I
A weighted average concentration of each column (see table) is compute
slice concentrations weighted by the slice volumes. The initial high-con
prominent in the MSA columns, is excluded from curve-fitting.

318-082), greatly enhances the uptake of both MSA and sul-
fate (figure 2). This effect has also been observed with fluo-
ride, chloride, and nitrate. We propose that the polar ammo-
nium group facilitates the hydrogen-bonding of anions to the
ice lattice.

ihancement of solute more precisely, we propose me mapping
n one slice (figure 1). of impurity distribution in laboratory-
:1 from the measured grown ice by scanning electron micros-
centration transient, copy and energy-dispersive x-ray micro-

analysis (Mulvaney et al. 1988).
We thank Jeanne Verploegh and

Sandra Swartz of New Mexico Bureau of Mines and Mineral
Resources Chemistry Laboratory for the analysis of four sul-
fate columns. This research was supported by National Sci-
ence Foundation grants OPP 93-22518 to Rosenstiel School
of Marine and Atmospheric Science, University of Miami,

Solute uptake by ice columns grown from dilute MSA and sulfate solutions
NOTE: N = normality (gram-equivalents per liter); ppm = parts per million; k0 '= distribution coefficient extrapolated to the starting point
offreezing (Gross et al. 1977); kay = weighted average concentration of a column divided byfinal melt concentration.

CH3S03- (methansulfonate)

6.9E-4
6.3E-4
8.6E-4
1.3E-3
6.9E-3
7.7E-3
5.8E-3
4.8E-2
5.5E-1

318-058
318-079
319-020
319-023a
318-082
318-055
318-040
318-043
318-046

1.4E-4
1.7E-4
2.9E-4
2.7E-4
1 .4E3b
1.5E-3
1.6E-3
1.4E-2
1.7E-1

12.9
16.1
27.3
25.8

131 b
144
149

1,333
16,271

65.6
59.6
82.0
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656
735
553

4,574
52,495

1.1 E-5
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2.OE-4
2.5E-5
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aAmmonjum salt.

	

7.95	4.8E-4	23.0

	

51.2	3.9E-3	189

	

448	 4.OE-2	1,920

	

977	 8.6E-2	4,128

	

990	 1.2E-1	5,712

	

1,978	 2.2E-1	10,560

	

1,980	 1.9E-1	8,880

	

4,896	 5.3E-1	25,344

b44 ppm NH 40H added to initial liquid.
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0.24
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CAnomalous value.
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Dielectric response of ice grown from dilute sulfate solutions
GERARDO W. GROSS and ROBERT K. SvEC, Department of Geoscience, New Mexico Institute of Mining and Technology,

Socorro, New Mexico 87801
PAI-YEI WHUNG, Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 33149-1098

S
ulfate (H2SO4) in polar ice reflects atmospheric circulation
patterns at the time of deposition; if related to specific vol-

canic events, it can date ice layers. Electrical conductivity
measurement (ECM) and dielectric profiling (DEP) tech-
niques provide a rapid means for logging the distribution of
sulfate (and other aerosols) in ice cores (Moore, Paren, and
Oerter 1992).

The present work aims at obtaining baseline data on
dielectric response of sulfate in ice columns (=20-25 centime-
ters (cm), 4=3.8 cm] grown in the laboratory under quasi-
equilibrium conditions. Trapping of solute in grain bound-
aries is minimized by continuous stirring of the melt. For sul-
fate concentration and electrical measurements, the columns
were sliced in approximately 1.5-cm increments.

On selected [10-13-millimeter (mm) thick] slices dielectric
relaxation is measured at 31 frequencies in the range 1 hertz to
100 kilohertz at 13 temperatures between -1°C and -85°C. A
linear blocking layer, that is, a 0.13-mm thick foil of a dielectric
low-loss material (Teflon) is inserted between each electrode
and the sample. With linear blocking layers, electrode reaction
effects are suppressed and replaced with a constant series
capacitance (Gross and McGehee 1988). Inversion of the data
yields ice parameters uncontaminated by electrode effects.

In the figures, three dielectric relaxation parameters
(principal relaxation time, high-frequency conductivity, and
static or direct-current conductivity), measured on six ice
samples of different sulfate concentrations, are plotted
against reciprocal absolute temperature (Arrhenius plots).

The principal relaxation time
the principal relaxation time (figure 1), is the character-
istic response time of ice molecules reorienting them-

selves in an electric field. t2 is dependent on both temperature
and solute concentration. For pure ice, it falls on the solid line,
but it is depressed when, with decreasing temperature,
"extrinsic" interactions of solute molecules with the ice
dipoles become dominant. Three such extrinsic effects are
observed in figure 1:

Figure 1. Arrhenius plot of the principal relaxation time, t2. Ice sam-
ples (starting with sample number 187010) grown, respectively, from
10-1 N (approximately 4,900 ppm sulfate), 10-2 N, 10- N, and 10-4 N
H 2 SO4; 2 and 400-2 N (NH 4)2SO4 solutions. Concentrations are
expressed in units of gram-equivalent weight per liter of solution (N) or
in parts per million (ppm) of melted ice.
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• A gradual departure from the pure ice locus at tempera-
tures below -40°C characterizes samples grown from the
three more dilute H2SO4 solutions.

• Sample 187010, grown from the most highly concentrated
solution [10- 1 normal (M], exhibits an abrupt slope rever-
sal around -24°C, followed by a renewed more gradual rise
of the relaxation time; this pattern could be indicative of
solute trapped in grain boundaries. In crystal growth from
the liquid, solute trapping commonly occurs with a transi-
tion from a smooth to a rough interface. Scanning electron
microscopy of a sample grown from a similar concentra-
tion has, indeed, shown prominent grain-boundary segre-
gation of solute.

• The two ammonium sulfate samples show a much higher
sulfate content and a strong extrinsic response throughout
the whole temperature range. We attribute these findings
to the ease with which the polar ammonium ion (in con-
trast with other common cations) forms hydrogen bonds
binding sulfate (and other anions) to the ice-crystal lattice.

As seen in these examples, dielectric response is not only
determined by solute concentration: just as important is the
distribution pattern of solute molecules in the ice matrix, and
their structural relationships to the crystal lattice.

The high -frequency conductivity
the high-frequency (hO conductivity (figure 2), repre-
sents dielectric losses associated with dipole relax-

ation, plus a contribution, generally minor, from the static, or
direct current, conductivity (see below). The three extrinsic
effects discussed above find their expression in an increase of
the hf conductivity as compared to pure ice. (In figure 2, the
pure ice values are well represented by curves 187022 /026).

Static conductivity

T
he static, or direct-current, conductivity (figure 3), 00, is a
true conductivity, that is, it represents losses associated

with the transport of net charge (protons) through the ice. Fig-
ure 3 shows that only in sample 187010, H2SO4 has contributed
appreciably to the proton population; in all others, the static
conductivity is comparable with or even lower than that which
would have been measured in pure ice. By comparing figure 2
with figure 3, it can be seen that the hf conductivity of sample
187010 contains an appreciable ao component (from 16 to 27
percent depending on temperature), perhaps representing
conduction through grain boundaries. By contrast, the large hf
conductivity of the ammonium sulfate samples is paired with a
reduced direct current conductivity. This reduction bears
resemblance to the sharp decrease of ° observed in pre-
Holocene ice cores where it is due to their increased (calcium
and magnesium) alkalinity. The ECM method, used in ice-core
logging, yields a qualitative index of (Jo.

Ice grown from methanesulfonic acid solutions of similar
concentrations and from their ammonium salt showed only
slight departures from pure ice response because uptake into
the ice matrix was much lower than that of sulfate.

Important contributions to this work are electronmicro-
graphs of sulfate-doped ice samples by Joan Fitzpatrick (U.S.
Geological Survey, Denver) and Michael Lilly (U.S. Geological
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Figure 2. Arrhenius plot of the high-frequency conductivity, oc,,
for the sulfate samples of figure 1.
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Figure 3. Arrhenius plot of the static (direct current)
conductivity, 00, for the sulfate samples of figure 1.

Survey, Fairbanks). Richard B. Alley (Pennsylvania State Uni-
versity) performed grain-size analysis. These results will be
discussed in future papers. This research was supported by
National Science Foundation grant ATM 89-21289.
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Study of grounding-line sedimentation processes at the
Mackay Glacier tongue using a remotely operated vehicle

Observations on the seafloor epibenthic community
MICHAEL DAwBER and Ross D. POwELL, Department of Geology, Northern Illinois University, De Kalb, Illinois 60115

T
he condition of grounding lines of polar ice sheets
appears to be one of the critical factors governing ice-

sheet stability. Sedimentation processes at the grounding line
of the Mackay Glacier are being documented using a sub-
mersible remotely operated vehicle (ROV). The Mackay Glaci-
er (76°58'S 162°24'E), an outlet glacier from the east antarctic
ice sheet, flows through the Royal Society Range of the
Transantarctic Mountains to the Ross Sea. The ROy, which is
equipped with black-and-white and color video cameras, a
stereo still camera, a forward-looking sonar, a sampling arm
for collecting bottom sediment samples, and a side-scan
sonar, can continuously measure and record depth, salinity,
temperature, water velocity, dissolved oxygen, and optical
backscatter for sediment concentration. In addition, its loca-
tion from the dive-site control center is continuously deter-
mined.

The primary purposes of this study are to determine the
physical processes by which terrigenous clastic sediments
move from antarctic glaciers into marine environments and
to estimate the volume contributed annually at the grounding
line. A complement to these goals is an evaluation of epiben-
thic communities that may aid in the understanding of the
physical and chemical characteristics of the environment
near the glacier tongue and may also be a useful additional
aid to interpretation of sediment cores taken from ice-proxi-
mal facies.

The seafloor beneath and adjacent to the glacier supports
an epibenthic community that shows considerable variation
in species composition and community structure. The com-
munity has some similarities with that at Cape Armitage,
McMurdo Sound (cf. Dayton, Robillard, and Paine 1970, pp.
244-258; Dayton et al. 1974). In this article, preliminary obser-
vations of the epibenthic community (specifically, that por-
tion of the epibenthos that can be discerned on color and
black-and-white video recordings, i.e., the "megabenthos")
and possible links between these variations in the community
and the deposition and distribution of sediments and some
other factors are discussed.

In the 1993 field season, eight dives were made with the
submersible ROV from three holes in the sea ice, two of which
were located in wedge chasms on the southern margin of the
glacier tongue and the third at the front of the glacier tongue.
Despite attempts being made on each of the dives, the
grounding line was not reached. In the preliminary 1991 sea-
son, on dives made from the northern edge of the glacier
tongue, the grounding line was reached on several occasions.

The seafloor beneath the Mackay Glacier tongue is com-
posed of a mixture of the following:

•stiff but not over-compacted subglacial till deposited when
the grounding line was in a more advanced position than
at present;

• glacimarine diamict (shelfstone diamict) deposited on top
of the subglacial till by meltout of basal debris since the
retreat of the grounding line;

• fine (sand-sized particles and finer) sediment probably
consisting of a mix of fine sediment winnowed from the
shelfstone diamict by bottom currents (Macpherson 1986)
and biogenic sediment; and

• bedrock outcrops, occurring at several localities as
smooth, rounded, linear ridges several tens of meters long,
up to 2 meters (m) high and up to 10 in and at other
localities as less continuous features often with vertical or
overhanging sides, up to 3 in 	and several meters
across.

The distribution of sediments on the seafloor varies
greatly through abrupt transitions from areas dominated by
larger clasts (e.g., 60 percent boulders and cobbles to areas of
virtually 100 percent fine sediment) to relatively smooth gra-
dations from one substrate type to another. This great areal
variation in the characteristics of bottom sediments is the
result of random deposition of shelfstone diamicts onto
exposed subglacial till and the winnowing and subsequent
redeposition of fine particles by bottom currents.

Iceberg scours were commonly observed. A scour is
formed when a grounded iceberg is moved, either by pushing
from the glacier or by winds or ocean currents causing the
iceberg keel to be dragged through sediment on the seafloor.
These scours have a vertical relief of up to 2 m, a width of up
to 3 m, and a variable orientation with respect to the glacier
tongue.

Some recent scours have obviously disturbed established
epibenthic communities, the scour itself lacking sessile epi-
fauna in contrast to an established community in the sur-
rounding area. The least colonized scours are likely the most
recent, however, rate of colonization will vary with location.
For example, those scours nearest the grounding line where
sedimentation rates are high may require a longer period for
colonization to occur than those scours farther away from the
grounding line, where lower rates of sedimentation are more
conducive to colonization by sessile-filter feeding animals.
Several of the scours have been occupied by large (up to 1-rn-
high) Hexactinellid sponges indicating a possible age of sever-
al hundred years (Dayton et al. 1970, pp. 244-258).

The grounding line was reached on several occasions on
dives in 1991. Much recently deposited shelfstone diarnict is
present on the seafloor, and the sediment concentration in
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the water column tends to be high. Many boulders are draped
with fine sediment up to several centimeters thick. As the
grounding line is approached, abundance and diversity of the
megabenthos is reduced, and within a few tens of meters of
the grounding line, virtually no megabenthic animals are pre-
sent. Very occasionally, bryozoans/hydroids (or both, identifi-
cation is not yet conclusive) grow on the edges of boulders,
and asteroids, ophiuroids, echinoids, and tubeworms are also
occasionally seen. Antarctic scallops (Adamussium colbecki)
occur at the grounding line itself in several areas.

In contrast, the 1993 dive sites, located on the southern
margin of the glacier, were found to be out of reach of the
grounding line with the 500-rn umbilical. Water column sedi-
ment concentrations and amounts of recent shelfstone
diamict on the seafloor are generally lower than those
observed within the proximity of the grounding line in 1991.
On areas of the seafloor south of the southern margin of the
glacier tongue, boulders were covered with a dense associa-
tion of animals including bryozoans, hydrozoans, sponges,
tubeworms, alcyonarians, and ascidians. The antarctic scallop
A. colbecki occurred in great numbers in some areas; individ-
uals covered much of the surface of a bedrock ridge 100-200
m long at a depth of 50-90 m. Highest densities were a mini-
mum of 100 per square meter (cf. Berkman 1990). In general,
densities of the megabenthos beneath the glacier tongue at its
southern margin were lower than they were south of the glaci-
er tongue. Densities and numbers of species beneath the
tongue at its southern margin, however, were not as low as
those encountered near the grounding line on the north side
of the tongue in 1991.

Some influence of sedimentation is to be expected, given
that many members of the megabenthos are sessile-filter
feeders whose feeding ability maybe reduced in turbid condi-
tions (Pearse et al. 1992). The high frequency of deposition of
shelfstone diamicts near the grounding line and the high con-
centration of fine sediment in the water column must severely
limit development of the community in this area. Further
analyses to quantify these aspects are continuing.

The 1993 dives also revealed a patchiness in the density
of the megabenthos over a range of distances from tens of
meters to less than a meter. Some of this patchiness is related
to the availability of hard substrate. Densities of the
megabenthos tend to be lower in areas of the seafloor domi-
nated by finer sediments compared with those dominated by
larger clasts (cf. Grassle et al. 1975) in the shelfstone diamicts
and protruding from the subglacial till.

The development of the epibenthic community on all
types of substrate by the megabenthos must, to some degree,

be a reflection of the age of the substrate, but many other fac-
tors—including, among others, sedimentation rate, water
depth, food supply, influence of currents, and biological
interactions—must play a role. Most of the seafloor beneath
and within the vicinity of the glacier tongue is at a depth
greater than 40 m; thus, disturbance of the benthic communi-
ty by anchor ice formation (cf. Dayton et al. 1970, pp.
244-258) is not significant.

It is hoped that further, more quantitative analyses of the
1991 and 1993 data and of additional data that will be collect-
ed in the 1994 season may reveal important links between
community patterns and physical parameters reflecting
aspects of glacier behavior and may also provide an aid to the
interpretation of past glacier behavior from sedimentary
sequences in cores.

This work was supported by National Science Founda-
tion grant OPP 92-19048 to Ross D. Powell. Thanks to The
Explorer's Club, New York for financial assistance to Michael
Dawber. Thanks to Lewis Hunter and Tom Hooyer for their
help as members of the field team; to Diane Carney and Marc
Slattery for biological assistance; to the New Zealand Antarc-
tic Programme (Alex Pyne and Peter Barrett) especially for
collaboration in collecting the 1991 data; and to National Sci-
ence Foundation, Antarctic Support Associates, and U.S. Navy
personnel for their valuable support.
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Taylor Ice Dome study 1993-1994: An ice core to bedrock
PIETER M. GROOTES, ERIC J. STEIG, and MINZE STuWER, Department of Geological Sciences and Quaternary Research Center,

University of Washington, Seattle, Washington 98195

T
aylor Dome* , a small ice dome centered at 77040'S
158°00'E, has been studied over the previous three field

seasons to find the best location to extract an ice core to
bedrock (Grootes, Steig, and Massey 1991; Grootes and Steig
1992; Morse and Waddington 1992, 1993; Waddington et al.
1991, 1993 PP. 499-516). During the 1993-1994 field season,
we recovered a 554-meter (in) long core to bedrock plus about
6 centimeters (cm) of basal sediment and rock debris at a site
about 1.5 kilometers (km) (three ice thicknesses) southwest of
the flow divide over a relatively flat local bedrock high
(77 0 47.7'S 158 043.1'E, elevation 2,400±20 m) (Morse and
Waddington 1993).

Drilling was done by a PICO (Polar Ice Coring Office)
crew of eight, working around the clock, using the PICO 13.2
cm deep-drill system that reached bedrock in the summit
area of the Greenland ice sheet 1 July 1993. This is the first
time that an antarctic intermediate depth ice core to bedrock
has been drilled in a fluid-filled hole in a one-season drilling
operation. The control room was heated, but all drilling activ-
ities and the initial processing of the core took place in the
open. Nevertheless, all work could proceed in all but the high-
est winds (about 2 days lost). The actual drilling took only 17
days (9-13 December 1993 and 6-20 January 1994), including
bad weather and repair times). The PICO-drill instrument-
package was used to record the
orientation of the core in the ice Investigators participasheet on the core. Below 335 in,
we encountered brittle ice which	

Investigator
_____________

led to internal fractures and

site. Because many investigators are involved in the Taylor
Dome project (table), we decided to keep core sampling in the
field to a minimum; we concentrated instead on joint U.S.
sampling in the new National Ice Core Laboratory (NICL)
near Denver. Samples cut immediately after drilling to deter-
mine density, ultrasound velocity in the "unrelaxed" core, as
well as crystal size and orientation were studied by Joan Fitz-
patrick, U.S. Geological Survey in Denver, in a laboratory
snowtrench. Trench temperature was below -20°C at all times
(the mean-annual temperature in the area is -43°C, Wadding-
ton et al. 1993, pp. 499-516), and thus provided safe storage
for trapped gases in the core. Further core sampling was done
on a core processing line built in the cold rooms of the Crary
Laboratory in McMurdo, where the density of the 1-rn firn
sections was measured, and the core was sampled at low res-
olution for oxygen isotopes (1 in 	sample from 0-250 m, 0.5
m per sample below 250 m) and '°Be (5 in 	sample) down
to 341 in The cut face of the core was polished with a
microtome blade and used for electrical conductivity meas-
urements (ECM) and visual stratigraphy.

For the transport of the core from the field to McMurdo
and then to NICL, a protocol was developed with Antarctic
Support Associates (ASA) and National Science Foundation
representatives that provided continuous temperature moni-

ting in the Taylor Dome ice core project

breaks in the core and, occasion-
ally, to badly broken or shattered

M. Bendercore with loss of orientation. In
most cases, however, the continu-	J. Fitzpatrick
ity of the core for orientation and	P.M. Grootes
sampling purposes was preserved	T. Hinkley
and core loss was minimal. The	D. Kellogg

oriented core makes it possible to	D. Lal

determine the relationship	P.A. Mayewski
between inclined layers observed
in the core and in the ice radar	E. Saltzman

and Pai-Yei Whung
E. Steig

and M. Stuiver
with R. Finkel

K. Taylor

*The name "McMurdo Dome" has also
been used for this ice dome (for exam-
ple, Denton et al. 1989). "Taylor Dome"
has now been proposed to the Advisory
Committee on Antarctic Names of the
U.S. Board on Geographic Names as the
official name.

plots.
The 1-rn core sections were

stored before shipping in a snow-
trench excavated near the drill

E. Mosley-Thompson
E.D. Waddington

E.D. Waddington
with G.Clow
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toring of the core with recording thermometers to be able to
guarantee its suitability for gas studies. During core-sampling
at NICL 20 June to 9 July 1994, some breaks that were not pre-
sent when the core was first logged at the drill site were
observed, but generally the core quality had deteriorated little
during transport. NICL now holds in archive about 50 percent
of the core, except in sections where discontinuous samples
have used the full core.

Preliminary observations of the core follow. In the firn, a
clear stratigraphy with glazed crusts and finer, denser wind-
packed layers similar to those observed in nearby snowpits
was observed. The layering can be followed across the firn-ice
transition into the ice. This transition occurs between 70 and
80 rn [a pore close-off density of 0.83 grams per cubic cen-
timeter is interpolated at 71.9 m depth, figure 1 (Fitzpatrick
personal communication)]. There is good agreement between
the results of high-precision density measurements made at
the drill site (Fitzpatrick, Antarctic Journal, in this issue) and
the 1-rn-section densities measured in the Crary Laboratory.
Most of the negative excursions in the 1-m data set are related
to core quality (loss at breaks, core dog gouges).

Ultra-sound velocity, crystal size, and crystal orientation
show a clear transition in the ice around 370 m depth (Fitz-
patrick personal communication). This may be the glacial-
interglacial transition that was predicted to occur at about
400 m depth in the preliminary flow model (Waddington et al.
1993, pp. 499-516). In that case, the core contains about 180
m of pre-Holocene ice and promises a significant glacial cli-
matic and environmental record. The base of the ice showed
an abrupt transition from clear ice to grayish silty-sandy sedi-
ment with some dark specks appearing in the last meter of
clear ice above the bed. The basal temperature was about
-26°C (PICO personal communication), close to the -24°C
predicted at 550 m depth by preliminary modeling which
assumed a 600-rn deep bore hole (Waddington et al. 1993, pp.
499-516).

We measured the ECM in Antarctica in the Crary Labora-
tory to obtain an early impression of the environmental
record preserved in the core. We thereby assumed that wind
strength and dust concentrations, which are known to have
been stronger and higher, respectively, during full glacial
times, provide a connection between climate and ECM simi-
lar to that observed in the Greenland GISP2 core (Taylor et al.
1993a,b). A high-quality digital conductivity record was
obtained. Figure 2 shows the ECM record of a 3.5-rn section of
Holocene ice that displays some of the information gained
from the ECM. A dust layer visible in the core at 311.43 m
depth coincides with an 8-cm wide band of very low conduc-
tivity indicating the dust was alkaline and neutralized the
core's acidity, which is responsible for most of its electrical
conductivity. Increased conductivity on either side of the dust
conductivity-minimum and again between 309.6 and 309.8 m
depth suggests increased acidity such as is caused by volcanic
SO2 emissions. The dust at 311.43 m points to a possible near-
by source of the eruption. Detailed particle and chemical
analyses can be focussed on similar promising sections iden-
tified by the ECM record. The preliminary McMurdo ECM

record, obtained shortly after the core had been drilled, will
be compared with the full ECM and dielectric properties
records recently measured by K. Taylor, Desert Research
Institute, Reno, Nevada, during core sampling at NICL (June
and July 1994).

The successful completion of the core to bedrock was
made possible by the dedication and competence of all
involved. The PICO crew of Dave Giles kept the drill work suc-
cessfully going through breakdowns, high wind, and drifting
snow. The ASA construction crew and the camp staff of Bill
Danford opened camp early under windy and cold condi-
tions, and then kept it tidy and comfortable throughout the
long season. The ASA logistics and support organization, with
Rick Campbell, Brian Stone, and Jill Vereyken, prepared and
handled the large amounts of cargo, and the crews of VXE-6
and the 109th New York Air National Guard moved it, when-
ever possible, in an exemplary manner. Sarah Sturges' excel-
lent cooking made for a contented camp. Navy personnel sta-
tioned at camp as communication/ weather expert (Allan
Stratton and Bridget Roy) and medic (T.J. LeMay) were very
competent and their willingness to help, and even participate
in core processing, is much appreciated. The enthusiasm of
the science crew, consisting of Bob Brown, Todd Burke, Ron
Connell, Kim Cunningham, Joan Fitzpatrick, Piet Grootes,
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Figure 1. Density of the firn part of the Taylor Dome, Antarctica, ice
core as function of depth as measured on 1-rn core sections at the
Crary Laboratory, McMurdo. The • denotes high-precision density of
0.1-rn sections measured by J. Fitzpatrick, U.S. Geological Survey.
Low-density outliers are generally related to core damage. (g/cc
denotes grams per cubic centimeter.)
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Figure 2. Electrical conductivity measurements of a Holocene section of the Taylor Dome, Antarctica, ice
core measured in the Crary Laboratory, McMurdo, in January 1994. The conductivity-low around 311.4
m depth corresponds with a visible dust layer in the core. High conductivity around this low and around
309.7 m depth is probably of volcanic origin and suggests two volcanic eruptions, of which the older one
deposited alkaline ash on Taylor Dome.

Boaz Luz, Eric Steig, Craig Tozer,
and Jill Turner, made it possible
not only to process the core and
obtain a first glimpse of the
information contained in it but
also to complete a full program
of surface sampling of snowpits
and shallow, hand-augered
cores. The friendly collaboration
of the geophysics survey team of
Ed Waddington, Dave Morse,
Brian Peterka, and Andrew Stir-
ling is much appreciated. The
Crary Laboratory with Steve
Kottmeier, Kristin Larsen, and
Dave Walden provided excellent
support and space for core pro-
cessing and 10Be sample prepa-
ration. The assistance and advice
of Ken Taylor and Dave Morse in
the construction of the ECM sys-
tem is gratefully acknowledged.
The project was supported by
National Science Foundation
grant OPP 89-15924.
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Glacier geophysics at Taylor Dome: Year 4
E.D. WADDINGTON and D.L. MORSE, Geophysics Program, University of Washington, Seattle, Washington 98195

G.D. GLOW, U.S. Geological Survey, Menlo Park, California 94025

T
aylor Dome, centered west of the Transantarctic Moun-
tains at 77°50'S 159°00'E, is a local ice dome that supplies

ice to glaciers in the McMurdo Dry Valleys. Although the site
has also been known as "McMurdo Dome," the name "Taylor
Dome" has recently been given official status by the U.S.
Board on Geographic Names.

Following 3 years of planning and reconnaissance to
select a site (Waddington et al. 1991, 1993; Grootes, Steig, and
Massey 1991; Morse and Waddington 1992, 1993; Grootes and
Steig 1992), an ice core reaching bedrock at 554 meters (m)
depth was recovered in January 1994 (Grootes, Steig, and
Stuiver, Antarctic Journal, in this issue). Geophysical work
continued at the site in 1993-1994, gathering information
needed to interpret the ice-core paleoclimate record accu-
rately and to derive additional climatic data to complement
the ice-core records. The field party of Gary Glow, Kurt Cuffey,
David Morse, Brian Peterka, Andrew Stirling, and Edwin
Waddington spent late November in Taylor Valley and
December and January at Taylor Dome.

During the first three field seasons, we had established a
surface strain network of approximately 200 markers (figure
1). During the 1993-1994 season, we resurveyed the positions
of all the markers east of 158°20'E. This includes all the mark-
ers within 10 kilometers (km) of the drill site. Preliminary
analysis indicates that the ice at the drill site moves a few
decimeters per year. Using these measured ice velocities, we
will be able to test the accuracy of iceflow models needed to
calculate the age of the ice
recovered in the core and to
calculate the expected pat-
tern of isochrons (buried for-
mer ice-sheet surfaces)
throughout the dome. The
shape of these layers, as
detected by radio echo
sounding, is an indication of
spatial patterns of snow accu-
mulation rate, which can
affect the climate record pre-
served in the ice core.

Gathering radio echo
sounding data on a regular
grid is the most efficient way
to map the bedrock and inter-
nal layers for ice-core site
se1 p i'tinn liirinci thp thrioa

al iceflow line, however, provide a better opportunity to
investigate the accumulation record. Using the ground-based
radio echo sounding system reported earlier (Weertman 1993;
Waddington et al. 1991; Morse and Waddington 1992, 1993),
we gathered echo sounding data along a 30-km profile
approximating the iceflow line through the drill site. These
data will be analyzed for accumulation patterns using the
methods introduced byWeertman (1993).

Earlier work showed that the depositional environment
and degree of preservation of the environmental record vary
across Taylor Dome (Grootes et al. 1991; Grootes and Steig
1992) and that this may be associated with microclimate
zones related to winds (Waddington and Morse in press).
Data from automatic weather stations (AWS5) provide insight
into the processes that deposit snow and the associated envi-
ronmental record found in the ice core. We collected weather
data from our three existing AWS units (figure 1) and installed
a fourth AWS 20 km farther west, at the site marked by a
square in figure 1 (77°45'S 157°00'E).

The strong wind on the antarctic plateau probably causes
some deposition, removal, or redistribution of climatically
important chemical species in the porous snow and firn after
the snow is deposited. Surface bumps may create airflow
through the firn. We measured snow permeability, detailed
temperature histories, and pressure gradients in the upper 1
m of snow, to help us understand the impact of the wind on
the ice-core records.
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veyed between 1990 and 1994. Star shows AWS installed in December 1990. The triangle marks the 554-mcompleted such a grid (Morse borehole, the AWS installed in December 1991, and a 130-rn dry hole logged for temperature. The circle at
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One objective of the ice-core project is to relate
the ice-core paleoclimate record to the radiometrical-
ly dated climate history of the McMurdo Dry Valleys
(Denton et al. 1989). Taylor Glacier provides the path-
way between the climate forcing at its source (Taylor
Dome) and the terminus response, which can create a
geomorphological record through moraines and ice-
blocked drainage channels. The ice dynamics of Tay-	77:
br Glacier introduce a lag; for example, the terminus
advance culminates thousands of years after the
snowfall rate increases at Taylor Dome. In addition,
the factor relating snowfall changes to glacier-margin
advance must be derived from an iceflow model. We
determined ice velocities in November 1993 by resur-
veying markers emplaced in December 1991 on two
profiles (G and H) across Taylor Glacier and a third
(F) across the Taylor-Ferrar Confluence (figure 1). We
also measured the ice depths along each profile with
the ground-based radio echo sounding system. From
ice velocity and ice thickness, we now know the ice
flux through each profile; this information is needed
to calibrate the iceflow models.

An additional objective of the Taylor Dome geophysics
program is the reconstruction of surface paleotemperatures at
Taylor Dome and in the nearby McMurdo Dry Valleys from
precision subsurface temperature measurements made in
boreholes. At Taylor Dome, comparison of the derived surface
temperature history with the isotopic oxygen-18 (180) record
will provide a means for detecting nonthermal influences on
6 180 at this site. Because borehole temperatures respond to
year-round changes in surface temperature, the surface-tem-
perature history derived for the dry valleys will complement
other paleoclimate proxies for the valleys (e.g., lake levels),
proxies that primarily reflect paleotemperatures during the
summer season. During December 1993, temperature logs
were acquired in a 130-rn corehole 1.5 km from the site of the
main Taylor Dome core (triangle in figure 1) and in a 100-rn
corehole at the entrance to Taylor Valley (circle in figure 1).

Five of the Dry Valley Drilling Project (DVDP) permafrost
boreholes were targeted for temperature logging during the
1993-1994 field season (figure 2). Of these, DVDP-10 (New
Harbor) and DVDP-12 (Lake Hoare) were found to be blocked
at shallow depths, presumably by ice and, thus, could not be
logged. Borehole D\TDP-14 could not be located; it appears to
have been completely inundated when Lake Vanda over-
flowed into the North Fork Basin during January 1983. DVDP-
6 (Lake Vida) has also been inundated by rising lake levels; the
damaged wellhead was still visible within the lake ice in
November 1993. Our highest-priority borehole in the Dry Val-
leys (DVDP-11, near the Commonwealth Glacier) was suc-
cessfully logged to 282 m depth during November. An AWS
was also installed within a few meters of the DVDP- 11 bore-
hole to investigate the coupling between air and ground tem-
peratures at this site.

The ongoing geophysical studies and ice-core research
promise to provide a useful paleoclimate history for this
region of southern Victoria Land.
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Figure 2. Map showing Taylor Dome and its relation to Taylor Glacier and the dry
valleys. Dashed lines show topographic divides. Hatched areas are largely ice-
free. DVDP boreholes are marked by solid triangles. Highest priority hole, DVDP-
11, was successfully logged to 282 m depth. Rising lake levels in Lake Vanda and
Lake Vida have encroached on boreholes DVDP-14 and 6 at those sites. Holes 10
(at New Harbor) and 12 (at Lake Hoare) were found to be plugged by ice.

ANTARCTIC JOURNAL - REVIEW 1994
83



1000

900.0

800.0

700.0

600.0

500.0

50

40

30

3
20

10

Waddington, E.D., D.L. Morse, M.J. Balise, and J. Firestone. 1991.
Glacier geophysical studies for an ice core site at "Taylor Dome."
Antarctic Journal of the U.S., 26(5), 71-73.

Waddington, E.D., D.L. Morse, P.M. Grootes, and E.J. Steig. 1993. The
connection between ice dynamics and paleoclimate from ice
cores: A study of Taylor Dome, Antarctica. In W.R. Peltier (Ed.), Ice

in the climate system (NATO ASI Series I, Global Environmental
Change, Vol. 12). Berlin: Springer-Verlag.

Weertman, B. 1993. Interpretation of ice sheet stratigraphy: a radio
echo sounding study of the Dyer Plateau, Antarctica. (Ph.D. dis-
sertation, Geophysics Program, University of Washington, Seat-
tle.)

Preliminary report on the physical and stratigraphic properties
of the Taylor Dome ice core

J.J. FITZPATRICK, U.S. Geological Survey, Denver, Colorado 80225

D
uring the 1993-1994 austral field season, a 554-meter (m)
core to bedrock was recovered from Taylor Dome drill

site (77041.7'S 158°43.1'E). Site information and details of the
core recovery are presented elsewhere (see Grootes and Steig,
Antarctic Journal, in this issue) and in earlier reports (Grootes,
Steig, and Massey 1991; Waddington et al. 1991, 1993, pp.
499-516; Grootes and Steig 1992; Morse and Waddington
1992, 1993). Physical properties, including density, grain- and
bubble-sizes, temperature, and differential ultrasonic p-wave
velocity, were measured in the field within a few hours of core
recovery in a subsurface laboratory near the drill site. The
preliminary results of these analyses are presented here.

The visual appearance of the core was noted as drilling
progressed both from whole core and from thick sections
taken shortly after recovery. The stratigraphy follows a pre-
dictable diagenetic sequence from highly porous firn to ice
with large, irregularly shaped bubbles and then to ice with
spherical bubbles that decrease in size with increasing depth.
No notable bubble-free lenses, layers, or glands were seen,
although the presence of thin (less than 1 millimeter), clear-ice
crusts is ubiquitous in the upper part of the core. These crusts
were observed forming on the surfaces of wind-packed sastru-
gi as a result of solar-induced sintering. They are easily dis-
cernible in the core to a depth of 200 m. Beyond this depth,
they become increasingly difficult to see, and by 250 m, they
cease to be visible at all. Subdued density contrast due to vary-
ing depositional conditions and possible postdepositional dia-
genesis is also present in the upper part of the core, but like
the clear-ice crusts, becomes indistinct below 250 meters. No
clear annual signal is present in the stratigraphy. Visual clues
to the annual stratigraphy will require the eventual compari-
son of the visual and isotopic records. A zone of anomalously
elongated bubbles between a depth of 360 to 390 m was noted
in the field. This zone is judged to be anomalous because ice
both above and below this interval contains only spherical
bubbles. The bubble population in this anomalous interval
consists of a mixture of both spherical and aligned, elongated
bubbles. The elongated bubbles vary in aspect ratio from 3:1 to
5:1 and, upon reconstruction of their absolute direction from
the core azimuth, point in the direction of current surface
motion at the site (or 180 0 away from it), that is, toward the
Skelton Névé (Waddington personal communication). The

cross-sectional diameter of the elongated bubbles appears to
be about the same size as the diameter of the average spherical
bubble measured in the same section. Elongated bubbles in
this depth interval display plunge values near 0 0 . This is in
contrast to the zone of elongated bubbles that is close to the
bed in which bubbles display chaotic plunges as much as 350.
The characteristics and significance of the anomalous zone of
elongated bubbles are the subject of ongoing study.

The ice began to exhibit brittle behavior by a depth of
about 300 m. By a depth of 335 m, ice was consistently broken
and fractured as it was unloaded from the core barrel. The
onset of this behavior corresponds to a load pressure of about
27 atmospheres. The deepest ice at this site experiences a
hydrostatic load of 47 atmospheres and is too warm (approxi-
mately -26°C) to allow the formation of air hydrate clathrates.
As a result, all core recovered below a depth of 335 m dis-
played brittle behavior.

The density/load curve for the core is shown in figure 1.
Densities were measured in the field within a few hours of core
recovery. Densities above 85 m were determined volumetrical-
ly; those below 85 m were determined by immersion in satu-
rated iso-octane. The depth of the firn/ice transition was inter-
polated from a linear fit of the volumetric data above 85 m. The
depth of this transition at approximately 72 m was confirmed

0	100	200	300	400	500	600
Depth (m)

Figure 1. Density and load profile, Taylor Dome main core. (Kg-m-3
denotes kilograms per cubic meter. atm denotes atmospheres.)
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when fluid (n-butyl acetate) was added to the hole for the tran-
sition to wet drilling. As shown in figure 1, the pore pressure
equalization depth for this core is at approximately 130 m.
Above this depth, densification proceeds quickly due to the
rapid collapse of bubbles, which are underpressured with
respect to the hydrostatic load. Below this depth, densification
occurs at a much-reduced rate. Because the phase boundary
for the enclathratization of the pore gases was not reached by
the time the bed was encountered, bubbles were present in the
deepest ice. Accordingly, the maximum density measured for
the core, 918.5 kilograms per cubic meter (kg rn-3), is well
below the theoretical single crystal density of 920.15 kg rn- 3 at
the bed temperature (approximately -26°C at 46 atmospheres).

Maximum grain dimensions and bubble diameters were
measured on thick sections in the field with a pocket com-
parator (figure 2). With the exception of bubbles in the anom-
alous zone, bubble diameters show the expected decreasing
trend with increasing depth. As previously mentioned, vary-
ing percentages of the bubbles within the anomalous zone are
elongated and aligned with each other. Bubbles between the
anomalous zone and the basal ice are spherical, and bubbles
in the basal ice are elongated and deformed. Basal ice bubbles
do not display consistent alignments and generally exhibit
steep plunges.

Maximum grain dimensions increase to a depth of about
360 in a marked drop in grain size occurs. This behav-
ior is interpreted as an indication of the transition from inter-
glacial to glacial conditions. Hence, the climate transition at
the close of the last glacial period is placed at 360-370 in
the Taylor Dome site.

The speed of propagation of sound both transverse (Vt)
and parallel (V1) to the drilling direction was measured in the
field using a portable ultrasonic testing unit fitted with 1-inch
diameter, 2.25-megahertz, polled-ceramic p-wave transduc-
ers. The normalized signal attenuation relative to a lucite
standard was also recorded at the same time. The results,
shown in figure 3, indicate that to a depth of about 180 m, the
ice is acoustically and crystallographically isotropic. Below
this depth, values of V1 and Vt begin to diverge and, as indicat-
ed by inspection of the thick sections taken from this interval,
the ice begins to display c-axis orientation. A marked increase
in the differential velocity is evident in the samples from 340
to 360 m. This increase is accompanied by a distinct drop in
grain size as well as the occurrence of elongated bubbles (see
figure 2). The differential velocity and degree of orientation
remain high from this depth to the bottom of the core. The
acoustic loss is isotropic to about the same depth as the veloc-
ity. Below 180 m, the normalized loss is consistently higher in
the longitudinal direction than in the transverse direction,
with the exception of the anomalous zone. Loss behavior in
the anomalous zone is nearly isotropic.

A preliminary approximation to the hole temperature
was made by recording the drilling temperature from the
instrumentation package on the drill string. The actual hole
temperature is probably slightly lower and will be logged dur-
ing the 1994-1995 season after a 1-year equilibration period.
The data comprise composite measurements made in a

10.16-centimeter (cm) shallow, air-filled hole at the Taylor
Dome site and the main 13.21-cm hole. The 10.16-cm hole
was logged by the Polar Ice Coring Office with a thermistor
string shortly after completion. Aside from warm tempera-
tures measured near the surface, the hole temperature shows
a consistent, linearly increasing trend from -4 1°C at 10 in
-26.7°C at the bed.

The successful acquisition of this core depended upon
the cooperation and hard work of a broad spectrum of people
from the Polar Ice Coring Office, National Science Founda-
tion, Antarctic Support Associates, the U.S. Geological Survey,
and the University of Washington. The author wishes to
express her heartfelt appreciation to all these people, most
especially the drilling, support, and science staff working in
the field, who persevered in the face of adversity to make this
drilling project a success.
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Figure 2. Maximum bubble diameters and maximum grain dimensions
determined in the field by pocket comparator. Increase in bubble
diameters between 350 and 400 m and in basal ice indicates zones of
elongated bubbles. (mm denotes millimeters.)
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Figure 3. Differential ultrasonic velocity and acoustic loss. The "t"
refers to direction transverse to core axis. The "I" refers to direction
parallel to core axis. (m/s denotes meters per second. dB/mm denotes
decibels per millimeter.)
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Instrumentation to quantify snow accumulation and transport
dynamics at two locations on the Ross Ice Shelf

DAVID A. BRAATEN, Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045

S
now accumulation and transport dynamics on polar ice
sheets cause an almost continuous evolution of the local

snow profile due to several controlling factors including pre-
cipitation events, wind transport, vertical redistribution (mix-
ing) by wind, sublimation and deposition, gravitational
forces, and metamorphic snow-crystal processes. These fac-
tors and their relationship to the procession of ice-sheet evo-
lution are complex, time-dependent, and geographically vari-
able. Wind transport of snow and the formation of snow sur-
face features constitute an especially complex process which
is essentially nonlinear, in that the turbulent air flow distorts
the snow surface which in turn distorts the flow. Quantitative
measurements of blowing snow in Antarctica have been con-
ducted by Budd, Dingle, and Radok (1966), Kobayashi (1978),
and Wendler (1989, pp. 261-279) using innovative experimen-
tal techniques to examine various characteristics such as
mass flux, and snow grain size as a function of height and
wind speed. Snow surface features associated with blowing
snow in Antarctica have been investigated in terms of external
properties such as size, shape, distance between features, and
movement (Budd et al. 1966; Kobayashi and Ishida 1979);
however, microphysical properties associated with surface
features, such as snow grain transport and mixing, remain
largely unknown.

To obtain greater quantitative insight into the time-
dependent processes of annual ice-sheet snow accumulation
and transport dynamics, new instrumentation has been
developed and was deployed January 1994 at two Ross Ice
Shelf locations influenced by different local wind regimes, but
generally influenced by the same synoptic-scale storms.
These sites are adjacent to the Willie Field (77.85°S 167.08°E)
and Ferrell (78.02 0S 170.800E) automatic weather stations
(AWSs) in the Ross Island region. This instrumentation,
referred to as the microsphere dispersal system (MDS), auto-
matically activates for a 10-second interval once every 14

days, dispersing inert, colored (high-albedo) glass micro-
spheres with a diameter of 120 micrometers onto the snow
surface. The microspheres act as a time marker and tracer to
quantify accumulation rate and microphysical processes of
snow transport, mixing, and surface feature formation which
influence ice-sheet growth in a windswept environment.

The MDS consists of three aerosol generator units, each
mounted on an aerodynamic mast (figure 1), and a pneumat-
ic system controlled by a microcontroller- based timing sys-
tem. The nozzle of each unit is positioned approximately 1.5
meters above the snow surface in a radial arrangement to
maintain consistent spatial microsphere dispersion on the
snow surface regardless of wind direction. Polyethylene tub-
ing connects the aerosol generator units to the pneumatic
system, which is buried at a depth of 1.5 meters. Each aerosol
generator unit consists of four individual aerosol generation
chambers containing approximately 300 milliliters of a single
color of glass microspheres (pink, green, orange, yellow.) Dur-
ing each activation, high-velocity dry nitrogen gas (approxi-
mately 100 meters per second) with a volumetric flow rate of
approximately 1,700 cubic centimeters per second supplied
by two 6.2-cubic-meter tanks of compressed nitrogen enters
one chamber of each aerosol generator unit, aerosolizes the
microspheres, which are located in the lower half of the
chamber, and exits through the round outlet nozzle with
approximately 25 milliliters of glass microspheres as shown in
figure 2. A total of approximately 5x10 7 spheres from the three
aerosol generator units is dispersed during each activation
and settle on the snow surface in elliptical patterns with
approximate dimensions of 5x1 meters and roughly oriented
in the direction of the mean wind.

A schematic diagram of the pneumatic system is given in
figure 3. The pneumatic system consists of two pressure reg-
ulators, four solenoid valves, and a microcontroller timing cir-
cuit. The pneumatic line downstream of each solenoid is
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Figure 1. Aerosol generator units and masts of the microsphere dispersal system deployed at the
Willie Field AWS. Flags mark the location of the buried pneumatic system.

Nozzle Gas In

spheres occur when a solenoid
valve is opened by a custom-
designed microcontroller timing
circuit. This timing circuit was
designed for operation at low tem-
peratures and for low power con-
sumption, with key components
including a ROM-based 8-bit
CMOS micro controller, and a
micropower voltage regulator,
mounted on a custom-manufac-
tured circuit board. Power con-
sumption of the timing circuit was
measured to be less than 100
microamperes and verification of
low-temperature performance was
obtained by operating the timing
circuit while it was buried in dry-
ice. The algorithm executed by the
microcontroller uses the internal
timer and counters to activate a

Figure 2. Cut-away side view of an activated aerosol generator cham-
ber.
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Figure 3. Schematic diagram of the pneumatic system of the micro-
sphere dispersal system.

branched off to chambers of each aerosol generator unit
which contain the same color microspheres. Activation of the
pneumatic system and, hence, the generation of micro-

solenoid for 10 seconds every 14 days starting with solenoid 1.
After the next 14-day period solenoid 2 is opened for 10 sec-
onds, and so on, cycling back to solenoid 1 after solenoid 4
has been opened. Time of activation for each 14-day period is
accurate to within approximately 30 seconds. Both the micro-
controller timer and solenoid valves are powered by 12-volt
gel-cell batteries.

Snow core and pit sampling is planned for each site dur-
ing the 1994-1995 field season to quantify net accumulation
with a 14-day resolution, as well as snow transport and redis-
tribution by the wind. Laboratory identification microspheres
in snow samples is straightforward, and in principle, is sensi-
tive enough to identify a single microsphere in a sample.
Snow samples are melted, briefly centrifuged, and the cen-
trifuge tip is examined for microspheres with a low-power
microscope. If any microspheres are present, they are
removed with a disposable pasteur pipette and placed on fil-
ter paper, where the number and color of the microspheres
present in the sample are determined using a color video
microscopy and image analysis system.

This research was supported by National Science Foun-
dation grant OPP 92-18868.
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Sea-ice studies

Drifted snow affects momentum exchange over sea ice
EDGAR L ANDREAS and KERRY J. CLAFFEY, U.S. Army Cold Regions Research and Engineering Laboratory,

Hanover, New Hampshire 03755-1290

T
he air-ice drag coefficient at reference height r (CDr) is
defined by

pu 2 . PCDr(1•(1)

Here, t is the surface stress or momentum flux induced
by wind blowing over the surface, p is the air density, u is the
friction velocity, and Ur is the mean wind speed at height r.
Because t is a key component of the momentum balance of
sea ice, knowing CDr greatly simplifies analytical or numerical
models of drifting sea ice.

Normally, besides depending on r, CDr also depends on
the stratification of the atmospheric surface layer. For com-
paring CDr values measured in a variety of conditions, it is
customary to remove these stability effects analytically and to
concentrate on the neutral-stability drag coefficient refer-
enced to a height of 10 meters (m), CDN10. Andreas and Mur-
phy (1986), among others, showed how to handle these trans-
formations.

Alternatively, by measuring u and Ur when the stratifica-
tion is near-neutral, CDN1 0 is obtained directly without the
added uncertainty of using empirical functions to remove the
stability effects. This is just what we did on Ice Station Wed-
dell-i (ISW-1) (Anonymous 1992; ISW Group 1993). We
obtained 197 values of CDN10 by measuring the wind speed
profile at four levels between 0.5 and 4.0 m above the surface
during episodes of near-neutral stratification (Andreas et al.
1992; Andreas and Claffey 1992, pp. J109-J112; Andreas and
Claffey in preparation).

At a single site on 15W-I, during the 30 days of our meas-
urements, we found CDNIO values that ranged between
1.27x10 3 and 2.54x10 3 . Although there is nothing unusual
about measuring individual values within this range—they
have been observed before (e.g., Overland 1985)—the range
itself is startling. Though no deformation occurred in the
underlying ice in the vicinity of our profile mast to change its
inherent roughness, our CDN10 values, nevertheless, ranged
from -33 to +33 percent of the mean value of CDNJO,
1.91x iO. Drifting snow, not ice deformation, was the cause.

On ISW-1, we also made hourly surface-level observa-
tions of many other meteorological quantities almost contin-
uously from 25 February to 29 May 1992 (Andreas et al. 1992).

Our Russian meteorological colleagues on 15W-1 made 6-
hourly "synoptic" observations during this same period. On 1
March 1992, they began including observations of drifting
and blowing snow in their synoptic report. We have com-
bined these observations of wind-driven snow with our
hourly averaged wind speed at a height of 5 m and show the
result in figure 1. In the figure, the primary distinction is
between drifting and blowing snow. Drifting snow is below
eye level; blowing snow is above eye level and, thus, obscures
visibility.

The point that figure 1 establishes is that, on ISW-1 at
fairly modest wind speeds [6-8 meters per second (in
some form of wind-driven snow was present about 60 percent
of the time. At speeds above 8 m s, wind-driven snow was
virtually guaranteed. All in all, roughly 20 percent of the time
on ISW-1, some form of wind-driven snow was present. In
other words, wind and snow were continually altering the sur-
face; a persistent wind of 6-8 m s would begin building
snowdrifts parallel to the mean wind. High winds from a new
direction would erode these drifts and begin building drifts
aligned with the new direction.

4	6	8	10

Wind Speed at 5 meters (m/s)

Figure 1. Ice Station Weddell-1 observations showing the percentage
of the time with wind-driven snow for a given hourly averaged 5-rn
wind speed. The terminology follows World Meteorological Organiza-
tion guidelines. Above each histogram bar is the number of hourly
averaged wind speeds that we measured within the indicated range.
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Figure 2 shows one such event that our drag coefficient
measurements captured. At the start of this event, CDNJO was
relatively high; however, because the wind blew at over 8 m
s 1 from a fairly constant direction, it eroded existing snow-
drifts and built new drifts that streamlined the surface in the
mean wind direction. As a result, CDN10 decreased.

In the figure at roughly 1400 hours on day 64, the wind
began turning. Since the surface was not as streamlined in this
new direction, CDN10 increased. But on day 65, the wind direc-
tion stayed fairly constant, and CDN10 again decreased as the
drifting snow streamlined the surface in this new direction.

During our deployment on ISW-1, we observed a couple
of other such episodes of decreasing CDN10 as a consequence
of drifting snow. Thus, the sequence was repeatable and

seems to be an essential feature of air-ice coupling in the
Weddell Sea and probably elsewhere.

To test whether our explanation for these observations is
theoretically sound, we have adapted Raupach's (1992) physi -
cally based analytical model of form drag to treat the rudi-
mentary sastrugi that we observed on 15W-1 (Andreas in
preparation). Figure 3 shows some of our model predictions
for CDN10 over sastrugi that cover 15 percent of the surface
(Y=O. 15). 1 is the orientation of the mean wind with respect to
the long axis of the sastrugi, with =0 0 being perfect axial
alignment.

We find that when sastrugi height h is taken as 10 cen-
timeters, the model reproduces our observations quite well.
When the wind is well aligned with the sastrugi ((I12 0), the
model predicts that CDN1O is 1.43-1.45x 10-, roughly the lower
limit of our observed drag coefficients. As L' increases and the
wind sees more of the sides of the sastrugi, the modeled CDN10
increases to 2.73x 10, again in the approximate range of our
maximum observed values.

In conclusion, when the 5-m wind exceeds 6-8 meters per
second, it begins eroding any snowdrifts at right angles to it
and deposits this snow to streamline the surface in the cur-
rent wind direction. Consequently, if these high winds persist,
the snow surface gets more streamlined as the drifts build;
CDN10 thus decreases as evidence of this streamlining. Our
single ISW-1 floe thereby yielded a wide range of CDN10 values
that reflected the wind's integrated history.

We thankA.W. Hogan and C.C. Ryerson for reviewing the
manuscript. This research was supported by National Science
Foundation grants OPP 90-24544 and OPP 93-12642.
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Figure 3. Model calculations of CON10 as a function of wind orientation
(P) with respect to the dominant axis of the sastrugi. Here, the sastru-
gi cover 15 percent of the surface (y=0.15) and have uniform peak
heights (h) of either 5, 10, or 20 centimeters (cm), as indicated.
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Figure 2. A 2-day event on ISW-1 characterized by a relatively con-
stant wind direction and 5-rn winds (1/ 5) strong enough to transport
snow. The CON10 values come from our profile analysis. (m/s denotes
meters per second.)
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Wave-pancake ice interactions
HAYLEY H. SHEN and SUSAN FRANKENSTEIN, Department of Civil and Environmental Engineering, Clarkson University,

Potsdam, New York 13699-5710

D
uring the 1986 Winter Weddell Sea Project (WWSP), a
new mechanism for the formation of ice at the advancing

edge was observed. This so-called pancake cycle (Lange et al.
1989) begins with a high rate of ice-crystal production in a
turbulent wave field. These crystals later congeal into circu-
lar-shaped floes, typically less than 1 meter (m) in diameter.
These floes are called pancake ice. Wave action, along with
the production of more frazil in the open area between floes,
causes these pancake floes to freeze together rapidly to form a
continuous cover. The extent of the southern ocean covered
by this process in the early austral winter is estimated at 6
million square kilometers (Wadhams 1994). Except in areas
such as the Bering Sea and the Odden tongue in the Green-
land Sea, ice-cover formation in the antarctic region is
markedly different from that in the arctic and subarctic. A
consequence of this formation is the extremely rapid heat
exchange with the atmosphere and a salt flux to the underly-
ing water. A plan view of the pancake ice field observed in the
Weddell Sea is shown in the figure.

The presence of ocean waves is believed to be responsi-
ble for this "pancake cycle." Our study is to investigate, both
experimentally and theoretically, how waves interact with
individual pancake floes to form a continuous ice sheet.

The experimental work consists of two phases. Phase one
was done with plastic slabs placed in a wave tank. The wave
tank has a dimension of 19.8 m x 1.83 m x 0.9 m and is capa-
ble of producing monochromatic waves with a frequency of
0.21 to approximately 0.89 hertz, a wave length of 1.9 to
approximately 11.1 m, and an amplitude of 0.5 to approxi-
mately 8 centimeters. Two sizes of plastic slabs were used.
Both had surface areas measuring 0.2 m x 1.79 m. Their thick-
nesses varied and were 3.175 millimeters and 6.35 millime-
ters, respectively. This phase of the experiment was to deter-
mine the drift of a single floe and the interaction between
multiple floes. The results of this phase of study are being
used to help verify a theoretical model. This theoretical model
will be used to quantify the effect of waves on a field of dis-
persed ice floes.
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Phase two of the experimental study
will be done in a refrigerated wave tank hav-
ing dimensions 39 m x 1.22 m x 0.61 m.
Slabs of urea ice will be placed in this tank
to study the freezing process between
neighboring floes under various wave con-
ditions. Results of this experiment will be
checked against the parallel theoretical
development.

Preliminary results from phase one
have been obtained. The drift patterns
determined from both theory and experi-
ment are currently being compared. The
oscillation amplitude, drift velocity, and
time for the floe to become trapped at a sin-
gle location are the parameters being inves-
tigated. Initial comparisons look promising
although some inconsistencies are being
found. More work needs to be done before
conclusive statements can be made.
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Phase two of the experimental study and the parallel the-
ory are both in the planning stage. We expect that this study
will enable us to quantify the wave's role in the formation of
pancake ice covers.

This work has been supported by National Science Foun-
dation grant OPP 92-19165.
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Observations on the melting rates of brash ice, Arthur Harbor,
Antarctic Peninsula

NORMAN D. SMITH, Department of Geological Sciences, University of Illinois, Chicago, Illinois 60607-7059
GAIL M. ASHLEY, Department of Geological Sciences, Rutgers University, New Brunswick, New Jersey 08903

R
afting by floating icebergs is an important mechanism by
which terrigenous sediment is introduced to the ocean

along glaciated coastlines. Such ice-rafted debris constitutes
major portions of the total sediment deposited in many
glacimarine regions, and its presence is commonly diagnostic
for interpreting the glacial origins of ancient marine deposits.
Icebergs occur from greater than 10-kilometer (km) tabular
bodies that detach from floating ice shelves to submeter-sized
brash ice produced by calving of grounded tidewater glaciers.
Key to understanding the proper role of icebergs in marine
sediment distribution is knowing the rates at which they melt.
Large tabular icebergs have received much attention in this
regard, largely as a result of interest in their potential utility as
a source of fresh water. Less is known about the melting char-
acter of small icebergs or, consequently, their role in distrib-
uting sediment away from glacier margins.

Observations at Arthur Harbor (Palmer Station, Antarctic
Peninsula) indicate a predominance of brash ice [i.e., less
than 2-meter (m) icebergs] calving off Maar Glacier (64°46'S
64°04'W). Initial observations of iceberg distribution patterns
suggested highly variable melt rates that were controlled in
part by water-surface roughness. A series of exploratory
experiments was thus established to examine the rates at
which brash ice melts in Arthur Harbor and, by implication,
subpolar marine settings in general.

Natural brash icebergs were first trimmed to approxi-
mately 24x18x18-centimeter (cm) rectangular blocks to mini-
mize shape effects, then stored in a 0°C cold room. Melting
experiments were conducted in a 47-cm diameter circular vat
with flow directed upward from a hose positioned bottom-
center (figure 1). Overflow holes drilled around the upper
perimeter of the vat ensured that flow around the floating ice-
berg was evenly distributed. Flow was drawn directly from
Arthur Harbor; salinity remained constant at 34 parts per
thousand and water temperature varied only slightly from
1°C. Discharge was held steady through each run but varied
between runs. Mean upward velocity was calculated from
u=QA' where Q is discharge and A is vat surface area minus
initial maximum cross-section area of the iceberg. Reynolds

numbers based on mean velocities [0.017-0.68 centimeters
per second (cm/s)] ranged from 40 to 1,570. For each run, the
ice block was preweighed and immediately placed in the vat.
Approximately every 20 minutes, the block was retrieved,
reweighed, and returned to the vat, with weighing requiring
about 15 seconds. Nominal diameter for each weight stage
was computed as d=(weight/ density) "3 where ice density was
taken to be 0.9 grams per cubic centimeter. Melt rates were
then determined by the slopes of d vs. time plots. Melt rates
were also measured in the same manner for small icebergs in
the natural setting of Arthur Harbor. Preweighed icebergs
were placed in nylon-mesh bags (mesh diameter was 2 cm),
tethered to the dock or a boat, and periodically retrieved and
weighed. Four were artificially shaped as were the experimen-
tal blocks, and 15 had unmodified natural shapes. Two quali-
tatively disparate conditions were tested: isolated icebergs
exposed to wave attack and icebergs packed in a brash jam
and protected from wave action.

The laboratory results show clearly that melt rate,
expressed as reduction in nominal diameter per unit time,

Inflow from
Arthur Harbor

Figure 1. Schematic illustration of experimental apparatus.
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increases with velocity (figure 2), or probably more accurately,
with agitation accompanying increasing flow rates against the
floating iceberg. Despite the similarity of iceberg shapes, how-
ever, there is a fair amount of scatter which likely can be attrib-
uted to both iceberg inhomogeneities and experimental irreg-
ularities such as varying patterns of turbulence that accompa-
nied intermediate and high discharges. The presence of frac-
tures, for example, clearly increased melt rates for two icebergs
(figure 2). Diameter-reduction rates for both field and labora-
tory icebergs were recast as melting rates of single flat surfaces
(essentially one-half the diameter reduction rate) and plotted
against water temperature, together with melt curves of previ-
ous workers (Weeks and Campbell 1973; Budd, Jacka, and
Morgan 1980; Russell-Head 1980) (figure 3). The field data
qualitatively support the laboratory results in that isolated ice-
bergs (figure 3A) exposed to wave agitation melted about
12-25 times faster than icebergs protected in brash jams (fig-
ure 3B). Furthermore, the field melt rates overlap and exceed
the laboratory melt rates, reaching a maximum of 1.0 m per
day. This is equivalent to 2.0 m per day diameter reduction if
the icebergs are melted equally on all sides.

Both sets of data thus confirm that brash ice subjected to
wave or current agitation melts much more quickly than ice
experiencing little or no differential movement relative to sur-
rounding water. The melt curve of Russell-Head (1980) (figure
3) is based on laboratory experiments with freely drifting ice-
bergs in the absence of waves or imposed currents, and the
curve of Budd et al. (1980) is derived from observations of large
icebergs where waterline melting constitutes a small propor-
tion of total ablation. Both curves greatly underestimate melt
rates of exposed brash ice. A theoretical relationship by Weeks
and Campbell (1973) expresses melting rate R as

R=6.74x 10-6 u°8AT/x°2 (1)

where u is the relative free-stream velocity past the iceberg, x
is iceberg length, and AT is the temperature difference
between the iceberg and ambient water. The melt curve for a

velocity, cm/s

Figure 2. Plot of iceberg melt rate, expressed as rate of diameter
reduction, against mean upward velocity. Open circles represent two
icebergs with large visible fractures; these are excluded from the
regression.

50-cm iceberg where u=1 cm/s (cf. figure 2) also significantly
underestimates observed brash melt rates (figure 3). A possi-
ble explanation for this discrepancy is that the design of the
experimental apparatus resulted in high turbulence for rela-
tively low values of net mean velocity, creating higher heat
transfer rates than assumed by Weeks and Campbell. In any
case, the much-used equation of Weeks and Campbell (1973)
is probably of limited use for predicting melt rates in wave-
dominated depths where water motion is complex and the
velocity term ambiguous.

The mean velocity in the experiments can be regarded as
the rate at which constant-heat water is directed against the
melting iceberg. As such, this velocity might be considered to
be functionally analogous to Stokes drift, which is a near-sur-
face current produced by the nonclosure of elliptical path
orbits in trains of progressive waves. The depth-integrated
velocity of Stokes drift (Martin, Josberger, and Kaufman 1978,
pp. 260-264) is

Us= ½koa2	 (2)

where k is the wave number (2t/L), o is wave frequency
(23t/1), a is amplitude (H12), and L, T, and Hare, respectively,
wave length, period, and height. [Note: k was inadvertently
omitted from the equation given in Martin et al. (Martin per-
sonal communication).] Deep-water waves (L=1.56272) with
L=20 m and H=10 and 40 cm yield Stokes drift velocities of
0.069 and 1.10 cm/s, which agree reasonably with laboratory
and field conditions. Field melt rates that exceed laboratory
rates (figure 3A, 3C) may be due to wave conditions whose
Stokes drift exceeds mean velocities in the experiments.

In conclusion, both laboratory and field observations show
that melt rates of brash ice increase significantly with agitation
of surrounding water. Under normal sea conditions at Arthur

>'cc
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Water Temperature, °C

Figure 3. Relationship between iceberg melt rate and water tempera-
ture comparing observed results with predictive equations from litera-
ture [modified from figure 5 of Dowdeswell and Murray (1990, pp.
121-137)]. The plot of the Weeks and Campbell equation assumes an
iceberg length of 50 cm and velocity of 1 cm/s. Data from this study: A
denotes Arthur Harbor, open water (n=1 3, including 4 trimmed rectan-
gular blocks shown by dots); B denotes brash jams, icebergs protected
from wave attack (n=6); C denotes range of laboratory results (n=27).
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Harbor, most icebergs under 2 m in diameter will likely melt
within 24 hours if exposed to wave attack. Under these circum-
stances, most ice-rafted debris will be transported only short
distances from calving tidewater glaciers in subpolar regions.

This work is supported by National Science Foundation
grant OPP 92-18495.
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Sedimentation at a subpolar tidewater glacier, Maar Ice
Piedmont, Anvers Island, Antarctic Peninsula

GAIL M. ASHLEY, Department of Geological Sciences, Rutgers University, New Brunswick, New Jersey 08903
NORMAN D. SMITH, Department of Geological Sciences, University of illinois at Chicago, Chicago, Illinois 60680

MATTHEW C. GOSS and PETER C. SMITH, Department of Geological Sciences, Rutgers University, New Brunswick,
New Jersey 08903

2-month intensive study of sedimentation processes was
arried out in austral summer 1993-1994 near a tidewater

portion of the Maar Ice Piedmont in Arthur Harbor (adjacent
to Palmer Station) (figure 1). Data consist of conductivity-
temperature-turbidity-depth (CTTD) profiles, water samples,
and sediment-trap catches to study processes and patterns of
sediment dispersal and sedimentation; bottom cores and
grabs to document the record of recent glacial marine sedi-
mentation; and video surveys of the ice terminus and the ice-
proximal sea bottom with a remotely operated vehicle (ROV).

Anvers Island is a 70-kilometer (km) by 35-km island
composed of tonalite. A mountain chain runs up the center of
the island; the west side is an extensive low, gently sloping
piedmont. The island is ice covered, and the ice cap thickens
inland, reaching 600 meters (m). Iceflow is toward the coast
with highest velocities greater than 200 m per year (m/yr) in
ice streams over bedrock valleys and 10-15 m/yr between the
valleys (Rundle 1973). Iceflow rates above the station range
from 20 to 50 m/yr feeding into the ice cliff at Arthur Harbor
(Rundle 1973). The nearly vertical ice cliff ranges between 20
and 60 m high (above sea level) and is grounded at depth up
to 45 m below sea level. The retreat rate of the glacier has
been about 10 m/yr since 1965 (figure 1). We interpret the
shallow (10-30 m) sill that parallels the modern ice front at a
distance of 0.7 km to represent a former ice-front position (a
paleogrounding line). The basal debris layer is thin (less than
1 m) (figure 2).

Mean annual temperature is -3°C; peak daytime temper-
ature in summer may reach 6°C-7°C (winter averages -10°C).
The tides are mixed—mainly diurnal ranging from 1.9 m
(springs) to 0.6 m (neaps). Summer water temperatures range
from -1°C to 1.4°C; the harbor is ice covered in winter. Salinity
is 32-34%o depending upon the contribution of glacial melt-

water or the presence of melting icebergs. Turbidity ranges
from 2-4 milligrams per liter (mgIL) to 35 mg/L near the glac-
ier margin.

An intensive program of daily conductivity-temperature-
turbidity profiles in Arthur Harbor at both proximal and distal
locations to the ice front indicates that little meltwater is
coming directly from the glacier. On two occasions during
austral summer 1994, meltwater- generated surface plumes
(raised turbidity, lowered salinity) were present. These
plumes followed days of unusually warm air temperatures
(4°C-6°C) which likely produced higher surface ablation and
increased run-off. More frequently, however, ephemeral cold,
high-turbidity zones appear within the water column at ice-
proximal locations (figure 3). The origin of these horizons
termed stream tubes (MacAyeal 1985, pp. 133-143) or cold
tongues (Domack and Williams 1990, pp. 71-89) requires fur-
ther study, but they appear to be related to meltwater injected
into an already density-stratified water column.

The water column in Arthur Harbor in summer is strati-
fied, with less dense (less saline) water overlying more dense
(more saline) water. The interface between the two layers is at
approximately 30 m and a broad (approximately 13-m thick)
pycnocline composes the lower portion of the less dense sur-
face layer. The interface between the two layers is coincident
with and possibly related to the prominent bathymetric high
(approximately 30 m) that likely affects oceanographic circu-
lation in the embayment (figure 1).

Colder, more turbid water occasionally occurs within the
broad pycnocline. Fluorometer analyses to measure chloro-
phyll did not indicate high phytoplankton levels in these
zones. The cold tongues are best developed during times of
ebb tide. They are also best developed close to the submerged
glacier terminus and become less well-defined away from the
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Figure 2. Photograph of basal debris layer at subaerial margin of Maar Ice Piedmont
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Figure 1. Bathymetric map of study site, Arthur Harbor, Anvers Island, Antarctic Peninsula.

ice front, suggesting a glacial source. The water in these
ephemeral turbid horizons is 0.3 0C-0.40C colder and meas-
ured turbidity is up to 8-10 mg/L higher than surrounding
water. Fresh, but turbid, glacial water emanating at the base

and front of the glacier would slowly rise adjacent to the ice
face, become more saline (by mixing) and less turbid (by set-
tling), and move away from ice on horizon(s) of equal density.
In Arthur Harbor, the horizon is apparently within the pycno-

dine, where offshore flow may be aided by
ebb tide currents. High-turbidity layers also
occur on the seafloor in ice-proximal loca-
tions (figure 3). These contain up to approxi-
mately 20-30 mg/L and are likely due to dis-
turbance (resuspension) of bottom sediments
due to frequent calving.

Sediment traps located about 200 m
from the ice and 2 m and 30 m from the
seabed collected significant sediment (miner-
al and organic matter, including fecal pellets)
during repeated 2-4 day deployments.

The most important sources of sediment
for Arthur Harbor appear to be the melting of
icebergs (calved glacial ice) and probably
direct melting of the ice front. Melting experi-
ments with brash ice reveal that melting rates
vary considerably, with agitation being a
major factor. Most calved icebergs melted
within a kilometer of the ice front. Icebergs
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Figure 3. Sea Cat CTTD profile
located 200 m from ice front.
Ephemeral high turbidity layer (12-22
m depth) occurs within the pycno-
dine and corresponds to a zone of
cooler temperature. The turbid zone
at the base is likely due to resuspen-
sion of bottom sediments disturbed
by calving. Backscatterance of 15 is
equal to approximately 17-20 mg/L.

trapped in thick brash jams melt 12-25 times more slowly
than isolated icebergs subjected to currents and wave action
(Smith and Ashley, Antarctic Journal, in this issue).

Grain-size analysis of bottom grab samples from Arthur
Harbor reveals that sediments are coarsest (20 percent sand,
60 percent silt, 20 percent clay) in shallow (less than 30 m
deep) areas of Arthur Harbor and finest in the deep areas
(more than 50 m deep) (5 percent sand; 45 percent silt; 50
percent clay). X-rays of 30-cm long cores reveal extensive bio-
turbation and minor occurrences of stratified sediments with-
in 300 m of the ice cliff.

An ROV deployed from Zodiacs provided images of a sea
bottom covered by life (tunicates, algae, mysids, brittle stars,
tube worms) and krill immediately adjacent to the submerged
glacier margin. The ice front appeared highly fractured with
vertical cracks and horizontal ledges. The surface of the ice was
scalloped similar to subaerial "suncups." Thick clouds of sedi-
ment were stirred from the ledges by movement of the vehicle.
Bouldery morainal deposits occur at the grounding line.

We appreciate help by Dean Kirkham and Herb Baker in
data collection. This research was supported by National Sci-
ence Foundation grant OPP 92-18485.
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Ocean sciences

Western Weddell stratification and ice cover
ARNOLD L. GORDON and BRUCE A. HuBER, Lamont-Doherty Earth Observatory, Palisades, New York, 10964-8000

T
he southern oceans' sea-ice extent is characterized by
large seasonal pulsations. The February minimum extent

of 3.4 to 4.3 million square kilometers (km2) expands to a Sep-
tember maximum of 18.0 to 20.2 million km2 , with the bulk of
the spring season removal occurring in November and
December (Gloersen et al. 1992). The ice cover during the
minimum period represents the perennial or multiyear ice.
Winter and spring ocean and atmosphere studies within the
seasonal sea-ice cover indicate that oceanic heat and salt flux
from the deep water to the winter mixed layer is a key factor
in governing the ice thickness and rapid spring melting (Gor-
don and Huber 1990; Martinson 1990). Within the approxi-
mately 4 million km2 of perennial ice the ocean/ atmosphere
conditions must be sufficiently different from the seasonal ice
regions to allow the survival of the ice during the summer
months. Much of the perennial ice is concentrated along
Antarctica's coast line, with the most extensive cover in the
western Weddell Sea, the Bellingshausen Sea, and the
Amundsen Sea. In the western Weddell Sea, the nearly 100
percent concentration of perennial ice is per
sistent at an extent of 1.2 mill ion km2.

Perennial ice is formed if the heat-budget-2
constituents responsible for the summer 0
removal are absent. Presumably, passage of
the winter ice across a region of reduced deep

	

ocean to mixed layer heat flux would allow that	200
ice to survive to a second winter, forming a
perennial ice field. The extent of the perennial
ice depends on the ice drift. A number of

G) 400testable hypotheses may be put forward to
explain why the western Weddell Sea ice cover
differs from the seasonal cover to the east:

	

• that the atmosphere is colder along the	CL 600
eastern margin of Antarctic Peninsula;

• that the oceanic heat flux is reduced

	

because of a more stable pycnocline or a	80(
deeper heat source (the temperature maxi-
mum layer or t-max);	 S

• that ice dynamics are more convergent; or	1 C,
• some combination of these three.
Martinson and Gordon (in preparation) are
investigating these ideas.

Might differences in the ocean stratifica-
tion be a significant factor in governing the two

ice regimes? Comparison of the data from the 1992 Ice Station
Weddell-1 (Gordon and ISW Group 1993) in the western rim
of the Weddell Gyre with the data from the Polarstern 1986
cruise in the central gyre region does reveal differences (figure
1). The western Weddell is characterized by northward ocean
currents, averaging 5 centimeters per second with a net
northward transport of 28x106 cubic meters per second for
about 200 kilometers seaward of the shelf break (Muench and
Gordon in preparation). The sea ice drifted slightly to the east
of the ocean currents at a mean rate of 7.6 centimeters per
second (Gordon and ISW Group 1993). The ocean stratifica-
tion of the western Weddell has the same basic stratification
form as the rest of the Weddell region: a cold, low-salinity sur-
face layer separated by a rather weak pycnocline from a thick
layer of relatively warm and salty water, and a cold bottom
layer (Gordon et al. 1993). In the western Weddell, however,
the depth of the t-max core of the deep water is slightly cooler
and more than twice as deep than the t-max to the east: 550
meters vs. 200 meters. The salinity profile below the mixed

Salinity
34.0	34.2	34.4	34.6	34.8Potential Temperature

.1	0	1	2

Figure 1. Potential temperature and salinity vs. depth for the upper 1,000 meters in the
central Weddell Gyre (Po!arstern, 1986) and along the western Weddell (Ice Station Wed-
dell, 1992). A "warm regime" station (dashed line, ANT V/2 station 56), a "cold regime"
station (dotted line, ANT V/2 station 6), and a typical Ice Station Weddell-1 station (solid
line, station 22) are shown.
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Figure 3. Distribution of stations in the Weddell, with those exhibiting steps shown as diamonds.
The station locations are superimposed on a map of the temperature of the t-max, to demon-
strate the concentration of step structures in regions of transition between warm and cold t-max
characteristics. The t-max map and station locations were determined from conductivity-temper-
ature-depth data collected since 1980.

layer displays a density-compensating freshening, suggestive
of an isopycnal mixing process.

Another obvious stratification feature to inspect is the
temperature minimum (t-min) which marks the remnant
winter mixed layer of the southern oceans. The salinity of the
t-min in the Weddell Gyre is relatively high (plate 44 of Olbers
et al. 1992), and somewhat higher in the west. The t-min
salinity is an integrated product of ice formation/ melting, net
precipitation/ evaporation, and vertical oceanic fluxes. More
ice formation is expected closer to Antarctica, with melting
occurring nearer to the ice edge. Because salinity is the pri-
mary factor in determining density in the cold waters, the t-
min of the Weddell is relatively dense, and the Weddell pycn-
ocline is weaker than other regions of the southern oceans.
This may be expected to produce large vertical heat fluxes and
more ocean overturning. It would also induce seasonal sea
ice. The perennial icefields of the Bellingshausen and Amund-
sen Seas coincide with low salinity t-min, which would be
associated with low vertical oceanic heat flux.

Why, then, is the western Weddell Sea, with a salty, dense
t-min, ice covered all year? Is this permanent ice cover per-
haps associated with the pycnocline stability? The data col-
lected during Ice Station Weddell-1 have revealed a layer of
relatively low salinity in the upper parts of the pycnocline (fig-
ure 2). A narrow band of lower salinity at the -1.7°C isotherm
(within the upper pycnocline layer) is observed to flow over
the 2,000-meter isobath of the continental slope. This lower

Figure 2. Salinity on the -1.7°C surface determined from Ice Station
Weddell-1 stations. Station positions are shown as dots. The 500-
meter and 2,000-meter isobaths are shown.

emax
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salinity band falls within a deepening
of the t-max layer and perhaps is the
same feature presented by Gill (1973)
within the "V-shaped" form of the pyc-
nodine over the continental slope.

Several profiles exhibit step struc-
tures in the region of the t-max. Similar
features have been observed near the
northwestern corner of the Weddell
Gyre (Muench, Fernando, and Stegen
1990). Upon inspection of the stratifi -
cation changes across the Weddell
Gyre, several concentrations of step
structures are found (figure 3), primari-
ly to the west of Maud Rise, in the
northwest corner of the Weddell, and
in the Ice Station Weddell-1 region. In
most cases, the steps occur in zones of
transition between regions of warm
and cold temperature maximum char-
acteristics.

The research reported on in this
article was funded by National Science
Foundation grants OPP 90-24755 and
OPP 93-13700.
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Large, steplike temperature and salinity structures observed in
the central Weddell Sea

THEODORE D. FOSTER, Institute of Marine Sciences, University of California, Santa Cruz, California 95064

As part of a project to study the formation of Antarctic Bot-
tom Water in the Weddell Sea, three oceanographic expe-

ditions have been carried out in the northwestern sector of
the Weddell Sea. On each of these expeditions, we carried out
time series of CTD (conductivity-temperature-depth) stations
to investigate the very large, up to about 500 meters thick,
steplike structures in the temperature and salinity vertical
profiles we have observed in the central regions of the Wed-
deli Sea since 1973 (Foster and Carmack 1976). In 1987, we

did not observe these structures, possibly since our investiga-
tion that year never reached the central part of the Weddell
Sea. In 1991 and 1992, we did observe the large, steplike struc-
tures and carried out a series of 64 CTD stations at 30-minute
intervals from about 50 to 650 meters depth in 1991 and a
series of 32 CTD stations in 1992. After we had analyzed these
so-called yo-yo CTD series and corrected all the salinity pro-
files, we found that the series showed a surprising amount of

Time series of temperature (C) and salinity (psu) vs. pressure (decibars) at 30-minute intervals in the central Weddell Sea (approximately at 650S
470W) on 24 to 25 February 1991. Each temperature profile is displaced successively to the right by 0.2°C and each salinity by 0.02 psu.
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variability. The figure shows the 64 CTD station time series
that we took in 1991 at about 65 0S 470W.

In 1973, we thought that the large, steplike structures
were due to a combination of the diffusive instability (this
occurs when the fresher layer is on top due to the greater dif-
fusivity of heat than salt) and the cabbeling instability (this is
due to the nonlinearity of the equation of sea water). From
the evidence that the density ratio (the ratio of the density
due to salinity changes to that due to temperature changes) in
the large steps had an average of 1.03 whereas in the small
steps in the upper region it had an average of 1.39, we hypoth-
esized that the main cause of the large steps was probably the
cabbeling instability. This was further justified by the fact that
the transition between these two regions decreased in depth
(pressure level) as one proceeded toward the center of the
Weddell Gyre due to the changes in the equation of state that
occur due to pressure.

The 1991 time series showed that internal waves with
approximately semidiurnal frequency (that is, internal tides)
move the principal interlaces up and down to different pres-
sure levels. The pressure changes at the largest interface by
about 80 decibars and, thus, may trigger an instability due to
the pressure effect on the equation of state. Casts numbered

about 57 to 60 show a near disappearance of the large steps in
the 1991 series. Although it should be pointed out that the
pressure effect is slightly out of phase with this event, perhaps
this is due to the time it would take for the cabbeling instabili -
ty to initiate convection.

We are presently conducting both numerical and labora-
tory experiments in an attempt to sort out the effects of both
the double-diffusion of heat and salt and the nonlinearity of
the equation of state of sea water. We have seen that as the
layer thickness is increased (and thus the Rayleigh number)
the convection intensifies but that the relative penetration of
the lighter, warmer water decreases. The nonlinearity of the
equation of state should affect the convection quite different-
ly since, in this case, there is no reason that the convection
would be confined to a relatively thin layer.

This research was supported by National Science Foun-
dation grant OPP 89-15730.
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Photochemistry of antarctic waters during the
1993 austral spring

DAVID J. KIEBER, Department of Chemistry, State University of New York, College of Environmental Science and Forestry,
Syracuse, New York 13210

T
he dramatic springtime decrease in stratospheric ozone
over the Antarctic results in an increase in the ultravio-

let-B (UV-B) flux penetrating the surface of the ocean. The
higher levels of UV-B radiation magnify photochemical
transformations in the euphotic zone, which, in turn, may
have negative and positive effects on antarctic organisms. In
particular, cellular damage can occur, although very little is
known about the extent of this damage to marine organisms.
It is reasonable to assume this damage will partly be due to
the photochemistry of the surrounding sea water through
the production of reactive species [e.g., hydroxyl radical
(OH) and hydrogen peroxide]. Increased UV-B fluxes may
have subtle positive impacts on the marine ecosystem as
well. The UV-B photolysis of dissolved organic matter
(DOM), much of which is presumably biologically refractory,
will yield biological substrates (e.g., pyruvate). Higher pro-
duction rates of these substrates should increase secondary
productivity in carbon-limited antarctic waters (Kirchman
1990).

The importance of photochemical transformations on
the health and growth of marine plankton under enhanced
UV-B conditions has not been evaluated because virtually
nothing is known about the photochemistry of antarctic

waters. This prompted us to initiate a laboratory and field
study to examine the photochemistry of antarctic waters in
response to changing UV-B fluxes. The initial results of this
research are reported here.

We participated in an oceanographic cruise aboard the
R/V Nathaniel B. Palmer from 10 October to 10 November
1993, occupying several stations in the confluence of the Sco-
tia and Weddell Sea. Analytes were determined onboard
according to published procedures: OH radical (Mopper and
Zhou 1990), hydrogen peroxide (Miller and Kester 1988),
flavins (Vastano et al. 1987), and formaldehyde (Kieber, Zhou,
and Mopper 1990).

Filtered sea-water samples [0.2 micrometer (rim)] for
photochemical experiments were placed in stoppered quartz
tubes. Deckboard irradiations were performed by placing
quartz tubes in a surface sea-water bath located on the heli-
copter deck. The UV-B flux was determined by valerophenone
actinometry (Zepp et al. 1992, pp. 282-285), and the total light
flux was determined with an ILC model 1700 research
radiometer. Laboratory irradiations were conducted using a
merry-go-round (MGR) system with a 450-watt medium pres-
sure mercury lamp in a borosiicate immersion well (Mopper
and Zhou 1990).
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A free-floating buoy was deployed with quartz flasks sus-
pended at six depths in the water column [2, 4, 6, 10, 15, and
20 meters (m)] to determine in situ photochemical produc-
tion rates. Six quartz tubes were secured to a platform at each
depth. The buoy was deployed at dawn and recovered at
dusk.

Depth profiles for hydrogen peroxide and the photo-
chemically formed flavin, lumichrome, were characterized by
high concentrations within the surface mixed layer, a rapid
decrease in concentrations across the pycnocline, and very
low values deeper in the water column (figure 1). These pro-
files are characteristic of these photochemically produced
compounds. Interestingly, the concentrations of hydrogen
peroxide detected in these waters [3-35 nanomolar (nM)]
were low compared to other open ocean waters (50-150 nM).
This may be due to the very low levels of chromophoric DOM
(;^290 nM) that were detected. The surface maximum that was
observed for hydrogen peroxide was presumably photochem-
ical in origin, since no evidence for biological production of
hydrogen peroxide was found during this cruise.

Riboflavin was detected throughout the upper 200 in

 1). Concentrations ranged from 3 to 35 picomolar (pM),
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Figure 2. Depth profiles for (A) sigma-t, and the photochemical pro-
duction of (B) the OH radical, and (C) formaldehyde from sea water
that was collected at station P (59 055'S 52 0 10'W), julian day 298. Sea-
water samples were collected from 12 depths and subsequently irradi-
ated in quartz flasks in the MGR irradiation system. Higher production
rates were observed for the OH radical in the MGR system compared
to the in situ rates depicted in figure 3. The higher rates can be
accounted for based on the higher temperatures (approximately 40°C)
and light intensities that were used in the MGR system.

with the lowest concentrations generally observed during the
day in surface waters due to the photolysis of riboflavin. A
subsurface maximum located within the pycnocline was also
present, probably resulting from microbial activity in this
region.

Photochemical production rates of hydrogen peroxide
ranged from 2.8 to 6.0 nM per hour. The minor variations that
were observed reflected differences in the water samples
examined and daily variations in the UV-B light flux (data not
shown). In addition to making these surface production-rate
determinations, we also examined the photoreactivity of the
upper 200 m with respect to OH radical and formaldehyde
production (figure 2). The photochemical reactivity of the
water in the upper 200 m showed little differences for OH rad-
ical production. By contrast, formaldehyde was produced
from water only in the upper mixed layer. No production was
observed in water below the pycnocline. We are investigating
the several possibilities that may account for these interesting
results.

The dark losses of lumichrome and hydrogen peroxide
were very slow, with rates of 1.4 pM per day and 0.9 nM per
day, respectively. The loss of lumichrome has not been previ-
________________ ously investigated, but it is likely to occur

Lumichrome (pM)	through adsorption onto particles.
0 50 100 150 200	Hydrogen peroxide, on the other hand, is

probably degraded by biological
/	processes. We plan to test these assump-

tions on a future cruise to the Antarctic.
The in situ production rate of the

hydroxyl radical decreased exponentially
between 0 and 20 in 	in each of
the three buoy studies. Results of the
third buoy study are presented in figure
3. Depth profiles of OH production par-
alleled the decrease in the UV-B light
flux with depth. This relationship sug-
gests that the production of the OH radi-

cal is confined to the UV-B band, a finding that is in agree-
ment with previous action spectra results (Mopper and Zhou
1990). By contrast, hydrogen peroxide production rates
decreased more slowly with depth, presumably due to its pro-
duction in both the UV-B and LTV-A (Cooper et al. 1989). Sur-
prisingly, a subsurface maximum in hydrogen peroxide pro-
duction was consistently observed between 2 and 4 in all
three buoy deployments. This suggests that either significant
photochemical loss of hydrogen peroxide in surface waters
takes place or that hydrogen peroxide production decreases
at the surface due to processes competing for its precursor,
the superoxide anion. We suspect that these competing
processes will not be as important below the sea surface due
to the rapid attenuation of the shortest wavelength of UV-B in
the upper 2in.

The photochemical production of hydrogen peroxide was
determined for five ultrafiltration fractions. Based on our pre-
liminary results, the majority of the hydrogen peroxide pro-
duction was from the fraction of DOM with a nominal molec-
ular weight less than 1,000 daltons.

Figure 1. Depth profiles for (A) sigma-t, (B) hydrogen peroxide, (C) riboflavin, and (D)
lumichrome at station M (59035S 49059'W). The CTD cast was deployed at 1600 hours (local
time) on julian day 294 (21 October 1993).
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Figure 3. In situ photochemical production rates of (A) hydrogen per-
oxide and (B) the OH radical as a function of depth in the water col-
umn. Error bars denote the 95 percent Cl.

Perhaps the most exciting aspect of this study was that
we were able to determine in situ photochemical production
rates for hydrogen peroxide and the OH radical. The buoy
study also provided evidence for photochemical destruction
and/or decreased production of hydrogen peroxide in surface
waters. In situ measurements will form the basis for photo-

chemicalmodels that incorporate depth-dependent light
processes.

We thank our graduate students (B.M. Brown, J.G. Qian,
and B.H. Yocis) and postdoctoral investigator (S.R. Konduru).
We also thank the chief scientist, Patrick Neale, and the cap-
tain and crew of the R/V Nathaniel B. Palmer for their support
throughout the cruise. Thanks are also extended to the
Antarctic Research Associates and the Chilean agents (Agun-
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Analysis of dimethylsulfoniopropionate from Phaeocystis
pouchetii in the waters of McMurdo Sound, Antarctica

MICHELE K. NISHIGucHI, Department of Biology, University of California, Santa Cruz, Santa Cruz, California 95064
BRIAN DUVAL, Department of Microbiology, University of Massachusetts, Amherst, Amherst, Massachusetts 01003

DuANE P. MOSER, Center for Great Lakes Studies, Milwaukee, Wisconsin 53204

P
haeocystis pouchetii is a marine microalga that forms
globular, gelatinous colonies up to several millimeters in

diameter. Phaeocystis also produces dimethyl sulfide (DMS), a
sulfur-based compound that is released into the atmosphere
and is transformed into sulfate aerosols (Stefels and van
Boekel 1993). From these aerosols, cloud condensation nuclei

(CCN) are formed and are the basis of cloud cover and possi-
bly global climate change (Sieburth 1979; Andreae 1991). The
importance of this solute has global implications; DMS con-
tributes approximately 30 percent of the total sulfur found on
the Earth today (Andreae 1991; Andreae and Raemdonck
1983). Certain species of phytoplankton are responsible for
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the large amounts of DMS produced in the ocean (Keller 1989;
Keller et al. 1989a, pp. 167-182; Keller et al. 1989b, pp.
101-115), but clearly no mechanism for explaining this efflux
of DMS in a homeostatic environment has been proven in
vivo.

The process of conversion is accelerated by an enzyme
called dimethyipropiothetin dethiomethylase (DMPT
dethiomethylase), or better known as dimethylsulfoniopropi-
onate lyase (DMSP lyase) (Nishiguchi and Goff in prepara-
tion). The substrate DMSP is found in some species of
macroalgae and phytoplankton (Cantoni and Anderson 1956;
Reed 1983; Dickson, Wyn Jones, and Davenport 1982;
Edwards et al. 1987) and has been extensively studied for its
properties as an osmoregulatory solute (Vairavamurthy,
Andreae, and Iverson 1985; Kadota and Ishida 1968).

DMSP production in macro- and microalgae has been
associated with numerous variables in marine habitats
including fluctuations in salinity (Vairavamurthy et al. 1985;
Dickson et al. 1982; Dickson and Kirst 1986), light intensity
(Karsten, Wiencke, and Kirst 1990, 1991), and nitrate concen-
tration (Turner et al. 1988; Grone and Kirst 1992). These previ-
ous studies indicate that abiotic factors have a substantial
influence on the production of DMSP, but little evidence
about the mechanisms which control the accumulation and
subsequent conversion of DMSP into DMS is available.

Although the rates of production and accumulation of
DMSP in algae have been studied extensively, little research
on the identification, characterization, and isolation of DMSP
lyase has been done. Cantoni and Anderson (1956) were the
first to isolate and partially characterize this enzyme. They
isolated proteins from the red alga Polysiphonia lanosa
(Ceramiales, Rhodomelaceae), and obtained a crude extract
containing DMSP lyase activity. The enzyme occurred only in
an insoluble protein fraction and contained sulffiydryl groups
bound to a membrane-intact system. The sulfydryl com-
pounds are necessary for enzyme activity.

Nishiguchi and Goff (in preparation) have recently pun-
fled this enzyme from the northeast Pacific taxon, Polysipho-
nia paniculata, and have characterized the molecular weight,
p1, Km, and the active site that binds with a number of pro-
tease inhibitors and is affected by calcium ions in solution. By
comparison, we wanted to measure DMSP and DMS concen-
trations around McMurdo Sound, Antarctica, and correlate
them with the amount of Phaeocystis in the water column. We
also isolated the DMSP lyase enzyme from P. pouchetii from
our sampling stations and compared the enzymatic affinities
and activity of this protein. Although the preliminary study
was not completed on a purified culture, further studies on
pure cultures in vitro have been planned.

Conductivity-temperature-depth (CTD) profiles were
taken from a depth of 1 meter (m) to a maximum depth of 19
mat Tulip Hut (20 m to bottom). Percentage of light penetra-
tion was determined at Tulip Hut using a LI-COR spherical
SPQA bulb and recorded on a LI- 1000 data logger. Solar irra-
diation and percentage of light penetration was measured at
the surface and through the water column at 1-m intervals to
18 m. Due to light attenuation by snow-covered ice, less than

1 percent of the measured irradiation at the surface (3,100
microeinsteins) was recorded in the water column below
1.0-1.5m.

Chlorophyll-a concentrations were determined from 1-,
3-, 6-, 9-, 12-, and 15-m depths. Water samples were collected
with a Wildco Alpha Bottle and transferred into light imper-
meable Nalgene containers. Samples were kept on ice until
filtration, usually within 2 hours of collection. Filters were
treated in 90 percent acetone, vortexed, and kept cold for a
period of 15 hours. Samples were shaken 1 hour prior to tak-
ing fluorometric measurements using a Turner Designs
model 10-Au Fluorometer. All manipulations and measure-
ments were performed in the dark. Readings were timed and
calibrated against a standard curve to determine chlorophyll-
a concentrations in micrograms per liter (tgIL), R2=0.997.

Vertical plankton tows were made to a depth of 18-19 m,
seining through approximately 65,000 L of water column and
concentrating the samples in 1 -L bottles. DMS concentrations
in the community fraction were determined via DMSP
hydrolysis using 10-molar (Al) sodium hydroxide (NaOH)
(Karsten et al. 1994). Three replicate samples along with fil-
tered sea-water controls were analyzed by gas chromatogra-
phy with a Hewlitt Packard Gas Chromatograph fitted with a
Flame Photometric Detector (FPD). Known- concentration -
DMSP samples were measured during each run to calculate a
standard curve.

Most of the isolation techniques for DMPT dethiomethy-
lase were taken from Nishiguchi and Goff (in preparation).
Because of the nature of most Chrysophyte algae, a french
press was used to break open cell walls. Purification of the
enzyme involved differential centrifugation, two different col-
umn chromatography methods (gel sieve and affinity), and
activity assays monitored via FPD GC. Western blot analysis
was performed from rabbit polyclonal antibodies made from
DMPT dethiomethylase from Polysiphonia paniculata
(Nishiguchi and Goff in preparation). Western blot analysis
and Km studies were completed by Nishiguchi following
many runs of the isolation protocol.

From the CTD profiles, average water temperature at
Tulip Hut increased from -1.5°C in early January to -0.4°C by
the end of the month, perhaps due to the southerly current
from the open-water regions. The temperature profile of the
deeper waters bordering the ice shelf ranged from -1.4°C near
the surface to -1.9°C at 470 m (figure 1). Salinity was between
34.2 and 34.3 parts per thousand (ppt) at Tulip Hut and from
34.3 to 34.7 ppt at the ice barrier. Secchi disk readings were
recorded daily to note any changes in water-column produc-
tivity due to turbidity. Water clarity remained relatively con-
stant throughout the study period.

Light transmittance was 0.84 percent at 9 m and 0.40 per-
cent at 18 m. Chlorophyll-a and phytoplankton decreased
with depth but at a lesser rate than light extinction. Chloro-
phyll-a concentrations at Tulip Hut ranged from 0.060 to
0.172 .tg/L. These chlorophyll-a values are an order of magni-
tude lower than most of the Research on Antarctic Coastal
Ecosystem Rates (RACER) field data from the peninsular
coastal region (Karl 1993, pp. 1-63) and probably represent an
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oligotrophic condition (Kottmeier personal communication;
Dieckmann, Arrigo, and Sullivan 1992). Sea water at the 1-m
depth was 35-45 percent more productive (per chlorophyll-a)
than water at the 15-rn depth at Tulip Hut (figure 2).
Palmisano et al. (1986) report higher amounts of chlorophyll-
a, 12 tg/mL, during period of Phaeocystis bloom.

From the vertical plankton tows, DMS concentrations
ranged between 1.3 and 64.0 nanomoles per liter (nmol/L) sea
water. These values are lower than normal DMS levels. In pre-
vious blooms, DMS concentrations resulting from Phaeocystis
blooms averaged approximately 290 nmol/L (Gibson et al.
1990). Andreae and Raemdonck (1983) report a global weight-
ed-average of 102 nMIL DMS in surface sea water. The obser-
vation that coastal sea-water samples (Tulip Hut) had higher
DMSP concentrations than water collected from either the
marginal ice or the ice-shelf zones may be due to a richer phy-
toplankton community found in these coastal waters (McTag-
gert and Burton 1992).

Results of the DMSP lyase isolation are shown in figure 3.
Apparently another type of sulfur product is being produced
by the organism, and that other type is also a sulfur-related
compound (figure 3A). Although earlier elution times indicate
a less organic-type sulfur product, we had no standards with
which to compare this for estimating and evaluating the prod-
uct. The likelihood of this product being either carbonyl sul-
fide, dimethyldisulfide, or dimethylsulfoxide is highly possible.

From the SDS-PAGE analysis, three proteins that had
activity on the FPD GC were isolated from the glutathione col-
umn. The first has a molecular weight greater than 100 kD.
This weight may be due to some of the membrane-bound
protein not being solubilized and running only partially into
the gel matrix. Although solubiization of the enzyme was per-
formed overnight, the polymeric structure of this protein may
be composed of many subunits that allow the enzyme to
function due to osmotic changes or solute control inside the
cell. This band is visualized by Western analysis from the
Polysiphonia antibody. The second band isolated runs
approximately 80 kD and is also positive with the Polysipho-
nia antibody as well. A third band runs just below band 2 (this
has an approximate molecular weight of 72 1W) and does not
have a positive reaction in the Western Blot analysis. Because
this protein was eluted on the glutathione affinity column, it
may be one that is responsible for the production of the other
sulfur compound on the GC.

The Michaelis-Menton constant (K m) of DMPT
dethiomethylase was also evaluated using the enzyme from
the Phaeocystis consortia preparation (figure 3B). The assay
displayed biphasic kinetics, a characteristic that is different
from the Km produced from the Polysiphonia enzyme.
Although this study was on the mixed consortia of
Phaeocystis, the possibility of other dinofiagellates in the
water column producing this enzyme could show another
type of binding affinity for DMSP.

We report low Phaeocystis numbers in the water off
McMurdo station and vicinity for January 1994. Few Phaeo-
cystis blooms were observed in other parts of the Ross Sea
(Dunbar personal communication). Because this organism is
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Figure 1. CTD profile at the ice shelf barrier site. Salinity (fainter line)
increases with depth as temperature decreases 0.5°C through a ther-
mocline of 100 m. (PSU denotes practical salinity units.)
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Figure 2. Chlorophyll-a concentrations in the water column at Tulip
Hut, McMurdo Station. A 35-45 percent decrease was noted from 1-
to 15-rn depths. (mg/m3 denotes milligrams per cubic meter.)

a major component of the antarctic marine ecosystem, its
population cycles (i.e., blooms and population declines) may
affect the marine life around McMurdo Sound and could have
major control of the amount of sulfate aerosols being pro-
duced from antarctic coastal waters.

This work was undertaken as part of the McMurdo Biolo-
gy Course, Biological Adaptations in Extreme Environments,
supported by National Science Foundation grant OPP 93-
17696 to the University of Southern California. We thank
Rich Bartlett and Rob Edwards of the McMurdo Dry Valley
Long-Term Ecological Research (LTER) project and Lynda J.
Goff, who was the algal project group leader, for their assis-
tance.
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Figure 3. A. Sephacryl S300 separation of DMSP lyase from P.
pouchetii. Filled diamonds represent the activity of DMSP lyase from
each fraction measured with FPD-GC. Open squares represent the
presence of Carbonyl Sulfides (COS) or dimethyldisulfide (DMDS) pre-
sent in the sample. Activity of enzyme is measured in tiM of DMSP
converted into DMS. Exclusion volume of the column was 6 milliliters
at fraction 3 and nonexclusion volume of the column was 38 milliliters,
from fractions 13-30. (uM denotes micromolar.) B. Lineweaver- Burke
plot for the enzyme DMSP Lyase in P. pouchetii. v= ! tM of substrate
converted per minute, s=DMSP substrate concentration (tM). Sample
points represent the mean of 3 samples. Total volume of enzyme
added was 50 microliters. Incubations were in 0.05 M potassium
phosphate buffer, pH 6.8. All incubations were completed at 12°C for
the time measured. (uM/min denotes micromolar per minute.)
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Advection of suspended sediment in the Ross Sea and
implications for the fate of biogeochemical materials

CHARLES A. NITrR0UER and JOHN M. JAEGER, Marine Sciences Research Center, State University of New York,
Stony Brook, New York 11794-5000

DAVID J. DEMASTER, Marine, Earth and Atmospheric Sciences North Carolina State University, Raleigh, North Carolina 27695

part of a multidisciplinary study to investigate the fate ofs
iogeochemical materials (biogenic silica, carbon, and

nitrogen), the validity of one-dimensional particle sinking
models has been investigated. Measurements of biological
uptake were made in surface waters, particles sinking vertical-
ly were collected in sediment traps, and the particles reaching
the seabed were sampled by coring. Quantitative and qualita-
tive differences between the material collected at the various
locations has been used to evaluate the processes affecting its
fate. A particular concern has been that productivity in surface
waters may have little relevance to material at depth in the
water column or seabed, due to lateral advection by currents.

To investigate particle advection, instrumented moorings
were placed at three sites in the Ross Sea, and they collected
data for 1-year periods during 2 consecutive years
(1990-1992). Each mooring contained current meters and
transmissometers mounted 35 meters (rn) above the seabed
and current meters mounted 240 m below the water surface
(in water depths of 500-800 m). Sediment traps also were
mounted on the moorings, and associated water-column pro-
filing was done from ships during austral summers. Samples
from the ships and in the traps provided information about
particle size and settling velocity.

Current-meter observations indicated a significant tidal
component at all three sites. Particles settling through the
water column, however, would be affected by velocities aver.-
aged over time scales of several days to weeks (see next para-
graph regarding settling velocities). The lateral velocities
observed by the current meters ranged from 1.5 to 15 kilome-
ters per day (km d-'). At all three sites, speed and direction of
currents varied significantly with water depth, indicating a
shear in the water column (figure 1).

Generally, suspended-sediment concentrations meas-
ured by transmissometers were low [less than 0.5 milligrams
per liter (mg L')], but significant masses of material were col-
lected in the sediment traps (Dunbar and Leventer 1994),
indicating that sediment transport was primarily as large par-
ticles sinking vertically. Most of the material moving vertically
was biogenic in origin (for example, diatom frustules, fecal
pellets). The settling velocities for these particles range from 1
to 300 m d-' (Dunbar and Leventer 1994), requiring days to
months for particles to settle to the seabed if not advected off-
shelf.

To test the validity of one-dimensional particle sinking, a
computer model was developed using moored current-meter
data and particle-settling velocities. For the model, the water
column was divided into two vertical zones, because of shear
indicated by current-meter records. The two zones were

100-500 m and 500-800 m, with the boundary being roughly
the midpoint between the upper and lower instruments at the
three sites. Particles supplied from the surface were assumed
to originate at the bottom of the mixed layer (100 m thick) and
settle to a smooth bottom. For each time step (1 hour), a cur-
rent field was linearly interpolated from the moored current
meters (figure 1). Because of the large distances between
moorings and the irregularity of the natural bathymetry, how-
ever, the greatest accuracy is near the three moorings. The
model is run until the particle leaves the current field or inter-
sects the bottom. If a particle leaves the field, a mean of the last
day's velocity is used to resolve its final depositional location.

The results of the model strongly reflect the varying water
velocities at the three moorings. Particles at mooring A were
subject to the lowest velocities, resulting in deposition nearby
(figure 2). Stronger currents at both moorings B and C result-
ed in off-shelf transport of surface material (figure 3). The
magnitude and direction of the particle trajectories were also
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Figure 1. Interpolated mean currents based on field measurements
made from January 1990 to January 1991. (cm/s denotes centimeters
per second.)
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Figure 3. Model-estimated trajectories and depositional locations for three
different particle sizes during four different periods, mooring C. (m/d
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Figure 2. Model-estimated trajectories and depositional locations for three
different particle sizes during two different periods, mooring A. (m/d denotes
meters per day.)

seasonally dependent at all moorings (fig-
ures 2 and 3). The model results reflect the
nature of sediment accumulation at the
mooring locations. Ledford-Hoffman,
DeMaster, and Nittrouer (1986) found the
highest silica accumulation rates within
the Ross Sea in the southwestern area near
mooring A, reflecting the lack of significant
particle removal. The slow sediment accu-
mulation in the northwestern Ross Sea
near mooring C (DeMaster et al. 1992) is
supported by model results showing rapid
transport of particles offshelf.

Additional work is being undertaken
by running the transport model in reverse
to determine possible origins of particles
found at the seabed. An additional layer,
0-100 m, also will be incorporated to trace
a particle while near the surface.
Geostrophic currents in this layer will be
evaluated from conductivity-temperature-
depth transects taken during the mooring
deployments. The results are being inte-
grated with the other studies to provide
insight into the fate of biogeochemical
materials.
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Ocean-science studies in the Amundsen,
Bellingshausen, and Ross Seas

An oceanographic expedition to the Amundsen and
Bellingshausen Seas

STANLEY S. JACOBS, HARTMUT H. HELLMER, PETER SCHLOSSER, and WILLIAM M. SMETHIE, JR., Lamont-Doherty Earth
Observatory of Columbia University, Palisades, New York 10964

S
ince the earliest days of antarctic exploration, the southern
Amundsen and Bellingshausen Seas have been regarded

as nearly impenetrable due to a thick and typically perennial
sea-ice cover. Scattered observations indicated that the conti-
nental shelves there were likely to be overlain by relatively
fresh waters at the sea surface, "warm" Modified Circumpolar
Deep Water (MCDW) at depth, and an ocean circulation that
resulted in little, if any, bottom water formation. Upwelling
deep water, however, is the primary source of surface and
shelf waters, and basal melting of the ice shelves is a signifi-
cant factor in mass balance of the ice sheet (Jacobs 1992). Fur-
ther, satellite passive microwave data showed that the
Amundsen and Bellingshausen Seas region had recently expe-
rienced a retreat of its sea-ice cover (Jacobs and Comiso
1993). The icebreaker Nathaniel B. Palmer was thus engaged

-1200

from 14 February to 5 April 1994 to conduct an oceanographic
investigation along the southeast Pacific-antarctic continen -
tal margin (figure 1).

To enhance the scientific return from that undertaking,
the National Science Foundation and other agencies support-
ed several projects that complemented the primary ocean
measurements. These included geochemical sampling for
carbon dioxide, chlorofluorocarbons (CFCs), helium isotopes,
oxygen isotopes, tritium, and nutrients. Biology projects, bot-
tom-sediment sampling, and underway gravity and magnet-
ics were added to take advantage of the potentially unique
ship's track. Glaciologists from the New Zealand Department
of Conservation and the British Antarctic Survey collaborated
in aspects of the program related to ice shelves and icebergs.
Underway meteorological and bathymetric records were
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Figure 1. Track and stations of Nathaniel B. Palmer cruise 94-2 in the Amundsen and Bellingshausen Seas. The cruise began at McMurdo Station
(approximately 167E) on 14 February and ended at Punta Arenas, Chile, on 5 April 1994. The Antarctic Peninsula is at the right, and negative
coordinates denote west and south.
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maintained, along with sea surface temperature and salinity,
when the Palmer was not in heavy ice. A participant from the
Antarctic Artists' and Writers' Program captured on film and
canvas whatever could not be recorded in digital form. Brief
reports from several of the cooperative projects follow this
introduction (Ainley; Gelatt, Hill, and Scotton; Hayes and
McTaggert; Helimer and Jacobs; Jacobs; Jenkins, Jacobs, and
Keys; Keys and Jacobs; Rubin et al.; all Antarctic Journal, in
this issue).

Conductivity-temperature-pressure-oxygen (CTD-O)
profiles were made with a Seabird 911+ system to within 10
meters of the seafloor at 157 locations along the ship's track
(figure 1). Up to 24 depths were sampled in the vertical with a
General Oceanics Rosette, typically at alternate stations and
dependent upon water column characteristics, the pace of
shipboard analyses, and the availability of containers for
postcruise processing. Over 1,600 dissolved oxygen samples
were analyzed by M. Noonan on the ship's new Scripps Insti-
tution of Oceanography, Ocean Data Facility (ODF) automatic
oxygen titration system. A similar number of nutrient [silicate
(SiO3), phosphate (PO4), and nitrate-plus-nitrite (NO3+NO2)]
samples were analyzed by ODF's D. Masten on the ship's Alp-
kem Rapid-Flow Analyzer. In addition, Masten thawed and
processed over 500 nutrient samples frozen on the preceding
Polar Sea cruise.

Approximately 950 CFC, 360 helium-tritium, and 680 iso-
topic oxygen-18 (6180) samples were drawn and sealed by M.
Kias, R. Weppernig, and others for later analyses at Lamont-
Doherty Earth Observatory. The CFC, helium-tritium, and
oxygen isotope measurements will be used to investigate the
circulation of recently formed subsurface water masses, and
the amount of glacial meltwater present (e.g., Jacobs, Fair-
banks, and Horibe 1985, pp. 59-85; Trumbore, Jacobs, and
Smethie 1991). The helium isotope data will be used together
with stable isotopes to study
• the exchange of the near-surface waters with the atmos-

phere and with underlying MCDW,
• the entrainment of Circumpolar Deep Water (CDW) into

the winter mixed layer (e.g., Schlosser, Roether, and
Rohardt 1987) and the associated heat flux, and

• the interaction of shelf waters with the ice shelves and the
resulting formation of Ice Shelf Water (e.g., Schlosser et al.
1990).

Tritium data will serve as an indicator of the mean residence
times of shelf waters. The tracer data taken on this cruise pro-
vide a critical link between the South Pacific World Ocean Cir-
culation Experiment (WOCE) data set and the continental
slope and shelf of the southern oceans.

The late-summer Palmer track and station spacing were
constrained somewhat by the sea ice, but we found the going
easier than expected. Heterogeneous and highly fractured
icefields prevented access only to relatively small regions of
very compact, thick, and large ice floes. A substantial fraction
of the pack consisted of new and thin ice, generally snow-cov-
ered, but only rarely displaying a wet appearance. We extend-
ed three recent WOCE meridional sections (P17E, P18, and
P19) southward onto the continental shelf and reoccupied

several WOCE S4 stations. At one of these locations (figure 2),
the upper CDW was much closer to the sea surface in 1994
than 2 years earlier. The deep temperature change with time
for this station pair is in the opposite sense to that reported
throughout much of the Bellingshausen Basin (Swift 1993).

Preliminary results reveal that the Amundsen and Bel-
lingshausen Seas shelves are remarkably different from simi-
larly broad shelf regions in the Ross and Weddell Seas. The
local bottom topography differs widely from that shown on
currently available charts; canyons or depressions often
extend to or along the coastline. MCDW is present throughout
the shelf region at depths below the top few hundred meters.
This water is more than 2°C warmer than any such inflows in
the Ross and Weddell Seas and extends beneath the fringing
ice shelves where it must contribute to high basal melt rates.
It may also limit the growth of congelation ice and provide a
sensible heat component to the coastal polynyas. Further, it is
probably related to the lack of a strong frontal zone near the
continental slope and shelf break in this region.

We encountered very large numbers of icebergs, similar
to 1992 observations along the antarctic circle in this sector
(Belldn and Jacobs 1993). Many were apparently aground on
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shoals and surrounded by close or fast ice, forming ice penin-
sulas or islands. In combination with frequent light easterly
and northerly winds, these aggregations must contribute to a
slow ocean circulation on the shelf and to the maintenance of
some coastal polynyas. Observations during circumnaviga-
tion of the world's oldest iceberg (B-b) suggest that its
perimeter is afloat and melting at the bottom. High precipita-
tion in the Amundsen and Bellingshausen Seas may counter
the positive buoyancy imparted by subsurface melting, how-
ever, increasing the duration of iceberg grounding.

The Nathaniel B. Palmer crew and Antarctic Support
Associates technical support group assisted in making NBP94-
2 a productive cruise. J. Comiso, M. Horkey, J. Andrews, and K.
Wood provided helpful satellite sea-ice information, and the
Lamont Arctic group provided a Guildline salinometer. The
U.S. Coast Guard generously loaned a back-up CTD/rosette
system, from which the bottles and bottom-contact sensor
were heavily used. R. Guerrero and J. Albarracin assisted with
the CTD/ rosette/ computer operations, and S. O'Hara man-
aged an underway geophysics program for C. Raymond. This
research was supported by National Science Foundation
grants OPP 92-20009, OPP 94-12910, and OPP 94-08081.
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Sea-ice evolution in the Amundsen and Bellingshausen Seas
STANLEY S. JACOBS, Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964

S
atellite passive microwave data revealed a record decrease
in sea-ice extent in the Bellingshausen Sea (62-100°W)

through all seasons from mid-1988 through early 1991 (Jacobs
and Comiso 1993). Following a relatively high ice cover in
1986-1987, this retreat removed most of the typically perenni-
al icefield in the 1989-1991 summers, when monthly ice
extents were 30-60 percent below the 1973-1986 average. The
sea-ice changes were inversely correlated with annual average
surface temperatures along the west coast of the Antarctic
Peninsula (see also Weatherly, Walsh, and Zwally 1991); tem-
peratures reached a historic high in 1989 (figure 1). A mini-
mum ice extent in 1989 also coincided with greater cyclonic
activity and stronger southward winds, whereas the maxi-
mum extent in 1986 corresponded to more northward winds,
particularly during the winter months (figure 2).

This sea-ice retreat was one factor that led to the Febru-
ary and March 1994 Amundsen and Bellingshausen Seas
cruise on the Nathaniel B. Palmer. Underway observations of
ice extent and type were made by several groups aboard the
Palmer. Satellite imagery was obtained through the Antarctic
Support Associates (Wood 1993), assisted by individuals at the
National Aeronautics and Space Administration/ Goddard
Space Flight Center in Greenbelt, Maryland, the National Ice
Center in Suitland, Maryland, and the Antarctic Research
Center in La Jolla, California. Cryologists on the Polarstern
and at O'Higgins Station concurrently obtained ERS-1/SAR
(European Research Satellite/ synthetic aperture radar) data
and a number of sea-ice cores in the Amundsen and Bellings-
hausen Seas region (Haas and Vielhoff 1994). The ice and
ocean data sets have yet to be fully reduced, but in the inter-
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Figure 1. Left axis: Annual-average surface air temperature (heavy line)
and least squares regression (lighter line), from a composite of
Rothera and Faraday Station records on the west side of the Antarctic
Peninsula. Inverted right axis: Annual-average ice extent (in square
kilometrs) in the Bellingshausen Sea (dots with dashed line) for full
years of passive microwave data through 1990. From Jacobs and
Comiso (1993); update in preparation.

im, we can compare the early 1994 sea-ice cover with that of
previous years.

Antarctic sea-ice records have been available from sever-
al satellite sources since the beginning of 1973. Passive
microwave data, relatively little perturbed by clouds and
darkness, have provided the most quantitative information.
Substantial gaps exist between microwave sensor flight
times, however, and lengthy data processing has limited
access to very recent data. The National Ice Center's weekly
Northern Ice Limit charts offer a reasonable alternative.
Based on a combination of microwave, AVHRR (advance
very-high-resolution radiometer), and other data, these
maps provide a more continuous and current perspective on
the evolving sea-ice cover. One important aspect of these
records is the northern ice edge, a feature that is potentially
sensitive to climate change and that has been used by Jacka
and Budd (1991, pp. 63-70) to calculate a decrease in the cir-
cumpolar ice extent from 1973 to 1989. Evaluations over
shorter periods, using discrete microwave data sets and ice
coverage exceeding a specified percentage of the sea surface
(e.g., Gloersen and Campbell 1991), have not revealed signifi-
cant temporal changes in the total sea-ice extent of the
southern oceans.

We extended through early 1994 a portion of the Jacka
data set, which comprises the mid-month northern ice edge
at 100 longitude intervals. This subset spans 65-135°W,
encompasses most of the Amundsen and Bellingshausen
Seas, and uses all weekly values, for which a full-year compar-
ison with the abbreviated Jacka compilation showed no sub-
stantial differences. The 21 years of data prior to 1994 were
divided into septennials of average latitude for each month
(figure 3). It is readily apparent from this index that the north-
ern ice edge has moved southward in the Amundsen and Bel-
lingshausen Seas during the satellite era. In all months but
June, the ice edge was farthest south in the most-recent 7-
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Figure 2. Southern Hemisphere (40-90°S) vector winds during winter
months for years with average (1985), high (1986), and low (1989) sea
ice extents in the Bellingshausen Sea (260-300°E). From unpublished
B. Huber analyses of Australian Bureau of Meteorology compilations.
Latitude arcs at 100 intervals; vector thickness proportional to wind
strength.

0

ANTARCTIC JOURNAL - REVIEW 1994
112



NORTHERN ICE EDGE
65- 135°W

U)0
L&J
0
I.-
I-
4 69
-j

I 0 1973-79 +
1- 0 1980-86	t-;Y 

1987-93I + 1994

SO ND J FM AM J J A
MONTH

Figure 3. Annual cycles of the latitude of the northern ice
edge in the Amundsen and Bellingshausen Seas
(225-2950E) averaged over septennials. Based on a compi-
lation reported in Jacka and Budd (1991) and extended
through early 1994 from the weekly Northern Ice Limit
charts of the National Ice Center.

year period. The 1994 summer ice edge did not attain the high
latitude of the recent record minima but remained below the

21-year average. In both January and April 1994, the ice edge
was farther south than during 18 of 21 prior years. Our rela-
tively easy access to the Amundsen and Bellingshausen Seas
coastlines suggests that the apparent northern ice-edge
retreat was not simply caused by stronger southward winds
compacting the sea-ice cover.

This work is supported by grants NAGW-3362 from the
National Aeronautics and Space Administration and OPP 92-
20009 from the National Science Foundation.
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Carl on dioxide partial pressure in surface waters in the Pa
sector of the southern oceans during austral summers

1992 and 1994

cific

STEPHANY RUBIN, JOHN GODDARD, DAVID CHIPMAN and TARO TAKAHASHI, Lamont-Doherty Earth Observatory of Columbia
University, Palisades, New York 10964

I
n the austral summers (February and March) of 1992 and
1994, the partial pressure of carbon dioxide (pCO 2) and

concentration of total carbon dioxide (TCO 2) dissolved in sea
water were determined for surface and deep waters along the
two cruise tracks (WOCE S-4 in 1992, NBP94-02 in 1994) in the
Pacific sector of the southern oceans. These expeditions
included sections across the continental shelf areas of the
Bellingshausen and Amundsen Seas. The station locations are
shown in figure 1. Most of this area has not been previously
studied for carbon dioxide and nutrients such as nitrate
(NO3j, phosphate (PO4 ), and silicate (SiO3=). During the two
cruises, discrete surface-water samples were analyzed for car-
bon dioxide and nutrients at approximately 260 sites. The
pCO2 and TCO2 contents of discrete sea-water samples were
measured using a gas chromatograph and coulometer,
respectively (Chipman, Marra, and Takahashi 1993). Atmos-

pheric CO2 concentrations in dry air were obtained with an
infrared CO2 analyzer. The dissolved nitrate, phosphate, and
silicate were measured using standard colorimetric methods,
by personnel of the Ocean Data Facility of the Scripps Institu-
tion of Oceanography.

The direction and amount of net transfer of CO 2 are
determined by the difference between the pCO 2 in surface
water and the overlying atmosphere (ipCO 2). Variations in
the global CO2 fluxes are primarily attributed to changes in
the surface ocean pCO2, since the atmospheric pCO2 is rela-
tively uniform. Several factors control the pCO 2 in ocean
water. Sea water exhibits a large temperature effect on the
pCO 2 of 4.2 percent per degree Celsius under isochemical
conditions: a 16°C increase will double the pCO2. If photosyn-
thesis lowers the TCO 2 concentration in the water by 40
micromoles per kilogram (tmol/kg), corresponding to the
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Figure 1. Station locations and difference between the partial pressure of CO 2 in surface water
and the overlying atmosphere (ApCO2 in Ratm) during the WOCE S-4, NBP94-02, and USCG
Polar Sea 1984 (Takahashi et al. 1985, pp. 29-31) expeditions in February and March 1992 and
1994 and January and February 1984. The stipled areas have ApCO 2 values greater than 0.
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Figure 2. Zonal distribution of surface water properties along 67 0S, February and March 1992,
made during WOCE S-4 on board the USSR loffe. TCO2 and TALK are normalized to a salinity of
34.7, and pCO 2 is at in situ temperature. (tM/kg denotes micromolar per kilogram; tEq/kg
denotes micromolar per kilogram.)

all TCO2 values referred to are salinity
normalized. Physical oceanographic
factors such as upwelling of deep
waters with elevated TCO2 and nutri-
ent concentrations also influence the
surface pCO2 (Takahashi et al. 1993).

Our study shows that the pCO2
values obtained for the surface ocean
in this region vary from 164 to 395
microatmospheres (iatm). The atmos-
pheric pCO 2 values were computed
from the measured mole fraction con-
centration [parts per million (ppm)] in
dry air and barometric pressure,
assuming that the air was saturated
with water vapor at sea surface temper-
ature. The measured atmospheric CO2
concentration of 352±1 ppm and a cli-
matological mean barometric pressure
of 990 millibars (mbar) were used to
compute a mean atmospheric pCO2
value of 342 lAatm. This, in turn, was
used to calculate ApCO 2 . Figure 1
shows that most of the surface water in
the area studied is undersaturated
(negative ApCO 2) with respect to
atmospheric CO 2 and is, therefore, a
CO 2 sink. Along 67°S between 70°W
and 160 0 E the ocean is a moderate
sink, with small source regions around
80°W, 125 0W, and 160°W (figure 2).
These source areas exist despite sur-
face temperatures below 1°C. The
source (positive pCO2) areas corre-
spond with areas of high concentra-
tions of TCO 2 and nutrients. These
areas may be created by local upwelling
of deep waters coupled with reduced
biological activity. Figure 1 also shows
that the coastal areas, except for the
region off Cape Adare on Victoria Land,
are strong sinks for atmospheric CO2,
with ApCO 2 as low as -175 tatm (or
more than 50 percent undersaturation).
These low pCO2 values are accompa-
nied by low TCO 2 and nutrient concen-
trations indicating intense photosyn-
thesis. The high biological activity
along the coast may be attributed to

observed nitrate change of 6 tmol/kg (figures 2 and 3), this
would, in turn, reduce the pCO 2 by about 35 percent in south-
ern ocean waters, which typically have the Revelle factor of
about 15. To separate the changes in CO 2 due to biological
uptake from those caused by mixing of water masses and
evaporation /precipitation effects, the TCO 2 and the total
alkalinity (TALK) are normalized to a constant salinity. Hence,

the presence of coastal polynyas, or
ice-free areas. Between the Amundsen and Bellingshausen
basins, small and weak positive ApCO 2 areas were present at
74.5°S and 71.5 0S (figure 3), in the area generally undersaturat-
ed with atmospheric CO2. Upwelling of high-nutrient deep
water—suggested by the high TCO2 and nutrient, by low oxy-
gen concentrations, and by low vertical-density gradients—is
the most likely explanation for these observations.
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appear slightly oversaturated in CO 2 to
the east. The results of this investiga-
tion, albeit limited to the austral sum-
mer, appear to show that the Pacific
sector of the southern oceans south of
65°S is an atmospheric CO 2 sink.
Whether the southern oceans are a net
annual CO 2 source awaits the results of
future studies.

We thank D. Breger for assistance
in the pCO 2 and TCO 2 analyses, D.
Masten for the nutrient measurements,
and the Scripps and Lamont oceanog-
raphy groups for temperature, salinity,
and oxygen determinations. The CO2
research was supported by grants from
the Department of Energy (DE-FG02-
92ER61397 and DE-FG02-94ER61758).
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It is important to determine the strength and direction of
the southern ocean CO 2 flux in gaining an improved under-
standing of the global CO2 cycle. To account for the observed
north-south atmospheric CO 2 concentration gradient, Tans,
Fung, and Takahashi (1990) postulated that the southern
oceans should be a net source for atmospheric CO2 . The
observations, however, indicate that the Atlantic sector of the
southern oceans is a moderate-to-strong sink for atmospher-
ic CO2 in the austral summer as well as winter months (Tans
et al. 1990). Murphy et al. (1991) observed in austral summer
that the south Pacific surface waters between 50°S and 60°S,
though moderately undersaturated in CO 2 in the west,

f	i	Chipman, D.W., J. Marra, and T. Takahashi.
1993. Primary production at 47N and
20°W in the North Atlantic Ocean: A
comparison between the 14C incubation
method and the mixed layer carbon
budget. Deep-Sea Research, 40, 151-169.
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D.E. Harrison, K.C. Kelly, and L.S. Water-
man. 1991. Assessment of the air-sea
exchange of CO 2 in the south Pacific
during austral autumn. Journal of Geo-
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tract DE-ACO2-81-EK60000 A/B, Lamont-Doherty Earth Observa-
tory, Palisades, New York.)
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Sutherland. 1993. Seasonal variation of CO 2 and nutrients in the
high-latitude surface oceans: A comparative study. Global Biogeo-
chemical Cycles, 7, 843-878.
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Figure 3. Meridional distribution of surface water properties along 103°W, March 1994, made dur-
ing NBP94-02 on board the RN Nathaniel B. Palmer, in the eastern Amundsen Sea area. TCO2
and TALK are normalized to a salinity of 34.7, and pCO2 is at in situ temperature. The location of
this section, A-A', is indicated in figure 1. (tM/kg denotes micromolar per kilogram; tEq/kg
denotes micromolar per kilogram.)
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Sample strategy for the study of factors controlling the
carbon- 13 in algal and sedimentary biomarkers from the

Amundsen and Bellingshausen Seas
JOHN M. HAYES and ANDREW R. MCTAGGART, Biogeochemical Laboratories, Indiana University, Bloomington, Indiana 47405

R
ecent studies show that although a general relationship
exists between the ratio of naturally occurring carbon iso-

topes in marine particulate organic matter (8 13Cpoc) and dis-
solved molecular CO 21 this relationship appears to fail in
some water masses such as those north of the Subtropical
Convergence and south of the Polar Front (Francois et al.
1993; Takahashi and Rau personal communication).

The purpose of this project is to study the abundances of
carbon-13 ( 13C) in suspended particulate organic matter
(SPOM) and in phytoplankton- specific molecules and to
determine which oceanographic factors most significantly
control the photosynthetic fractionation of carbon isotopes.
This study will provide baseline information allowing more
detailed interpretation of isotopic signals in terms of specific
processes and conditions in marine water columns. Previous
studies have focused on the relationship between 8 13C in
buried organic matter and ancient CO 2 levels (Freeman and
Hayes 1992; Jasper and Hayes 1993).

During the Nathaniel B. Palmer cruise NBP94-02, 38 sta-
tions were occupied and SPOM was filtered from 300-600-
liter (L) volumes of sea water from the fluorescent maximum
and from 10-15-L volumes of sea water in order to obtain
depth profiles (see table). Phytoplankton and zooplankton
were collected at the main sampling depth for later identifica-
tion and enumeration. Samples were collected in parallel with
analyses of oceanic pCO2 and total dissolved inorganic car-
bon (Takahashi et al. 1994). Temperature, salinity, and con-
centrations of dissolved oxygen, nitrate, phosphate, and sili-
cate were determined at each station (Jacobs and Helimer,
Antarctic Journal, in this issue). Both the large- and small-vol-
ume filters will be used to provide depth profiles of the con-
centration and isotopic composition of particulate organic
carbon in the late antarctic summer. Isotopic composition of
specific algae or algal groups (prymnesiophytes, diatoms,
dinoflagellates) will be followed by analyses of alkenones,
sterols, and pigments extracted from SPOM from the large-
volume filters. Examination of nutrient utilization will be car-
ried out by R. Francois at the Woods Hole Oceanographic
Institute (WHO!) using isotopic nitrogen-15 (8 15N) in SPOM
described in Altabet and Francois (1994). Detailed structural

and isotopic analyses of pigments in selected samples will be
carried out by D. Repeta (WHOI) by methods described in
Repeta et al. (1989).

Surface sediment cores, 0.5-1.1 meters in length, were
obtained at 16 of the sampling stations. Extractable organic
molecules and total organic carbon in these cores will be ana-
lyzed in parallel with analyses of the water-column materials
to examine the extent to which isotopic signals originating in
the surface-water masses are transmitted to the sediments.

We thank the program scientists, the crew of the R/V
Nathaniel B. Palmer, and Antarctic Support Associates per-
sonnel for their assistance in the sample collection. The
authors are grateful to D. Repeta, R. Goericke, and T. Eglinton
for generously loaning their large-volume filtration equip-
ment. Much of the success of the sample collection is due to
the conceptual impetus and organizational skills of J. Jasper.
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n.s.
9.62
7.49

10.00
7.55
5.20
8.00

10.00

9.00
10.00
16.32
10.00
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n.s.
1.0

1.0
0.92
n.s.
0.54
0.9

0.82
1.0
n.s.
0.65
0.6

0.87
n.s.
n.s.
n.s.
0.75

n .s.
0.62
1.0
1.0
1.0

n.s.
n.s.
0.5
1.0
1.0

0.8
1.0
1.0
n.s.
n.s.

n.s.
n.s.
1.0
1.0
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no
no
no

no
yes
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no

no
no
no
yes
yes

no
no
yes
yes
no

no
no
n.s.
n.s.
yes

yes
yes
yes
yes
yes

no
no
yes
yes
yes

yes
yes
yes
no
no

no
no
yes
yes

0.49C
n.c.0
fl.C.c
fl.C.c
n.c.

n.c.
n.c.0
fl.C.c
n.c.
fl.C.c

0.93C
n.c.
n.c.
n .c.
0.7C

nc.
1.1
1.1
n.c.0
0.85

0.68C
n.c.
n.c.
n.c.
n.c.

n.c.
0.75
0.92
n.c.
n.c.

n.c.0
n.c.
0.8C
n.c.0
1.1

0.65
nc.
0.87
n.c.
n.c.

n.c.
1.3C
0.92
0.59

Locations, filter volumes and depths, phytoplankton, zooplankton, and sediment data from Nathaniel B. Palmer (94-02)
NOTE: n. c. denotes no core; n.s. denotes not sampled

78001.77
76°27.62
76°1 3.33
75041.37
7305947

73°59.62
73°28.29
73°28.29
74°07.02
74°09.94

74°04.01
72°09.48
69°42.52
72°33.20
73°55.67

73°01.52
72°1 7.61
7305944

73°26.95
71058.07

71°39.48
69°41.77
69°30.06
69°30.06
70°27.13

70027.13
71°12.42
74°54.26
70°1 3.05
70°1 0.87

70°35.38
68°49.40
70031.00
71031.01
72°29.84

72°01.93
72°59.33
71014.98
67°59.93
67°59.93

67°59.93
69°43.03
69°38.06
69034.19

160004.30
157003.88
149°59.14
149057.20
150001.82

150006.56
139059.35
139059.35
139019.36
139°21.71

127059.76
127033.27
126056.76
123056.60
118°40.30

113053.75
112045.01
109034.38
116045.07
118029.95

113°1 7.43
110047.28
102014.96
102014.96
101 044.15

101044.15
101033.34
101028.61
99°39.03
95°32.23

93°00.00
89°42.95
87°04.05
85°19.14
81001.05

75°1 4.01
74°00.00
76°56.08
78°00.03
78°00.03

78°00.03
69°1 5.42
68°58.40
68°48.40

aOnly shallowest filter data shown; samples were also taken to 75 m.
bphytoplankton allowed to settle for 7 days then bottom 0.05 L retained.
CSiment taken from corer tip and bagged.
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Autumn distribution of marine birds and mammals in the
Amundsen and Bellingshausen Seas

DAVID AINLEY, Point Reyes Bird Observatory, Stinson Beach, California 94970

T
he Antarctic Slope Front and the large-scale pack-ice edge
are the major oceanographic features explaining the pat-

terns of seabird density in the Ross Sea during summer (Ain-
ley and Jacobs 1981; Ainley, O'Connor, and Boekeiheide
1984). Near both features, significantly elevated seabird bio-
mass was noted. Since this discovery, little biological work has
been completed on the fronts along the continental slope of
Antarctica, but much work has been completed on ice-edge
fronts (e.g., Fraser and Ainley 1986; Smith and Nelson 1986;
Smith and Sakshaug 1990, pp. 477-525). Veit and Hunt (1991),
however, reported unremarkable seabird densities at the shelf
break and only minor increases across ice edges on an
autumn circumnavigation of the continent. During cruise 94-
2 of Nathaniel B. Palmer, we sought to learn why the latter
authors failed to detect the ice-edge and shelf-break signal in
seabird distribution patterns. An advantage available to us—
and unavailable to Veit and Hunt—was the detailed oceano-
graphic data collected during our cruise as we repeatedly
transected shelf, slope, and adjacent deep waters in a section
of the southern oceans spanning one-fourth the circumfer-
ence of Antarctica, i.e., between the Ross Sea and the base of
the Antarctic Peninsula (figure 1).

We collected data on seabird abundance during 11 shelf-
break crossings on which ocean stations were occupied (figure
1). Our census procedures are outlined in Spear, Nur, and Am-
ley (1992). As part of this effort, we censused birds, seals, and
whales on 450 sequential, 6-10-kilometer-long census seg-
ments, gathering data on about 4,000 seabird, 75 whale, and
235 seal sightings (a sighting equals one or more individuals).

Seabird abundance (and that of seals and whales) was
typically elevated over the slope and shelf break (figures 2 and
3), as observed previously in the Ross Sea. Why Veit and Hunt
failed to detect such a pattern is perplexing. One possibility is
that their data on ocean depth were erroneous. Logging use-
ful data on depth required a special effort on the part of the
Nathaniel B. Palmer geophysics group, because bottom
returns from echo sounders tend to be obscured by noise
when a ship is moving through pack ice. In addition, and
clearly evident on our cruise, available nautical charts for the
antarctic region often locate the shelf break incorrectly by
tens of kilometers. Using top-trophic-level vertebrates as
indicators and oceanographic data collected on the cruise, we
anticipate learning more about the physical processes that
account for greater biological productivity near the antarctic
shelf break in the Amundsen and Bellingshausen Seas.

Another remarkable pattern we observed was the virtual
lack of birds over the continental shelf. This is opposite to the
pattern seen over continental shelves at lower latitudes the
world over (e.g., Briggs et al. 1987) and may also be contrary
to most prior results during late summer in the Antarctic, the
time when at-sea studies of seabirds are typically undertaken
there. Ainley et al. (1984) noted this pattern in the Ross Sea
but believed it was confined by circumstances special to that
region, given the absence of reports of this pattern elsewhere
in the Antarctic. On the Nathaniel B. Palmer cruise, we
observed higher bird densities over the shelf in the Antarctic
Peninsula region, where the continental shelf had more shoal
areas. Thus, the low-density phenomenon in shelf waters may

be related to water column
structure above the deep
shelves characteristic of

- continental Antarctica.
The unique key to un-

Bellingshausen Sea derstanding the patterns
we observed is that our

q A study occurred at the time
of year when seabirds are

	

ii?I	not constrained to fly be-s -1122
	I?	 tween nest and ocean feed-

ing area and that few sea-
bird colonies occur along

0. the coast of the Amundsen
and southern Bellings-
hausen Seas. The seabirds
occurred only where feed-
ing opportunities were en-
hanced—the birds had lit-
tle reason to be elsewhere.
The general implication is
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Figure 1. The track of the Nathaniel B. Palmer, cruise 94-2. Numbers indicate the positions of oceanographic
stations. Thickened portions of the track show where seabird (plus seal and whale) censuses and stations were
undertaken.
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that seabirds observed over the shelf, especially when cross-
shelf traffic is at its peak during late summer, are not likely
interacting in a major way with water column/food web
processes but are merely in transit. Further reduction of the
oceanographic data will provide the basis on which to develop
hypotheses regarding the development, or lack of, food webs
over and near the antarctic continental shelves.

We were unable to gather much information on the
importance of the pack-ice edge relative to seabird distribu-
tion. Coincidentally, we most often crossed the ice edge at
night, when seabird censusing is not possible. Increased den-
sities were detected during some of the few crossings we did
make during daylight. Except during summer, no meltwater
lens with its increased productivity is associated with the
marginal ice zone (Smith and Sakshaug 1990, pp. 477-525).

This research was supported by National Science Foun-
dation grant OPP 94-00809. Ian Gaffney assisted during the
cruise. We thank the officers and crew of the Nathaniel B.
Palmer for their able support.
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Research to investigate pack-ice seal activities during
Nathaniel B. Palmer cruise 94-2

THOMAS GELATF, Department of Fisheries and Wildlife, University of Minnesota, St. Paul, Minnesota 55108
SUZANNE HILL, Wildlife Computers, Redmond, Washington 98052

BRADLEY SCOTFEN, Institute of Marine Science, University ofAlaska, Fairbanks, Alaska 99775

T
he February and March cruise of the R/V Nathaniel B.
Palmer into the Amundsen and Bellingshausen Seas was

primarily for oceanographic research. Study planners decid-
ed, however, that to enhance our understanding of the
antarctic marine ecosystem, scientists from other disciplines
should be added to the research team. This report considers
the data obtained on pack-ice seals incidental to the conduc-
tivity-temperature-depth station course track between 16
February and 1 April 1994.

Our primary objective was to census all pack-ice seals
within view of the ship while moving during daylight hours.
Data on pinniped distribution and abundance are fundamen-
tal to understanding trophic relationships within the antarctic
ecosystem. Furthermore, ice-breeding seals are numerically
the largest group of antarctic mammalian predators and
potentially have a great impact on prey populations and, ulti-
mately, on other upper top-trophic-level species such as
whales and fur seals. Surveys were conducted when the ship
was in pack ice between McMurdo Sound and Marguerite
Bay. The cruise track crossed the continental shelf and
cruised north of the pack ice on a number of transects. This
information can be adjusted for activity patterns and ice con-
ditions and compared to past surveys in the same area
(Gilbert and Erickson 1977). Secondarily, at 12 separate loca-
tions along the ship's course, we sexed, measured, and col-
lected blood and tissue samples from 25 crabeater and 2 Wed-
deli seals.

We followed similar protocols as past ship-based census-
es of pack-ice seals (Eklund and Atwood 1962; Siniffet al 1970;
Gilbert and Erickson 1977). All counts were conducted by one
to three observers from the ice tower, 25 meters above the
water surface. All seals within sight were counted and identi-
fied and group sizes were noted. Adjustable range finders

Table 1. Total seals counted and total less than 500
meters either side ofship used in density estimates

were used to estimate distance when seals were directly
abeam of the ship. Ice conditions (Erickson, Siniff, and Har-
wood 1993), ship's heading, location, and water depth were
also noted at each seal sighting. The same information was
taken approximately every 10 minutes during a census
regardless of seal sightings. Distinguishing between species
can sometimes be difficult if the seal is lying prone with its
back to the observer or is obscured by ice ridges. We assigned
the "unknown" classification to any seal that could not be
confidently labeled. Additionally, visibility was measured and
recorded categorically for subsequent use in density analysis.
Heavy fog sometimes limited range of sight, and we had to
quantify this to account for lower counts during poor visibili-
ty. The total numbers of seals counted are presented in table
1. These numbers have not been corrected for daily activity
patterns (Siniff et al. 1970; Erickson et al. 1971) and, hence,
represent conservative estimates. (See table 2.) A total of 218
hours was spent surveying while covering a distance of 2,839
kilometers.

Crabeater seals were the most abundant seal observed;
they were found throughout the pack-ice region but in highly
variable densities. Weddell seals were predominantly located
in or near areas of fast ice. Ross seals were rare and widely
scattered but always found in areas of at least 6/ lOths ice cov-
erage. Southern elephant seals and antarctic fur seals were
limited to Marguerite Bay and the Antarctic Peninsula areas.
The high relative density in Marguerite Bay deserves some
explanation. The ship made two transects along the ice edge
during the afternoon of 31 March. Five of the six antarctic

Table 2. Estimates of density uncorrected for time of
day, assuming all seals within 500 meters of each side of
the ship were seen. Corrected estimators adjusting for
time of day and using line transect theory will be consid-
ered later.

Ross Sea	 0.47
(1 65°E to 130'W)

Crabeater	2,086	1,596	1,748
Amundsen Sea	 0.70Leopard	 405	 394	1,007	(129.99° to 1 00°W)Weddell	 235	 98	 611

Ross	 11	 11	1,293	Bellingshausen Sea	 0.43

Southern elephant	5	 5	 662	(99.99° to 70°W and <68°W)

Antarctic fur	85	 57	 563	Marguerite Bay	 4.53
Unidentified	472	 16	 -	(68.670S and 68 0 to 700W)

ANTARCTIC JOURNAL - REVIEW 1994

120



pinniped species (no Ross seals were seen in the area) were
seen individually and grouped together in higher densities
than we saw anywhere else. The usually solitary leopard seal
was commonly seen in groups of 2 or 3. Bird and whale densi-
ties also appeared to be higher. The possible correlation of
high animal biomass to this particular area is intriguing and
warrants further study in conjunction with the chemical and
physical data.

Our second major focus was to collect blood and tissue
samples from as wide a distribution of crabeater and Wed-
dell seals as possible. The four species of antarctic pack ice
seals are all circumpolar in distribution, yet it is unknown
whether these constitute individual, homogenous popula-
tions or distinct subpopulations. Using modern genetic
mapping techniques, we plan to analyze the degree of genet-
ic relatedness among individuals of the same species across
sample areas.

This research was supported by National Science Foun-
dation grant OPP 94-03672 to D.B. Siniff. We thank the crew

and members of other science parties on the RIV Nathaniel B.
Palmer for their assistance and cooperation.
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Is this little PIG in hot water?
ADRIAN JENKINS, British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 OET, UK

STANLEY S. JACOBS, Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964
HARRY (J.R.) KEYS, Department of Conservation, Turangi, New Zealand

T
he glaciers discharging into Pine Island Bay (figure 1) have
been the subject of controversy since Hughes (1981)

noted the lack of any substantial ice shelf that could regulate
the outflow. He proposed that this made them the weakest
points in the potentially unstable west antarctic ice sheet, the
collapse of which could be initiated by the retreat of their
grounding lines into the Bentley Subglacial Trough. Determi-
nations of the mass budget of Pine Island Glacier (PIG) by
Crabtree and Doake (1982) and Lindstrom and Hughes (1984)
indicated that the catchment basin received 40-60 gigatons
per year (Gt yr') more snowfall than was discharged at the
glacier terminus. The PIG goes afloat approximately 85-kilo-
meter (km) upstream of its terminus, but the implicit
assumption that basal melting of a 2,200-square kilometer
(km2) floating glacier would contribute negligibly to the mass
budget led to the conclusion that the ice sheet was growing in
this region.

Recently Lucchitta et al. (1993, pp. 147-151) derived
velocities over a 100-km section of PIG straddling the
groundling line, where they found a velocity of 2 kilometers
per year (km yr_'). Calculating an ice flux into the ocean of 75
Gt yr- 1 , they pointed out that this left the mass budget of the
inland catchment basin approximately in balance. Only two
thickness soundings are coincident with the grounding line,
and using the lower rather than the higher value would
reduce their grounding-line flux to approximately 60 Gt yr-1.
These values, however, exceed the estimated frontal fluxes by

4° 30'S

5°O0'S

Figure 1. Sketch map of Pine Island Bay and positions of the front of
Pine Island Glacier in 1966 (Anonymous 1968), 1973 (Swithinbank
1988), and 1994.
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35-50Gt yr'. The calving rate might be increased by 25-50
percent in the light of the recent observations, but beyond
that, the terminal velocities become too high to be compati-
ble with earlier measurements.

In mid-March 1994, we measured the position and height
of the terminus of PIG from the Nathaniel B. Palmer. Prelimi-
nary results show the location of the calving front to be simi-
lar to its 1973 position (figure 1); 1994 elevations were some-
what lower than reported by Kellogg et al. (1985). These find-
ings seem more consistent with a steady-state condition than
with thickening or surging, but this implies that a consider-
able volume of ice must be lost to basal melting of the floating
glacier, even allowing for possible losses to surface sublima-
tion. We infer a mean basal melt rate in excess of 10 meters
per year (in more than an order of magnitude higher
than has been estimated for the larger antarctic ice shelves
(Jacobs et al. 1992).

We also made a variety of oceanographic observations in
Pine Island Bay, and these help to explain the probable high
basal melt rate of the floating portion of PIG. In figure 2, one of
several similar profiles of salinity and temperature obtained
near the ice front reveals a relatively warm and salty water
mass near the seafloor. This is "Modified" Circumpolar Deep
Water (MCDW), slightly cooler and fresher than its source but
still more than 3°C above the in situ freezing point. MCDW is
also found beneath the George VI Ice Shelf, where it has been
implicated in approximately 2 in of net melting (Potter,
Paren, and Loynes 1984). George VI Ice Shelf is relatively thin,
and little of its ice will be directly exposed to the warmer water.

TEMPERATURE (°C)
-2.0	-1.0	0.0	10

0
.0
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U,
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0. 71

34.2	34.4	34.6
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Figure 2. Temperature (°C, dashed line) and salinity (practical salinity
units, solid line) vs. pressure (decibars, approximate depth in meters)
at Nathaniel B. Palmer station 93, taken near the front of Pine Island
Glacier on 14 March 1994. The water depth at this location (74054.3'S
101 028.6'W) is approximately 845 meters.

The grounding line of PIG, however, is approximately 1,300 m
below sea level, and the ice thins rapidly downstream. The
steep basal slope of the floating glacier effects a strong buoy-
ancy forcing on the sub-ice circulation and is another reason
why we would anticipate a high melt rate (Jenkins 1991).

The temperature minima below 200 in figure 2 are
substantially fresher than the MCDW at bottom and may indi-
cate meltwater-laden outflows. If our estimates are borne out
by more detailed evaluation of the data, including analyses of
oxygen isotope samples, they raise some provocative ques-
tions. For example, can large ice shelves survive in this sector
if such high basal melting rates are common? If they did so in
the past, was the ocean circulation quite different then? If the
projected stability of Southern Hemisphere atmospheric tem-
peratures occurs at the expense of warming the deep ocean
(Manabe, Bryan, and Spelman 1990), is "the weak underbelly
of the west antarctic ice sheet" (Hughes 1981) especially vul-
nerable to climate change?

Many people helped to obtain the data sets that will be
used in this study, which is supported by National Science
Foundation grant OPP 92-20009.
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Temporal changes in shelf water of the southern Ross Sea
HARTMUT H. HELLMER and STANLEY S. JACOBS, Lamont-Doherty Earth Observatory of Columbia University, Palisades,

New York 10964

O
ver much of the circumpolar antarctic continental shelf,
offshore and prevailing easterly winds drive the sea ice

and surface currents toward the west. These currents are well
known in the southern Ross Sea, where some of the waters
may be derived from the upstream Amundsen shelf. To inves-
tigate temporal changes in the Ross Sea, we completed an
800-kilometer (km) transect, parallel to the Ross Ice Shelf
edge, on the USCGC Polar Sea from 4 to 10 February 1994 (fig-
ure 1). On 42 stations, most begun less than 1 km from the ice
front, conductivity-temperature-depth (CTD) measurements
were made to within 10 meters (m) of the bottom. At several
locations, the ship drifted rapidly in the coastal current,
resulting in tow-yo vertical profiles. The casts were accompa-
nied by sampling for salinity, dissolved oxygen, total carbon
dioxide (TCO2), chlorofluorocarbons, helium, tritium, iso-
topic oxygen-18 (180), and nutrients. On alternate stations
water samples were obtained from the upper 150 m for two
other projects. Those samples are to be processed for particu-
late organic carbon and nitrogen, pigments, biogenic silica,
bacteria, dissolved inorganic carbon, carbon-13 ( 13 C), and
carbon-14 ( 14C) isotope uptake rates on incubated samples.

Portions of this transect repeat earlier sections along the
Ross Ice Shelf edge, some taken more than 25 years ago. A
comparison of preliminary results with earlier observations
between 173 0W and 1740W reveals that the 1994 data are cool-
er by approximately 0.4°C and fresher by approximately 0.06
practical salinity units (psu) in the salinity range from 34.40 to

34.55 psu (figure 2). In this region, Modified Circumpolar
Deep Water (MCDW, the "warm core" of Pillsbury and Jacobs
1985, pp. 87-107), diluted by mixing with cooler and fresher
water as it penetrates onto the continental shelf, appears to
feed a shallow sub-ice shelf circulation confined to the outer
reaches of the Ross Ice cavity (Jacobs, Fairbanks, and Horibe
1985, pp. 59-85; MacAyeal 1985, pp. 133-143).

Similar differences were measured between 1994 and his-
torical salinity profiles near a site north of Ross Island, sug-
gesting that such salinity decreases occur simultaneously
along the whole ice shelf edge (figure 3). This freshening may
be related to weaker on-shelf flow of MCDW, less sea-ice for-
mation, and related brine rejection caused by a weaker or less
variable atmospheric circulation, less precipitation incorpo -
rated into the shelf waters, or fresher source waters from
upstream. Determining whether the changes represent a
trend that can be related to other environmental parameters
or the larger scale shelf-water circulation will require a
detailed study of all the available data.

The impact of seasonal (measured in 1983-1984) and
longer term changes in shelf water characteristics on
ocean/ice shelf interactions is being studied by numerical
modeling of the circulation underneath the eastern Ross Ice
Shelf (Helimer and Jacobs in press). When the 0.06-psu salini-
ty change observed over the last decade is applied to the east-
ern Ross Ice Shelf edge, model results differ only slightly from
those obtained for the 1983-1984 data set. Over a century's

Figure 1. Transect of oceanographic stations (circled stars) occupied along the Ross Ice Shelf front from the (JSCGC Polar Sea 4-10 February
1994. The track has been superimposed on a 1643Z, 17FEB94 F-iC DMSP (Defense Meteorological Satellite Program) image obtained aboard
ship by Marine Science Technician E. Fusco. The data were subsequently processed by R. Whritner on SeaspacefreraScan equipment at the
Arctic and Antarctic Research Center, Scripps Institution of Oceanography. The stations extend from Edward VII Land at right to Victoria Land at
left. The latitude and longitude grid is 2 0 x5°, respectively. The profiles shown in figure 2 are centrally located in the region where the ocean sta-
tions are closely spaced. The profiles shown in figure 3 lie directly north of Mount Erebus and Mount Terror, which appear prominently on Ross
Island, across McMurdo Sound from Victoria Land. The latitude lines are 2 0 apart.
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Figure 2. Temperature/salinity characteristics (°C/psu) of the Modified
Circumpolar Deep Water between 173 0W and 174 0W for the years
1968 (stations 727 and 729; diamonds), 1984 (stations 30 and 31; gray
dots), and 1994 (stations 15 and 16; black dots). The T f line indicates
the sea surface freezing temperature over this salinity range. All obser-
vations were made on 26 January or 6 February of the corresponding
years.

time, the annual average basal melting increases substantially
if shelf water temperature is allowed to rise by 0.01°C per year,
but less so if that warming is accompanied by simultaneous
freshening. This occurs because the strength of the thermo-
haline (i.e, density-driven) sub-ice shelf circulation depends
mainly on salinity contrasts between the open continental
shelf and the sub-ice cavity.

We thank Captain L. Brigham, N. Thayer, W. Roberts, and
the officers and crew of the USCGC Polar Sea for their out-
standing support, and R. Guerrero, S. O'Hara, A. Jenkins, M.
Noonan, and R. Weppernig for essential help in obtaining the
CTD and chemistry data. The fieldwork was supported by
National Science Foundation grant OPP 92-20009 and the
sub-ice modeling by Department of Energy grant DE-FG02-
93ER61716.
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The evolving front of the Ross Ice Shelf
HARRY (J. R.) KEYS, Department of Conservation, Turangi, New Zealand

STANLEY S. JACOBS, Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964
LAWSON W. BRIGHAM, U.S. Coast Guard, Seattle, Washington, FPO AP 96698-3919

C
hanges recently observed in parts of the west antarctic
ice sheet (Bindschadler 1993) re-emphasize questions

about its possible instability and role in global climate
change. The floating ice shelves are of special interest to
investigators in several fields. For example, the mass balance
at the bottom of ice shelves has important influences on the
ocean circulation, which in turn helps to control the ice
thickness. The ice shelves may retard the flow of grounded
ice streams. The ice fronts generate icebergs that can track
the subsurface currents (Keys, Jacobs, and Barnett 1990) and
may impede the ocean circulation in areas of large-scale
grounding. But how stable are ice front positions over peri-
ods of several decades?

In February and March of 1994, we measured the posi-
tion and height of several west antarctic ice sheet fronts, using
radar ranging and a sextant from the USCGC Polar Sea and
the R/V Nathaniel B. Palmer. The fronts of the Getz Ice Shelf
and other features displayed a wide variety of changes from
previously mapped locations but no consistent overall trend.
The observed fluctuations result mainly from cycles of slow
advance and rapid retreat, driven by the ice-stream forcing,
thickness changes, and aperiodic calving events. During the
last few decades some of the records have become accurate
and frequent enough for estimates of short-term temporal
changes in the ice fronts.

Here we focus upon the Ross Ice Shelf edge (figure 1),
which has continued its northward advance, except to the

1 60E
75S

east of Roosevelt Island where the giant B-9 iceberg calved in
1987 (Keys et al. 1990). At its western extremity, the ice front is
now north of Cape Bird on Ross Island, substantially beyond
any position recorded in the last 150 years. The maximum
advance rate calculated, 1.6 kilometers per year northward
relative to a 1987 position, is larger than that estimated for the
1962-1985 interval (Jacobs et al. 1986), and occurred at the
northeast headland of a new feature we refer to as "Polar Sea
Bay." This bay has widened and lengthened since 1987 at the
site of a rift visible on EOSAT thematic mapper image
045/116, dated 25 December 1989. In places, this rifting has
offset flow traces, showing that the velocity field is not uni-
form in space or time and that rifting is one reason for such
variations.

The height and, therefore, thickness of the ice front show
a general decrease from east to west (figure 2). Heights are
greatest along the B-9 calving front and least in Coast Guard
Bay and in a newly forming Bay of Whales. Heights are rela-
tively low from approximately 171°W to 178 0W, where a
"warm" inflow enters and leaves the sub-ice cavity at depths
of 200-300 meters. We infer that this causes preferential melt-
ing and thinning of the ice shelf in the central region. The
heights we measured are similar to those recorded in 1901
and 1911 on the Discovery and Terra Nova expeditions; both
data sets are characterized by considerable small-scale spatial
variability. This has implications for calving, basal melting
near the ice front, and monitoring by satellite sensors.

Rifts near ice fronts proba-
bly exert the primary control on

160•W	 ice-shelf calving. The northeast
75S	Ross Ice Shelf could be similar

to the "throttle" area between
Crary Ice Rise and the Trans-
antarctic Mountains (Whillans
and van der Veen 1993). Dy-
namic changes in ice stream E
and/or compression up-glacier
and tension down-glacier be-
tween Roosevelt Island and Shi-
rase Coast could have led to the
rifting that created B-9. (See fig-
ure 3.) Away from such effects
and from lateral and basal drag,
ice-shelf creep thinning and
basal melting may lead to rifting
below some critical ice thick-
ness. In this regard, it will be of
interest to observe whether the
presence of two large rifting

170E180E	 170W

8OS
160E

8OS
170E	 180E	 170W	 160W

Figure 1. Sketch map of changes to the Ross Ice Shelf front between 1962 and 1994. West of the Bay of
Whales, the ice front has contined the northward advance reported in Jacobs et al. (1986). East of that
feature, a more southerly 1994 position results from the "B-9" calving event.
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Figure 3. The eastern Ross Ice Shelf front, from NOAA-12 AVHRR vlsi-
ble image acquired 5 February 1994 on the USCGC Polar Sea. Moving
westward from its 0830L position that day, the ship reached 78029.9'S
163 045.2'W in the notch northwest of Roosevelt Island, which is
imbedded in the ice shelf beneath the oval outline.

Ross Ice Shelf - height of ice front
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Figure 2. Heights of the front of Ross Ice Shelf measured by sextant and radar range from Polar Sea (±2
meters) and historic data (Jones personal communication). Small-scale variability is apparent along the
ice front, particularly in the Bay of Whales and other bays, most of which are controlled by rifting.

bays on the thin northwest portion of the ice shelf leads to
major calving in this sector in the near future and, if it does,
whether the resulting icebergs will be carried westward into
McMurdo Sound by the coastal current.

We thank the officers and crews of the USCGC Polar Sea
and the R/V Nathaniel B. Palmer for their considerable assis-
tance and W. Gallagher of the Antarctic Library, Christchurch,
New Zealand, for invaluable maps of the antarctic coastline.
The fieldwork was supported by National Science Foundation
grant OPP 92-20009.

References

Bindschadler, R. 1993. Siple Coast Project research of Crary Ice Rise
and the mouths of ice streams B and C: Review and new perspec-
tives. Journal of Glaciology, 39(133), 538-552.

Jacobs, S.S., D.R. MacAyeal, and J.L. Ardai, Jr. 1986. The recent
advance of the Ross Ice Shelf, Antarctica. Journal of Glaciology,
32(112),464-474.

Jones, A.G.E. 1988. Personal communication.
Keys, H.J.R., S.S. Jacobs, and D. Barnett. 1990. The calving and drift of

Iceberg B-9 in the Ross Sea, Antarctica. Antarctic Science, 2(3),
243-257.

Whillans, I., and C.J. van der Veen. 1993. New and improved determi-
nation of velocity of ice streams B and C, West Antarctica. Journal
of Glaciology, 39(133), 483-490.

ANTARCTIC JOURNAL - REVIEW 1994
126



Marine geology and geophysics

Glacial-interglacial depositional model in
Bransfield Basin, Antarctica

L.A. BANFIELD and J.B. ANDERSON, Department of Geology and Geophysics, Rice University, Houston, Texas 77005-1892

B
ased on approximately 2,600 kilometers (km) of high- and
intermediate-resolution seismic data and 100 sediment

cores, a detailed seismic facies analysis was conducted in
Bransfield Basin (figure 1). Results of the study include the
following:
• the distribution of the lithologies present in Bransfield

Basin seismic facies;
• a depositional model for Bransfield Basin through past

glacial and interglacial periods; and
• a reconstruction of the extent and thickness of grounded

ice during the last significant grounding event in the basin.
Seismic facies analysis led to the differentiation of dis-

tinct glacial subenvironments: distal glacial marine, proximal
glacial marine, grounding zone, subglacial, and acoustic base-
ment (figure 2). The identification of seismic facies was based
on intensity of acoustic contrasts, morphology of bounding
surfaces, and geometry, intensity, and frequency of internal
reflections. The procedure is derived from the work of Vail et
al. (1977) but is adapted for smaller scale, higher resolution
features (Belknap and Shipp 1991). Lack of core control
necessitated the use of other seismic facies investigations to
infer lithologies for the seismic facies examined in Bransfield
Basin. Once the seismic facies were identified, they were com-
pared to glacial marine seismic facies of the Northern Hemi-
sphere (King and Fader 1986; Vorren, Hald, and Lebesbye

298'	300'	302'	304'	306'	308'

III	fl
I_______ç-62°S-----sd /; ;ia-'	 -62'S

Islands c',

a MO_

1988; Mosher et al. 1989; Vorren et al. 1989; Stewart and Stok-
er 1990; Stoker 1990; Vorren, Lebesbye, and Larsen 1990;
Anderson and Bartek 1992; Belknap and Shipp 1991; King et
al. 1991; Stoker et al. 1992; King 1993). Facies that resembled
each other were inferred to consist of similar sediments and
to have had comparable depositional histories.

Division of sediment cores into six general lithologic
types, based on detailed core descriptions of textural and
compositional character, led to an understanding of the mod-
ern interglacial setting. Because the sediment cores are less
than 10 meters (m) in length, it is not possible to link them
directly to the seismic records although, based on similar
facies distribution patterns, the interglacial and glacial set-
tings seem to be closely connected. Examining the lateral
extent of the seismic facies led to the interpretation of the
glacial setting and, in conjuction with an understanding of
the modern interglacial setting, the development of a deposi-
tional model for Bransfield Basin through the past three
glacial-interglacial periods.

A glacial reconstruction with more than 700 m of ice
grounded in approximately 600 m of water is developed by
examining the modern water depth at the maximum extent of
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Figure 1. Map showing the location of seismic tracklines and sediment
samples in Bransfield Basin.

Figure 2. Map showing the distribution of seismic facies in Bransfield
Basin and the grounding line of the last significant glacial episode.
Seismic facies B is interpreted as acoustic basement, S-lo and S-dr
as subglacial deposits, S-gz as grounding zone deposits, I-p as ice-
proximal deposits, D as ice-distal deposits, and R as a volcanic ridge.
The 250- and 1,000-meter isobaths are marked on the map.
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glaciation, subtracting the eustatic sea level drop due to
glaciation, and then performing a density calculation. Recent
glacial reconstructions in Ross Sea predict greater grounded
ice thicknesses than would be determined with density calcu-
lations (Denton, Prentice, and Burckle 1991). Thus, the ice
thickness in Bransfield Basin could have been much greater
than the calculated 700 m.

Financial support for this project was provided by
National Science Foundation grant OPP 91-19683 awarded to
John B. Anderson.
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A geochemical sedimentological analysis of glacial marine
sediments from the Palmer Deep Basin,

Bellingshausen Sea, Antarctica
ANTONIO B. RODRIGUEZ, Department of Geology and Geophysics, Rice University, Houston, Texas 77251

EUGENE W. DOMACK, Department of Geology, Hamilton College, Clinton, New York 13323

T
he sediments off the Antarctic Peninsula contain a history
of the advance and retreat of glaciers and paleoclimate

change. The Palmer Deep Basin is located on the Beffingshau-
sen Sea Continental Shelf, 5 kilometers south of Anvers Island
(figure 1). Piston core PD92-30 was collected from the basin
during the R/V Polar Duke 92-2 research cruise. This study
focuses on the geochemical, magnetic susceptibility (MS), and
total organic carbon (TOC) variations in the core.

In the Antarctic Peninsula, MS has proved to be a useful
paleoclimatic indicator due to distinct sediment source
changes that accompany changes in climate (Domack and Ish-
man 1992). A low MS value corresponds to a high biogenic
content and low terrigenous material (Domack and Ishman
1992). High MS values are not found where ice-rafted debris is
within the core; therefore, high MS values for core PD92-30 are
a product of the fine-grain hemipelagic component of deposi-
tion (Kirby 1993).

The depth vs. MS graph (figure 2) for core PD92-30 shows
wide variations in MS for the upper 580 centimeters. From 580
centimeters down, a trend of low MS values with small fluctua-
tions is apparent. The MS variations are related to variations in
biogenic material in the core (Domack and Ishman 1992). To
gain a better understanding of the relation between MS and
biogenic material, a geochemical analysis of the core was per-
formed at various depths. Nine samples from alternating low
and high MS were analyzed by x-ray fluorescence for the
major and trace earth elements (table). The plots of stron-
tium/MS (Sr/MS), aluminum oxide/MS (Al203 /MS), calcium
oxide/MS (CaO/MS), potassium oxide/MS (K20IMS), magne-
sium oxide/MS (MgO/MS), and titanium oxide/MS (Ti02/MS)
have a direct, positive sloped, linear relationship to MS. The
graph of silica/MS (Si02/MS) has a direct, negative sloped, lin-
ear relationship to MS (figure 3).

The observed TOC of core sediments is controlled by the
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Figure 2. Depth vs. magnetic susceptibility in core PD92-30. Locations in the
core where nine samples were taken are marked by arrows. (CSG denotes
centimeter-gram-second.)

Figure 1. Map of the Antarctic Peninsula region and the South
Shetland Islands showing location of piston core PD92-30.

quantity of organic carbon vertically settling and the amount
of dilution of this organic carbon due to terrigenous sedimen-
tation (Domack et al. 1993). The plot of TOG vs. depth shows
approximately 12 cycles of low and high TOG percentages
throughout the core. These cycles become more spread out as
they progress down core. TOG generally varies inversely with
MS. Graphs of Sr/TOG, Al 203 /TOG, GaO/TOG, K20/TOG,
MgO/TOG, and Ti0 2 /TOG show no distinct clear linear rela-
tionship; however, there is an apparent negatively sloped
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Figure 3. Si02 vs. magnetic susceptibility. Notice the negatively
sloped best fit line.

characteristic to the trend. The graph 5i0 2 /TOG portrays a rel-
atively positively sloped trend.

Low MS corresponds to high TOG. The concentrations of
Sr, Al203, CaO, 1(20, MgO, and Ti02 all increase with increas-
ing MS and show a general decreasing trend with increasing
TOG. These elements make up some portion of the hemipelag-
ic sedimentation component. Since MS is a measure of the
variations in the hemipelagic component of sedimentation
(Kirby 1993), two scenarios can be inferred: the cause for an
increase in terrigenous sedimentation depresses the organic
productivity, or the cause for an increase in productivity
depresses the terrigenous sedimentation. The mechanisms
describing these causes, and the realization that the first sce-
nario is most plausible, become apparent upon comparing the
hemipelagic to pelagic components of sedimentation.

Diatoms are unicellular algae composed of siliceous tests.
Upon death, these tests settle to the ocean floor and become
preserved in the sediment. The concentration of SiO2 in core
PD92-30 is a result of diatom productivity. Kirby (1993) visual-
ly noted the abundance of diatom ooze layers in the core.
Domack et al. (1993) hypothesized that high TOG, which is

associated with high silica values from diatom blooms,
would correspond to low MS. The graph of Si0 2 vs. MS
(figure 3) produces a negative slope, the graph of SiO2
vs. TOG indicates a positive trend, and the inverse rela-
tionship between TOG and MS supports Domack and
Ishman's hypothesis. When MS is low, there is a high
concentration of SiO 2 and high TOG, both of which cor-
respond to high productivity for the area.

The initiation of high hemipelagic sedimentation
could be suppressing the values of TOG and SiO2
through dilution and suppressing overall productivity.
Increases in hemipelagic sedimentation could be the
result of large-scale storm cycles that suspend relict till
from the continental shelf and transport it into the
basin. This would result in a decrease in TOG and SiO2
values, due to dilution caused by the newly transported
hemipelagic component, and a decrease in diatom
bloom size, due to deep mixing caused by strong winds.
The preservation of turbidites was noted in cores from
two adjacent basins; their preservation could have been
triggered by large storms (Kirby 1993). During the sub-
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Concentrations of the major and trace earth elements in core PD92-30

Sample Depth	Sr

1	52	256.0	12.89	3.24	1.82	2.87
2	100	219.9	71.08	2.80	1.64	2.54
3	210	247.6	12.55	3.20	1.77	2.79
4	320	245.7	12.50	3.25	1.77	2.91
5	355	219.8	11.17	2.82	1.58	2.57
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0.61
	

71.54
	

533.3
	

5.06

sequent placid periods, blooms would increase in productivi-
ty, and less suspension of relict till would take place.

The 12 cycles of low and high TOG percentages could pos-
sibly represent 12 periods of large storms in the past. Twelve
cycles of TOG were also noted by Domack and Ishman (1992)
from a piston core collected in Andvord Bay, Antarctica. The
mechanism causing these cycles could be the same for the two
areas. Once sedimentation rates have been studied for core
PD92-30, the mechanism for the observed variations in sedi -
mentation can be constrained.

This research was supported by National Science Founda-
tion grant OPP 89-15977 to Hamilton College.
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Recent ostracodes from the fjord region of southern Chile:
Applications to Holocene paleoenvironments

ANDREW V. SHUCKSTES, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43214

T
he purpose of this study is to determine quantitatively the
modem distribution of benthic marine ostracodes (small

bivalved crustaceans) within the fjord region of Chile and
relate them to modern environmental data (water tempera-
ture, salinity, depth, and composition of the substrate).
Knowing the relationships between the modern distribution
of ostracodes and the modern environment is useful for
determining the bottom water conditions that existed during
deposition of ancient sediments. During July 1993, aboard
R/V Polar Duke cruise PD93-06, we retrieved 44 Smyth-McIn-
tyre grab samples, 38 piston cores, and several gravity cores
from the fjords and channels of southern Chile. The grab
samples and piston/gravity core catchers have yielded an
abundant and diverse benthic ostracode fauna. Samples
range between 54.288 0S to 45.345 0S. Water depths of sample
sites range from 58 to 1,140 meters. Ostracodes were abun-
dant in 23 of the Smyth-McIntyre grab samples (table). The
consensus data obtained from these samples make up the
modern Chilean ostracode database (MCOD). Common

species present in the samples include Bradleya normani,
Krithe spp., Hemingwayella pumilo, Munseyella sp. A., Patago-
nacythere longiducta?, Procythereis spp., Henryhowella spp.,
Pseudocythereis sp., and Cytheropteron spp. (figure 1).

Associations between environmental parameters of sam-
ple sites and ostracode assemblage are determined through
cluster analysis of samples and through single species
depth/latitude limits. Ostracode distribution is generally con-
trolled by bottom water temperature, salinity, and substrate
composition (Cronin 1991; Dingle and Giraudeau 1993). Clus-
ter analysis of the MCOD was completed using SYSTAT with
single linkage, (nearest neighbor) Euclidean distance method.
Four primary groups are immediately apparent and demon -
strate the importance of both latitudinally and bathyrnetrical-
ly controlled parameters (such as bottom water temperature).
Group one contains very shallow samples (less than 200
meters) from the northern part of the field area. The second
group contains samples from intermediate depth (200 to 400
meters), northern sites. The third group includes intermedi-
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PD93-06-0754.288	70.826	255	no

	

P093-06-08	54.354	71.684	491	no

	

P093-06-11	54.418	71.045	443	no

	

PD93-06-12	54.360	70.999	360	no

	

PD93-06-13	54.305	70.917	202	no

	

PD93-06-14	52.983	73.802	622	no

	

PD93-06-15	53.157	73.375	1,140	no

	

P093-06-18	52.478	73.636	210	no

	

PD93-06-21	51.905	73.301	184	no

	

PD93-06-23	52.060	73.262	122	no

	

PD93-06-26	49.777	75.625	548	no

	

PD93-06-27	50.042	74.927	730	yes

	

P093-06-34	47.742	74.682	347	no

	

PD93-06-35	47.729	74.730	330	no

	

PD93-06-37	45.713	73.865	73	yes

	

PD93-06-38	45.689	73.854	62	yes

	

PD93-06-39	45.686	73.848	58	yes

	

P093-06-40	45.606	73.837	112	yes

	

PD93-06-42	45.514	73.779	130	yes

	

PD93-06-46	45.884	73.531	307	yes

	

P093-06-47	45.418	74.428	150	no

	

P093-06-50	45.401	74.077	165	yes

	

PD93-06-54	45.345	73.378	240	yes

PD63-06 locality data for samples that are included in the MCOD
at depth (200 to 500 meters) sam-
ples from primarily the southern part

____ of the fjord region. The fourth group

	

Ij\]	includes the deep water samples
(greater than about 600 meters).

There are several single species

	

no	bathymetric and geographic relation-

	

yes	ships for the study area. Several
no sample	species are more dominant in deeper

yes
no water (below 600 meters) including

P093-06-17	
Phlyctocythere sp. and Xestoleberis

	

yes	spp. Krithe spp. is common in most

	

yes	samples but becomes most common

	

no	at deeper sites. Species restricted to

	

yes	shallower water sites include Pro-

	

yes	cythereis robusta, Pseudocythereis sp.,

	

yes	and Patagonacythere spp. Intermedi-

	

yes	ate depths have the most diverse

	

yes	assemblages and contain higher per-

	

yes
	of Bradleya normani and

	

yes	Munseyella spA. (figure 2). Several

	

yes	species were restricted to southern
yes

	

yes	sample sites, including Cativella ben-

	

yes	soni (found only in samples PD93-06-

	

no	07 and -08), Hemicytherura stationis,

	

no	and Pro cythe reis torquata. Specimens

	

yes	of Procythereis robusta were restrict-
ed to northern latitude sites, as were
specimens of Loxoconcha bullata.

Environmental data to be compared with the
MCOD and its cluster analysis will include oceano-
graphic data (bottom water temperature and salinity),
substrate total organic carbon, and substrate grain
size. Oceanographic data will be accumulated from
several sources. A limited number of conductivity-tem-
perature-depth (CTD) casts from cruise PD93-06 have
been analyzed. Oceanographic trends and some point
data are contained in papers by Pickard (1971, 1972,
pp. 95-104), and a National Oceanographic Data Cen-
ter CD-ROM contains several points within the fjord
region of Chile with both temperature- and salinity-
profile data.

Several piston cores are being subsampied for
ostracodes at 20-centimeter intervals, and the subsam-
pies are being picked using the same technique as for
the grab samples. Changes in the ostracodes present in
these piston core subsampies will be compared to the
samples in the MCOD. To date, five piston cores
(PD93-06-15, -17, -18, -27, and -35) have contained
subsamples with abundant ostracodes. Core catchers

Figure 1. All are left valves of adult females. A. Heni'yhowella sp.
A., P093-06-07 grab. B. Hem!ngwaye!Ia pumilo., P093-06-07
grab. C. Bradleya norman!. morph A., P093-06-07 grab. D.
Patagonacythere Iongducta?, P093-06-07 grab. E. Cativella
bensoni., P093-06-08 grab. F. Cytheropteron gauss!?, P093-06-
07 grab. (um denotes micrometer.)
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(colder water) taxa being more preva-
lent. Cluster analysis of the MCOD will
be used to interpret quantitatively the
changes in ostracode faunal assemblage
downcore through a modern analog
method. The modem analog should pro-
vide approximate paleoenvironments of
samples for the length of the piston
cores.

I thank Amy Leventer and Tom
Cronin for support (assistance), and
Wendy L. Cunningham for scanning
electron micrograph photography. I sin-
cerely thank the crew and staff of the R/V
Polar Duke for their outstanding field
assistance. The scientific personnel
included Sarah Aavang, John Anderson,
Jana da Silva, Regina Figge, Thomas
Hooyer, Scott Ishman, Larry Krissek,
Amy Leventer, Rodolfo Martinez, Xime-
na Prieto, Andrew Shuckstes, Jay Stayers,
and Eduardo Valenzuela. This work is
part of my masters thesis research and is
supported by National Science Founda-
tion grant OPP 91-18492.
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Quaternary marine sediments of southern Chile
AMY LEVENTER, LARRY KRISSEK, and ANDREW SHUCKSTES, Byrd Polar Research Center, Ohio State University,

Columbus, Ohio 43214
Scorr ISHMAN, U.S. Geological Survey, Reston, Virginia 22092

T
his report summarizes progress on studies of modern sed-
iments and piston cores obtained during the July 1993

R/V Polar Duke cruise from Punta Arenas to Puerto Montt,
Chile (PD93-06). This project was conducted by research
groups led by John Anderson at Rice University; Jay Stravers
at Northern Illinois University; Amy Leventer, Larry Krissek,

and Andrew Shuckstes at Ohio State University; and Scott Ish-
man at the U.S. Geological Survey. The general goals of the
study are to
• examine Patagonian ice-sheet dynamics during the late

Wisconsin glaciation;
• analyze ice-sheet response to changes in marine and ter-
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restrial climate during the
glacial/ interglacial transition;

• develop a high-resolution late
Quaternary climate record for
southern Chile based on floral,
faunal, and geochemical indi-
cators; and

• establish the relationships
between South America and
Antarctic Peninsula in terms of
the timing and extent of late
Quaternary climatic fluctua-
tions.

To accomplish these objec-
tives, a combination of geophysi-
cal data [single-channel seismic
reflection profiling (air-gun and
Huntec) and 3.5-kilohertz (kHz)
profiling], marine sediments
(Smyth-McIntyre surface grab
samples, gravity cores, and piston
cores), and hydrographic data
[conductivity-temperature-depth
(CTD) casts] were collected dur-
ing the 1993 cruise (table 1). The
sediments are stored permanent-
ly at the Antarctic Core Storage
Facility at Florida State Universi-
ty. The seismic data are split
between Rice University and
Northern Illinois University. This
article details the work done on
both the cores and grab samples
since their arrival in the United
States.

Fifty-eight locations within
the fjord region of Chile were
sampled (table 1). Forty-four
Smyth-McIntyre grab samples, 38
piston cores, and several gravity
cores were retrieved. Oceano-
graphic data were obtained via a
CTD instrument at several loca-
tions. Sediments were collected
from water depths between 45
and 1,140 meters and from
marine environments ranging
from inner fjord to open shelf. To
date, all of the grabs and core
catchers and approximately one-
third of the cores have been
processed for micropaleontologic
work by wet-seiving, through a
63-micrometer mesh, after disag-
gregation in a solution of boiling
sodium hexametaphosphate. All
samples contain microfossils of

Table 1. Sample data for PD93-06

P093-06-Ui
PD93-06-02
PD93-06-03
PD93-06-04
PD93-06-05
P093-06-06
PD93-06-07
P093-06-08
P093-06-09
PD93-06-1 0
PD93-06-1 1
PD93-06-12
PD93-06-1 3
P093-06-14
P093-06-15

P093-06-16
PD93-06-1 7
PD93-06-1 8
P093-06-19
PD93-06-20
P093-06-21
P093-06-22
P093-06-23
P093-06-24
PD93-06-25
P093-06-26
P093-06-27
P093-06-28
P093-06-29
P093-06-30
P093-06-31
P093-06-32
P093-06-33
P093-06-34
P093-06-35
P093-06-36
P003-06-37
P093-06-38
PD93-06-39
P093-06-40

P093-06-41
P093-06-42
P093-06-43
P093-06-44
P093-06-45
P093-06-46
PD93-06-47
PD93-06-48
P093-06-49
P093-06-SO
PD93-06-51
P093-06-52
P093-06-53
P093-06-54
P093-06-55
PD93-06-56
PD93-06-57
P093-06-58

A * denotes core catcher only.

82.5
285
282
270
232
285
255
491
413
413
443
360
202
622

1,140
608
592
210

94
293
184
143
122
210
210
548
730
251
161
306
206

1,058
623
347
330

45
73
62
58

112
135
130
217
180
229
307
150
112.5
98

165
271
338
128
240
232
250
481
240

yes	yes	no	no
no	yes	127	no
no	yes	no	no
no	yes	no	no
no	yes	*	no sample
no	yes	no	194
no	yes	no	no
no	yes	288.5	no
no	yes	no	no
no	yes	no	no
no	yes	no sample	no
no	yes	321	no
no	yes	no	no
no	yes	no	no
no	yes	815	no
no	yes	840	no
no	no	823	no
no	yes	860	no
no	yes	833	no
no	yes	515	no
no	yes	no	no
no	no	810	no
no	yes	no sample	no
no	yes	427	no
no	yes	780	no
no	yes	797	no
yes	yes	607	no
no	no	705	no
no	yes	432	no
no	no	786	no
no	no	831	no
no	no	785	no
no	no	800	no
no	yes	733	no
no	yes	500	no
yes	yes	no	no
yes	yes	99	no
yes	yes	705	no
yes	yes	760	no
yes	yes	822	no
no	no	383	no
yes	yes	no sample	no
yes	yes	777	no
yes	yes	140	no
yes	yes	 no
yes	yes	808	no
no	yes	no	no
yes	no	no
yes	no	no
yes	yes	no	no
no	yes	no	no
yes	yes	713	no
yes	no	no	no sample
yes	yes	655	no
yes	no	no	258
yes	yes	no	no
yes	no	712	no
no	no	848	no
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Selected magnetic susceptibility profiles for cores collected during
PD93-06. The vertical scale is depth downcore in centimeters, and the
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varying types and abundance, including planktic and benthic
foraminifera, ostracodes, diatoms, pollen, and dinoflagellates.

Magnetic susceptibility measurements at 5-centimeter
(cm) intervals were made on all cores immediately after col-
lection. These data (figure) were used to make tentative inter-
pretations of downcore variability in sediment lithology; these
interpretations have been confirmed upon visual inspection
of the cores. For example, the peak in magnetic susceptibility
between 290-310 cm in PD93-06-15PC corresponds to a
coarse sand unit with gradational upper and lower contacts.
In PD93-06-18PC, a large peak in magnetic susceptibility has
an abrupt base at 650 cm with a gradual decrease in values
above. This unit is a turbidite visible as a fining upward unit
with a sharp lower sandy contact above a gray bioturbated
clay. The peak in magnetic susceptibility between 486 and 493
cm appears to be a turbidite also. This unit is a dark gray, fin-
ing upward sand, again with a sharp lower contact. PD93-06-
57PC is a core characterized by numerous small turbidites,

averaging 15-20 cm in thickness. These units can be seen
clearly in the magnetic susceptibility record. Finally, PD93-
06-58PC illustrates the more gradational change in magnetic
susceptibility seen in several of the cores. Values gradually
decrease from a high of approximately 400 electromagnetic
units per oersted per cubic centimeter at the base of the core,
to a low of about 100 cgs near the top of the core. The lower
part of this core is a dark olive silty and sandy clay, which
gradually fines upward.

Tandem accelerator mass spectrometer (TAMS) carbon-
14 dating of foraminifera will provide chronologic control for
selected cores. Initial work concentrates on dating core-
catcher material to estimate variability in sedimentation rates
in different regions of the Chilean continental margin. These
data are presented in table 2. Uncorrected bottom dates for
the two cores from the Straits of Magellan (PD93-06-15PC and
PD93-06-17PC) yield approximate sedimentation rates of 91
cm/1,000 years and 107 cm/1,000 years. These two cores
appear to contain pelagic sediments deposited during the
Holocene. A date from PD93-06-58PC, in the Gulf of Ancud,
indicates a higher sedimentation rate of about 175 cm/1,000
years. Radiocarbon dating of benthic foraminifera from the
core catcher of PD93-06-15PC shows a 650-year difference
between dates based on planktic vs. benthic foraminifera.
Additional samples are being prepared for radiocarbon analy-
ses to determine sedimentation rates in other parts of the
shelf and downcore variability in sedimentation rates within
the cores already dated.

We thank all of those aboard the RIV Polar Duke during
the 1993 cruise. We especially thank our Chilean colleagues,
Eduardo Valenzuela, Rodolfo Martinez, and Ximena Prieto,
for their participation in this project. The radiocarbon analy-
ses were completed by Mark Abbott, of the University of Min-
nesota Umnological Research Center, at Lawrence Livermore
Laboratories. This research was funded by National Science
Foundation grant OPP 91-18492.

Table 2. Uncorrected TAMS radiocarbon dates on
foraminifera from selected piston core catcher samples

PD93-06-1 5PC 8,960±60 Plariktic foram iriif era—mostly
Globigerina bulloides

PD93-06-15PC 9,610±60 Benthic foram in ifera—m ixed
assemblage

PD93-06-1 7PC 7,690±80 Planktic foram in ifera—mostly
Globigerina bulloides

PD93-06-58PC 4,850±100 Planktic foram in ifera—mostly
Neogloboquadrina
pachyderma

a ln years before present.
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NBP93-8 preliminary results of coring and high- and
intermediate-resolution seismic surveys of Ross Sea,

Antarctica: Improving understanding of linkages between
eustatic change and sequence architecture of glaciated

continental margins
Louis R. BARTEK, University ofAlabama, Department of Geology, Tuscaloosa, Alabama 35487-0338

H
igh-resolution seismic stratigraphic units have been
identified and traced in seismic profiles over extensive

portions of the Ross Sea continental margin (Bartek et al.
1991; Alonso et al. 1992, pp. 93-103; Anderson and Bartek
1992, pp. 231-263). These units appear to be bound by glacial-
ly carved unconformities and contain a variety of seismic
facies. Correlation of the seismic stratigraphic units to the
sparse Ross Sea drill-core database suggests that the strata of
the Ross Sea continental margin contain a record of Cenozoic
ice-sheet waxing and waning events that correspond to major
climatic and eustatic events (Bartek et al. 1991; Anderson and
Bartek 1992, pp. 231-263). The Ross Sea has been and cur-
rently is a recipient of a significant proportion of antarctic ice-
sheet drainage, so the stratigraphic record from the Ross Sea
continental margin can serve as a proximal "barometer" of
antarctic ice-volume fluctuation. What is lacking at this point
are data that facilitate a more accurate determination (higher
resolution) of the intervals when the units were deposited and
when the unconformities were produced. During R/V
Nathaniel B. Palmer cruise 93-8 (NBP93-8), cores and high-
and intermediate-resolution seismic data were collected in
the Ross Sea to facilitate correlation of the Ross Sea record of
ice-volume fluctuation to global records of climate and eusta-
tic change.

NBP93-8 departed Punta Arenas, Chile, on 5 December
1993 and arrived in the Ross Sea and began seismic data
acquisition on 21 December 1993, after navigating through
nearly 300 nautical miles of pack ice to locate open water in
the Ross Sea. The seismic and subbottom profiler survey cov-
ered an extensive area in central and eastern Ross Sea (figure
1). During this survey, 1,376 kilometers (km) of 210-cubic-
inch (in3) generator injector (GI) gun/ multichannel data were
collected, along with 3,018 km of 210-in3 GI/single channel
data, 1,229 km of 50-in3 GI/single channel data, 1,304 km of
15-in3 water gun/single channel data, 2,378 km of 3.5-kilo-
hertz profiler data, and 18 gravity and piston cores.

Preliminary examination of NBP93-8 seismic data reveals
that tectonic activity and glacial erosion of the shelf have
made much of the Cenozoic section in the region accessible
with shallow coring (figure 2). This situation is providing a
means of correlating ages and lithologies to seismic
sequences and facies. Early analysis also indicates that the
increased survey grid density reveals previously unidentified
geographic control in glacial seismic facies variability in the
Ross Sea. For example, in the central Ross Sea, sequences

located more proximally to the modern ice-sheet grounding
line are primarily composed of numerous cross-cutting,
trough-shaped sequences constituting a massive seismic
facies. Near the modern continental shelf edge, laterally
equivalent seismic facies in these sequences have lobe-
shaped external morphologies that range from purely massive
seismic facies to massive seismic facies containing clino-
forms. Another interesting discovery is that clinoform inclina-
tion directions and trough orientations indicate that direc-
tions of glacial paleoflow may have varied widely through
time. Ongoing analyses will also attempt to identify the nature
of the relationships between various Cenozoic seismic facies
and lithofacies. Additionally, we will make an assessment of
the minimum survey profile spacing required to provide a
high probability of properly identifying various types of
glaciogenic and nonglacial seismic stratigraphic units.

Cruise scientific participants include Janel Andersen,
Louis Bartek (Chief Scientist), Matt Curren, Stuart Henrys,
Marilyn Kressel, Martine LaPointe, Brent O'Brien, Tony
Springer, and Diane Winters. Principal Investigators associat-
ed with the project are Louis Bartek of University of Alabama,
David Harwood of University of Nebraska, and Peter Noel-
Webb of Ohio State University.

We want to thank the dedicated individuals of the sci-
ence support teams from Antarctic Support Associates
aboard R/V Nathaniel B. Palmer and at Palmer and McMur-
do Stations and the captain and crew of the Nathaniel B.
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Figure 1. Map of the Ross Sea showing locations of NBP93-8 seismic
profiles.
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Figure 2. Seismic profile NBP93-8-1 5 illustrating how glacial scour into older Cenozoic units provides an opportunity to sample these older strata
with piston cores. Locations of cores into subcropping Neogene and late Paleogene strata (David Harwood personal communication) at core sta-
tions7, 8,9,10,11, and 13.

Palmer for helping us to have a successful cruise. This
research is supported by National Science Foundation grants
OPP 92-20848, OPP 92-20854, and OPP 92-30844 to the Uni-
versity of Alabama, University of Nebraska, and Ohio State
University, respectively.
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High-resolution seismic survey of the Ross Sea continental
shelf: Implications for ice-sheet retreat behavior

STEPHANIE S. SHIPP and JOHN B. ANDERSON, Department of Geology and Geophysics, Rice University, Houston, Texas 77005

X-c
understanding of the past activity of the west antarctic
e sheet is critical to evaluate future behavior of the ice

sheet and its potential impact on sea level. The primary
objectives during R/V Nathaniel B. Palmer cruise 94-1 includ-
ed determining the extent of ice advance during the last
glacial maximum and determining the mechanisms, ice-sheet
configuration, and timing of glacial retreat. Toward these
goals, approximately 4,100 kilometers of high-resolution seis-
mic data and 45 piston cores and grab samples were collected
on the Ross Sea continental shelf (figure 1). A 50-cubic-inch
bubble-free air gun served as the seismic source. This source
was selected because it offered vertical resolution of features
on the order of 5 to 7 meters, sufficient to image glacial depo-
sitional features in detail.

Ongoing debate focuses on the extent of ice and how the
ice sheet retreated during the last deglaciation. The majority
of the west antarctic ice sheet lies below sea level, and exten-
sive regions overlie sedimentary basins. This, in conjunction
with the foredeepened nature of the Ross Sea continental
shelf, means that during deglaciation, increased sea level
could buoy the ice sheet, causing rapid grounding-line retreat
and draw-down of interior ice (e.g., Hollin 1962; Thomas and
Bentley 1978). Alternatively, thinning of the ice sheet could
occur by enhanced ice flow across a deforming substrate (e.g.,
Alley et al. 1989), without being triggered by rising sea level.

Preliminary analysis of seismic data reveals that the
majority of the continental shelf has thin to
absent late Pleistocene sedimentary cover.
The sediment thickens on the outer shelf,	-72'

within the troughs, to a maximum of 120 mil-
liseconds. At the shelf break and across the
slope, thicknesses are greater. A single seismic
facies constitutes the sedimentary cover. It is
acoustically massive internally with rare clino-
forms and commonly exhibits a hummocky
surface relief and hyperbolic reflectors. The
surface relief rarely exceeds 30 milliseconds
(figure 2). The hummocky nature is most
apparent on lines perpendicular to the glacial
troughs and may indicate furrows aligned
with the direction of ice movement. The seis-
mic facies overlies an erosional unconformity.
This unit is interpreted as till.

Distinct differences occur between east-
ern and western Ross Sea. Western Ross Sea
has more deeply carved troughs on the inner
continental shelf. The troughs are filled with
20-60 milliseconds of sediment on the outer
shelf, but thick sedimentary packages occur
along the bank edges. The depositional unit

observed in Ross Sea tentatively has been correlated with that
of Karl, Reimnitz, and Edwards (1987, pp. 77-92). Paleo-ice-
stream boundaries and bank tops are erosional (figure 3). The
boundaries are deeply cut into older strata and capped by
more recent units. In contrast, eastern Ross Sea is character-
ized by a less organized depositional pattern. Paleo-ice-
stream boundaries tend to be depositional; the thickest
deposits of the region constitute these banks. In some regions
of the troughs, the sediment cover is thin to absent; but a
20-40-millisecond thick sediment package covers the majori-
ty of the area. Intrastream bank tops occur at greater water
depths and do not exhibit flat, eroded tops.

Ross Sea typifies a polar glacial setting; it is devoid of melt-
water-derived features. A tentative deglaciation scenario is that
interaction between sea-level fluctuations and substrate con-
ditions controlled the retreat of the marine-based ice sheet.
During the last glacial maximum, ice extended to the continen-
tal shelf edge. A series of ice streams was active at some point
during deglaciation, evinced by a distinct topographic signa-
ture and continuous petrographic provinces across the conti-
nental shelf (Jahns, Antarctic Journal, in this issue). The trough
axes formed sites of erosion or limited deposition, but thick
packages of material were deposited on the sides of the
troughs. The bank tops in western Ross Sea probably were the
sites of thinner, perhaps stagnant ice. In eastern Ross Sea, ice
probably did not pin on the banks dividing ice streams. Due to
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Figure 1. Locations of high-resolution seismic data, piston cores, and grab samples
collected during RN Nathaniel B. Palmer cruise 1994-1.
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Figure 2. Example of the upper depositional unit in Ross Sea. Note the presence of the glacial erosional unconformity. Location of profile is indi-
cated on figure 1.
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Figure 3. Erosional paleo-ice-stream boundary in western Ross Sea. Location of seismic line is shown on figure 1.

its relatively shallower nature, ice in eastern Ross Sea would
have remained grounded longer in the event of sea-level rise.
Ongoing analyses should constrain the timing of deglaciation
and determine whether or not deglaciation occurred in pulses.

This work was supported by the National Science Foun-
dation grant OPP 91-19683. Appreciation is extended to the
crew of the R/V Nathaniel B. Palmer for a highly productive
and pleasant cruise.
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Evidence for a fluidized till deposit on the Ross Sea
continental shelf

ELKE JAHNS, Department of Geology and Geophysics, Rice University, Houston, Texas 77005-1892

I
n this study, I analyzed the petrography of piston cores and
grab samples taken in the Ross Sea to determine the nature

of the diamicton deposited there. The west antarctic ice sheet,
which drains largely into the Ross Sea, contains several fast-
moving ice streams. These are thought to be riding on a
water-saturated till layer (Alley et al. 1989). This fluidized till
model has strong implications for the stability of the ice sheet,
because shear deformation of this layer allows the ice streams
to move much more rapidly than would be the case with plas-
tic deformation or basal sliding (Engelhardt et al. 1990).

Cores and seismic surveys in the Ross Sea indicate a
regional unconformity overlain by a diamicton up to tens of
meters thick. Alley et al. (1989) propose that these features are
the result of erosion by the ice streams and deposition of flu-
idized till. Our objectives were to determine whether or not
the diamicton was indeed a fluidized till layer and to use vari-
ations in petrographic composition of the diamicton to dis-
tinguish between ice-stream provenances.

To study the diamicton, we collected piston cores, in
conjunction with seismic data, in the eastern and western
Ross Sea while we were aboard the R/V
Nathaniel B. Palmer. The several-meter-155
long cores were described and shear	70
strengths were measured on board,
immediately after splitting them. Nine	71
cores were selected for analysis from an
east-west transect across ice streams C
and B and part of ice stream A (figure 1).
Samples were taken approximately every
50 centimeters within each core, soaked
in a mild Calgon solution, ultrasonically
cleaned for 30-60 seconds, and washed
through a 63-micron sieve. The coarse
(larger than 1 millimeter) fraction was
used for a loose-grain analysis under the
microscope. On average, 125 grains were
counted for 35 samples. The rock types
fell into several distinct categories, includ-
ing metamorphics, volcanics, till pellets,
and aeolian sandstone (see table). Most of
the rock types include several subcate-
gories. None of these, however, was abun-
dant enough to be considered as a sepa-
rate group. Figure 2 shows the variations
in sample composition.

Ternary plots of the sample composi-
tions show that all samples from the same
core cluster together, indicating homo-
geneity with depth. Furthermore, the
samples show provinciality, because the

compositions can be divided into groups corresponding to
cores from different ice streams. Ice stream B has the largest
quantity of volcanics, which are presumably derived from the
adjacent volcanics of Ross Island. Cores taken in ice stream
B/C, farther from the volcanic source, are enriched in the
metamorphic component. The shear strengths vary greatly
but not uniformly with depth. Only small portions of 5 of the
11 cores have shear strengths greater than 0.25 kilograms per
square centimeter. (Shear strength data will be reported in a
Ph.D. thesis currently in process by S.S. Shipp at Rice Univer-
sity.) These results were then compared to those of four near-
by grab samples, collected during Deep Freeze 84. The com-
positions of the grab samples (glacial marine deposits) vary
considerably and typically do not plot near neighboring pis-
ton cores. This is due to the random deposition of ice-rafted
debris.

We expected the Ross Sea diamicton to be one of three
types: cohesive basal till, glacial marine sediment, or fluidized
till. Basal tills are characterized by compositional homogene-
ity and uniformly high shear strengths (greater than 0.25 kilo-
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Figure 1. The Ross Sea continental shelf, showing the location of piston cores from
Nathaniel B. Palmer 94-1 (denoted NBP94) and grab samples from Deep Freeze 84
(DF84) used in this study. The positions of ice streams A, B, and C are those proposed
by Stuiver et al. (1981).
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Rock types found in NBP94 piston cores and DF84 grab samplesa

Grades into 2
and 3

White, calcareous metasediment
Coarse-grained
50-90% white
Feldspar (probably anorthite)
Well-defined dark green and black amphiboles, pyroxenes, epidote,

smaller phlogopite crystals
Green and white metamorphosed sandstone

of fine-grained quartz and chlorite
Texture often sugary
Poorly defined crystals
Various small dark accessory minerals
White-reddish brown metamorphosed

sandstone
Fine-grained, sugary
Up to 90% quartz
Also biotite and various accessory

minerals
May be weakly foliated
Very shiny, coarse-grained, strongly

foliated, silvery-reddish brown muscovite schist
Quartz with up to 90% mica (with some

phiogopite)
Light gray-green pure, nonfoliated

metaquartzite
Medium gray, very fine-grained, weakly

foliated schist with muscovite and probably quartz and feldspar

Vuggy volcanic with glass and olivine
Vugs <0.5 millimeter, often filled

pyroxene
Medium-dark gray aphanitic volcanic
Has some feldspars, a few large (2

millimeter) pyroxene phenocrysts

Buff-light gray welded tuff
Aphanitic matrix with small, angular

fragments of feldspar, quartz, and pyroxene
Not very soft but can be scratched with tweezers
May have pumice texture

Rounded and frosted aeolian quartz grains

Rounded, unlithified pellets (crumble
easily when squeezed with tweezers)

Supported by fine gray matrix
Contains rounded grains of random lithologies

Brown-gray chert

Plutonic rock with large single crystals (several millimeters) of pink-beige
potassium feldspar with some biotite

Light gray-white quartz arenite
Well-rounded, matrix-supported

of uniform size and roundness
Biogenic fragments
Including pieces of bryozoa, foraminifera,

and barnacle plates

Metamorphic

2

3

4

5

6

Volcanics
7

8

9

Sandstone

Till pellets

Miscellaneous
10

11

12

13

Grades into 1

Grades into 1
and 4

Grades into 3

May resemble 8

May be slightly
reddish due to
oxidation

Resembles 10
or till pellets

Beacon Formation

Softer than 9
with rounder
and larger
fragments

Darker and
harder than 9

<4 grains per
sample

<4 grains per
sample

aNBP94 denotes Nathaniel B. Palmer 94-1 cruise. DF84 denotes Deep Freeze 84.
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n=3

Beacon Sandstone

Volcanic	 Metamorphic

n=3

Till Pellets

Figure 2. Petrographic composition of piston
core samples from Nathaniel B. Palmer 94-1
(NBP94) and grab samples from Deep Freeze
84 (DF84). The cores show homogeneity with
depth, because samples from the same core
cluster together. The plots also show provin-
cialty as cores from the same ice stream fall
into groups. Ice stream B is enriched in vol-
canics, probably derived from Ross Island,
whereas ice streams A and B/C contain more
metamorphic fragments. The grab samples
show the effect of ice rafting.

Piston	Ice
Core Stream

NBP94-17 B
NBP94-18 B
NBP94-19 B
NBP94-22 A
NBP94-31 B/C
NBP94-33 B/C
NBP94-35 B/C
NBP94-37 B/C
NBP94-39 B/C

Grab Sample
o DF84-30 B
o DF84-32 B

DF84-51 B/C
+ DF84-27 B/C

Volcanic	 Metamorphic

grams per square centimeter) (Anderson et al. 1980). Glacial
marine deposits are less cohesive and have greater petro-
graphic variability (due to ice rafting) than basal tills, and
their compaction increases gradually with depth (Anderson et
al. 1980). Fluidized till deposits should show petrographic
homogeneity with depth. Shear strengths should be fairly low,
though rigid plugs within the till could produce some variabil-
ity. In addition, fluidized till deposits should show provinciali -
ty due to basal transport in different ice streams.

The piston core samples show the characteristics of a flu-
idized till deposit, because they have low but variable shear
strengths and petrographic homogeneity. My work supports
the hypothesis that sampled portions of the uppermost mas-
sive diamicton in the Ross Sea represent the deposition of a
sub-ice stream fluidized till layer.

This work stems from an undergraduate research partici-
pation project funded by National Science Foundation grant

OPP 93-42953 to John Anderson. I thank Virginia Sisson for
her assistance in the petrographic analysis.
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Marine biology

Biogeographic observations on South Georgia marine yeasts
L.B. C0NNELL, Department of Botany, University of Washington, Seattle, Washington 98195

M
arine-occurring yeasts were first reported by Fischer
and Brebeck (1894). These organisms were only mini-

mally studied until the six cruises of the USNS Eltanin into
antarctic, southern Pacific, and southern Indian oceans (Fell
et al. 1969). The purpose of my study was to survey the marine
yeasts in the subantarctic region near South Georgia and
compare the species collected with those from other antarctic
regions. The fairly small changes in water temperature and
salinity from surface to bottom as well as the relative freedom
from terrestrial influences make the waters near South Geor-
gia well-suited to the study of yeast distribution from various
water masses.

Collections were made during the May and June 1993
cruise of the R/VNathaniel B. Palmer near South Georgia on a
grid of 15 stations bounded by 53054T5 35°39'W, 53054'S
35020'W, 54055'S 35 039'W, and 54 055'S 35020'W as well as one
station at 55 024'S 36°48'W. Temperature and salinity data
were collected with each sample to identify water masses.
Temperatures ranged from 0.4°C to 2.1°C whereas salinity
varied from 33.58 0/oo to 34.48%o. Samples were collected from
depths of 10 meters through 3,300 meters.

Methods of collection and yeast isolation were described
by Fell and colleagues (1969) except that chloremphenicol
(400 micrograms per milliliter) was added to the isolation
media to reduce the number of bacterial colonies recovered.
One liter of sample was filtered through 0.45-micrometer
black filters. Black filters were chosen to help locate light-col-
ored yeast colonies for the initial isolation. The filters were
placed in closed plastic petri dishes containing isolation
medium, incubated at 4°C for 2-3 weeks, and then inspected
for yeast growth. Each yeast isolate was scored for colony and
cellular morphology and for colony color, and then the isolate
was streaked on an agar slant for transport back to Seattle.
After subcloning four times to ensure clonal purity, chosen
colonies were stored frozen at -70°C.

Sixty-one samples were analyzed. Of these, 47 percent
allowed the retrieval of yeast colonies. Between 1 and 16
colonies were recovered for each 1-liter sample taken. Seven-
ty-two yeast isolates were successfully recovered and sub-
cloned. Of these 72 isolates, 19 percent were psychrophilic
(could not grow at or above 20 0C), and 43 percent grew more
rapidly at 20°C than at the temperature at which they were

collected (<4°C). All isolates will be identified, and the loca-
tion of isolation will be mapped to the water mass in which
they were collected.

For species identification, several methods will be used.
DNA and RNA have been extracted from each colony (Fell et
al. 1992; O'Donnell 1992). These nucleic acids will be used for
rRNA sequencing (Fell and Kurtzman 1990; Fell et al. 1992)
and subjected to rDNA PCR (Fell 1993) methods. Standard
species-identification techniques following Lodder and
Kreger-van Rij (1952) will also be applied.

All information obtained will be compared with the basic
data established by Fell et al. (1969). Future work should
employ expanded sampling and culture technologies to
ensure a more complete retrieval of representative antarctic
yeast populations.

I thank R.R. Veit for providing the field opportunity and
the crew and staff aboard R/V Nathaniel B. Palmer for their
technical support. This research was supported by National
Science Foundation grants OPP 92-20138 (awarded to L. Con-
nell) and OPP 89-130130 (awarded to P. Kareiva, R. Veit, and J.
Wingfield).
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T
he southern Ross Sea has been shown repeatedly to be the
site of large blooms of phytoplankton by both field studies

(Smith and Nelson 1985; DeMaster et al. 1992) and remote
sensing (Comiso et al. 1993). The bloom is advected into
McMurdo Sound, where it supports an active benthic food
web. Despite the potential for spatial variability, a bloom in
the southern Ross Sea has been observed in all years in which
data were collected.

During January and February 1994, we conducted a
cruise on the U.S. Coast Guard Cutter Polar Sea to the south-
ern Ross Sea (figure 1). The purpose of the cruise was to inves-
tigate the nitrogen and carbon dynamics of the phytoplank-
ton, and we sampled along 76°30'S. This is the same transect
occupied in 1983, 1990, and 1992, so we were confident that
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Phytoplankton biomass in the western Ross Sea:
January and February 1994

WALKER 0. SMITH, JR., ANN-MAREE WHITE, JAMES RICH, AMY SCI-IAuER, and MARY L. GARRErF, Botany Department and
Graduate Program in Ecology, University of Tennessee, Knoxville, Tennessee 37996

enhanced levels of phytoplankton would be encountered. Ice
cover was unusual because ice covered a large portion of the
western Ross Sea. This area usually becomes ice free in late
December, but in 1994, the ice persisted throughout the
entire austral summer.

•	The hydrographic conditions were also different from
those encountered in previous years. For example, the density
stratification was not as pronounced (figures 2A and 3A), and
the nitrate concentrations were nearly always greater than 20

•	micromolar (lAM) (figures 2B and 3B). Chlorophyll concentra-
tions were low and never exceeded 1 microgram per liter (.tg

•	L- 1 ) (figures 2C and 3C). Chlorophyll values greater than 20 ig
L' have been detected by remote sensing (Comiso et al.
1993), and discrete measurements have measured levels

greater than 12 jAg L- 1 (DeMaster et al. 1992); therefore, the
concentrations we observed were much lower than had

71 0S been observed previously during this time of year. Similar-
ly, the surface nitrate concentrations were greater than

(	
observed in 1983 and 1990 (approximately 10 and 15 lLMat
the surface vs. more than 20 KM in 1994).

730 The nutrient levels suggest that substantial produc-
tion, which persisted for the entire austral summer, had
resulted in particulate-matter genesis, but little of that
material remained in the water column. Similarly, the pro-
duction and biomass accumulation was less than had
been observed in other years. Interannual variability
occurs in all marine systems, and the interannual varia-
tions in southern ocean productivity have been hypothe-
sized to be extreme (Smith, Keene, and Comiso 1988, pp.
131-139). Our results show that the variations in nutrient
removal and biomass accumulation at one location in the
Ross Sea are indeed substantial. Such variations may affect
the food webs dependent on organic material from the

ruise. surface layer and the local biogeochemical cycles, but their
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We thank W. Sutherland, G. Taroncher, M. White, and the
officers and crew of the Polar Sea for their assistance in the
field. This research was supported by National Science Foun-
dation grant OPP 91-16872.
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Dispersal of benthic invertebrates in the Scotia Arc
by kelp rafting

BRIAN S. HELMUTH, RICHARD R. VEIT, and REBECCA HOLBERTON, Department ofZoology, University of Washington,
Seattle, Washington 98195

T
he ability of organisms to disperse offspring can have a
profound influence on the genetic structure of popula-

tions and the geographic distribution of species (Scheltema
1977, pp. 74-109; Worcester in press). Populations in remote
areas may be severely limited in the exchange of genetic
material with other populations, and the extent to which this
exchange occurs may be directly related to the likelihood that
adults, larvae, or gametes survive transport between popula-
tions. Many sessile, benthic invertebrates such as mussels
and barnacles, although restricted in their movement as
adults, are able to disperse young through the production of
pelagic larval stages that float in the plankton, often for
extended periods. Many species, however, especially at high
latitudes, instead retain (brood) larvae and early juveniles
until their young crawl away or are deposited near the parent
(Thorson 1950). Despite the lack of a defined pelagic dispersal
stage, at least some brooding invertebrates exhibit a fairly
wide geographic distribution (Jackson 1986). Highsmith
(1985) has suggested that the comparatively large number of
brooding species in high latitudes could be explained, at least
in part, by the fact that sessile organisms may be transported
on dislodged kelps, which are more prevalent in these regions

and can often form floating "rafts" of tangled kelp plants.
With very few exceptions, however, direct evidence of rafting
has been lacking, particularly in open-ocean environments.

We examined the potential for long-distance dispersal of
benthic invertebrates in the Scotia Arc in the vicinity of Cape
Horn (South America), the Falkland Islands, and the antarctic
island South Georgia on kelp (Macrocystis pyrifera) rafts. (More
detailed results are presented in Helmuth, Veit, and Holber-
ton, in press.) South Georgia (540S 370W) is located approxi-
mately 2,000 kilometers (km) east of Cape Horn (approximate-
ly 53 0S 68°W) and 1,300 km east-southeast of the Falkland
Islands (520S 590W; figure 1). Surface currents and winds in the
region are dominated by the Antarctic Circumpolar Current
("West Wind Drift"), a predominantly unidirectional current
running at 0.4-0.7 knots (0.75-1.3 kilometers per hour; Deacon
1982; U.S. Defense Mapping Agency 1988). As a result, kelps
dislodged from the region of Cape Horn and the Falkland
Islands could reach South Georgia but only if they remained
intact and afloat during the necessary travel time, a minimum
of 75-100 days at 0.5 knots (0.9 kilometers per hour). The
potential for algal rafts to serve as a significant means of trans-
port for benthic invertebrates, thus, depends on the abun-
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Figure 1. Mercator projection map showing collection locations (solid
circles) and transect line between South America and South Georgia.
The Antarctic Circumpolar Current (ACC), the predominant current in
the area, runs easterly from Cape Horn and the Falkland Islands
toward South Georgia. Five degrees of latitude equals 300 nautical
miles (555 km). (After Helmuth, Veit, and Holberton in press).

dance of rafts, the integrity of the kelps, and the probability of
associated epifauna surviving any physiological, hydrodynam-
ic, and predatory stresses experienced while at sea.

To determine the abundance of rafts in the area, we con-
ducted a series of strip transects along the western shore of
South Georgia and during the return leg of a cruise aboard the
R/V Nathaniel B. Palmer to Punta Arenas, Chile, in July 1993
(figure 1). All kelp patches within 150 meters to one side of the
ship were recorded, along with their position (latitude and
longitude) and an estimate of their size. A total of 43 kelp rafts
was observed during the 4 days of offshore transects. Rafts
ranged in size between 1 and 6 meters in diameter and each
contained 100-200+ individual kelps. The distribution of rafts
was patchy, but otherwise continuous between South Georgia
and South America (figure 2). Abundances were highest in
waters near South Georgia but most likely included rafts origi-
nating from the island as well as those transported from far-
ther west.

Kelp rafts were collected for examination of epifauna
from three locations between South Georgia and South Amer-
ica (figure 1). Individual kelps from each raft were collected
using a boat hook from the stern quarter of the ship, so any
mobile fauna probably were not captured. Each kelp was
examined completely for the presence and abundance of ben-
thic animals. In particular, we focused on the clam Gaimardia
trapesina, due to its abundance and the ease in determining
its reproductive state. This species is a common component
of kelp-bed communities in many nearshore subantarctic and
antarctic waters, including locations within the Scotia Arc,
Marion Island, and the Kerguelen Islands (for example, Dell
1964; Ralph and Maxwell 1977; Blankley and Grindley 1985,
pp. 630-636; Thiriot-Quievreux et al. 1988).

We found healthy populations of spirorbid polychaetes,
hydroids, bryozoans (Membranipora hyadesi), gooseneck bar-
nacles (Lepas australis), and clams (G.trapesina) on all rafts.
With the exception of L. australis, which were found primarily
at the branch points of the kelp stipe, most organisms were

Distance from South America (km)

Figure 2. Abundance of kelp rafts between South America and South
Georgia, normalized per square kilometer. Observations indicated a
continuous distribution between South America, the Falkland Islands,
and South Georgia. Abundances were generally highest in the vicinity
of the Falkland Islands and immediately adjacent (25 km) to South
Georgia.

located on the kelp blades. Indices of time since dislodgement
(kelp stipe length, blade length) generally suggested that rafts
closer to South Georgia were more deteriorated and, therefore,
had spent a substantially longer time at sea (Helmuth et al. in
press). In addition, clams from all rafts were found to contain
high numbers of brooded young (upwards of several hundred
per individual), suggesting that adults rafted from South Amer-
ica probably arrive at South Georgia with viable offspring.

Our data thus indicate that, over geologic time, G.
trapesina are likely to have been spread throughout and
beyond the Scotia Arc by rafting (Helmuth et al. in press). It is
also probable that populations on South Georgia experience
fairly frequent recruitment from populations from Cape Horn
and/or the Falkland Islands. Given its persistence over geo-
logic time, the West Wind Drift has likely served as a signifi -
cant means of dispersal for brooding invertebrates that are
capable of surviving transport between shores throughout the
southern oceans. Furthermore, the prevalence of algal rafts in
the area surveyed suggests that genetic exchange may occur
over ecologically relevant time scales and is likely to be signif-

icantly influenced by the unidirectional nature of the West
Wind Drift.

We thank the crew of the R/V Nathaniel B. Palmer and
the representatives of Antarctic Support Associates for their
outstanding cooperation throughout the cruise. Alan Kohn,
Richard Strathmann, and Martin White provided valuable
advice, and comments by George Shinn and Gary Waterhouse
improved the manuscript. This research was supported by
National Science Foundation grant OPP 89-1830 to Peter
Karieva and Richard R. Veit.
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Phytoplankton pigment profiles at the Weddell-Scotia
Confluence during the 1993 austral spring
ANNE C. SIGLEO, U. S. Environmental Protection Agency, Newport, Oregon 97365-5260

PATRICK J. NEALE, Smithsonian Environmental Research Center, Edgewater, Maryland 20715

M
ajor and accessory phytoplankton pigments were exam-
ined in regions of high and low phytoplankton biomass

at the confluence of the Scotia and Weddell Seas as part of an
investigation of the effects of stratospheric ozone depletion
and the concomitant increase in ultraviolet-B (UV-B) radiation
(280 to 320 nanometers) on phytoplankton photosynthetic
processes (Neale and Spector, Antarctic Journal, in this issue).
Pigment analyses were designed to supply supporting data for
potential biochemical changes, repair, and long-term adapta-
tions due to UV-B radiation exposure. Pigment data also can
provide insight on complex watermass -biomass interactions
(Bidigare et al. 1986; Klein and Sournia 1987; Buma et al. 1990).

Phytoplankton for pigment analyses were collected on
glass-fiber filters from 1-2 liters of seawater collected at 10- to
20-meter depth intervals with Niskin samplers. The filters
were submerged immediately in 1.5-milliliter 95-percent ace-
tone (100-percent acetone with a wet filter), extracted for 24
hours at -20°C in the dark, and analyzed shipboard by
reverse-phase, high-performance liquid chromatography
(HPLC). Acetone-extractable pigments were separated using a
three-step solvent gradient based on the solvent composi-
tions and ion pairing solution of Mantoura and Llewellyn
(1983). Chlorophyll pigments were detected with a Waters
Model 420 fluorescence detector (excitation 400-460
nanometers, emission greater than 600 nanometers) paired
sequentially with a Hewlett Packard 1050 variable wavelength
UV-visible absorbance detector programmed to 440 nanome-
ters for carotenoids. The pigment concentrations were deter-
mined from calibrations with authentic standards of the
available pigments (Sigma Chemical Company). Lutein was
used to obtain a response factor for the xanthophyll pigments
and chlorophyll-a was used for the fluorescence response fac-

tor. The relative retention time for each pigment was deter-
mined from pure cultures of phytoplankton with well-estab-
lished pigment contents (Wright et al. 1991), and the chloro-
phyllides and phaeopigments were derived chemically from
chlorophyll-a (Mantoura and Llewellyn 1983).

During October and November 1993, the Weddell-Scotia
Confluence near 60°S 50°W was delineated by a sharp bio-
mass front about 100 kilometers north of the ice edge (Neale
and Spector, Antarctic Journal, in this issue). Stations A and B,
located within the biomass front, had a well-developed upper
mixed layer with a sharp pycnocline at 60 to 80 meters depth.
Chlorophyll-a concentrations in the upper 100 meters ranged
from 0.1 micrograms per liter south of the front to over 6.5
micrograms per liter north of the front. Although higher than
HPLC values reported previously for the southern oceans
(Bidigare et al. 1986; Buma et al. 1990), similar ranges in
chlorophyll-a concentrations have been reported during algal
blooms in temperate waters (Klein and Sournia 1987).

Large concentrations of the accessory pigments fucoxan-
thin, (average, 3.9 micrograms per liter) and chlorophyll-c
(average, 1.1 microgram per liter) were present, along with
significant amounts of the photoprotective carotenoids,
diadinoxanthin (DD), and diatoxanthin (DT). Fucoxanthin
was the most abundant carotenoid and generally covaried
with chlorophyll-a, chlorophyllide-a, or the sum of the two
(figure 1). These results suggest that fucoxanthin is more sta-
ble than chlorophyll-a, and as chlorophyll-a degrades to
chlorophyllide-a, fucoxanthin remains and accumulates
along with chlorophyllide-a. The large amount of fucoxanthin
is characteristic of diatoms, in accord with the identity of Tha-
lassiosira gravida as the predominant species in the water
column. The T. gravida occurred in large colonies up to sever-
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Figure 1. Vertical distributions of chlorophylls (left panels) and
carotenoids (right panels) measured at stations A and B within the bio-
mass front. Pigment concentrations are given in micrograms per liter
(jig L-1 ); depth is in meters. Dashed lines denote chlorophyllide-a.

al millimeters in length. The high concentration of accessory
pigments in the water-column assemblages suggests adapta-
tion to low-light conditions (Perry, Talbot, and Alberte 1981),
consistent with a low ratio of euphotic-zone depth (approxi-
mately 30 meters) to mixed-layer depth (approximately 80
meters). Chlorophyll-b concentrations were low (20 nano-
grams per liter) or below the detection limit. Phycoerythrin,
indicative of cyanobacteria, was minor (approximately 200
nanograms per liter) but persistent at all stations. 19'hexa-
noylfucoxanthin, characteristic of Phaeocystis sp., was present
at several stations in the range 20-150 nanograms per liter.
Peridinin and violaxanthin were detected (approximately 20
nanograms per liter) only in several samples.

Chlorophyllide-a varied in concentration from 0.06 to
over 3 micrograms per liter, and constituted up to 35 percent
of the total sample pigment and over 95 percent of the chloro-
phyll degradation products at stations A and B. The concen-
trations of chlorophyllide-a, a hydrolysis product of chloro-
phyll-a found in senescent cells, frequently increased when
those of chlorophyll-a decreased (figure 1) and was below the
detection limit south of the biomass front (figure 2). High
concentrations of chlorophyllide-a at several stations indicate
that phytoplankton senescence and/or zooplankton grazing
had localized impact on pigment compositions (Bidigare et al.

200	 200	 I	I
0	0.25	0.5	0.75	1	0	0.05	0.1	0.15 0.2

CONCENTRATION (jig U')	CONCENTRATION (Jig L4)

Figure 2. Vertical distribution of pigments at station C, south of the
Weddell-Scotia Confluence biomass front. Pigment concentrations

1986; Jeffrey and Hallegraeff 1987). Since chlorophyllide-a
concentrations can exceed those of chlorophyll-a in mature
cells, these results from the southern ocean emphasize the
need for complete pigment analyses to avoid errors in estima-
tions of photosynthetically active biomass.

We thank other members of the UV-B/Ozone 93 team,
the officers and crew of the R/V Nathaniel B. Palmer, and
Antarctic Support Associates for logistic support. This
research was supported by National Science Foundation
grant OPP 92-20373 to P.J. Neale and J.J. Cullen. (This is ERLN
publication N-280.)
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The foraminifera of Explorers Cove, Antarctica: A deep-sea
assemblage in shallow water?

ANDREW J. GOODAY, Institute of Oceanographic Sciences, Deacon Laboratory, Brook Road, Wormley, Godalming, Surrey
GU8 5UB, United Kingdom

SAMUEL S. BOWSER and JOAN M. BERNHARD, Wadsworth Center, Albany, New York 12201

D
ramatic environmental and biological differences exist
between eastern and western McMurdo Sound, Antarcti-

ca (Dayton and Oliver 1977; Barry 1988; Barry and Dayton
1988). The eastern side, for example near McMurdo Station, is
predictably ice-free during the late austral summer and is
bathed by south-trending currents from the Ross Sea. A
strong phytoplankton bloom supports some of the world's
densest macrofaunal communities. The western side is much
more oligotrophic as a result of being more frequently ice-
covered and bathed by nutrient-depleted currents originating
from under the Ross Ice Shelf. It is characterized by low
macrofaunal densities which are comparable to those in the
bathyal deep sea.

Explorers Cove, situated in the oligotrophic western
sound, has been a focus for studies on benthic foraminifera
(for example, DeLaca, Lipps, and Hessler 1980; DeLaca, Karl
and Lipps, 1981; DeLaca 1986; Alexander and DeLaca 1987;
Bernhard 1987, 1989; Bowser and Bernhard 1993). Among
other things, these studies have shown that large agglutinated
foraminifera, which closely resemble bathyal taxa, are abun-
dant at depths accessible to scuba divers. This is, therefore, a
site of prime interest for deep-sea foraminiferal workers. One
goal of the 1993 field season was to obtain a more complete
survey of the foraminiferal community at our 10-27-meter
(m) deep study site to compare this shallow, cold-water, olig-
otrophic community with those from bathyal and abyssal
depths in the northeast Atlantic and elsewhere.

The foraminifera were obtained by scuba divers using
two methods:
• an air-lift suction system, which provided semiquantitative

samples of foraminifera larger than 1 millimeter (mm)
from approximately 1 square meter of the seafloor, and

• coring, which provided smaller (44.2 square centimeter
surface area), quantitative samples.

More work needs to be done on the material we collect-
ed, but some preliminary observations and conclusions can
be reported:
to As previous studies indicated, large, "primitive" (that is,

single-chambered) agglutinated foraminifera are very
abundant. Many of the most abundant species listed in
table 1 (Astrammina rara, Astrorhiza sp., Crithionina sp. 1,
Crithionina sp. 2, Psammosphaera sp., and an undescribed
"quartz ball" species that selects clear grains for its test) are
of this type. Most of these species live at or near the sedi-
ment surface (table 2). Some are probably suspension
feeders; others are believed to be carnivorous; and still oth-
ers take up dissolved organic matter (DeLaca, Karl, and
Lipps 1981).

• Komokiaceans and xenophyophores (large agglutinated
rhizopods that are typical of the deep sea) were not
observed in our samples, but solid, mudball-like structures
containing narrow, branching strands of cytoplasm are
fairly common. These organisms clearly are not true
komokiaceans since the cytoplasm is not contained within
a branching system of test tubules, as described by Tendal
and Hessler (1977). They may represent shallow-water
komoki analogues, however.

• As already shown by Bernhard (1987, 1989), smaller
foraminifera occur in the finer sieve residues (greater than
63 micrometers) of cores. Their abundance is less than in
bathyal northeastern Atlantic samples (Gooday 1986) but
is comparable to values from the abyssal N. Pacific (Snider,
Burnett, and Hessler 1984; Bernhard 1992). In addition to
it calcareous taxa, our new samples have
yielded a variety of soft-bodied allogromiids, including
several long, vermiform species which live mainly in the
deeper sediment layers.

• The finest sieve residues examined (31-63 micrometers)
contained a surprising assortment of tiny, flask-shaped
taxa. Some of these are clearly allogromiids but others
resemble the testate amoebae described from sublittoral
sands off the French Coast by Golemansky (1991).

• "Live" (rose Bengal stained) specimens of most of the large
foraminifera (greater than 1 mm) are concentrated in the
superficial 1 centimeter of sediment; only "quartz balls"
are common below this depth (table 2). Substantial num-
bers of "live" foraminifera in the 0.5-1.0-mm size range
occur in deeper layers, however, although they are still
most abundant in the upper 1 centimeter.

So what about the question posed in the title of this con-
tribution? The foraminifera living at our study site are clearly
different from most abyssal and lower bathyal assemblages in
several respects. For example, true komokiaceans and related
delicate, tubular, and chainlike taxa (Gooday 1990, pp. 63-91)
appear to be absent whereas large suspension feeders are visu-
ally conspicuous above the sediment surface. In part, these
differences must reflect the more oligotrophic nature of the
deep-ocean floor and the relatively coarser sediments (silty
sand) in Explorers Cove. On the other hand, there do seem to
be close parallels between our sublittoral (25-27-m) antarctic
assemblage and those recorded from depths greater than 100
m, sometimes considerably deeper, at certain northern, high-
latitude sites. For example, communities dominated by large,
mainly agglutinated foraminifera have been recognized
between 100 and greater than 500 m in Greenland fjords and
the northern North Sea (Stephen 1923; Spärck 1933; Thorson
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Crithionina sp. 1
Psammosphaera sp.
Astrammina rara
Astrorhiza sp.
Quartz balls
Crithionina sp. 2
Pyrgo sp.
Gromia sp.
"Komokiacean" sp.
Allogromia sp. 1

Quartz balls	 41
	

15.1
2
	

Psammosphaera sp.	39
	

14.3
3
	

Crithionina sp. 1
	

27
	

9.9
4
	

Allogromia sp. 1
	

24
	

8.8
5
	

Astrorhiza sp. 1
	

23
	

8.5
6
	

Astrammina rara	23
	

8.5
7
	

Allogromia sp. 2
	

19
	

7.0
8
	

Crithionina sp. 2
	

18
	

6.6
9
	

"Komokiacean" sp. 2
	

16
	

5.9
10
	

Rhabdammina cornuta	7
	

2.6

1934; McIntyre 1961). Crithionina granum, a species which
closely resembles our Crithionina sp. 1, is the numerically
dominant organism in samples (greater than 1.3 mm) from
50-60 fathoms (91-100 m) in Loch Nevis, Scotland (McIntyre
1961). Another Crithionina species is extremely abundant at
much greater depths (1,400-1,500 m, 2,000-3,200 m) in the
Norwegian-Greenland Sea (Thies 1990, pp. 305-311). Finally,
the conspicuous occurrence of suspension feeding
foraminifera in Explorers Cove invites a comparison with
bathyal (600-800 m) biotopes on the Norwegian continental
margin (Lutze and Altenbach 1988; Linke and Lutze 1993). The
accessibility of our study site in Explorers Cove to scuba divers
provides a valuable-perhaps unique-opportunity to con-
duct experimental studies on these large foraminiferal species
and to observe them directly in their natural habitat.

The 1993 field program participants included the
authors, Stephen P. Alexander, Neal W. Pollock, and Robert

Table 2. Vertical distribution in the sediment of "live"
(rose Bengal stained) foraminifera in greater than 1-
millimeter (N=8) and 0.5-1.0-millimeter (N=3) sieve
fractions of core samples from Explorers Cove. (S.D.
denotes standard deviation.)

	

0-1	233	29.1	11.2	330	110.0	36.8

	

1-2	39	4.8	2.8	207	69.0	23.8

	

2-3	15	1.9	1.9	81	27.0	5.1

	

3-4	14	1.7	1.4	61	20.3	2.0

	

4-5	9	1.1	1.1	19	6.3	1.7

	

5-7	0	0	0	16	5.3	1.9

	

7-10	0	0	0	3	1.0	1.4

W. Sanders. We are indebted to
the Antarctic Support Associate
personnel who helped establish
our camp and dive sites at Explor-
ers Cove, as well as the pilots and
crew of VXE-6. This work was sup-
ported by National Science Foun-
dation grant OPP 92-20146.
Andrew J. Gooday was supported
in part by a NATO International
Scientific Exchange Program Col-
laborative Research Grant.
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N denotes the total number of "live" (i.e., rose Bengal stained) specimens in eight cores.
bN denotes the total number of "live" specimens (containing cytoplasm) in six samples.
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Chemical ecology of three antarctic gastropods
JAMES B. MCCLINTOCK, PATRICK J. BRYAN, and MARC SLATTERY, Department of Biology, University ofAlabama,

Birmingham, Alabama 35294-1170
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JOHN N. HEINE, Moss Landing Marine Laboratories, Moss Landing, California 95039-3304

A
t depths below the effects of anchor ice and ice scour
(Dayton et al. 1969, 1970, pp. 244-258), the antarctic ben-

thos is thought to be structured primarily by biological factors
such as predation and competition (Dayton et al. 1974). Such
"biological accommodation" coupled with an extensive geo-
logical history characterized by relatively static environmen-
tal conditions (approximately 20 million years; Dayton et al.
1994) has provided ample time for the evolution of chemical
means of defense in gastropods and other antarctic marine
invertebrates (McClintock el al. 1990, 1991, 1992a, 1994a;
Baker et al. 1993). Water-column-dwelling gastropods, such
as pteropods, have likely been subjected to intense predation
pressure from pelagic fish. Moreover, although benthic gas-
tropods do not appear to be the preferred food of most bot-
tom-dwelling fish (Eastman 1993), they are likely prey of the
abundant seastars (Dearborn 1977, pp. 293-326; McClintock
1994).

As part of our multidisciplinary program investigating
aspects of the chemical ecology of antarctic marine inverte-
brates, we have undertaken studies to investigate antarctic
gastropods which are likely to possess chemical means of
defense. Previous studies (McClintock and Janssen 1990;
McClintock et al. 1992b) have revealed that whole-body tis-
sues of the antarctic pteropod Clione antarctica or mantle tis-
sues of the prosobranch mollusk Marseniopsis mollis and the
nudibranch Tritoniella belli are rejected by antarctic fish
(either Pagothenia borchgi-evinkii or Trematomus bernacchii).
Moreover, mantle tissue homogenates of M. mollis and T.
belli caused significant sensory tubefoot retractions in five
species of antarctic seastars (McClintock et al. 1992b). All of
these gastropods lack an external shell for defense, although

the prosobranch M. mollis has a vestigial shell imbedded
within the mantle tissues. Although these results indicated
that these antarctic gastropods were noxious to ecologically
relevant predators, the secondary metabolites responsible for
this bioactivity were unknown. In this paper, we review the
nature of the bioactive compounds and discuss their possible
dietary derivation.

The common pteropod C. antarctica was collected using
plankton nets near Hut Point and Cape Armitage in Novem-
ber and December 1993. Pteropods were sequentially extract-
ed in hexane, chloroform, methanol, and aqueous methanol.
The antarctic fish P. borchgrevinki and Pseudo trematom us
bernacchii showed feeding deterrence to 2 percent alginate
pellets containing 2 percent dried krill and tissue-level con-
centrations of the hexane extract [P.1. Bryan, W.Y. Yoshida,
J.B. McClintock, and B.J. Baker, unpublished manuscript: An
ecological role for pteroenone, a novel antifeedant from the
conspicuous antarctic pteropod C. antarctica (Gymnosomata:
Gastropoda)]. No feeding deterrence was observed in
response to pellets containing the other extracts or krill alone.
Using flash column chromatography, we further separated
the hexane fraction, and using high pressure liquid chro-
matography, we isolated five pure compounds. These com-
pounds were imbedded in alginate pellets and offered to both
antarctic fish. One of the compounds caused rapid rejection
of the krill pellets, and when we used 1- and 2-dimensional
proton and carbon-13 nuclear magnetic resonance (NMR),
we determined the compound to be a linear -hydroxyketone
(C 14H2402) and named it "pteroenone" (figure 1; Bryan et al.,
unpublished manuscript, previously cited; Yoshida et al. in
preparation). The primary prey of C. antarctica, the shelled
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pteropod Limacina helicina (Gilmer and Lalli 1990), did not
contain pteroenone suggesting that this defensive compound
is likely synthesized de novo.

The prosobranch M. mollis and the dorid nudibranch T.
belli, as well as their respective primary prey, the tunicate
Cnemidocarpa verrucosa and the soft coral Clavularia
frankliniana (Dayton et al. 1974), were collected from Octo-
ber through December 1993 from approximately 30 meters of
water near Hut Point, Cape Armitage, or Danger Slopes, near
McMurdo Station. Multiple individuals (more than 10) of T.
belli and C. frankliniana were lyophilized and tissues pooled.
The mantle, viscera, and foot of three M. mollis and the tunic
of three C. verrucosa were lyophilized and pooled. Dried tis-
sues were extracted in organic solvents. An amino acid deriv-
ative was obtained by reverse-phase chromatography eluted
with water from the mantle, visceral, and foot tissues of
ethanolic extracts of M mollis (McClintock et al. 1994b). A 'H
NMR spectral analysis indicated the presence of homarine
(figure 2), which was confirmed by high-pressure liquid chro-
matography (HPLC) analysis. Shrimp-treated filter paper
disks loaded with tissue-level concentrations of homarine and
presented to the omnivorous antarctic seastar Odontaster
validus caused significant feeding deterrence (McClintock et
al. 1994b). No homarine was detected in the tunic of C. verru-
cosa. Nonetheless, subsequent HPLC analysis of the epibionts
(bryozoans and hydroids) on the surface of the tunic revealed
the presence of homarine suggesting that M. mollis may in
fact derive its defensive chemistry from these epizooites.

The dorid nudibranch T. belli was extracted in acetone
and the concentrate partitioned between ethyl acetate and
water. Employing normal phase HPLC, the ethyl acetate solu-
ble portion yielded three gylcerol ethers, including chimyl
alcohol (McClintock et al. in press; figure 3), a known antimi-
crobial and fish antifeedant (Gustafson and Anderson 1985).
Shrimp-treated filter paper disks loaded with one of three log
concentrations of chimyl alcohol (bracketing tissue level con-
centration) caused significant feeding deterrence in the
omnivorous antarctic seastar 0. validus when compared to
rejection rates for control shrimp disks (McClintock et al. in
press). An ethyl acetate/hexane fraction of the soft coral T.
belli was subjected to normal phase HPLC to yield among
other fatty acid derivatives, chimyl alcohol. The isolated
chimyl alcohol was characterized by comparison with com-
mercially available material and by 'H NMR spectroscopy.
The verification of chimyl alcohol in the tissues of the soft
coral C. frankliniana suggests that the dorid T. belli may be
deriving its defensive chemistry from its diet. This needs to be
confirmed by future radioisotope studies.

We thank Mike Davies-Coleman and John D. Faulkner for
providing data on the secondary metabolite chemistry of T.
belli. We also wish to thank the Antarctic Support Associates,
the Antarctic Support Services of the National Science Foun-
dation, and the U.S. Antarctic Support Force for their logisti-
cal support. This work was supported by National Science
Foundation grants OPP 91-18864 and OPP 91-17216 to James
B. McClintock and Bill J. Baker, respectively.
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Figure 1. Chemical structure of the compound pteroenone, a linear
hydroxyketone with fish antifeedant properties isolated from the tis-
sues of the antarctic pteropod C/lone antarctica.
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Figure 2. Chemical structure of the amino acid derivative homarine, a
seastar antifeedant isolated from the foot, mantle, and visceral tissues
of the antarctic prosobranch mollusk Marseniopsis molls.
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Figure 3. Chemical structures of three glycerol ethers isolated from
whole-body tissues of the antarctic dorid nudibranch Tritoniella be/li.
Chimyl alcohol was found to cause feeding inhibition in the omnivo-
rous antarctic seastar Odontaster validus.
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Chemical constituents of four antarctic sponges in
McMurdo Sound, Antarctica

BILL J. BAKER and WESLEY Y. YOSHIDA, Department of Chemistry, Florida Institute of Technology, Melbourne, Florida 32901
JAMES B. MCCLINTOCK, Department of Biology, University ofAlabama at Birmingham, Birmingham, Alabama 35294

S
ponges constitute the largest proportion of biomass on the
benthos of McMurdo Sound, Antarctica, occupying 55 per-

cent of free space; all other benthic invertebrates combined
cover only 5 percent of the McMurdo seafloor (Dayton et al.
1974). Antarctic sponges are known to be preyed upon by
seastars and/or gastropod mollusks, including the seastars
Perknaster fuscus, Odontaster validus, and 0. meridianalis
and the mollusks Tritoniella belli, Marseniopsis mollis, and
Austrodoris mcmurdensis (Dayton et al. 1974; McClintock et
al. 1994a; McClintock in press). In fact, P. fuscus is the major
predator of sponges, specializing on and regulating the abun-
dance of Mycale acerata, though including a small proportion
of many other sponges (Dayton et al. 1974).

Based on this central role of Perknasterfuscus in McMur-
do Sound sponge ecology, we developed a behavioral bioas-
say to evaluate the ability of sponges to deter P. fuscus
(McClintock et al. 1990; McClintock et al. 1994b) and found
that many sponges do in fact yield extracts that exert a behav-
ioral effect on P. fuscus, an effect that is likely indicative of
deterrence (McClintock et al. 1994b). During austral summer
1993-1994, we carried out the isolation and characterization
of chemical substances from several McMurdo Sound

sponges and report here on the defensive nature of sub-
stances isolated from Isodictya erinacea, Dendrilla membra-
nosa, Latrunculia apicalis, and Kirkpatrickia variolosa.

Sponges were collected using scuba between 6 and 40
meters depth from Hut Point, Danger Slopes, and Cape Evans
on Ross Island, Antarctica. Organisms were freeze-dried, then
subjected to solvent extraction of increasing polarity: hexane,
chloroform, methanol, and 70:30 methanol/water (three
times each). The solvents were removed in vacuo, and the
extracts were transferred to tared vials from which aliquots
were removed for bioassay. Active extracts were examined by
thin-layer chromatography then subject to repeated high-
pressure liquid chromatography (HPLC) separation until
pure. Characterization of purified substances was carried out
using conventional one- and two-dimensional nuclear mag-
netic resonance experiments in combination with infrared
and mass spectral techniques (Silverstein, Bassler, and Morrill
1991). Chemotactic tubefoot response assays were conducted
according to McClintock et al. (1994b).

The methanol extract of Isodictya erinacea displayed
chemotactic tubefoot retraction activity (McClintock et al.
1994b). Erebusphenone and p-hydroxybenzaldehyde (figure)
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were isolated from this extract by repeated HPLC purification
of fractions obtained from column chromatography (Moon,
Baker, and McClintock in preparation). Bioassay of the pure
substances revealed deterrent activity only in p-hydroxyben-
zaldehyde. A cyanogenic Verongid sponge recently reported
to contain a benzaldehyde derivative (Hamann, Scheuer, and
Kelly-Borges 1993) may use both the aldehyde and cyanide,
products of enzymatic degradation of a cyanogenic glycoside
(Knowles 1988, pp. 3-15), for defensive purposes. Cyanogene-
sis has not been reported in I. erinacea though the isolation of
p-hydroxybenzaldehyde raises the intriguing possibility that
this defensive pathway exists in this antarctic sponge.

Chemical analysis of Dendrilla membranosa revealed
secondary metabolites in both the hexane and methanol
extracts (Baker et al. in preparation). Nor-diterpenes dihy-
drogracillin A, membranolide (Molinski and Faulkner 1987),
and dendrillin (figure) (Baker et al. 1993) were isolated from
the hexane extract and displayed no tubefoot retraction
activity. The methanol extract of D. membranosa was signifi-
cantly deterrent (McClintock et al. 1994b), leading us to iso-

late the previously reported (Molins-
ki and Faulkner 1988) antimicrobial
pigment and a homarine derivative
(figure).

The antarctic green sponge
Latrunculia apicalis contains dis-
corhabdin C (figure) as the major
alkaloid. In addition to significant
tubefoot retraction activity, dis-
corhabdin C is a potent antibiotic
toward sympatric microorganisms,
isolated from the McMurdo Sound
water column, as well as other
microorganisms (Baker and McClin-
tock unpublished data).

The highly pigmented methanol
extract from Kirkpatrickia variolosa
displayed moderate chemotactic
tubefoot retraction activity. The
major pigment from this sponge is
variolin A (figure) (Trimurtulu et al.
1994), which we examined in our
tubefoot retraction assay. We found
variolin A displayed no activity
whereas an as-yet-uncharacterized
purple pigment was significantly
active (Baker and McClintock
unpublished data).

We would like to thank J. Mae-
stro for assistance with the diving
operations in McMurdo Sound. Field
team members Patrick Bryan, John
Heine, Mark Hamann, and Mark
Slattery provided invaluable assis-
tance with collections and assays on
the ice, and stateside chemists
Byoungho Moon, Aimin Yang, and

Robert Kopitzke provided chemical analyses. The Antarctic
Support Associates, Inc., the Antarctic Support Services of the
National Science Foundation, and the U.S. Naval Antarctic
Support Force provided logistical support. This research was
supported by National Science Foundation grants to James B.
McClintock (OPP 91-18864) and Bill J. Baker (OPP 91-17216).
Bill J. Baker thanks Eli Lilly and Company for the donation of
HPLC and other equipment, part of which was used in this
research.
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Egg production of the copepod Calanoides acutus (Giesbrecht)
in the Weddell Sea during spring

K.A. ROBERTS, G.S. KLEPPEL, C.A. BURKART, and K. CARTER, Oceanographic Center, Nova Southeastern University,
Dania, Florida 33004

R
ecent studies have shed light on the relationship between
environmental variability and the productivity of

Calanoides acutus (Huntley and Escritor 1991; Lopez, Hunt-
ley, and Lovette 1993; Huntley, Zhou, and Lopez 1994), the
most abundant copepod in the southern oceans (Andrews
1966). Many questions about the population dynamics of C.
acutus remain unanswered, however. Continued documenta-
tion of the spatial and temporal variability in egg production
by this copepod is required to understand its role in marine
ecosystems off Antarctica.

In this paper, we report on the egg production of C. acu-
tus in the marginal ice zone in the Weddell Sea between 27
November and 10 December 1993. Our study was part of a
larger investigation of midtrophic -level production in and
around the ice edge during the spring bloom. We will show
that egg-production rates were low and that cannibalism was
remarkably high during this period.

Egg production was measured by standard incubation
experiments (CDO1 to CD06) at six stations located between
latitudes 580 and 62°S and longitudes 370 to 39.5°W (table 1).
Copepods were collected from the upper 200 meters (m) of
the water column with a 1-square-meter plummet net (mesh
diameter was equal to 160 micrometers). In all experiments
except CD01, collections were made at approximately 08:00
hours and incubations began between 10:00 and 13:00 hours.
Copepods were pipetted into 12-liter (L) plastic containers
filled with prescreened (100-micrometer mesh) sea water col-
lected from discrete depths in the upper 200 m and mixed
together in a large container. C. acutus densities in the 12-L
incubation containers ranged from 0.4 to 1.3 per liter.
Depending upon the abundance of C. acutus in the plummet

net samples, two to six replicate containers were incubated
during CDs 03 to 06. C. acutus was scarce in the samples from
stations DS-01 and DS-06 (CDs 01 and 02). We could sort a
sufficient number of copepods (5-6) for only one incubation
container in these experiments. To account for eggs intro-
duced from the natural sea-water samples, 12-L water sam-
ples were preserved without copepods, and egg counts from
these samples (see below) were subtracted from those in the
experimental samples (Kleppel 1992). Only one egg was found
in all of the control samples.

Following approximately 24 hours of incubation at near-
surface temperatures under a simulated natural photoperiod,
copepods were checked for viability, and the contents of each
container was concentrated on a 35-micrometer mesh screen.
Samples were transferred, in approximately 20 milliliters of
filtered sea water, to scintillation vials and preserved in acid
Lugols iodine. Abundances and sizes of eggs, empty egg cases,
and nauplii were determined with an inverted microscope at
lOOx magnification.

The egg production of C. acutus was low throughout the
study region. Mean egg-production rates ranged from 0.8
eggs per female per day in CDO1 and 02 to 3.6 eggs per female
per day in CD05 (figure). Assuming egg and adult biomasses
of 0.4 micrograms of carbon and 65.5 micrograms of carbon,
respectively (Huntley and Lopez 1992), egg production
amounted to 0.2 to 2.2 percent of female body carbon per day
(table 2). Empty egg cases were abundant in all experiments
except CDO1; no empty egg cases were detected in CDO1.

In studies of other copepod species (Dagg 1977; Kleppel
1992), empty egg cases have been considered an indication of
hatching or of cannibalism by adults. In our study, nauplii
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CDO1DS-01	27 November
CD02	DS-06	29 November
CD03	DS-1 1	1 December

CD04	DS-24	5 December
CD05	DS-26	6 December
CD06	DS-38	10 December

Table 2. Egg production expressed as a percentage of
body carbon, production of empty egg cases, and inci-
dence of cannibalism among C. acutus in the Weddell
Sea in November and December 1993. Values represent
means with standard deviation in parentheses

CDO1	1	0.4	0	0
CD02	1	0.7	0.5	44.4
CD03	2	0.4	0.4	50.0

(0)	(0.2)	(25.0)
CD04	6	1.2	1.3	65.7

(0.3)	(0.2)	(14.5)
CD05	3	2.2	2.3	63.2

(0.5)	(0.7)	(6.7)
CD06	3	0.9	0.9	56.3

(0.4)	(0.4)	(10.6)

Grand mean	 1.2	1.2	55.5
±Standard deviation	(0.7)	(0.8)	(21.5)

aExpressed as the percentage of body carbon per day, which
equals egg production as number of eggs per day times We/\Na,
where We is egg weight (0.4 micrograms of carbon) and Wa is
adult weight (65.5 micrograms of carbon) (Huntley and Lopez
1992).
bExpressed as the number of eggs per female per day.
CExpressed as a percentage of production.

were never detected. Therefore, the abundance of empty egg
cases was presumed to be due to cannibalism. An estimate of
the incidence of cannibalism was obtained from the equation,

CE=	EC	xl00%	 (1)
[EP+(EC-IV)+IVJ

where, CE = percentage of total egg production that was
cannibalized,
EC, EP, and N are the numbers of empty egg cases,
unhatched eggs, and stage 1 nauplii, respectively.

The mean incidence of cannibalism in experiments CD02
to CD06 ranged from approximately 25 to 89 percent of the
total egg production (EP+EC), the grand mean being 55.5 per-
cent (table 2).

Daily egg-production rates, substantially higher than
those observed during our study in the Weddell Sea (i.e., up to

- approximately 40 eggs female per or
7 percent of body carbon per day),
were reported for C. acutus in

We	Start time	Drake's Passage and northern Brans-
field Strait in October and November

03:00	(Huntley and Escritor 1991) and in
12:50	Gerlache Strait in the period from
10:20	December to March (Lopez et al.
10:15	1993). In October, in Drake's Passage
13:45	and the northern Bransfield Strait,
12:00 egg production was initially inde-

pendent of food availability (i.e.,
mediated by body-lipid reserves).

Production could not be sustained in the absence of food,
however, and egg production declined rapidly to levels similar
to those observed in our study in the Weddell Sea (Huntley
and Escritor 1991). In March, egg production varied directly
with food (chlorophyll) availability, saturating in environ -
ments characterized by integrated chlorophyll concentrations
of 200-300 milligrams per square meter (Lopez et al. 1993).

During our experiments, the prymnesiophyte, Phaeocys-
tis puchetii, thought not to be consumed extensively by
calanoid copepods, was frequently abundant in the water col-
umn. It is feasible that high egg-production rates during the
summer could not be supported by the remaining
microplankton biomass. Under such conditions cannibalism
(which, on average, exceeded 50 percent of egg production)
may be adaptive by conserving copepod biomass for periods
when food concentration or quality has improved.

We appreciate the help and cooperation of J.J. Torres, G.
Vargo, T. Hopkins, M.E. Clarke, and their students and staffs,
as well as the support provided by the captain, crew, and
technicians aboard R/V Polar Duke during this study. This
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Results of six egg-production experiments (CDO1 to CD06) with C.
acutus in the Weddell Sea during the spring of 1993. (Error bars = ±1
standard deviation.) (Eggs copepod- 1 day-1 denotes eggs per cope-
pod per day.)

Table 1. Dates, locations, and times of egg-production experiments with C. acutus
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Energy metabolism during development of the antarctic sea
urchin Sterechinus neumayeri
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ittle is known about the developmental physiology of lar-
al forms of antarctic marine invertebrates. At tempera-

tures typical of sea water in McMurdo Sound (-1.8°C), rates of
development are slow (Pearse, McClintock, and Bosch 1991).
The feeding larval stage (pluteus) of the antarctic echinoid
Sterechinus neumayeri develops approximately 20 days after
fertilization; the juvenile stage is reached by 115 days (Bosch
et al. 1987).

We investigated the biochemical and physiological
changes that occurred during the early development of this
species. Our approach was to
• measure the changes in respiration during development to

the feeding larval stage;
• measure the changes in enzymes involved in aerobic

metabolism; and
• measure the changes in total protein, total lipid, and spe-

cific lipid classes during development.

Respiration during development

E
mbryos and larvae were removed from the culture vessels
at various times during the 38-day period of development

studied. The respiration of a known number of individuals
was measured at -1°C in a microrespiration chamber (see
Jaeckle and Manahan, 1992, for description of instrumenta-
tion used). Controls (same respiration chambers without ani-
mals) were run before and after each measurement with ani-
mals present and were used to correct for any background
amounts of oxygen consumption. Figure 1A shows that the
metabolic rate increased during development, from newly
hatched stages to the feeding larvae stage. A least-squares lin-
ear regression was used to plot the line describing the rate of
increase in metabolism with time of development (variance
ratio, VR=38.59***, F0001 [1,301_13.3).

Changes in activity of citrate synthase during develop-
ment

p
revious research has shown that certain enzymes of energy
metabolism can be accurate predictors of overall metabol-

ic rate. Activity of citrate synthase (a citric acid cycle indicator)
has been used to estimate the aerobic metabolic capacity of
invertebrate (e.g., Hand and Somero 1983) and vertebrate tis-
sues (e.g., Crockett and Sidell 1990; Yang and Somero 1993).
The technique (described in citations above) is versatile
because it can be applied to frozen tissue (cf the difficulty of
making metabolic measurements on live organisms).

We measured no significant change in total activity of cit-
rate synthase during the period of development studied (figure
1B; yR of slope = 0.09 flS; total degrees of freedom = 31). Our
finding that enzyme activity does not correlate with increasing
respiration rate suggests that attempts to establish quantita-
tive relationships between enzymic activity and metabolic rate
should proceed with caution for antarctic larvae.

Total protein, total lipid, and specific lipid classes

T
otal protein of homogenates was measured with the Brad-
ford assay (1976). Protein is not used as an energy source

by developing embryos of S. neumayeri (figure 1 Q. No signifi-
cant decrease occurred in the protein content from eggs (day
0) to early pluteus stage (day 22) (VR=0.17 ns; total degrees of
freedom = 42).

For lipid analysis, samples were extracted quantitatively
by the Bligh and Dyer method (1959) (see White et al. 1979)
and stored at -20°C. A portion of the total lipid extract was
analyzed for total lipid composition with an Iatroscan MK III
TH10 TLC-FID analyzer (latron Laboratories, Japan) (yolk-
man and Nichols 1991). The response of the detector was cali-
brated using external standards covering the concentration
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Figure 1. A. The rates of oxygen consumption during the early develop-
ment of the sea urchin S. neumayeri. Each data point represents a single
measurement corrected for background respiration (50-100 individuals in
a 75-microliter respiration chamber were used for each determination).
Slope of regression line shown = 0.2626±0.423 (standard error of the
slope); intercept = 3.5931; value for r 2=0.56. B. Changes in activity of the
enzyme citrate synthase. Activity is expressed as Ux10-6 per individual,
where 1 U = 1 micromole (tmol) of substrate converted to product per
minute. Rates presented are activities at -1°C. Actual measurements
were done at 5.2°C and corrected for temperature difference using a Q10
value of 1.82 (measured over a temperature range of -1°C to 12.2°C). C.
Changes in total protein content. Error bars are 1 standard error of the
mean.f I -
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range found in the samples. Individual class-specific calibra-
tions curves were used for each lipid class measured.

Total lipid content dropped substantially from the egg to
the 4-day-old hatching embryos (figure 2A); the later stages
(feeding larvae) had the lowest lipid content. We measured no
major changes in the composition of the three lipid classes
during the first 11 days of development (figure 2B). After 11
days (gastrulae), the neutral triacyiglycerols decreased as a
percentage of total lipid, and the polar lipid class increased.
This presumably reflects the increase in the number of cells
as larval development proceeds (phospholipids are major
components of cell membrane lipids).

We thank Marc Slattery for collecting the sea urchins and
Adam Marsh for advice and assistance. These data were
obtained from some of the projects conducted during the
McMurdo Biology Course of 1994. Supported by National Sci-
ence Foundation grant OPP 93-17696 to the University of
Southern California.
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Cytochrome b gene sequences from two eelpouts (perciformes,
zoarcidae) from McMurdo Sound (Antarctica): Implications

on the antifreeze gene structure
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T
he fish family Zoarcidae (eelpouts) comprises approxi-
mately 200 species, living mainly in the Northern Hemi-

sphere (Nelson 1984). Nine genera with 22 species occur in
the southern oceans (Anderson 1990, pp. 256-276). It is the
second largest group of antarctic ocean fishes (Nothoteniidae
are represented by at least 32 species). All zoarcid species are
benthic except Lycodapus and Melanostigma, which are ben-
tho- or mesopelagic.

To avoid freezing, several eelpout species that live at sub-
zero temperatures synthesize antifreeze peptides (AFPs).
Eelpout AFPs were characterized from Macrozoarces amen-
canus, Pachycara brachycephalum, Lycodichthys dearborni,
and Lycodes polaris (Li et al., 1985; Schrag et al, 1987; Cheng
and DeVries, 1989). Thus far, the AFPs that have been charac-
terized have been found to be encoded within large gene fam-
ilies and although the gene products are heterogeneous with
respect to composition, they are approximately the same size
(7 kilodalton) with the exception of an additional 14 KDa vari-
ant found in L. dearborni (Wang et al., in press).

The sequences of the 7 KDa AFPs characterized from dif-
ferent eelpout species can be both similar and quite different
depending upon the species. In the case of L. dearborni, the
14 KDa variant is a unique major component, which is species
specific and appears to be made up by joining of two 7 KDa
AFPs with a nine amino acid residue linker. The carboxyl 7
KDa portion is nearly identical to the minor AFP found in
another eelpout, P. brachycephalum, and quite unlike the 7
KDa AFPs found within its own family. Because orthologous
proteins cannot be found in other species, and because the
sequence identities between species is often extremely vari-
able, it is difficult to infer phylogenies based on antifreeze
genes. For these reasons, antifreeze gene trees and organism
trees are not always concordant. Nevertheless, some phyloge-
netic inferences can be drawn based on other traits such as
the genomic organization of the antifreeze gene family. We

postulate that the extreme compositional and size hetero-
geneity present in a species like L. dearborni has resulted
from gene amplification and modification of the amplified
genes and represents a relatively old antifreeze gene family.
The gene family of P. brachycephalum, on the other hand,
would appear to be young because it is largely made up of
copies of a single 7 KDa protein and only a few of a very simi-
lar minor one. This major APP accounts for approximately 95
percent of the circulationg AFP (Cheng and DeVries 1989).
This gene family organization suggests a recent origin
because there has been insufficient time for recognizable
modification of the many copies present in the family. Thus,
in an attempt to further infer phylogenetic relationships
between these two species and the possible relationship of
the age of the APP gene families, we accessed an independent
locus, the mitochondrially encoded cytochrome b (Cyt b)
gene of both McMurdo Sound species.

P.brachycephalum and L. dearborni were collected using
fish traps in 600 meters of water in McMurdo Sound, Antarcti-
ca. DNA was extracted from liver tissue according to a method
already described (Bernardi and Bernardi 1990). The poiy-
merase chain reaction (Saiki et al. 1988) was used to amplify a
836-base-pair (bp) region of the Cyt b gene. Primers and pro-
tocols were from Kocher et al. (1989) and Palumbi et al.
(1991). Approximately 100 nanograms of DNA was used as
template for 100-milliliter PCR reactions that contained 10
millimolar (mM) Tris, hydrogen chloride (pH 8.3), 50 mM
potassium chloride, 1.5 mM magnesium chloride, 0.01 per-
cent (weight-to-volume) gelatin, 200 mM of each dNTP, 2.5
units of Taq DNA polymerase (Perkin-Elmer, Cetus), and 1
mM of each amplification primer. PCR products were
sequenced directly using the femtomole sequencing kit
(Promega) and dATP33 (NEN) as the radiolabeled nucleotide.
Sequencing primers used were CB3-H, CB2-H, CB1-L, and
GLUDG-L (Palumbi et al. 1991). Cyt b sequences were aligned
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using the Geneworks (IntelliGenetics) program. Because of a
high degree of sequence conservation, refinements were
unnecessary.

Cyt b sequences, starting at aminoacid position 1, are
given in the figure. Of 382 aligned positions, 10 were variable
(sequence divergence is 2.6 percent). When using the stan-
dard rate of mutation for fish cytochrome b of 2.5 percent per
million years (Meyer et al. 1990), the divergence between the
two species was estimated at about 1 million years. Consider-
ing the extreme environment in which antarctic fish live,
especially the very low water temperature, it is possible that
the standard rate of mutation is not applicable in our case.
Transitions were more frequent than transversions (eight
transitions, two transversions). An implication is that the
sequences compared are not deeply within the multiple-hit
zone (Brown et al. 1982; Meyer and Wilson 1990). Three
amino acid positions were different between the two
sequences. One position, a Glycine in position 65 is unique to
eelpouts (Degli Esposti et al. 1993). Further studies will tell us
if this amino acid is common to eelpouts or if it is unique to
antarctic species.

Lycodichthys has a long history of residence in antarctic
waters, possibly dating from the Miocene 25-5 million years
ago (Anderson 1990). This is consistent with our hypothesis
that the heterogeneous APP gene family of L. dearborni is rel-
atively old. Based on the Cyt b gene analysis, P. brachy-
cephalus, which has a homogeneous APP gene family, is esti-
mated to have diverged from L. dearborni about 1 million
years ago. This dating suggests that the heterogeneity found
in L. dearborni was acquired recently.

A greater understanding of the genomic organization of
the AFP gene family, their origin (ancestral molecule), the
processes of amplification, and rate of change is needed
before one can infer any phylogenetic relationships from APP
gene sequence comparisons.

L. dearborni and P. brachycephalum DNAs were extract-
ed, PCR amplified, and sequenced at the Crary Laboratory, as
part of the McMurdo Biology Course, supported by National
Science Foundation grant OPP 93-17696 to the University of
Southern California.
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To assess the dynamic instability of microtubules assembled
from these tubulins, we measured in vitro the rates of growth
and shortening of individual antarctic fish microtubules
(nucleated from sea urchin flagellar axonemes), and the fre-
quencies of interconversion between these states, by video-
enhanced differential interference contrast microscopy (cf.
Walker et al. 1988; Gildersleeve et al. 1992) at temperatures
between 5°C and 25°C. The table shows that microtubules
from G. gibberifrons (Gg) or from N. coriiceps (Nc) display
dynamic instability at the near-physiological temperature of
5°C. Their rates of growth and shortening, however, as well as
their frequencies of catastrophe (transition to shortening)
and rescue (resumption of growth), are an order of magni-
tude (or more) smaller than those observed for cow (Bos tau-
rus; Bt) brain microtubules at 37°C. Thus, the fish micro-
tubules exhibit dynamic instability but at slower rates and
with smaller transition frequencies than their mammalian
counterparts. Attempts to assemble microtubules from
bovine tubulin at 5°C were unsuccessful. Therefore, no
direct, isothermal comparison of piscine and bovine micro-
tubule dynamics was possible.

Antarctic fish brain microtubules also grow slowly at
25°C, and two rate classes, presumably corresponding to the
distinct plus (+) and minus (-) ends of the polar microtubule
polymer, are observed (see table). Disassembly rates also

r microtubule dynamic instability

0.21±0.16
(+) 0.53±0.08
(-) 0.12±0.07

2.5±0.58

-1.9±0.6
-0.24±0.11

-37±28

0.008	<0.0004
ND	ND

0.06-0.3	1.2-3.0

Nelson, J.S. 1984. Fishes of the world, 2nd ed. New York: Wiley.
Palumbi, S.R., A. Martin, S. Romano, W.O. McMillan, L. Stice, and G.

Grabowski. 1991. The simple fool's guide to PCR. Honolulu: Uni-
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and H.A. Erlich. 1988. Primer-directed enzymatic amplification of
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487-491.
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arctic and antarctic zoarcid fishes. Biochimica et Biophysica Acta,
915(4), 357-370.
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tide heterogeneity in an antarctic eelpout includes an unusually
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tandem. Biochimica et Biophysica Acta.

Dynamic instability of microtubules from antarctic fishes
H. WILLIAM DETRICH, III, Department of Biology, Northeastern University, Boston, Massachusetts 02115

ROBLEY C. WILLIAMS, JR., Department of Molecular Biology, Vanderbilt University, Nashville, Tennessee 37235

M
icrotubules are dynamic cellular polymers that under-
go alternating periods of growth and shortening, both

in vivo and in vitro, through the end-dependent addition and
loss of tubulin alpha-beta dimers. Although this "dynamic
instability" has been analyzed extensively using micro-
tubules from mammalian brain tissues (Mitchison and
Kirschner 1984; Walker et al. 1988; Gildersleeve et al. 1992),
the dynamic properties of microtubules from cold-living
poikilotherms are only partially understood (Himes and Det-
rich 1989; Simon, Parsons, and Salmon 1992). In this context,
microtubules from the ectothermic fishes of antarctic coastal
waters are particularly interesting. As the southern ocean
began to cool approximately 40 million years ago, the antarc-
tic fishes diverged from temperate fishes (DeWitt 1971) and
evolved molecular, cellular, and physiological adaptations
that preserve metabolic efficiency and macromolecular func-
tion at their now chronically low body temperatures (-1.86°C
to + 20C). Recent work from my laboratory has shown that
the molecular adaptations that enable the microtubules of
antarctic fishes to assemble and to remain stable in this
extreme thermal regime reside in their tubulin subunits (Det-
rich, Johnson, and Marchese-Ragona 1989; Detrich et al.
1990, 1992; Detrich and Parker 1993). Here we describe the
dynamic instability of brain microtubules from two antarctic
rockcods, Gobionotothen gibberifrons and Notothenia con-
iceps. Our results suggest that
functional adaptation of tubulins	Kinetic parameters fri
to low temperatures yields micro-
tubules characterized, at both
physiological and nonphysiologi-
cal temperatures, by unusually
slow subunit exchange. For a more
detailed analysis, see Billger et al.	Gg/Nca	5-8
(1994).	 Gg/Nca	25

Tubulin free of microtubule-
associated proteins (MAPs) was	Bt (COW)b	37

purified from brain tissues of the	aMeasurements were made as described in Biliger et al. (1994).
two rockcods by methods previ-	bAssembly and disassembly rates for bovine tubulin are from Gildersleeve et al. (1992), and cata-
ously described (Detrich and	strophe and rescue frequencies (+ ends) are from Walker et al. (1988).

ND, not determined.Overton 1986; Detrich et al. 1989).
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remain small at this temperature. Thus, it is unlikely that the
large differences in the dynamics of antarctic fish micro-
tubules at low temperatures and bovine microtubules at high
temperatures are due to the temperature difference alone.
Rather, some difference in tubulin structure must account
for them.

In summary, our results show that microtubules from
the cold-adapted antarctic fishes are dynamic polymers at
low temperatures but much less so than are the microtubules
of homeotherms. The greater stability of antarctic fish micro-
tubules, relative to the mammalian polymer, appears to
result not from the alteration of a single aspect of dynamic
instability but from alteration of them all.

We gratefully acknowledge the captains and crews of
R/V Polar Duke and the personnel of Antarctic Support Asso-
ciates for their past support of our field research program.
This research was supported by National Science Foundation
grant OPP 91-20311.
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RACER: Feeding incidence andyolk resorption in three species
of antarctic larval fishes

EDWARD A. LAMAN and VALERIE J. L0EB, Moss Landing Marine Laboratories, Moss Landing, California 95039

F
ishes of the perciform suborder Notothenioidei show
numerous adaptations to the extreme and variable envi-

ronment in the southern oceans. Yolk reserves of spring-
hatched larvae may allow survival for extended periods in the
plankton if the breakup of the pack ice and subsequent spring
bloom are delayed. Notothenioid larvae over a wide range of
length and development have been observed with yolk
reserves, indicating that yolk resorption may be related to
early feeding success and food availability (North and Keller-
mann 1989; Kellermann 1990). Exogenous feeding can com-
mence prior to complete yolk resorption for some species
(e.g., Chionodraco rastrospinosus and Lepidonotothen larseni;
Kellermann 1986, 1990) and is possibly characteristic of all
notothenioids. Hatching periods for each species show little
variation between years (North and Kellermann 1989) and
may be linked to the highly seasonal secondary production
cycle (North and White 1987, pp. 381-390).

This study examined the relationship between feeding
incidence and yolk utilization by three species of larval fishes
collected in Gerlache Strait by the Research on Antarctic

Coastal Ecosystem Rates (RACER) program during spring
(October and November) 1989. Feeding incidence and yolk
utilization were also examined with respect to possibly differ-
ent feeding conditions within regional hydrographic regimes
in Gerlache Strait. The three species, Lepidonotothen larseni,
Trematomus lepidorhinus, and T. newnesi, numerically domi-
nated the 1989 samples. All three had variable amounts of
yolk reserves present over the whole size range sampled
(Laman and Loeb 1993). Yolk reserves were measured using a
specific surface area (SSA) index with the aid of an image
analysis system (see Laman and Loeb 1993). Feeding inci-
dence for these fishes was calculated as the percentage of guts
containing food out of all guts sampled. Yolk utilization rates
were estimated as the slope from a regression of SSA on larval
length. Using reported larval growth rates, length was con-
verted to units of time to yield an estimate of resorption; indi-
cated by a decreasing SSA.

During spring of 1989, the hydrography of Gerlache Strait
was characterized by a swift axial current (ranging from 15 to
60 centimeters per second) flowing from southwest to north-
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east with a coastal mesoscale eddy flanking it to the south
(Lopez, Huntley, and Lovette 1993). Three regions in Gerlache
Strait were distinguished on the basis that different feeding
conditions may exist within the varying hydrographic
regimes, identified as the following:

the coastal bays (Hughes, Charlotte, and Wilhelmina Bays);
• station "A" located in the mesoscale eddy between the

coastal bays and axial flow; and
• the remaining stations in the channel or main axial flow

(figure 1).
Preliminary results indicate that the three species had

very different feeding incidence. T. newnesi had the highest
overall feeding incidence for all regions followed by L. larseni
and then T. lepidorhinus (figure 2A). Feeding incidence of L.
larseni at station "A" was higher than in either the coastal bays
or channel. T. lepidorhinus collected from channel stations
had the lowest overall feeding incidence (0 percent) followed
by station "A" with the highest incidence in the coastal bays. T.
newnesi from station "A" had similar incidence of feeding to
those collected from coastal bays; larvae collected from chan-
nel stations had lower feeding incidence than either station
"A" or coastal bays. In some cases, feeding incidence of larvae
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with yolk reserves present was higher than that of larvae with
totally depleted yolk reserves (figure 2B) partially supporting
the hypothesis that retarded yolk-sac resorption is due to early
feeding. For larvae collected from station "A" in the eddy,
feeding incidence did not appear to be size dependent for L.
larseni or T. newnesi but may be for T. lepidorhinus (figure 2C).
T. newnesi had relatively high feeding incidence at all stations;
feeding incidence did not appear to be size dependent. Larvae
of L. larseni, T. lepidorhinus, and T. newnesi all showed evi-
dence of feeding prior to complete yolk-sac resorption.

In addition to having yolk reserves over the entire length
range sampled, each species had variable amounts of yolk
reserves within 1-millimeter size classes. Overall, yolk reserves
were steadily resorbed as larval length increased; yolk resorp-
tion was indicated by decreasing yolk reserve sizes with length.
Yolk resorption rates ranged from 0.8 for L. larseni to 4.4 (SSA
per day) for T. newnesi. These values compare favorably with
reported growth rates for relatively slow-growing L. larseni
(0.08 millimeters per day; Kellermann 1986) and the relatively
faster growing T. newnesi (0.4 millimeters per day; Radtke et al.
1989). Growth rates of larval T. lepidorhinus are not presently
available.

Feeding incidence, which is not
size dependent, may indicate favor-
able feeding conditions for all sizes
of larvae collected from a particular
region. Relatively high feeding mci-

-	dence for T. newnesi at all stations
over the whole length range sam-

)	 pled indicates that feeding condi-
tions were similar and favorable for

7	 these larvae throughout Gerlache
Strait. T. lepidorhinus collected at

—') station "A," however, showed a lin-
ear relationship between feeding
incidence and larval length. Lower
feeding incidence for larvae of all
three species collected from the
channel may be the result of more
widely dispersed prey because wide
dispersal makes feeding more diffi-
cult. Feeding incidence of larvae
from the coastal bays was highest for
T. newnesi and T. lepidorhinus but

Antarctic	lowest for L. larseni larvae reflecting
Peninsula	the primarily coastal distributions of
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Figure 1. RACER study area with tracks of Tristar drifters launched during the sampling period and
three regions of possibly differing feeding conditions (modified from Lopez et al. 1993).

ANTARCTIC JOURNAL - REVIEW 1994
163



b) ___0 ________

(10) (2) (4)

i°rni

0

c) ioo

YNYYNYYNY	YNYYNYYNY	YNY YNY YNY
Species by yolk stage

50

0
5	10	15	5	10	15	5	10	15

Notochord length (millimeters)

El T. lepidorhinus	• L. larseni	0 T. newnesi

Figure 2. Percent feeding incidence for L. larseni, T. lepidorhinus, and T. newnesi collected in
Gerlache Strait and adjacent areas during October and November 1989. A. Overall feeding
incidence. B. Feeding incidence by yolk stage (Y denotes yolk, NY denotes no yolk, numbers
in parentheses above bars are sample size). C. Feeding incidence by notochord length.

Species

Station "A"	Channel
	 ReferencesCoastal Bays

a)
100

50

Kellermann, A. 1986. On the biology and early
life stages of notothenioid fishes (Pisces) off
the Antarctic Peninsula (Berichte zUr Polar-
forschung, Vol. 31.) Bremerhaven, Germany:
Alfred -Wegener-Institut für Polar- und
Meeresforschung.

Kellermann, A. 1990. Food and feeding dynam-
ics of the larval antarctic fish Nototheniops
larseni. Marine Biology, 106(2), 159-167.

Laman, E.L., and V.J. Loeb. 1993. RACER: Larval
feeding ecology of three species of antarctic
fishes (Lepidonotothen larseni, Trematomus
newnesi, T. lepidorhinus) from Gerlache
Strait, November 1989. Antarctic Journal of
the U.S., 28(5), 179-180.

Loeb, V.J. 1993. RACER: Ichthyoplankton abun-
dance, species composition, and distribu-
tion in Gerlache Strait, October to November
1989. Antarctic Journal of the U.S., 28(5),
177-178.

Lopez, M.D.G., M.E. Huntley, and J.T. Lovette.
1993. Calanoides acutus in Gerlache Strait,
Antarctica. I. Distribution of late copepodite
stages and reproduction during spring.
Marine Ecology Progress Series, 100(1-2),
153-165.

North, A.W., and A. Kellermann (Eds.). 1989.
Identification key and catalogue of larval
antarctic fishes (Biomass volume 10). Bre-
merhaven: Druckhaus Nord.

North, A.W., and M.G. White. 1987. Reproduc-
tive strategies of antarctic fish. In S.O. Kul-
lander and B. Fernholm (Eds.), Proceedings,
fifth congress of European ichthyologists,
Stockholm 1985. Stockholm: Swedish Muse-
um of Natural History.

Radtke, R.L., T.E. Targett, A. Kellermann, J.L.
Bell, and K.T. Hill. 1989. Antarctic fish
growth: Profile of Trematomus newnesi.
Marine Ecology Progress Series, 57(2),
103-117.

Spatial and behavioral responses by foraging seabirds to
antarctic krill swarms

RICHARD R. VEIT, Department ofZoology, University of Washington, Seattle, Washington 98195
EMILY D. SILVERMAN, Center for Quantitative Science, University of Washington, Seattle, Washington 98195

ROGER P. HEwrrr and DAVID A. DEMER, Southwest Fisheries Science Center, La Jolla, California 92093

W
e sampled the ocean surrounding South Georgia
board the R/V Nathaniel B. Palmer from 26 May to 27

June 1993 with the primary intent of quantifying the numeri-
cal and behavioral responses by foraging seabirds to krill
swarms. Our sampling scheme consisted of strip transects,
during which we used binoculars to count birds and seals and
echo sounders to estimate krill abundance. In addition, while

the ship was stationary, we made more detailed examinations
of bird behavior within flocks feeding at krill swarms. Closely
linked with these surveys were studies of circulating hormone
levels in seabirds and evaluation of the importance of olfac-
tion to birds searching for food. The link between hormone
levels and behavior is that elevated levels of corticosterone in
birds, which can result during stressful conditions such as
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storms, can affect the dispersal behavior of birds while forag-
ing. In this paper, we emphasize analyses of spatial corre-
spondence of birds and krill and changing movement behav-
ior of birds in response to hill swarms. The results of the cor-
ticosterone and olfaction projects, plus those of two other
auxiliary projects, are reported elsewhere in this issue (Ho!-
berton and Wingfield; Nevitt; Helmuth, Holberton, and Veit;
Connell; all Antarctic Journal, in this issue).

Harrison et al. (1991) reported that seabirds form aggre-
gations in response to the presence of food. Therefore, high
levels of available prey (krill) should result in pronounced
patchiness of birds, and conversely, bird patches should be
correlated with bill swarms. To study these relationships, a
metric was devised to differentiate between spatial dispersion
patterns of seabird populations under conditions of high and
low krill abundance. Coherence functions (Rose and Leggett
1990) were used to quantify simultaneously the patchiness of
birds and bill and the co-occurrences of these predators and
their prey. A single 65-nautical-mile transect was sampled
three times (2 June, 11 June, and 19 June), and the patchiness
of cape petrels (Daption capensis) and their association with
krill were measured. On the first run, abundant and highly
aggregated krill were closely associated with cape petrels at
spatial scales of 0.3 to 0.5 nautical miles. On the other two
runs, bifi abundance was lower and more uniform, and their
association with cape petrels was much lower (figure 1).

To determine the behavioral mechanisms whereby birds
aggregate over bill swarms, the movement behavior of birds
was quantified along the same transect. The time between
successive changes in flight direction (step-length) was meas-
ured for cape petrels (figure 2). Then, the step-lengths over
krill swarms were compared to areas away from bill. Step-
length was inversely proportional to bill abundance. Turning
rates were 5-7 times greater in areas of high bill abundance
relative to low-density areas. These results could be used to
model the response of birds to bill as a function of bird turn-
ing rates and bill abundance.

To explore responses by birds to patches of krill at the
community level, we measured size and species composition
of feeding flocks associated with bill swarms and asked these
two questions:
• Does the size and species composition of flocks differ sig-

nificantly from "background" species composition and
density, as estimated from transect data?

• Do differences in species composition and size of flocks
predict meaningful differences in the quantity and distrib-
ution of prey beneath the flocks, as estimated acoustically?

We observed 10 feeding flocks of birds and seals, four off
Bird Island at the northwest end of South Georgia and six off
Cooper Island at the southeast end. These flocks were
observed separately from the transect counts mentioned
above. The four northwestern flocks were strikingly larger
(containing between 93 and 761 birds and seals) than the
southeastern ones (containing only 18 to 46 birds and seals,
see table). The difference in size of the flocks could not be
attributed to differing background densities of birds and
seals. Bird and seal abundance was higher in the northwest
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Figure 1. Scale and strength of association between cape petrels and
krill. The coherence function, which ranges in value from 0 to 1.0, is
plotted on the y-axis. The x-axis represents frequency, so 0.5 corre-
sponds to (1 / 0.5) = 2 sampling units = 0.2 nautical mile, the minimum
frequency resolvable. The peaks in coherence near 0.25 (0.4 nautical
mile) are positive (indicated by the phase spectrum, which is not
shown), indicating positive association.
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Figure 2. Tendency for cape petrels to change direction while flying in
relation to krill abundance. Data integrated over 5.0-nautical-mile
intervals. Step-length is the distance in seconds between successive
turns. (g/sq.m denotes grams per square meter.)
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an attempt to account for theNumbers offlying birds, seals, and penguins are means per flock survey. The first	observed differences between
flock on 8 June 1993 was surveyed continuously, so the mean number of individuals	flocks. Krill abundance was van-
cannot be calculated, but no seals or penguins were present. Birds in the second flock	able among flocks but did not dif-
on 8 June were observed feeding on a jellyfish. Krill biomass was available in 5-rn	fer consistently between the
depth intervals starting at 20 rn. These depth profiles represent 0.1-nautical-mile	northwest and southeast flocks
horizontal intervals. The number of depth profiles per flock ranged from 5 to 82.	(table). The vertical distributions
Average depth of the krill is the average of the 5-rn intervals weighted by krill biomass	of bill did differ, however. In the
in the interval.

Southeast
8 June-1	NA	 0	 20.2
8 June-2	25	 0.1	 20.4
8 June-3	46	 1.2	 20.0
8June-4	18	 0	 20.8
18 June-1	20	 0	 20.4
18 June-2	28	 0.2	 21.9

Northwest
23 June-1	104	 223	 58.7
23 June-2	33	 59	 124.4
24 June-1	83	 146	 97.6
24 June-2	150	 610	 90.2

than in the southeast but not nearly high enough to account
for the larger flock size there. Furthermore, species composi-
tion of flocks was significantly different from "background"
species composition at both places. For example, large num-
bers of diving petrels (Pelecanoides, sp.) were present in the
northwest, but diving petrels were scarce within the flocks
themselves. Similarly, blue-eyed shags (Phalacrocorax
albiventer) were abundant near the southeast flocks but rarely
occurred within those flocks. Five species (cape petrels, black-
browed albatrosses Diomedea melanophris, giant-petrels
Macronectes sp., fur seals Arctocephalus gazella, and gentoo
penguins Pygoscelis papua) constituted over 85 percent of the
total predators within the flocks, but these same five species
accounted for only 17-52 percent of the total predators
counted along the transects. Thus, these five species seem
particularly inclined to feed within mixed-species flocks.

Since species composition of feeding flocks was clearly
not a random assemblage of the species present in the gener-
al area, we examined the prey distribution under the flocks in

	

15.3	 of prey.
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29.2	 perseverance collecting data, and
the officers and crew of the R/V
Nathaniel B. Palmer and Antarctic
Support Associates for assistance

in the field. This research was supported by National Science
Foundation grant OPP 92-20128 to P. Kareiva, R. Veit, and J.
Wingfield.
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Adrenocortical responses to stress in antarctic seabirds
REBECCA HOLBERTON and JOHN C. WINGFIELD, Department of Zoology, University of Washington, Seattle, Washington 98195

p
revious research has shown that common diving petrels
(Pelecanoides urinatrix) show a classical increase in plas-

ma levels of corticosterone in response to stress such as cap-
ture and handling. In other avian species, it has been shown
that increases in plasma levels of corticosterone following
acute stress trigger alternate behavioral patterns that appear
to reduce the likelihood that an individual will become
severely debilitated. For example, violent and unpredictable
storms may potentially result in severe stress for individuals
while breeding. Transitory increases in corticosterone as a
result of the storm, however, suppress reproductive behavior
and potentiate survival behaviors such as increased foraging,
movements away from the source of stress, and mobilization
of glucose. These alternate behavioral patterns reduce the
potential for chronic stress, and when the source (e.g., the
storm) passes, corticosterone levels wane, and the individual
returns to renest. This alternate behavioral pattern can also
apply to other processes in the life cycle such as migration or
winter foraging ranges.

In the common diving petrel, Smith, Wingfield, and Veit
(1994) showed that a severe storm in midwinter resulted in
high levels of corticosterone accompanied by massive flights
of diving petrels toward islets off South Georgia. Recently, we
found that a more pelagic species, the blue petrel (Halobaena
caerulea), showed the classical increase in corticosterone lev-
els following an acute stress such as capture and handling but
did not show any increase of circulating corticosterone during
a severe storm. The day after the storm, however, baseline
levels of corticosterone were elevated suggesting that the
storm did eventually result in stress responses. We also know

that when breeding, the king penguin (Aptenodytes patagoni-
cus) may fast voluntarily for up to 60 days. Although fasting
would constitute a severe stress for most other vertebrate
species, by retaining low levels of corticosterone, the king
penguin is able to tolerate the fast (Cherel, Leloup, and LeMa-
ho 1988). We showed that although these birds appear resis-
tant to chronic stress such as fasting when breeding, they still
show a dramatic increase in corticosterone in response to
acute stress such as capture and handling.

Our data from three species indicate that the mecha-
nisms of control of glococortico steroid release differ in chron-
ic and acute stress. This is a unique finding and may have
considerable import for the modulation of alternate behav-
ioral patterns (and foraging distributions in southern
seabirds) triggered by stress. The mechanisms underlying
these modulations may provide us with a greater understand-
ing of how animals live in extreme environments.

We thank C. Cinniger, L. Connell, B. Helmuth, L. Mitchell,
and G. Nevitt for assistance in the field. This research was
supported by National Science Foundation grant OPP 92-
20128 to P. Kareiva, R. Veit, and J.C. Wingfield.
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Foraging ecology and reproductive energetics of
antarctic petrels

PETER J. H0DuM, Department ofAvian Sciences, University of California, Davis, California 95616

T
his multiyear study is examining the foraging ecology and
reproductive energetics of snow petrels (Pagodroma

nivea) and cape petrels (Daption capense)in the Rauer Islands,
Antarctica (68050'S 77°50'E). The 1993-1994 season was the
first season in a 3-year study of interannual and interseasonal
variation in adult foraging strategies, parental reproductive
effort, and nestling energy requirements.

The concept that reproductive performance is an indica-
tor of food availability, and thus of the status of marine ecosys-
tems, has generated considerable interest (Croxall and Prince
1980; Wanless et al. 1982; Ricklefs, Duffy, and Coulter 1984;

Cairns 1987; Croxall et al. 1988). If a direct link can be estab-
lished between food availability and some aspect of reproduc-
tive performance, then ecosystem-level processes might be
evaluated relatively simply. This premise rests on the assump-
tion that seabird reproduction is energy limited such that in
years of low food availability reproductive performance is
impaired. The form of this relationship between reproductive
performance and food supply is unclear. If seabird perfor-
mance is to be considered a useful indicator of environmental
condition, a correlation between performance and food avail-
ability must exist over a wide range of conditions.
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Thus far, most assessments of the potential link between
seabird reproductive performance and food supply have
focused on chick growth rate, maximum chick body mass, or
mass at fledging (e.g., Ricklefs et al. 1984; Croxall 1984).
Growth rate is thought to be particularly sensitive to varia-
tions in the rate of food delivery, which in turn is assumed to
correlate with food availability (Barrett et al. 1987; Mon-
aghan et al. 1989). Critical evaluations of the link between
food supply and reproductive performance will benefit from
direct examinations of the magnitudes and patterns of ener-
gy flow, from marine environment through parents to off-
spring.

Most studies of seabird energetics have focused on adults
(reviewed by Green and Brothers 1989) and our understand-
ing of the adult-offspring energy dyad is incomplete. Knowl-
edge of nestling energy requirements and how they relate to
organismal traits and environmental conditions is essential to
evaluating the putative link between food supply and repro-
ductive performance.

There is considerable international interest in the role of
seabirds in antarctic marine ecosystems and how human
activities may affect seabird populations. Instantaneous and
cumulative food consumption and energy flux are crucial
indices of the impact of petrels on the marine ecosystem and,
in turn, of the possible consequences of ecosystem changes
(e.g., large-scale krill harvesting) on petrel populations. By
studying diet, energy metabolism, and chick growth over
three consecutive breeding seasons, valuable insights will be
gained into the interannual variation in population energetics
at Prydz Bay and how such variation affects seabird reproduc-
tive performance.

The field site for this study is Hop Island in the Rauer
Island group, approximately 40 kilometers south-southwest
of Australia's Davis Station. The field season began on 5
November 1993 and continued until 18 February 1994. Due to
shipping schedules we were unable to remain in the field
through the end of the fledging period. This first season pro-
vided baseline data on attendance patterns throughout the
breeding season, laying dates, incubation period, hatching
dates, and nestling survival through the late-nestling period.
Chick growth curves were generated from daily nestling mor-
phometric measurements.

Measurements of field metabolic rates of chicks and of
breeding adults of both species were made using the doubly
labeled water (DLW) technique. Diet samples were collected
from breeding adults of both species. Preliminary analysis of
samples indicates that snow petrels fed primarily on fish
whereas the diet of cape petrels was composed primarily of
krill. Fecal samples from chicks were collected to establish diet
from stable isotope analysis (ratio of nitrogen-15 to nitrogen-
14) of the feces. Feeding rates and meal sizes were determined
from observations of nest sites and from overnight chick
weighing measurements.

This research was supported by National Science Founda-
tion grant OPP 92-18536. I am grateful for the invaluable assis-
tance that Stephani Zador provided in the field.
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Antarctic procellariiform seabirds can smell krill
GABRIELLE A. NEvITr, Institute of Neuroscience, University of Oregon, Eugene, Oregon 97403

p
rocellariiform seabirds (i.e., the petrels, albatrosses, and
shearwaters) have an exquisitely developed olfactory sys-

tem (Bang 1965, 1966). The olfactory prowess of these birds
has been documented for a number of different species
(Hutchinson and Wenzel 1980; Jouventin and Robin 1984;
LeQuette, Verheyden, and Jouventin 1989; Clark and Shah

1991). Still, why these birds have evolved such a keen sense of
smell or precisely how they use olfactory information in the
wild remains a mystery.

Procellariiform seabirds are readily attracted to fishy
smelling oils deployed at sea (e.g., cod liver or tuna oil, fish
homogenate), suggesting that olfactory cues might be used to
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locate food (Grubb 1972; Hutchinson and Wenzel 1980; Iou-
ventin and Robin 1984; LeQuette et al. 1989). Antarctic krill
(Euphausia superba) is a preferred prey of many petrels
(Prince and Morgan 1987), and scientists speculate that pro-
cellariiforms may be able to detect krill swarms using olfacto-
ry cues (Clark and Shah 1991). Clark and Shah have used sim-
ulation models to describe the dispersion of specific aromat-
ics derived from krill (e.g., trimethylamine and pyrazine).
Their results suggest that even a relatively small (0.5-meter
diameter) krill swarm may be detectable to foraging petrels
from distances of kilometers, given the right atmospheric
parameters. Although untested, this idea is intriguing since
many tubenosed species live highly pelagic lifestyles, often
foraging at night over large stretches of open ocean where
krill swarms can be small and patchily distributed.

As part of an ongoing study on seabird foraging, I con-
ducted shipboard experiments designed to test the hypothe-
sis that procellariiforms are able to detect krill at sea using
olfactory cues. Preliminary experiments were performed
aboard the National Oceanic and Atmospheric Administra-
tion ship Surveyor near Elephant Island during February and
March 1993 and continued aboard the RIV Nathaniel Palmer
near South Georgia during May and June 1993. For these
experiments, I presented birds with perfumed vegetable oil
slicks paired with unscented control slicks. My aim was to
produce a plume of odor emanating from a slick. The plume
approximated aromatic concentrations typical of what birds
might naturally encounter (nanomolar range). The scents
used were cod liver oil, crude kril extract, two aromatic com-
ponents of krill (trimethylamine and pyrazine), and one for-
eign odorant, phenylethyl alcohol (rose scent). Once slicks
were deployed, two teams of "blind" observers (one team per
slick) simultaneously recorded numbers, behaviors, and
species identities of birds that arrived. A bird was considered
to show interest if it
• flew upwind directly over the slick within approximately 1

meter of the surface,
• alighted on, or
• patterned over the slick.

Combined data from 18 experiments produced a number
of compelling results. First, procellariiforms were more
attracted to slicks scented with crude krill extract than to non-
scented control slicks (figure). Northern and southern giant
petrels, cape petrels, blue petrels, antarctic petrels, kerguelen
petrels, and black-browed albatrosses were also strongly
attracted to pure krill aromatics (G-test, p<0.05). The relative
attractiveness of odors differed between species. Cape petrels,
for example, were highly attracted to trimethylamine and less
attracted to pyrazine, phenylethyl alcohol, and cod liver oil in
descending order. This response is of particular interest since
we have also shown that cape petrels alter their turning
behavior over nonvisible krill swarms in a manner consistent
with an olfactory foraging strategy (Veit et al., Antarctic Jour-
nal, in this issue). Blue petrels, on the other hand, responded
more strongly to cod liver oil than to any other odorant.
Apparently, the attractiveness of odorants had no relationship

Numbers of procellariiform seabirds attracted to krill scented oil slicks
(white bars) and nonscented slicks (black bars). This graph shows the
cumulative arrival of birds 1-6 minutes after slicks were deployed.
Data are from three paired trials and are presented as means and
standard errors.

to prevailing weather conditions, suggesting that these differ-
ences were not strictly due to discrepancies in odor volatilities
or transport. Together, these results provide intriguing evi-
dence that antarctic procellariiform seabirds use olfactory
cues to locate food resources.

I thank L. Clark for his thoughtful advice in designing this
study. I thank B. Agler, C. Cinniger, L. Connell, D. Green, M.
Groom, B. Helmuth, R. Hewitt, R. Holberton, E. Mitchell, D.
Secord, E. Silverman, R. Veit, and W. Weber for their generous
assistance in the field. I am also grateful to the captains, offi-
cers, and crews of the Surveyor and the R/V Nathaniel Palmer.
This research was supported by National Science Foundation
grant OPP 89-130130 to Peter Kareiva, Richard R. Veit, and
John Wingfield.

References

Bang, G.B. 1965. Anatomical adaptations for olfactory in the snow
petrel. Nature, 205(4970), 513-515.

Bang, G.B. 1966. The olfactory apparatus of tubenosed birds (Procel-
lariiformes). Acta Anatomy, 65, 391-415.

Clark, L., and P.S. Shah. 1991. Information content of odor plumes:
What do foraging leach's storm petrels know? In R. Doty and H.
Meuller-Schwarze (Eds.), Chemical signals in vertebrates. New
York: Plenum Press.

Grubb, T.C. 1972. Smell and foraging in shearwaters and petrels.
Nature. 237(5355), 404-405.

Hutchinson, L.V., and B.M. Wenzel, 1980. Olfactory guidance in for-
aging by procellariiforms. Condor. 82, 314-319.

Jouventin, P., and J.P. Robin, 1984. Olfactory experiments on some
antarctic birds. Emu, 84, 46-48.

LeQuette, B., C. Verheyden, and P. Jouventin. 1989. Olfaction in sub-
antarctic seabirds: Its phylogenetic and ecological significance.
Condor, 91, 732-735.

Prince, P.A., and R.A. Morgan. 1987. Diet and feeding ecology of Pro-
cellariiformes. In J.P. Croxall (Ed.), Seabirds: Feeding ecology and
their role in marine ecosystems. Cambridge, U.K.: Cambridge Uni-
versity Press.

Veit, R.R., E.D. Silverman, R.P. Hewitt, and D.A. Demer. 1994. Spatial
and behavioral responses by foraging seabirds to antarctic krill
swarms. Antarctic Journal of the U.S., 29(5).

40

U
30

20

0

10

0
1	2	3

time (mm)

ANTARCTIC JOURNAL - REVIEW 1994
169



Figure 1 Low-altitude view of Franklin Island emperor penguin colony site.
Arrow indicates where the main incubation area was. (Photo by G.L. Kooyman,
1 January 1994.)

Natural history of emperor penguin colonies of the
Ross Sea, 1993

GERALD L. KOOYMAN, Center for Marine Biotechnology and Biomedicine, Scripps Institution of Oceanography,
University of California, San Diego, La Jolla, California 92093-0204

S
ince 1986, I have conducted several types of studies at the
emperor penguin colonies of the western Ross Sea. The

major emphasis has been on the following:
• foraging behavior of adult birds during their last trip before

desertion of the chicks,
• population censuses of the six colonies of the western Ross

Sea,
• fledging success at the Cape Washington colony, and
• leopard seal predation of adults and chicks.
The 1993 season was a continuation of those studies. Note-
worthy exceptions to data collected from previous years
include the following:
• the determination of foraging behavior simultaneously at

Coulman Island and Cape Roget,
• the decline in fledging success at Coulman Island,
• the absence of leopard seals at Cape Washington, and
• the re-discovery of a seventh emperor penguin colony in

the Ross Sea.
Some highlights of the past season's research follow.

Five records of foraging commutes were obtained from
both Cape Roget and Coulman Island. This was half of the
number that I expected to retrieve. Recovery of satellite trans-
mitters was even lower, especially at Coulman Island where
only one of five units was retrieved. Average trip duration for
birds at Coulman Island was also longer than in 1992. These
results suggest that foraging conditions were not as good in
November 1993 as in the previous year.

Censuses were accomplished at the three largest
colonies, and colony habitat conditions were noted from sur-
face visits to all six western colonies and at the seventh colony
in the eastern Ross Sea. Preliminary data analysis of the
Cape Washington and Cape Roget colonies shows that
about the same number of chicks fledged in 1993 as in
1992, but the Coulman Island population declined by
about 50 percent from the 1992 count, which had been
the highest count ever. This decline is particularly note-
worthy because ever since the discovery of the Coulman
Island colony, it has been the largest known aggregation
of emperor penguins. This was not so in 1993 when the
number of fledging chicks at Cape Washington exceed-
ed those at Coulman Island.

The postseason ground surveys at Franklin (figure
1) and Beaufort Islands showed no unusual chick mor-
tality and the fast ice still in good condition, even at tlu'
late date of 1 January 1994. At this time, 27 chicks we
at the ice edge near Franklin Island. Surprisingly for this
late date, 132 chicks were still at Beaufort Island, and we
witnessed one exceptionally large chick being fed. Inci-
dentally, to my knowledge no one has been to the Beau-

fort Island colony since Frank Todd made the first visit in
1976 (Todd 1980), and the Franklin Island colony has never
been surveyed from the surface. Considering the high interest
in emperor penguin colonies, this lack of contact shows how
remote the colonies of the western Ross Sea are.

As remote as the western colonies may be, they pale in
comparison to a colony we rediscovered this past season in
the eastern Ross Sea. This area and the coast beyond, which
borders the Amundsen and Bellingshausen Seas, make up the
last major unknown sector of Antarctica. Because of observa-
tions as early as Wilson's in 1901 (Wilson 1907) and later
reports (Ainley, O'Connor, and Boekeiheide 1984) that unusu-
al numbers of penguins nest near Edward VII Peninsula, we
conducted an aerial search on 25 October. This was my sec-
ond attempt to find this putative colony. During my first
attempt, in November 1988, we were within 5 kilometers of
the peninsula when low clouds forced us to turn back. On this
25 October day, we had searched well into Sulzberger Bay,
and having given up our search, we were enroute back to
McMurdo Station. A short time after leaving the coast, Tory
Kooyman sighted the colony some distance from our flight
track. We landed and did a brief survey before weather and a
concern about aircraft fuel forced us to leave. The colony,
deep in the inlet (figure 2), supports approximately 7,000
chicks (Kooyman personal observations). I learned later that
in the early 1960s, the Marie Byrd Land Expedition explored
the coastline and nearby mountains, and on Christmas Day
1962, members of the expedition discovered the colony in
Bartlett Inlet, but they never reported it (Skinner personal
communication).
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support, and especially Harry Hamlon for his superb flying at
Bartlett Inlet. The National Science Foundation officials and
Antarctic Support Associates support staff gave me excellent

ai help before, during, and after the expedition. Special thanks
go to Kristen Larsen and her assistants at Coulman Island.
The field team consisted of Carsten Kooyman, Tory Kooyman,
and Robert Van Dam from Scripps Institution of Oceanogra-
phy; Andre Ancel, postdoctoral fellow from Strasbourg,
France; Graham Robertson, Australian National Antarctic
Research Expedition.
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Diving development and survivorship in Weddell seal pups
M.A. CASTELLINI, J.W. TESTA, L.D. REA, J.M. Moss, and K.K. HASTINGS, Institute of Marine Science, University ofAlaska,

Fairbanks, Alaska 99775

T
his project has focused on understanding the develop-
ment of diving in Weddell seal pups and correlating

health indexes with survivorship of those pups. Consequently,
several major components constitute the project:
• diving patterns vs. age in pups,
• blood chemistry development in intensively studied pups,
• blood chemistry profiles of a subsection of the pup popu-

lation, and
• population parameters of the Weddell seals near McMurdo

Station.

Divingpatterns vs. age in pups

W
eddell seal pups in McMurdo Sound, Antarctica, were
outfitted with time-depth recorders (TDRs) to monitor

the development of their diving behavior during the austral
spring and summer of 1992 and 1993. Pups (n=18 and 20 for
1992 and 1993, respectively) carried TDRs for several day peri-
ods biweekly between the ages of 2 and 13 weeks. To track
dive behavior throughout the fall and winter, satellite-linked
time-depth recorders (SLTDRs) were deployed in January
1993 on seven of the pups that had carried TDRs during the
spring of 1992.

Pups began to dive within 2 weeks of birth. The number
of dives per day and the mean depth and duration of dives
increased significantly over the first 13 weeks. Both the TDR
and SLTDR records reveal diel effects in measured parame-
ters. The longest and deepest dives occurred during the after-

noon period, night dives were short and shallow, and the
morning and evening dives were intermediary. Dive frequen-
cy was highest during the night, and lowest during the after-
noon. This pattern is less evident in the TDR records because
of the rapid increase in pup diving ability.

When 1992 SLTDR and TDR data were combined, sea-
sonal trends in dive behavior were suggested, although the
pattern was confounded by pup age. Mean dive depth and
duration increased throughout the study only during the
afternoon period, the hours of maximum light. In all other
periods, measured parameters declined or remained con-
stant. In combination, depth, duration, and frequency data
suggest that dives were more shallow and less frequent later
in the season in periods when light was limited. The diurnal
and seasonal pattern in dive behavior is consistent with the
hypothesis that pups are foraging throughout the day on ver-
tically migrating prey species.

Blood chemistry development in intensively studied
PUPS

W
eddell pups accompany their mothers into the water
beginning at about 2 weeks of age. Pups spend the

remaining 4 to 6 weeks of the nursing period developing their
diving skills with periodic forays into the water, at most times
accompanied by their mothers. It has been impossible to
determine, however, if the pups were supplementing their
milk diet with independent foraging (for squid or fish) during
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the nursing period, or if they begin to feed on solid food only
after weaning. If the latter is the case, do these pups also
undergo a postweaning fast before feeding independently?
Plasma chemistry was monitored during the first 3 months of
life every 2 weeks in 23 pups (through the nursing period, over
weaning and independent foraging) to determine whether
this species undergoes a postweaning fast. The data suggest
that these animals do experience a 1- to 3-week fast following
weaning before feeding independently.

During the same period that plasma chemistry was used
to determine feeding success, values for blood-chemistry oxy-
gen-carrying capacity were determined. Like most other
mammals, Weddell pups are born with a relatively elevated
hematocrit (Hct; percentage of red blood cells in the whole
blood), which decreases during the first few weeks. Their Hct
soon increases, however, as they become better divers. Like-
wise, the rheological properties of the blood (for example, vis-
cosity) alter quickly in these pups as they assume adult pat-
terns. Reactions of the red blood cells to pressure incubation-
simulating deep dives also suggest that pup red blood cells
and adult cells are similar.

In total, these data indicate that Weddell pups mature
quickly in terms of diving adaptation via physiological sys-
tems such as blood chemistry.

Blood chemistry profiles of a subsection of the pup
population

U
sing the patterns of critical blood indexes determined on
intensively studied pups (see above), 89 additional pups

(total number of pups born in 1993 was 417) were captured

once near weaning and profiled for body condition (length,
weight, girth) and for blood metabolites. These data have been
analyzed and archived and will be repeated in 1994. The pups
were also tagged for population studies (see below). The long-
term goal of this section of the study is to correlate the body
and blood chemistry indexes with survivorship of those pups
over the coming years. Consequently, no results are available
at this time other than population-level profiles and distribu-
tions of these parameters. Determining their relationship to
survivorship will take 5 to 6 years of follow-up population data.

Population parameters of the Weddell seals near
McMurdo Station

I
nkeeping with the population database of Weddell seals
near McMurdo Station—a database that has been updated

every year for over 25 years—all new pups (n=417) were
tagged, six weekly censuses were conducted in November and
December, and population estimates were calculated. Based
on these surveys, about 829 Weddell seals (not counting
pups) were in the study area from Scott Base out to the Del-
bridge Islands. Of these, 183 were males, and 646 were
females. Approximately 57 percent of all adult male seals and
61 percent of all adult females in this study group are tagged.
Tests were begun to relate pup survivorship over the last
decade to patterns of good and bad years of reproductive suc-
cess by Weddell cows.

This research was supported by National Science Foun-
dation grant OPP 91-9885 to J.W. Testa and M.A. Castellini. In
addition to the authors, field team members included B.
Fadely, H. Meiselman, R. Wenby, B. Scotton, and I. Fadely.

Thoracic circumference and nitric oxide activity in the
free-diving Weddell seal

KEVIN S. STANEK, JESSE D. ROBERTS, JR., and WARREN M. ZAPOL, Department ofAnesthesia, Massachusetts General Hospital,
Boston, Massachusetts

KONRAD J. FALKE, Universitätsklinikum Rudolf Virchow, Frei Universität, Berlin, Germany
SIR GRAHAM C. LIGGINS and JACQUELINE LIGGINS, Postgraduate School of Obstetrics and Gynecology, National Women's

Hospital, Auckland 3, New Zealand

T
he Weddell seal (Leptonychotes weddellii) has evolved
mechanisms that permit dives up to 500 meters (m) for

nearly 90 minutes and rapid ascent without developing either
nitrogen narcosis or decompression sickness. At the initiation
of each dive, the Weddell seal forcibly exhales. This exhalation
reduces alveolar gas volume and buoyancy. With subsequent
diving, indirect evidence from arterial blood-gas tensions sug-
gests increased thoracic compression caused by increased
water pressure causes a graded reduction of lung volume.
Kooyman and coworkers, using x-ray examination of a young
Weddell seal in a simulated dive to 300 in a compression
chamber, demonstrated that the bronchioles and trachea
maintained constant diameters (Kooyman 1981). The proxi-

mal airways are resistant to collapse because they are
armored by rings of cartilage and muscle (Scholander 1940).
These observations suggest that as the alveoli collapse during
descent, their gas volume is forced into the reinforced proxi-
mal airways. Our previous studies measuring nitrogen uptake
into arterial blood from alveoli during the free diving of Wed-
dell seals suggest that alveoli collapse at approximately 30-50
in (Falke et al. 1985). It is unknown whether this reduc-
tion in alveolar gas volume is reflected by a fall in thoracic cir-
cumference during free dives of the Weddell seal.

Several additional mechanisms have evolved in the Wed-
deli seal to permit prolonged periods of breath holding. Dur-
ing prolonged dives, the seal releases adrenergic hormonal
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agents into the blood to constrict many vascular beds. This
reduces blood flow to noncritical organs and tissues while
allowing blood flow to continue to the brain and to be partial-
ly reduced to the heart and lung. Nitric oxide (NO), an
endothelium- derived relaxing substance, importantly ele-
vates blood flow to organs in many mammals (Furchgott and
Zawadzki 1980). NO is a gas produced by endothelial cells lin-
ing many blood vessels. NO diffuses into subjacent smooth
muscle causing vascular relaxation, in part, by stimulating
soluble guanylate cyclase to produce cyclic guanosine 3,5'-
monophosphate (cGMP) (Ignarro et al. 1981, 1983; Palmer,
Ferrige, and Moncada 1987). NO production and activity is
modulated by tissue oxygen concentration. NO activity in the
pulmonary arteries of fetal sheep is reduced by low-oxygen
tensions (Shaul, Farrar, and Zellers 1992). In the newborn
sheep, increased oxygen tension in the lungs caused by the
first few breaths after birth elevates lung NO activity and tis-
sue cGMP concentration thereby reducing pulmonary vascu-
lar resistance (Roberts et al. 1993). NO formed in pulmonary
vessels and airways is released into the exhaled gases of
guinea pigs, rabbits, and humans and can be measured by
chemiluminescence (Gustafsson et al. 1991). It is unknown
whether NO synthase activity regulates blood flow in the
Weddell seal or is altered by the low arterial oxygen tensions
encountered during prolonged dives.

Five subadult male Weddell seals were captured near the
Dellbridge Islands, the Erebus Glacier Tongue, and Arrival
Heights, Antarctica (approximately 78°S 168°E), and sledged
to a field research site drilled in the fast ice of McMurdo
Sound for isolated hole studies. The site was chosen to be 5
kilometers from the nearest natural crack in the ice sheet so
that a seal released into a hole at that portable research labo-
ratory could swim freely but would be
obliged to return, and thus we could
retrieve data and blood specimens.	IOU

Following sedation of the seal with
intramuscular ketamine HC1 and
anesthesia with inhaled halothane, a
previously calibrated, 3-millimeter-	150

thick, latex-covered strain gauge was
fitted around the seal's thorax just
caudal to the fore flippers. The strain
gauge produced an electrical resis-	140

tance proportional to the chest cir-
cumference, and the resistance was
converted to a voltage by a wheat-
stone bridge circuit. The voltage was	Q 130
amplified, converted to digital format	C..)
with 8-bit resolution, and stored in the	I
random-access memory of a time-
depth recording computer (Wildlife 120
Computers, Woodinville, WA). The
amplifier circuit and recorder were
affixed to a patch glued on the seal's
dorsal fur. In addition, a plastic
catheter was placed into the epidural
vein to allow collection of blood. Fol -

lowing recovery from anesthesia, the seal was allowed to
enter the ice hole and dive voluntarily.

During the dives, the chest circumference was measured
every second; the depth was recorded every 5 seconds. Fol-
lowing the seal's surfacing from a dive, serial blood samples
were obtained for later determination of cGMP concentration
using iodine-125 radio-immunoassay (Biomedical Technolo-
gies, Inc., Stoughton, Massachusetts) (Harper and Brooker
1975). The blood samples were stored in heparin and iO M
3-isobutyl-1-methylxanthine (IBMX) to reduce destruction of
cGMP by phosphodiesterases (Kramer and Wells 1979). For
measurement of exhaled NO by chemiluminescence (Fonti-
jin, Sabadell, and Ronco 1970), an acrylic chamber was placed
over the ice hole to capture exhaled gases from the seal sur-
facing between dives. At the conclusion of the studies, the seal
was resedated, and the monitors and catheter were removed.
The patches were left to fall off during the animal's molting.
Following recovery from sedation, the seal was released near
the area where it was collected.

We analyze a representative dive to a depth of 170 in
 24 minutes. At the initiation of dives, the seals forcibly

exhaled reducing thoracic circumference (arrow, see figure).
Subsequently, the chest circumference decreased with
increasing depth of the dive. Only upon resurfacing, after the
seal forcibly exhaled to clear its nostrils of ice and mucous (*,
see figure) was the thoracic circumference increased. Fifty
plasma cGMP levels were determined in samples obtained
during the recovery periods from 16 dives lasting up to 22.5
minutes. Plasma cGMP levels did not change during the
recovery period; the initial and final plasma cGMP concentra-
tions during the recovery periods were 14.6±3.5 and 14.8±3.5
picomole per milliliter, respectively. Furthermore, we did not
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Depth and thoracic circumference in a free-diving Weddell seal. Exhalation at the initiation of the
dive (arrow) reduced thoracic circumference to levels near the minimum reached at the maximum
depth of the dive. During the dive, the thoracic circumference was gradually and slightly reduced.
Upon surfacing, the seal again exhaled (*) to clear its nostrils prior to inhalation.
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observe any increase of exhaled NO levels above ambient
concentrations (1-2 parts per million, by volume) during the
recovery period between dives.

Our data show that the reduction of thoracic circumfer-
ence of the free-diving Weddell seal occurs in two phases. The
chest circumference falls during the initial exhalation. Subse-
quently, the thorax is gradually compressed with increasing
diving depth to about 40 m. This two-phase reduction of
chest circumference supports prior suggestions that airway
collapse is graded with depth in the diving Weddell seal. It is
significant that seals did not refill their lungs during ascent
but only upon the first inhalation at the ice hole after surfac-
ing. This delay prevents nitrogen uptake on ascent into arteri-
al blood and may be a mechanism developed to avoid nitro-
gen narcosis or decompression sickness. During the recovery
period of prolonged dives, no indirect evidence was found of
a cGMP increase or modulation of nitric oxide activity in the
Weddell seal. This lack of evidence suggests that the NO-sig-
nal transduction system for vasodilation may not be highly
developed in the Weddell seal.

These studies were funded by National Science Founda-
tion grant OPP 91-18192. They were performed under U.S.
National Marine Fisheries Service Marine Mammal Permit
number 600 and approved by the Massachusetts General
Hospital Subcommittee on Animal Studies.
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Terrestrial biology

Depth distribution of soil nematodes in
Taylor Valley, Antarctica

LAURA E. POWERS and DIANA W. FRECKMAN, Natural Resource Ecology Laboratory, Colorado State University, Fort Collins,
Colorado 80523

Ross A. VIRGINIA, Environmental Studies Program, Dartmouth College, Hanover, New Hampshire 03755

T
he organisms that live in the seemingly barren soils of the
antarctic dry valleys are subject to some of the most

extreme environmental conditions on Earth, including desic-
cation, freezing, high salinity, and general heterogeneity of the
chemical and physical aspects of the soils in which they exist
(Campbell and Claridge 1987). These factors likely contribute
to their distribution on both a micro- and macrohabitat scale.

Six genera and 11 species of nematodes have been
described from soils on continental Antarctica (Maslen 1979).
Studies by Freckman and Virginia (1991) indicate that the
microbial feeding Scottnema lindsayae (Timm 1971) and the

Nematodes kg dry soil

250500	750	1000

0	0.01	0.02	0.03	0.04	0.05

Soil moisture (g/g)
Nematodes per kilogram (kg- 1 ) of dry soil and soil moisture
(gram/gram) at four depths on the north shore of Lake Hoare, Taylor
Valley, Antarctica.

omnivore/ predator Eudorylaimus antarcticus (Steiner 1916)
(Yeates 1970) are the dominant nematodes in the dry valleys
of Victoria Land. In temperate regions of the world, nema-
todes—as herbivores—are an important component of the
soil food web aiding in decomposition processes and serving
as a food source to other soil organisms (Yeates and Coleman
1982, pp. 55-80).

Previous studies of nematodes in the antarctic dry valleys
have been restricted primarily to taxonomic identification
(Timm 1971; Yeates 1970) or geographic distribution surveys
(Freckman and Virginia 1991; Wharton and Brown 1989);
however, information on nematode distribution with soil
depth is important to design ecologically relevant sampling
plans to study the ecology of nematodes in these soils and to
interpret results for determining the nematode contributions
to the sustainability of the dry valley ecosystem.

To examine the depth distribution of nematode commu -
nities, we sampled sites on the north shore of Lake Hoare in
Taylor Valley, Antarctica (77 038'S 162 053'E), in austral sum-
mer 1993-1994. The sites chosen for sampling possessed the
broad geomorphic features characteristic of the landscape of
the polar deserts of Victoria Land, with distinctively patterned
ground (polygons) and a disturbed, weathered regolith. Sam-
ples were taken at four depth increments: 0-2.5 centimeters
(cm), 2.5-5.0 cm, 5.0-10.0 cm, and 10.0-20.0 cm. Soils were
collected using sterile techniques, samples were returned to
McMurdo Station, and nematodes were extracted from the
samples within 48 hours (Freckman and Virginia 1993). All
nematodes extracted from the soils were identified to genus
and enumerated. The soil moisture content of each sample
was determined by standard gravimetric method
(weight/weight) at the time of nematode extractions.

Nematodes were present in all samples collected. Nema-
tode populations were not related to soil moisture, which
increased slightly with depth (figure). Total numbers of
nematodes were greatest at the 2.5-5.0-cm depth increment
on the north shore (figure).

The nematode community on the north side of Lake
Hoare consisted of two genera: the omnivore/ predator Eudo-
rylaimus antarcticus and the microbial feeding nematode
Scottnema lindsayae. These two genera showed different dis-
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447.3±205.9
800.7±175.7
640.9±148.1
180.5±68.3

tributions as a function of soil depth. Scottnema populations
in the 2.5-10.0-cm range on the north side of the lake were
greater than those in the 10.0-20.0-cm soil depth increment
(table), whereas Eudorylaimus was found primarily closer to
the surface, with a greater number found at the 2.5-5.0-cm
depth than in the 10.0-20.0-cm range (table).

Previous studies have found nematodes to be widely dis-
tributed in the dry valleys (Freckman and Virginia 1990).
Unlike soils from other ecosystems, however, a notable per-
centage (34 percent) of soils sampled from dry valley loca-
tions lack extractable nematodes (Freckman and Virginia
1991), but where nematodes occur, peak densities are compa-
rable to nematode densities in other desert soils (Freckman
and Mankau 1986). For the soils that contain nematodes, the
distribution of these animals is likely governed by such factors
as energy availability and dispersal (Freckman and Virginia
1991). Nematodes may become distributed at depths that are
close enough to the surface to benefit from organic inputs to
the soils but deep enough to avoid other environmental
extremes that may influence their survival.

We thank John Freckman, Ericha Courtright, and
Mengchi Ho for their assistance in sampling and laboratory
analyses. We also acknowledge the logistic support of the

North shore
0-2.5	373.5±171.0	73.8±43.6

2.5-5.0	676.3±175.1	124.4±12.7
5.0-10.0	607.2±147.6	33.7±14.1

10.0-20.0	174.1±63.4	6.4±3.9

National Science Foundation McMurdo Station laboratory
staff and the VXE-6 and Royal New Zealand Air Force heli-
copter crews. This research was supported by National Sci-
ence Foundation grant OPP 91-20123 to D.W. Freckman and
R.A. Virginia.
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Limits of life and microbial extinction in the antarctic desert
E. IMRE FRIEDMANN and ALEXANDER Y. DRUK, Polar Desert Research Center and Department of Biological Science, Florida State

University, Tallahassee, Florida 32306-2043
CHRISTOPHER P. MCKAY, National Aeronautic and Space Administration-Ames Research Center, Space Sciences Division,

Mountain View, California 94035

C
ryptoendolithic microorganisms under the surface of
rocks in the antarctic desert (Nienow and Friedmann

1993, pp. 343-412) live in an "absolute extreme" cold environ-
ment (Friedmann 1993a, 1993b). Temperatures are far below
the biologically optimal values, and the organisms exist near
the limit of their physiological potential. Deterioration of the
environment, such as a slow climate change, can upset the

delicate physiological equilibrium, and the result is death and
extinction: in the high desert areas of the McMurdo Dry Val-
leys ("Ross Desert"), a significant portion of the sandstone
rock surfaces harbor fossil microbial communities.

It has been suggested that the cryptoendolithic microbial
ecosystem of the antarctic desert is a terrestrial model for the
last stages of life on early Mars (McKay et al. 1992). The study
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of extinction in cryptoendolithic communities thus provides a
basis from which to reconstruct the process of extinction of
life on Mars.

We hypothesized that a quantifiable gradient from rela-
tively "mild" (favorable to life) to "hostile" (adverse to life)
environments exists in the antarctic desert. Along this gradi-
ent, the interval between living and fossil microbial coloniza-
tions encompasses the "limit of life." Because the principal
limiting environmental factor appears to be temperature
(Friedmann et al. 1993), the critical threshold (point of extinc-
tion) that determines the limit of life can be defined in terms
of temperature.

We identified five localities in the McMurdo Dry Valleys
that, on the basis of distribution of living and fossilized com-
munities, seem to represent such a gradient (table 1, figure 1).

In December 1992, we set up automatic environmental
stations (Campbell CR10 data loggers with Campbell SM 716
data-storage modules) at these localities to monitor environ-
mental parameters (rock temperature, rock moisture, sun-
light, air temperature and relative humidity, wind speed and
direction, and presence of snow). The sensors at the environ-
mental stations were similar to those used in our earlier stud-
ies of the nanoclimate of the antarctic cryptoendolithic habi-
tat (Friedmann, McKay, and Nienow 1987; McKay et al. 1993).

At each station, temperature sensors were inserted into
two colonized rocks. On Battleship Promontory, on Linnaeus
Terrace, and in Tyrol Valley, the microorganisms were living;
on Horseshoe Mountain, they were dead (fossilized). On
Mount Fleming, one sensor was inserted into a north-facing
rock surface with a living microbial community and the
other into a horizontal rock harboring a fossilized communi-
ty. The rather striking difference in temperatures between
these two rocks (figure 2, Fleming 1 and Fleming 2) is due to
the difference in exposure to the Sun (Nienow, McKay, and
Friedmann 1988).

In January 1994, we retrieved the first year's results. The
environmental stations had functioned without interruption
at four localities. On Battleship Promontory, a failure in the
electronic equipment in April 1993 interrupted data monitor-
ing (the failure was repaired in January 1994). Preliminary
results of rock-temperature measurements for 1993 are
shown in table 2.

The data confirm our hypothesis that there is a gradient in
yearly average temperatures of both air and rock, as indicated
by the distribution of fossil communities shown in table 1.

Climate	Most extreme,
extreme,

coldest

Microbial	All dead	Most or	Many	Son
communities	(fossilized)	all dead	dead	dea

•	 ___

c7

ymp uJ2
AS

T
Beacon

L.

Ice-f ree
- Lake

10km

Figure 1. Area map of the McMurdo Dry Valleys with locations of auto-
matic environmental stations. 1: Battleship Promontory; 2: Linnaeus
Terrace; 3: Tyrol Valley; 4: Mount Fleming; 5: Horseshoe Mountain.

Average yearly temperatures, however, quite especially of
air, are not necessarily a good indication of suitability for life.
Biological processes take place in rock, and the temperature of
the rock may be quite different from that of the air. Also, life
processes take place only at temperatures above -10°C (Fried-
mann et al. 1993), whereas yearly temperature averages are

dominated by the lower tempera-
ture ranges. Furthermore, hours
spent at higher temperatures
(above 0°C) are biologically much

T1	 more productive than hours spent
at lower temperatures.

The distribution of yearly
Least	 hours at different rock tempera-

tures during 1993 is shown in fig-mildest	
ure 2. In the diagram, the two

All	 environmental probes on Mount
d	living	 Fleming (in living and fossil

Table I. Apparent climate gradient and distribution offossil microbial communities
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Table 2. Monthly and annual minimum, maximum, and mean temperature (T), relative humidity (RH) of air, and tem-
perature of colonized rocks (lyOCk) at five sites shown in figure 1 in 1993. Mean values were calculated from measurements
taken every 30 minutes.

January
Minimum	-23.2
Maximum	-7.8
Mean	-15.5
February
Minimum	-35.0
Maximum -11.2
Mean	-22.4
March
Minimum	-40.4
Maximum -13.0
Mean	-27.4
April
Minimum	-39.2
Maximum -18.9
Mean	-31.5
May
Minimum	-40.3
Maximum -26.0
Mean	-34.2
June
Minimum	-41.2
Maximum -20.6
Mean	-33.7
July
Minimum	-41.0
Maximum -17.5
Mean	-33.4
August
Minimum	-44.1
Maximum -18.8
Mean	-33.2
September
Minimum	-44.3
Maximum -22.2
Mean	-31.3
October
Minimum	-40.0
Maximum -16.1
Mean	-29.8
November
Minimum	-31.4
Maximum -11.9
Mean	-21.7
December
Minimum	-26.4
Maximum	-6.5
Mean	-18.6

Annual
Minimum	-44.3
Maximum	-6.5
Mean	-27.8

27 -22.1	-19.9
85	7.3	-5.9
55	-10.2 -11.7

26 -34.2 -31.6
78	-3.1	-8.5
50 -19.2 -18.7

27 -39.6 -37.5
79	-6.9	-8.9
50 -26.7 -25.0

31 -40.8 -38.4
74 -20.4 -16.4
54 -32.8 -28.9

32 -43.8 -41.3
68 -30.0 -23.0
52 -36.3 -32.7

32 -43.7 -41.0
72 -24.6
54 -35.2 -31.1

29 -42.0 -38.6
64	-20.1	-13.1
50 -34.9 -30.6

31	-44.4 -41.5
74 -22.2 -17.4
43 -34.7 -31.3

29 -43.9 -40.8
67 -19.5 -19.3
48 -31.6 -28.8

28 -38.7 -37.9
65	-11.4 -11.2
46 -27.9 -26.8

26 -30.8 -28.1
78	4.8	-4.7
58	-16.9 -18.1

24 -25.7 -22.5
81	6.9	-5.1
59	-12.3 -15.1

24 -44.4 -41.5
85	7.3	-4.7
52 -26.6 -24.9

27 -19.2 -18.9
90	5.3	-3.2
52	-7.6 -11.7

27 -30.8 -31.0
78	-1.2 -10.1
45 -16.3 -19.8

25 -36.8 -39.6
73	-5.4 -10.0
47 -24.5 -26.0

32 -38.8 -37.8
76 -18.9 -14.6
51	-29.8 -28.9

30 -40.5 -40.8
65 -26.5 -23.0
51	-34.1 -32.1

34 -41.4 -39.3
72 -23.5 -18.8
56 -31.9 -30.3

29 -38.3 -39.0
64 -17.6 -16.3
47 -31.7 -30.8

29 -41.8 -42.3
75 -20.7 -17.5
43 -32.5 -32.2

29 -40.4 -43.8
69 -18.8 -20.0
47 -29.5 -29.3

26 -37.3 -37.8
73	-6.7 -15.4
45 -26.0 -27.1

27 -27.5 -26.3
80	0.8	-7.8
54 -14.8 -16.9

26 -20.8 -22.6
88	3.6	-2.2
62	-11.0 -13.9

25 -41.8 -43.8
90	5.3	-2.2
50 -24.2 -24.9

30	-18.7 -17.3
96	8.7	4.1
57	-8.7 -10.3

37 -30.7 -28.1
81	-6.0	-5.1
50	-18.6 -16.6

35	-39.8 -37.1
78	-9.7	-6.6
52 -26.3 -23.8

34 -38.4 -36.7
66	-15.6 -13.7
50 -29.7 -27.4

34 -40.4 -38.4
67	-26.5 -21.5
50 -33.3 -31.3

35 -39.9 -38.9
71	-20.4 -18.5
52	-31.2 -29.0

29 -39.0 -36.4
60	-20.1 -13.1
47	-31.8 -28.5

31	-42.9 -40.1
77	-20.9 -17.2
44 -33.3 -30.1

30 -43.7 -40.3
65	-21.0 -19.0
48 -30.0 -27.0

30 -37.7 -36.3
70	-8.8 -10.2
45 -26.5 -24.4

29 -26.3 -25.2
85	7.0	-6.0
52	-14.0 -16.4

23	-22.3 -21.2
92	8.3	-4.1
60	-9.9 -13.3

23 -43.7 -40.3
96	8.7	4.1
50 -24.5 -23.2

25	-14.5 -15.0
91	9.1	-0.7
56	-4.9	-8.4

26 -26.9 -28.7
80	5.7	-5.1
48 -12.7 -14.9

24 -35.6 -31.8
86	-4.6	4.9
51	-23.8 -21.0

32 -39.4
74 -18.0
48 -30.5

29 -40.9
73 -26.9
51	-35.4

30 -41.8
73 -23.6
50 -32.3

26 -39.0
62 -21.0
43 -32.2

28 -42.4
77 -22.6
41	-34.0

28 -39.9
70 -23.1
44 -29.6

25 -36.5
64	-4.0
40 -23.6

24 -25.4
83	4.5
52	-11.6

25	-15.1
88	6.5
57	-6.6

24 -42.4
91	9.1
48 -23.2

25 -14.2
96	9.4
54	-4.4

26 -27.0
85	-0.7
45 -13.6

22 -32.0
85	13.7
48 -21.0
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colonies) are shown separately. At the other stations, values
represent averages of two probes in different rocks. Note that
the temperatures above 0°C are biologically more significant.

The gradient in rock temperatures is evident from our
data, and it appears that the "limit of life" that separates the
hostile from the life-supporting environments runs through
the area of Mount Fleming, where the last representatives of
living communities occur.

This research was supported by National Science Foun-
dation grant OPP 91-18730 to E.I. Friedmann.
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Figure 2. Mean annual total time (h y- 1 ) of rocks in 1993 at 1°C temperature inter-
vals (above -10°C, when metabolic activity is possible).
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Figure 1. Locations of the U.S. AMLR field research program: Elephant Island study area, Seal
Island, and Palmer Station.

Antarctic Marine Living Resources (AMLR)
program

The U.S. Antarctic Marine Living Resources (AMLR) program:
1993-1994 field season activities

JANE E. ROSENBERG, ROGER P. HEwETT, and RENNIE S. HOLT, Antarctic Ecosystem Research Group, Southwest Fisheries Science
Center, La Jolla, California 92038

T
he U.S. Antarctic Marine Living Resources (AMLR) program
has developed and conducted a research plan tailored to

the goals of the Convention for the Conservation of Antarctic
Marine Living Resources (CCAMLR), part of the Antarctic
Treaty System. The Convention manages antarctic fisheries to
conserve targeted species, while also taking into account the
impact fishing activities might have on
other living organisms in the antarctic
ecosystem. CCAMLR's unique manage-
ment regime has come to be known as
the "ecosystem approach." In keeping
with CCAMLR's mandate, the impact of
the krill (Euphausia superba) fishery
upon dependent predators must be
understood.

The AMLR program monitors fin-
fish and krill fisheries, projects sustain-
able yields where possible, and formu-
lates management advice and options.
In addition, the program conducts field
research with the long-term objective
of describing the functional relation-
ships between krill, their predators,
and their environment. The field pro-
gram is based on two working
hypotheses:
• Krill predators respond to changes

in the availability of their food.
• The distribution of krill is affected

by both physical and biological
aspects of their environment.

Similar to the past five field sea-
sons, the 1993-1994 field program
included a 2-month research cruise
aboard the National Oceanic and
Atmospheric Administration ship Sur-
veyor near Elephant Island, one of the
South Shetland Islands at the tip of the
Antarctic Peninsula. Also, land-based

studies were conducted at a seasonal field camp on Seal
Island, off the northwest coast of Elephant Island, and at
Palmer Station, a U.S. scientific station on Anvers Island fur-
ther south on the Peninsula (figure 1).

The specific objectives of the 1993-1994 field season were
the following:
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• to map the physical structure of the

	

upper 750 meters, including the ther-	 AMLR 1994 Large-Area Survey
mohaline composition, oceanic fronts,

	

water mass boundaries, surface cur-	
-1-- --	

-	 -	- -

rents, eddies, and turbulent mixing;

	

• to map the distribution of phytoplank-	60	 .24 25-.43-- 44-.59- 60 .75 76 .91
ton biomass and production;

	

• to map the distribution of zooplankton	 .23 26 942 45 .58 61 .74 77 .90
	(bill and other species), including the  	.22 27_.4i_ 46 .57 62 .73 4,78 .89

horizontal and vertical variations in

	

bill density and demographic charac-	 .21 oa8 .40 447 .56 63 •72 4.79 .88
teristics;	

w	
61 __________ __________ ___.20_______ 29 .39__________	55-	80 .87

• to conduct directed studies on
48 .	64-.7-1--

	acoustic characteristics of krill, diel	 11 •19 30 .38 49	65 .704 .81 .86
chanues in krill hphwinr nd niti1

°T -------	 J	 16.12 10.18	 .85-hassociation between krill predators
and krill;	 15 •13 9 .17 432 .36 461 .52 qP67 .68 83 984

• to conduct a fur seal survey at selected

	

sites in the northern South Shetland	62	 A

Islands; andand	 T	 4 .7 34	• to describe the reproductive success,	 I
	feeding ecology, and growth rates of	 ___ 1 .2 5 .6

land-based krill predators throughout
the reproductive season on Seal Island
and at Palmer Station.	 63	 1 1	 L -	 -_ -,

	

Surveyor departed Punta Arenas,	60	59	58	57	56	55	54	53
Chile, on 12 January 1994 to begin Leg I of

	

the AMLR cruise; the leg was completed	 Longitude
on 9 February. Following a mid-cruise Figure 2. The large-area surveys for AMLR 1994 (Leg I: Survey A; Leg II: Survey D).
port call, Leg II was conducted 14 Febru-
ary to 15 March. A large-area survey of 91

	

conductivity-temperature - depth	 AMLR 1994 Small-Area Survey
	(CTD)/rosette and net sampling stations,	 60

separated by acoustic transects, was com-
pleted once during each leg near Ele-
phant, Clarence, and King George Islands
(Survey A on Leg I, Stations A1-A91; Sur-
vey D on Leg II, Stations D1-D91; figure 2).

	

Data for physical oceanography, primary	 ________________
productivity, and krill distribution and 

3000m	condition studies were collected during	 ----	----	-	- T	the large-area surveys. Operations at each	.
station included the following:	 --	 -	-
• measurements of temperature salinity,

	

oxygen, light, transmissometer, and	 7'-(
I	-	SeaUsIancfluorescence profiles;	 I61 -	---'	-	-	------ ----

	

• collection of discrete water samples at	 - -	
--	1	 - -

standard depths for analysis of chloro-

	

phyll-a content, absorption spectra,	 200mparticulate organic carbon and nitro-
gen concentrations, primary produc-

	

tion, size fractionation, floristics, and	 7	-
inorganic nutrient content; and

	

• deployment of a 1.8-meter (6-foot)	 57	 - 56	 55Isaacs-Kidd Midwater Trawl (IKMT) to

	

obtain samples of zooplankton and	 Longitude
nekton.	 Figure 3. The small-area surveys for AMLR 1994 (Leg I: Survey B; Leg II: Survey C).
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Small-area acoustic surveys were conducted north of
Elephant Island during both legs to describe hill distribution
and abundance within foraging range of predators breeding
on Seal Island (Survey B on Leg I; Survey C on Leg II; figure
3). A transect of CTD/rosette stations was conducted across
the shelf-break north of Elephant Island (Stations X1-X7 on
Leg I and Stations X22-X29 on Leg II) to delineate hydro-
graphic and biological features. During Leg II, similar tran-
sects were conducted across the Bransfield Strait, extending
northwest of Nelson Island (Stations X8-X21), and east of the
large-area survey grid (Stations X30-X37). In addition, a study
to assess the spatial association between krill predators

(seabirds and marine mammals) and krill was conducted
during both cruise legs.

A field team occupied the field camp on Seal Island from
30 November 1993 to 10 March 1994. The team conducted
extensive research on the reproductive and feeding behaviors
of antarctic fur seals (Arctocephalus gazella), chinstrap pen-
guins (Pygoscelis antarctica), macaroni penguins (Eudyptes
chrysolophus), and cape petrels (Daption capensis) breeding
on the island. Fieldwork at Palmer Station was initiated on 8
October 1993 and completed on 1 April 1994; studies on
aspects of the ecology of Adélie penguins (Pygoscelis adeliae)
were conducted.

AMLR program: Distribution and abundance of krill near
Elephant Island in the 1993-1994 austral summer

ROGER P. HEwIrr, Southwest Fisheries Science Center, La Jolla, California 92038
DAVID A. DEMER, Scripps Institution of Oceanography, La Jolla, California 92093

()
ne of the principal goals of the Antarctic Marine Living
Resources (AMLR) program is to relate the feeding ecolo-

gy and reproductive success of bill predators to aspects of the
prey field. Echo integration methodology was used to map the
distribution of krill and to estimate biomass. Two specific
objectives for the acoustic surveys were the following:
• to map mesoscale (lOs to lOOs of kilometers) features of

the distribution, density, and abundance of bill in the area
around Elephant Island; and

• to map microscale (1 to lOs of kilometers) features of the
distribution, density, and abundance of bill immediately
north of Elephant Island, within the foraging range of bill
predators breeding at Seal Island.

To address these objectives, two large-area surveys (Sur-
veys A and D) and two small-area surveys (Surveys B and C)
were conducted near Elephant Island between mid-January
and mid-March 1994 (Rosenberg et al., Antarctic Journal, in
this issue).

Acoustic data were collected using a multifrequency echo
sounder configured with down-looking 120-kilohertz split-
beam and 200-kilohertz, single-beam transducers mounted in
the hull of the ship. System calibrations were conducted
before and after the surveys while the ship was at anchor in
Ezcurra Inlet, King George Island. Calibration drift was less
than 1 decibel.

For the purposes of generating distribution maps and
biomass estimates, measurements of volume backscattering
strength obtained at 120-kilohertz were integrated over depth
from 10 to 250 meters and averaged over transect intervals of
185 meters (35 to 60 pings, depending on ship's speed). Inte-
grated volume backscattering strength per unit sea-surface
area was converted to estimates of bill biomass density fol-
lowing the method outlined in Hewitt and Demer (1993). Sur-

vey biomass was estimated by treating the mean biomass
density on each transect as an independent estimate of the
mean density over the survey area.

The large-area surveys (Surveys A and D) were separated
by approximately 5 weeks. During Survey A, the highest den-
sities of bill were mapped north of King George Island (figure
1). Lower densities were mapped south of King George Island,
around Clarence and Gibbs Islands, and over a broad area
northwest of Elephant Island. During Survey D, highest densi-
ties of bill were mapped north of Elephant Island (figure 1).
Another possible area of high bill density was detected at the
far western end of the survey area north of King George
Island. Lower densities were mapped south of Elephant
Island and between Elephant and King George Islands.

Two small-area surveys (Survey B and C) were conduct-
ed during the period between the large-area surveys. During
both surveys, high densities of bill were mapped in the shoal
waters to the north of Elephant Island (figure 2). Additional
areas of high krill densities were mapped in water with
depths greater than 1,000 meters northwest of Elephant
Island during Survey B and north of Elephant Island during
Survey C.

Krill biomass estimates were calculated for the portions
of Survey A and Survey D centered over Elephant Island, com-
parable in area to 1992 and 1993 surveys (approximately
12,000 square nautical miles). Krill biomasses were estimated
to be 401x103 tons for Survey A and 359x 1 0 tons for Survey D
(table). Krill biomasses for Surveys B and C were estimated to
be 87xI03 and 97x I03 tons, respectively. These values corre-
spond to an average bill density over the large-area survey of
less than 10 grams per square meter and over the small-area
survey of less than 15 grams per square meter during the aus-
tral summer of 1993-1994.
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Figure 1. Distribution of krill density (in grams per square meter) for	Figure 2. Distribution of krill density (in grams per square meter) for

	

Surveys A and D. Portions of surveys used for biomass estimates are	Surveys B and C.
indicated by rectangles.

Estimates of krill biomass and density for SurveysA, B, C, and D

A
	

41,673
	

401
	

11%
	

9.63
B
	

7,203	87
	 9%	12.02

C
	

7,203	97	22%
	

13.46
D
	

41,673
	

359
	

22%
	

8.61

	

The average density for the large-area survey was the	 References
lowest observed during the last 5 years of AMLR surveys in the

	

Elephant Island study area and was approximately one-sev-	Hewitt, R.P., and D.A. Demer. 1993. Dispersion and abundance of

	

enth of the 1990-1993 average density. Prior to this year's sur-	antarctic krill in the vicinity of Elephant Island in the 1992 austral

	

veys, the lowest krill summer. Marine Ecology Progress Series, 99, 29-39.l density in the Elephant Island area was	Rosenberg, J.R., R.P. Hewitt, and R.S. Holt. 1994. The U.S. Antarctic
observed during surveys conducted in 1991.	 Marine Living Resources (AMLR) program: 1993-1994 field season

David A. Demer is supported by the Hertz Foundation,	activities. Antarctic Journal of the U.S., 29(5).
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AMLR program: Krill stock structure and macrozooplankton
abundance near Elephant Island, January to March 1994

VALERIE LOEB, Moss Landing Marine Laboratories, Moss Landing, California 95039
VOLKER SIEGEL, Institut für Seefischerei, Bundesforschungsanstalt für Fischerei, Palmaille 9, D-22767, Hamburg, Germany

N
et sampling operations during the Antarctic Marine Liv-
ing Resources (AMLR) 1994 field season provided infor-

mation on krill (Euphausia superba) stock structure and the
distribution and abundance of other macrozooplankton com-
ponents in the Elephant Island area. This information is
essential for establishing the following:
• the identity of acoustic targets,
• acoustic target strength, and
• biomass estimates (Hewitt and Demer, Antarctic Journal,

in this issue).
Krill length and maturity information is also important for
examination of between-year variability in krill recruitment
and food availability for their predators.

Sampling was done at large-area survey stations (Rosen-
berg, Hewitt, and Holt, Antarctic Journal, in this issue) using a
1.8-meter (6-foot) Isaacs-Kidd Midwater Trawl (IKMT) fitted
with a 505-micrometer mesh plankton net. These survey tows
were open and oblique and fished the upper approximately
160 meters of the water column. During Survey A (17-28 Jan-
uary), 81 tows were made, and during Survey D (25 February
to 9 March), 89 tows were made. Sample processing was done
onboard. Fresh or freshly frozen krill were measured (total
length), sexed, and staged according to the classification
scheme of Makarov and Denys (1981). One-liter samples or 1-
liter subsamples of larger catches were preserved in 10 per-
cent formalin prior to identification and enumeration of the
larger-sized zooplankton constituents. These macrozoo-
plankton were identified to species or the lowest level possi-
ble. Abundance estimates of krill and dominant macrozoo-
plankton taxa are expressed as numbers per square meter sea
surface and/or numbers per 1,000 cubic meters of water fil-
tered. Data are presented for the large-area surveys and for
the more restricted "Elephant Island area" (a box around Ele-
phant Island) to allow for comparisons with previous AMLR
cruises.

Sixty-three of the Survey A (January) tows (78 percent)
yielded 6,228 krill. The overall estimated mean abundance
was 27.1 per 1,000 cubic meters; the median value was 1.9 per
1,000 cubic meters (table 1A). The catch sizes showed no
obvious spatial pattern other than that the larger catches
occurred to the west and north of Elephant Island (figure 1).
Reproductively mature stages dominated the catches (77.2
percent), whereas juveniles and immature stages made up 4.0
percent and 18.8 percent, respectively, of the total (table 2).
Females outnumbered males. Most of the females (96.1 per-
cent) were mature (stages 3a-3e), and the majority exhibited
early (3b, 31.1 percent) and advanced (3c, 32.2 percent) ovari-
an development. About half of the males (52.0 percent) were
mature (3a and 3b). The overall length frequency distribution

was dominated (90 percent) by krill longer than 40 millime-
ters (mm) (figure 2).

Thirty-five macrozooplankton taxa were identified in the
Survey A samples. Saips (Salpa thompsoni) were the most
abundant form and were present in all samples; they fre-
quently constituted large sample volumes. The maximum
catch size was 40 liters with an estimated abundance of 4,782
salps per 1,000 cubic meters (table 1A); the median catch size
was 4 liters and 512 saips per 1,000 cubic meters. Largest salp
concentrations (1,000 to 10,000 per 1,000 cubic meters)
occurred in the north-central and eastern portions of the sur-
vey area (figure 3). The euphausiid Thysanoessa macrura was
present in 90 percent of the tows and, with a mean abun-
dance of 79.7 per 1,000 cubic meters, constituted the second
most abundant species. Copepods and hill ranked third and
fourth, respectively, in overall mean abundance.
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Figure 1. Krill abundance in IKMT samples collected during Survey
A (17-28 January) and Survey D (25 February to 9 March). (rn-2
denotes per square meter.)
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63

3.1
34.5

94.2
0.0

495.9

6,150

8.2
28.8

64.4
0.0

438.9

9,682

5.7
23.7

78.0
0.0

594.1

6,120

70	63

Table 1. Abundance of krill and dominant zooplankton species collected in the large survey areas and Elephant Island
area during (A) January and (B) February and March 1994 compared to similar sampling periods in 1992 and 1993. Zoo-
plankton data are not availablefor February and March 1992.

E. superba	 T. macrura	 S. thompsoni

Area	1994	1994	1993	1992	1994	1994	1993	1992	1994	1994	1993	1992
Survey A Elephant Elephant Elephant Survey A Elephant Elephant Elephant Survey A Elephant Elephant Elephant

Island	Island	Island	 Island	Island	Island	 Island	Island	Island

Number
of tows	81

Abundancea:
Median	1.9
Mean	27.1
Standard

deviation 84.2
Minimum 0.0
Maximum 495.9

Number 6,228

81	63	70	63	81	63	70	63

	

33.6	25.4	27.5	22.5	512.2	582.3	245.8	14.0

	

79.7	74.6	48.6	48.1	818.1	931.9	1,213.4	94.3

	

135.0	144.3	60.1	57.0	883.7	950.2	2,536.7	192.3

	

0.0	0.0	0.0	0.0	9.5	9.5	6.9	0.0

	

901.6	901.6	307.1	233.7	4,781.7	4,781.7 16,078.8	1,231.1

E. superba	 T. macrura	 S. thompsoni

Area	1994	1994	1993	1992	1994	1994	1993	1992	1994	1994	1993	1992
Survey A Elephant Elephant Elephant Survey A Elephant Elephant Elephant Survey A Elephant Elephant Elephant

Island	Island	Island	 Island	Island	Island	 Island	Island	Island

Number
of tows	89	70	67	67

Abundancea:
Median	0.6	0.4	3.0	7.1
Mean	18.6	17.1	35.0	38.0
Standard

deviation 69.6	63.5	89.7	77.4
Minimum	0.0	0.0	0.0	0.0
Maximum 397.8	371.1	542.0	389.9

Number 4,788	3,697	12,973	10,867

aNumber per 1,000 cubic meters.

89	70	67
	

89	70	67

	

34.5	23.8	22.1
	

224.7	242.6	605.9

	

118.9	77.1	128.9
	

523.5	495.1	1,585.9

	

228.1	132.6	235.1
	

704.7	579.4	2,725.5

	

0.0	0.0	0.0
	

0.0	5.3	2.2

	

1,481.9	815.9 1,141.5
	

4,185.0	2,377.5 16,662.5

The Survey D (February to March) tows collected 4,788
krill (table 1B). The overall estimated mean (18.6 per 1,000
cubic meters) and median (0.6 per 1,000 cubic meters) abun-
dance values were about half of those from Survey A. The
larger catches were clustered around and between King
George and Elephant Islands (figure 1). Like Survey A, most of
the individuals (80.5 percent) were reproductively mature;
juveniles and immature stages were relatively rare (5.3 per-
cent and 14.2 percent, respectively; table 2); and the overall
length frequency distribution was again dominated (90 per-
cent) by hill longer than 40 mm (figure 2). In contrast to Sur-
vey A, males substantially outnumbered females (2.3:1 vs.
0.6:1; table 2). The majority of the females were mature and

without ovarian development (stages 3a and 3b, together 51.8
percent); fully gravid (3d, 14.8 percent) and recently spawned
females (3e, 2.8 percent) were relatively more abundant than
during Survey A. The majority of the males (86.2 percent)
were mature.

Thirty-four taxa were identified in the Survey D samples.
Copepods (90 percent of samples; mean abundance of 3,090
per 1,000 cubic meters) were the most abundant category
overall. Salps were second in abundance; they were present in
all but one of the samples and again often constituted large
sample volumes. The maximum catch was 33.5 liters with an
estimated abundance of 4,185 salps per 1,000 cubic meters
(table 1B). The median catch volume was slightly less than
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37.1
19.1
43.9

0.8
0.6

12.2
9.2
0.4
0.0

8.7
7.3
2.3
2.8

18.7

1.7:1

2,472

5.3
14.2
80.5

4.8
7.1
7.6
3.9
4.2
0.8

0.6
3.7
5.1

20.2
36.7

2.3:1

1,489

3.7
6.2

90.1

0.7
3.5
7.8
4.3
4.6
0.9

0.2
1.2
4.2

24.1
44.7

3.4:1

1,155

3.5
51.4
45.1

21.8
12.4

6.2
3.7
1.1
1.2

6.9
19.1
3.6
2.1

18.4

1.1:1

3,669

33.6
27.1
39.2

0.8
10.3
10.2
4.3
1.2

<0.1

4.3
19.8
2.24
2.49

10.7

1.5:1

3,646

Table 2. Maturity stage composition of krill collected in the Large survey areas and Elephant Island area during 1994 com-
pared to the Elephant Island area during 1992 and 1993

Juveniles	 4.0	4.0	7.2
Immature stages	18.8	18.8	30.7
Mature stages	77.2	77.2	62.2

Females:
F2	 2.4	2.3	7.8
F3a	 17.9	18.0	11.7
F3b	 19.2	19.3	14.3
F3c	 19.9	20.1	5.1
F3d	 2.3	2.3	1.2
F3e	 0.0	0.0	0.0

Males:
M2a	 0.3	0.3	6.8
M2b	 9.3	9.4	11.9
M2c	 6.8	6.8	4.2
M3a	 4.3	4.3	3.7
M3b	 13.5	13.2	26.2

Male:female ratio	0.6:1	0.5:1	1.3:1

Number measured	2,156	2,078	4,283
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Figure 2. Overall length frequency distributions of krill collected during	Figure 3. SaIp abundance in IKMT samples collected during Survey A
Survey A and Survey D.	 and Survey D. (rn-3 denotes per cubic meter.)



during Survey A (3.5 liters vs. 4.0 liters), but the median abun-
dance of 224.7 salps per 1,000 cubic meters was about half of
that during the January survey. This difference is probably
related to greater proportions of large-sized saips during Feb-
ruary and March (Foxton 1966). Relatively large salp concen-
trations (100 to 1,000 per 1,000 cubic meters) were distributed
across much of the survey area. Smaller concentrations gen-
erally occurred in the northwest portion, and larger concen-
trations were primarily located in the southwest and south-
east portions (figure 3).

The euphausiids T. macrura (larval and postlarval stages;
84 percent of samples, 118.9 per 1,000 cubic meters), Euphau-
siafrigida (62 percent of samples, 25.9 per 1,000 cubic meters;
not shown on table 1), and krill followed salps in overall mean
abundance. Copepods and E. frigida were substantially more
abundant in Survey D compared to Survey A.

The overall hill length frequency distribution and matu-
rity stage composition during the 1994 surveys (table 2; figure
2) reflect low input of individuals from the last two year class-
es. This is indicated by the relatively minor contributions by
juveniles (approximately 25 to 30 mm lengths) and immature
stages (approximately 31 to 40 mm lengths) and suggests that
there has been poor spawning and/or larval survival during
both the 1991-1992 and 1992-1993 seasons. The minor con-
tributions by these two year classes may in part explain the
relatively low krill abundance during 1994 (Hewitt and
Demer, Antarctic Journal, in this issue).

Salp abundance in the Elephant Island area during both
1993 and 1994 was an order of magnitude greater than during
1992 (table 1). The past two summer seasons have been char-
acterized by the widespread distribution of high salp concen-
trations (greater than 100 per 1,000 cubic meters) across the
survey area (figure 3; Loeb and Siegel 1993) and clear domi-
nance of the macrozooplankton by salps. Salps are herbivores

and feed on the same sizes of phytoplankton as bill (Hopkins
and Torres 1989); therefore, they are direct competitors of
bill for food. It is possible that the high salp concentrations
have had an effect on the bill stocks in the Elephant Island
area by reducing the food supply and influencing bill swarm-
ing and migratory behavior (Loeb and Siegel 1993). It is possi-
ble that the poor year class success from the 1992-1993 sea-
son is related to the high concentrations of saips during that
time. In contrast to these two species, the stocks of the other
abundant euphausiid, T. macrura, showed little between-year
variation in abundance (table 1).

This work was supported by National Oceanic and
Atmospheric Administration (NOAA) Cooperative Agreement
NA47FR0029. Special thanks go to Alan Young, Mike Force,
David Greene, Sue Kruse, Rick Phieger, Jennifer Quan, Aaron
Setran, and Brian Walker for their assistance with sample col-
lection and processing.
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AMLR program: Photobiological characteristics of
phytoplankton around Elephant Island, Antarctica

OSMuND HOLM-I-IANSEN, VIRGINIA E. VILLAFANE, and E. WALTER HELBLING, Polar Research Program, Scripps Institution of
Oceanography, University of California at San Diego, La Jolla, California 92093-0202

O
ne of the major objectives in the phytoplankton compo-
nent of the Antarctic Marine Living Resources (AMLR)

program was to study the photobiological characteristics of
the antarctic phytoplankton and rates of primary production.
Other major portions of our studies were the distribution of
phytoplankton in the study area (described in Viilafane et al.,
Antarctic Journal, in this issue) and the inorganic nutrient
concentrations (described in Silva et al., Antarctic Journal, in
this issue). This research was performed in a 91-station grid
that was occupied two times, once during each leg (Leg I, 12
January to 9 February; Leg II, 14 February to 15 March). The

station locations and cruise track are given in Rosenberg,
Hewitt, and Holt, (Antarctic Journal, in this issue).

Water samples were obtained at 11 standard depths
[from 5 to 750 meters (m)] from the 10-liter Niskin bottles
(with Teflon-covered springs) mounted on a rosette (General
Oceanics). For obtaining information on the upper water col-
umn characteristics, sensors for the following measurements
were attached to the rosette:
• conductivity-temperature- depth (CTD, Sea Bird, S139),
• photosynthetic available radiation (PAR, 400-700 nanome-

ters, Biospherical Instruments),
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• beam attenuation (25-centimeter pathlength transmis-
someter, Sea Tech), and

• in situ chlorophyll-a (chl-a) fluorescence (pulsed fluorom-
eter, Sea Tech).

Continuous measurements at 1-minute intervals of natural
solar radiation were also obtained throughout the time of
study with a PAR sensor mounted on the ship's superstruc-
ture. In addition, when weather allowed, a profiling PIJV-500
unit (Biospherical Instruments) was deployed down to 100 m
depth to obtain information on the attenuation of PAR and
ultraviolet radiation in the water column, as well as instanta-
neous rates of primary production (Helbling and Holm-
Hansen, Antarctic Journal, in this issue).

Rates of primary production were obtained from the
samples obtained at eight depths (from 5 to 75 m); samples
were inoculated with 5.0 microcuries (tCi) of carbon-14 (14C)
bicarbonate (Steemann Nielsen 1952) and exposed to natural
solar radiation. The samples were placed in a shade-free
water bath, and the underwater radiation field (95 to 0.5 per-
cent of incident surface irradiance) was simulated by wrap-
ping the tubes that contained the samples with layers of neu-
tral density screen. After 6-10 hours of incubation (centered
around local noon), the samples were filtered through a
Whatman GF/F glass fiber filter (25 millimeters), and the 14C

Figure 1. Profiles of rates of primary production with depth. A. Survey
A (17-28 January 1994). B. Survey D (25 February to 09 March 1994).
Symbols are as follows: • denotes samples from stations in Bransfield
Strait waters; A denotes samples from stations in Bransfield-Scotia
Confluence waters; 0 denotes samples from stations in Drake Pas-
sage waters; X denotes samples from stations in Weddell Sea waters.

incorporation was measured by standard liquid scintillation
techniques.

To estimate the effect of vertical mixing in the upper
water column on the photoadaptive state of the cells, samples
were taken from two depths within the upper mixed layer (at
5 and 40 m) and incubated as described above, with different
light attenuations, to obtain the photosynthesis-irradiance (P-
1) characteristics of the phytoplankton at these depths.

The rates of primary production with depth (figure 1) var-
ied significantly between different water masses. During Leg I
(figure 1A), Drake Passage waters showed the lowest rates of
primary production. Most values were less than 3 milligrams
of carbon per cubic meter per day (mg C rn-3 d-'), and rates
decreased slowly with depth. Bransfield Strait waters showed
the highest rates of primary production; some values exceed-
ed 40 mg C m-3 d-'. These stations generally showed a small
subsurface maximum in rates at 10 m. Intermediate rates of
primary production were observed at stations in Bransfield-
Scotia Confluence waters and Weddell Sea waters. During Leg
II (figure 1B), a general increase in the rates of primary pro-
duction was observed. Stations reached values of 70-120 mg
C rn-3 d-' and 4-15 mg C m-3 d-' in Bransfield Strait and
Drake Passage waters, respectively. These differences
between Leg I and Leg II could be related not only to an
increase in phytoplankton biomass, as observed from Leg I to
Leg II but also to a change in the species composition, as
described in Villafafle et al. (Antarctic Journal, in this issue).
Mean integrated values of primary production in Drake Pas-
sage waters were 81.8 [standard deviation (SD) 67.71 mg C m-2
d-' and 118 (SD 81) mg C m-2 d' for Legs I and II, respective-
ly. Mean integrated values for Bransfield Strait waters were
704 (SD 175) mg C rn-2 and 2,340 (SD 370) mg C m 2 d-' for
Legs I and II, respectively.

Rates of carbon fixation per unit chlorophyll per hour
(mg C/mg chi-a/hr) as a function of mean irradiance in
rnicroeinstein per square meter per second (iE/m2Is) for Legs
I and II are shown in figure 2. The P-I parameters as calculat-
ed using the equations of Platt and Jassby (1976) are as fol-
lows:
• Pmax (units in mg C/mg chl-a/hr) = 2.64 (Leg I) and 2.52

(Leg II);
• 'k (units in [tE/M2 /S) =56 (Leg I) and 54.7 (Leg II); and
• a [units in (mg C/mg chl-a hr 1)/(tE/m2 /s)I = 0.047 (Leg I)

and 0.046 (Leg II).
The 'k values obtained in this study were slightly lower than
data obtained in previous years in the same area during the
same season (Heibling, Villafañe, and Holm-Hansen in press).
This could indicate increased "dark" adaptation of the phyto-
plankton cells during 1994 as the mean monthly irradiances
were also much lower (320 and 278 pE/m2 /s for Legs I and II,
respectively) than the overall mean value of 550 1E/m2/s
obtained for previous years.

A comparison of the P-I characteristics from cells from 5
m and 40 m (the pycnocline was deeper at these stations) dur-
ing Leg I (figure 3) shows that there were no significant differ-
ences between samples from these two depths, suggesting
relatively rapid mixing between these depths. This indication
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Figure 2. Photosynthetic assimilation numbers as a function of the
mean irradiance to which the samples were exposed during the incu-
bation period. A. Leg I. B. Leg II.

of strong mixing within the upper mixed layer was also sug-
gested by the profiles of chl-a, which generally showed a fairly
uniform distribution throughout the upper mixed layer.

This research was supported by National Oceanic and
Atmospheric Administration (NOAA) Cooperative Agreement
number NA47FR0030. We thank the officers and crew of
NOAA ship Surveyor for excellent support during field opera-
tions. Grateful acknowledgment is also made to Marcel
Ramos (Universidad Católica de Valparaiso, Chile), Humberto
Dfaz (Universidad de Valparaiso, Chile), Pedro Baron (Univer-
sidad Nacional de la Patagonia, Argentina), and Christian
Bonert (Servicio Hidrografico de la Armada, Chile) for their
generous help onboard ship. Shipboard personnel included E.
Walter Helbling (12 January to 9 February), Virginia Villafañe
(12 January to 9 February), and Osmund Holm-Hansen (14
February to 15 March).
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AMLR program: Phytoplankton distribution and species
composition around Elephant Island, Antarctica,

January to March 1994
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;rogram,
a part of the Antarctic Marine Living Resources (AMLR)

 phytoplankton studies were carried out near
Elephant Island, Antarctica, to evaluate the biomass, species
composition, and size distribution of the food reservoirs for
herbivorous zooplankton, especially antarctic krill (Euphausia
superba Dana). This research was performed in a 91-station
grid that was occupied two times, once during each leg (Leg I,
12 January to 9 February; Leg II, 14 February to 15 March).
Details on the cruise track and station grid are given in Rosen-
berg, Hewitt, and Holt (Antarctic Journal, in this issue).

Water samples were obtained at 11 standard depths
[from 5 to 750 meters (m)] from 10-liter Niskin bottles (with
Teflon-covered springs) mounted on a rosette (General
Oceanics). The rosette also contained the following:
• conductivity, temperature, and depth (CTD) sensors,
• a photosynthetic available radiation sensor (PAR, 400-700

nanometers),
• a 25-centimeter pathlength transmissometer (Sea Tech),

and
• a pulsed fluorometer (Sea Tech).

Phytoplankton biomass was estimated by two methods:
measurements of chlorophyll-a (chl-a), which were done at
all stations and at all depths, and measurments of carbon
content (at 12 selected stations in each leg), obtained through
direct microscopical methods.

For chl-a measurements, 100 milliliters (mL) of sample
were filtered through a Whatman GF/F glass fiber filter (25
millimeters), and the pigments were extracted in 10 mL of
absolute methanol (Holm-Hansen and Riemann 1978). The
total chl-a concentration was then obtained by fluorometric
techniques (Holm-Hansen et al. 1965). The chl-a concentra-
tion in the nanoplankton fraction (cell size less than 20
micrometers) was obtained in a similar way, but the sample
was first prefiltered through a nylon mesh fabric (Nitex) with
a mesh opening of 20 micrometers.

Water samples for floristic analyses were poured into 125
mL brown glass bottles and preserved with buffered formalin.
The identification and counting of phytoplankton taxa was
done by using inverted microscope techniques (Utermöhl
1958). The phytoplankton carbon content was obtained by
calculating cell volumes (Kovala and Larrance 1966) and then
applying Strathmann's equations (1967).

The patterns of distribution of chl-a at 5 in 	were
fairly similar to those of integrated chl-a (0 to 100 in
as was observed in previous studies (Helbling, Villefañe, and
Holm-Hansen in press), so only the latter values are shown
here (figure 1). During Leg I (figure 1A) integrated chl-a val-

ues were rather low throughout the study area at less than 70
milligrams of chl-a per square meter (mg chl-a rn-2), except
for a small patch of relatively high values (70 to 105 mg chl-a
M-2) in the area between Elephant and Clarence Islands.
During Leg II (figure 1B) the pattern of chl-a distribution
resembled that in Leg I in that the lowest values were found
in the northwestern portion of the grid. There was, however,
a great increase in phytoplankton biomass throughout the
rest of the grid as compared to values during Leg I, with some
stations in Bransfield Strait waters exceeding integrated chl-a
values of 200 mg chl-a m 2. This increase in phytoplankton
biomass was also observed in chl-a and phytoplankton car-
bon concentrations at 5 in 	as shown in figure 2. The
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Figure 1. Integrated chlorophyll-a (milligrams per square meter) from 0
to 100 m depth throughout the AMLR study area. A. Survey A (17-28
January 1994). B. Survey D (25 February to 09 March 1994).
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Figure 2. Mean phytoplankton biomass concentrations at 5 m depth during Sur-
veys A and D. A. Total chl-a (dark bar) and chl-a in the nanoplankton fraction (light
bar). B. Total phytoplankton carbon (dark bar) and carbon in the nanoplankton
fraction (light bar). The lines on top of the bars indicate 1 standard deviation.

Diatoms

Dinoflageltates
Leg 	

Flagellates	
Leg II

t-igure . I-'nytoplanKton carbon content (at 5 m depth) in the main taxonomic groups (diatoms,
dinoflagellates, and flagellates) as percentages of the total cellular carbon, as determined by micro-
scopical analysis. The numbers represent the percentage of the total.

mean chl-a values at 5 in (figure 2A)
increased from 0.4 mg chl-a rn 3 during Leg Ito 1.6
rng chl-a rn-3 during Leg II, whereas phytoplankton
carbon (figure 2B) increased from 28.4 to 55.2 mg
rn-3. Data in figure 2 also show a change in cell-size
distribution between Legs I and II. There was a rela-
tive increase in the rnicroplankton fraction from
Leg I to Leg II as seen both from chl-a measure-
ments (figure 2A) and phytoplankton carbon con-
centrations (figure 2B).

These remarkable differences between Leg I
and II in regard to the amount and size distribution
of phytoplankton were related to differences in phy-
toplankton species composition, as shown in figure
3. During Leg I, the phytoplankton crop was domi-
nated mainly by flagellates (77 percent); stations in
Bransfield Strait waters were generally dominated
by cryptophytes, whereas stations in Drake Passage
waters were dominated by naked dinoflagellates
and other flagellates (as prymnesiophytes and/or
chlorophytes). The high biomass patch found
between Elephant and Clarence Islands during Leg I
(figure 1A), however, was dominated by pennate
diatoms, such as Pseudonitzschia spp. (ranging
between 20 and 50 micrometers in size), and centric
diatoms, such as Chaetoceros neglectus and Thalas-
siosira sp. In general, these same diatom species
were the ones that dominated and accounted for 80
percent of the biomass, on average, throughout the
study area during Leg II. This drastic change in the
species composition was also observed during the
AMLR 1990 and 1991 cruises; flagellates were domi-
nant during January to February (Leg I) and
diatoms during February to March (Leg II) (Vii -
lafane 1993). The reasons for the intra-annual tern-

nnriI and sntii1 unrinhilitir
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observed in the AMLR study area
are not clear, but we suggest that a
combination of factors, such as
nutrient variations in different
water masses, grazing by zooplank-
tonic species, and degree of stratifi-
cation, could account for these
observations.
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support during field operations.
Grateful acknowledgment is also
made to Marcel Ramos (Universidad
CatOlica de Valparaiso, Chile), Pedro
Baron (Universidad Nacional de La
Patagonia, Argentina), and Christian
Bonert (Servicio Hidrografico de la



Armada, Chile) for their generous help onboard ship. Ship-
board personnel included E. Walter Helbling (12 January to 9
February), Virginia Villafañe (12 January to 9 February), Hum-
berto DIaz (12 January to 15 March), and Osmund Holm-
Hansen (14 February to 15 March).
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AMLR program: Distribution of phytoplankton in the upper
water column in relation to different water masses

E. WALTER HELBLING and OSMUND HOLM-HANSEN, Polar Research Program, Scripps Institution of Oceanography, University
of California at San Diego, La Jolla, California 92093-0202

;rogram,
part of the Antarctic Marine Living Resources (AMLR)

 our phytoplankton project conducted intensive
studies in the area around Elephant Island, Antarctica,
onboard the National Oceanic and Atmospheric Administra-
tion (NOAA) ship Surveyor, January through March 1994. The
cruise track and station positions are given in Rosenberg,
Hewitt, and Holt (Antarctic Journal, in this issue). In this
paper, we present information on the distribution of phyto-
plankton with depth as related to the major water masses pre-
sent in the AMLR study area.

Detailed biological-physical-optical data were obtained
throughout the upper water column [0 to 750 meters (m)] at
every station using a General Oceanics rosette equipped with
1110-liter Niskin bottles and the following:
• a conductivity-temperature-depth sensor (CTD, Sea Bird

Inc., SBE-9),
• a pulsed fluorometer (Sea Tech),
• a 25-centimeter pathlength transmissometer (Sea Tech),

and
• a photosynthetically available radiation (PAR) sensor.
A profiling PUV-500 unit (Biospherical Instruments, Inc.) was
also deployed at every daylight station (when weather permit-
ted) down to 100 m to obtain information on the attenuation
of solar radiation at 305, 320, 340, and 380 nanometers in the
ultraviolet region of the spectrum, in addition to PAR at
400-700 nanometers. The instantaneous rate of photosynthe-
sis was estimated using the 683 nanometers upwelling radia-
tion sensor located on the bottom of the PUV-500 unit
(Chamberlin et al. 1990).

Various water masses are normally encountered in the
Elephant Island area (Amos and Lavender 1992), but the ones

that are most evident and widespread in the upper 200 in
the water column are those characterized as Drake Passage
waters, Bransfield Strait waters, and Bransfield-Scotia Conflu-
ence waters (Silva et al. in press). Data from representative
stations in Drake Passage and Bransfield Strait waters are dis-
cussed below.

Station D04 (figure 1) was located in the Bransfield Strait
and presented a relatively shallow upper mixed layer (UML)
of about 30 m, as estimated from the density profile. Chloro-
phyll-a (chl-a) concentrations were high within the UML at
up to 1.3 milligrams per cubic meter (mg rn- 3) but decreased
rapidly below it (figure 1A). Some photoinhibition of chl-a flu-
orescence was evident down to 25 m, but no inhibition of the
instantaneous rate of primary production was noted (figure
1B). The depth of the euphotic zone (1 percent of surface irra-
diance) for this station was about 68 m.

Station D51 (figure 2), located in Bransfield Strait waters
to the northeast of King George Island, had a deeper UML of
50 in was much richer in regard to phytoplankton bio-
mass. Chl-a concentrations were high in the upper 50 in
the water column (up to 4 mg rn- 3) and were still fairly high
(1.8 mg rn-3) at 75 in 2A). Instantaneous production
rates were also high in the upper part of the UML with rates
exceeding 500 nanornoles of carbon fixed per cubic meter per
second (nmole C rn-3 s_1) (figure 2B); these high rates equate
to an assimilation value of approximately 5.4 mg C mg chl-a'
hr'. The 1 percent light level for this station was about 35 m.

In contrast to stations in Bransfield Strait waters, stations
located in Drake Passage waters showed a subsurface chl-a
maximum below the pycnocline. Data from Station D43 (fig-
ure 3) show that chl-a was higher between 50 and 100 in
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:igure 1. Upper water column characteristics (0 to 200 m) for Station D04. A.
Mater density (sigma-t), chl-a concentrations (solid circles; mg rn- 3), and in
'ivo chl-a fluorescence (relative units). B. Instantaneous rates of primary pro-
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Station D43. A. Water density (sigma-t), chl-a concentrations
(solid circles; mg rn- 3), and in vivo chl-a fluorescence (relative
units). B. Instantaneous rates of primary production
(nanomole carbon per cubic meter per second) and attenua-
tion of PAR (in microeinstein per square centimeter per sec-
ond).

Figure 2. Upper water column characteristics (0 to 200 m) for Station D51. A. Water
density (sigma-t), chl-a concentrations (solid circles; mg rn- 3), and in vivo chl-a flu-
orescence (relative units). B. Instantaneous rates of primary production (nanomole
carbon per cubic meter per second) and attenuation of PAR (in microeinsteins per
square centimeter per second).
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in the UML (0 to 50 m; figure 3A). The high phytoplankton
biomass below the UML was also reflected in the rate at
which instantaneous production decreased with depth. In
contrast to data in figures 1 and 2, the rates of primary pro-
duction between 25 to 75 m remained relatively high as com-
pared to values in the upper 25 m of the water column (figure
3B). Evidence for high phytoplankton biomass between 50
and 100 m is also seen in the increased rates of attenuation of
solar radiation with depth. The 1 percent light level for this
station was about 95 m.

The above results are consistent with other data acquired
throughout the AMLR sampling grid on the distribution of
phytoplankton as determined by microscopic methods (Vil-
lafane et al., Antarctic Journal, in this issue) and on rates of pri-
mary production as estimated by radiocarbon techniques
(Holm-Hansen, Villafañe, and Heibling 1994). It has been sug-
gested (Holm-Hansen et al. 1994) that this dramatic difference
in distribution of phytoplankton in the upper water column
between Drake Passage and Bransfield Strait waters is due to
iron limitation in the UML of stations in Drake Passage waters.

This work was supported by National Oceanic and
Atmospheric Administration (NOAA) Cooperative Agreement
number NA47FR0030. We thank the officers and crew of the
NOAA ship Surveyor for excellent support during the field
operations. We also thank Virginia Villafane, Humberto DIaz,
Christian Bonert, Pedro BarOn, and Marcel Ramos for help

onboard ship. Shipboard personnel included E. Walter Hel-
bling (13 January to 9 February) and Osmund Holm-Hansen
(14 February to 15 March).
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AMLR program: Depletion of inorganic nutrients in the area
around Elephant Island, Antarctica

NELSON SILVA S. and MARCEL RAMOS, Escuela de Ciencias del Mar, Universidad Católica de Valparaiso, Valparaiso, Chile
E. WALTER HELBLING and OSMUND HOLM-HANSEN, Polar Research Program, Scripps Institution of Oceanography, University

of California at San Diego, La Jolla, California 92093-0202

I
norganic nutrient concentrations are generally high in
antarctic waters, but significant depletions of nitrogen,

phosphorus, and silicic acid have been documented in
coastal areas where large phytoplankton blooms occurred
(Nelson and Smith 1986; Holm-Hansen and Mitchell 1991). In
this paper, we report the concentrations of these inorganic
nutrients from January to March 1994 in a large sampling grid
around Elephant Island. The grid included both coastal and
pelagic stations. The cruise track and station positions are
given in Rosenberg, Hewitt, and Holt (Antarctic Journal, in
this issue).

As one component of the phytoplankton studies of the
Antarctic Marine Living Resources (AMLR) program, samples
for determination of nutrient concentrations were obtained at
each station, during both Legs I and II, using 10-liter Niskin
bottles mounted on the rosette profiling system. Water from
the Niskin bottles was poured directly into 60-milliliter, clean
(soaked in 1.0 normal hydrochloric acid) polyethylene bottles,

shaken, and discarded two times. The 60-milliliter bottles
were then filled approximately three-fourths full with water
from the 10-liter Niskin bottles and frozen (-20°C) immedi-
ately. The samples were kept frozen until analyses (1-2
months after collection), which were performed at the Uni-
versidad CatOlica de Valparaiso, Chile, using an autoanalyzer
and employing the technique described by Atlas et al. (1971).

Nitrate concentrations at 5 meters depth were high dur-
ing Survey A: values ranged from about 22.3 to more than 29
micromolar (tM) (figure 1A). During Survey D, nitrogen val-
ues decreased in the area to the south and southeast of King
George Island and also in the area between King George
Island and Elephant Island (figure 1B), but nitrate concentra-
tions increased in coastal waters around King George Island,
as well as in deep waters to the north of the island. Nitrate
concentrations during Survey D ranged from 20 to 34 tiM.

Phosphate concentrations at 5 meters depth varied from
1.65 to more than 2.1 tM during Survey A (figure 2A). Rela-
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tively high values were found around King George, Elephant,
and Clarence Islands. There was a general decrease in phos-
phate concentrations between Legs I and II over most of the
sampling grid, with the most dramatic decrease being in the
area south of King George Island, where concentrations
ranged from 1.2 to 1.35 tM. This area with maximum phos-
phate depletion was, in general, similar to the area with maxi-
mum nitrate depletion (figure 1B).

Silicic acid concentrations were generally low in Drake
Passage waters, with values less than 30 i.tM (figure 3). Highest
concentrations of silicic acid were observed in the southern
portion of the sampling grid. Although the ranges of concen-
trations of silicic acid were quite similar between Surveys A
and D, less than 30 to 80 tM, a general decrease in concentra-
tions was observed between Legs I to II over most of the sam-
pling grid (figures 3A and 3B).

The molar ratios of silicic acid/nitrogen/phosphate for all
the data obtained at 5 meters depth were 31.2/13.7/1 for Sur-
vey A and 34.4/16.1/1 for Survey D, with the nitrogen/phos-
phate ratio being close to the theoretical value of 16 (Redfield,
Ketchum, and Richards 1963, pp. 26-77). The general distrib-
ution of inorganic nutrients is in agreement with previous
studies in the area (Silva et al. in press). Silicic acid concentra-
tions during AMLR 1994, however, showed a smaller range
than the concentrations found during the AMLR 1993 field
season (20 to 108 Silva et al. 1993). The nitrogen/phos-
phate ratio did not show any significant difference between
the two seasons.

Although a general decrease in nutrient concentrations
was observed throughout the sampling grid for all three nutri-
ents analyzed, the relative depletion was greater in phosphate
and silicic acid concentrations than for nitrate. This suggests
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Figure 3. Silicic acid concentrations (iA at 5 meters depth in waters around Elephant Island. A. Data from Survey A (17-28 January 1994). B.
Data from Survey D (25 February to 9 March 1994).

that other forms of nitrogen, such as ammonium, could have
an important role in the nutrient uptake by phytoplankton as
suggested by Koike, Holm-Hansen, and Biggs (1986). The
decrease in nutrient concentrations between Legs I and II,
throughout such a large sampling area, is thought to be relat-
ed to a general increase of phytoplankton biomass, because
Villafañe et al. (Antarctic Journal, in this issue) have reported
an extensive bloom of phytoplankton during Leg II. This large
bloom has integrated values of chlorophyll-a (chl-a) (0 to 100
meters) of more than 200 milligrams chl-a per square meter
(mg chl-a rn-2). Our complete nutrient data set will be ana-
lyzed together with other information such as phytoplankton
biomass and rates of primary production to obtain estimates
of rates of nutrient assimilation and recycling in the AMLR
study area.

This work was supported by National Oceanic and
Atmospheric Administration (NOAA) Cooperative Agreement
number NA47FR0030. We thank the officers and crew of the
NOAA ship Surveyor for excellent support during the field
operations. We also thank Noé Cáceres and Maria Angdlica
Varas for their help on chemical analyses and data processing
and Virginia Villafane, Humberto DIaz, Pedro BarOn, and
Christian Bonert for help onboard ship. Shipboard personnel
included E. Walter Heibling (13 January to 9 February), Mar-
cel Ramos (13 January to 15 March), and Osmund Holm-
Hansen (14 February to 15 March).
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Chinstrap Penguins and Krill
19 January 1994
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AMLR program: Abundance of vertebrate predators and their
spatial association with krill

G. ALAN REITsCH, Allied Whale, College of the Atlantic, Bar Harbor, Maine 04609
RICHARD R. VEIT, Department ofZoology, University of Washington, Seattle, Washington 98195

L
arge populations of cetaceans, pinnipeds, and seabirds
depend on antarctic krill (Euphausia superba) as a food

source. Krill varies substantially in its availability to these
predators from year to year, enough so that during some years
these predators fail to raise any young. Despite obviously
large interannual fluctuations in krill availability, the task of
measuring krill abundance in a way that is directly relevant to
the needs of vertebrate predators has been daunting. Part of
the problem is that birds and seals tend not to desert the
breeding colonies during "bad" krill years, so that simple esti-
mates of abundance do not reflect changing food availability.
Another problem is that of choosing the appropriate spatial
scale at which to make one's measurements. Measuring
reproductive success of birds or seals is the most direct way of
estimating bill availability to predators, but such measure-
ments are prone to scale-dependent bias. Reproductive suc-
cess within the colony sampled may not be representative of
the predator population as a whole nor reflective of overall
krill abundance. In an attempt to supplement data already
being collected, we quantified the tendency for whales, seals,
and birds to be spatially associated with krill. Our
premise is that during "good" bill years, we should
find substantially higher association between preda-
tors and prey than during "bad" years. We reason that
during "bad" years predators either will not be feeding
at all or will be pursuing prey other than bill; thus, the
predators will not show statistically significant associ-
ations with bill.

Our objectives during AMLR 1994 were the fol-
lowing:
• to determine a relative abundance and distribution

of seabirds and marine mammals in the survey
areas and

• to determine the spatial scale of association
between bill and its predators.

In addition, we made identification photographs of
humpback whales (Megaptera novaeangliae), which
will be added to the Antarctic Humpback Whale Log
housed at Allied Whale. These photographs will eventu-
ally enable population estimates and patterns of habi-
tat use within the Antarctic and elsewhere.

Opportunistic photographs of baleen whales were
taken in an effort to identify individuals. Unique pig-
mentation and scarring patterns on the underside of
flukes, on the sides, and on the dorsal fin will be used
for identification (Katona et al. 1979). Three-hun-
dred-millimeter camera lenses and 200-iso 

film 
were

used to provide desired resolution of whales at a dis-
tance.

Seabird and marine mammal observations were conduct-
ed simultaneously from aboard the National Oceanic and
Atmospheric Administration ship Surveyor during the large-
and small-area surveys using methodology described in Veit et
al. (1993). A description of the surveys can be found in Rosen-
berg, Hewitt, and Holt (Antarctic Journal, in this issue). Marine
mammal species, behavior, and number were recorded when
animals were observed within a 180 0 arc forward of the ship.
Additionally, a 5-minute scan (using eight-powered binocu-
lars) was conducted every 20 minutes to a distance of 4 kilo-
meters. These scans were continuous during both transects
and conductivity-temperature-depth stations on both surveys.

Analysis of bird data from the first large-area survey (Sur-
vey A, conducted 17-28 January 1994) has been completed;
we are able to draw comparisons with the analogous survey
conducted in 1993. We have analyzed only data on associa-
tion between birds and krill, but we anticipate performing
similar analyses for pinnipeds and cetaceans. Overall, mean
abundance of chinstrap penguins (Pygoscelis antarctica),
antarctic fulmars (Fulmarus glacialoides), and cape petrels

1/Frequency
Coherence between chinstrap penguins and antarctic krill. The spatial series
analyzed consists of 482 0.1—nautical-mile samples collected on 19 January
1994. The x-axis is in units of inverse frequency, so 0.25 on the x-axis refers to
1/0.25=4; 4 is then multiplied by the number of original sampling units (0.1 nauti-
cal miles).
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(Daption capensis) was similar in 1993 and 1994. We observed
little evidence of feeding activity by these birds and rather
limited spatial association between these birds and hill. For
example, out of the 11 days required to conduct the large-area
survey, chinstrap penguins were significantly associated with
krill on only 3 days, and antarctic fulmars and cape petrels
were significantly associated with krill on 1 day each. To pro-
vide an example of what we mean by "significantly associat-
ed," we calculated the coherence between chinstrap penguins
and krill abundance for 19 January 1994 (Rose and Leggett
1990). This analysis shows that penguins and krill were
strongly and positively associated at spatial scales of 0.3 to 0.5
nautical miles (the coherence function has a maximum possi-
ble value of 1.0) (figure). The advantage of using this tech-

Table]. Cetacean sightings during Leg 

nique is that the association depicted is much less dependent
on the original scale of measurement than is linear correla-
tion. That is, "real" spatial association is not masked by an
inappropriate choice of bin size. We collected data in
0.1-nautical-mile bins, but nevertheless detected spatial asso-
ciation at a scale of 0.3 to 0.5 nautical miles.

Despite our findings of limited association between bill
and their predators, krill-feeding birds successfully raised
chicks at Seal Island in 1994 (Boveng et al., Antarctic Journal,
in this issue). We suspect the explanation for this discrepancy
is that most krill captured by Seal Island breeding birds were
located closer to shore than the area sampled by Surveyor.

The most abundant species in the Survey A area was the
antarctic fulmar. The second and third most abundant species

Table 2. Cetacean sightings during Leg li

Large-area survey
B. physalus	 4	4

M. novaeangliae	 0	0

B. acutorostrata	 13	13

H. planifrons	 4	4

B. amuxii	 0	0

B. borealis	 0	0

O.orca	 0	0

G. melaena	 0	0

L. cruciger	 0	0

B. borealis or B. physalus	 5	5

Unidentified small cetacean	 6	6

Unidentified medium cetacean	3	3

Unidentified large cetacean	 5	5

L. carcinophagus	 0	0

Mirounga leonina	 0	0

Hydrurga leptonyx	 2	2

A. gaze/la	 15	15

L. wedelli	 0	0

Unidentified pinnipeds	 1	 1

Small-area survey
B. physalus	 0	0

M. novaeangliae	 0	0

B. acutorostrata	 4	4

H. planifrons	 2	2

B. arnuxii	 0	0

B. borealis	 0	0

O.orca	 0	0

G. melaena	 0	0

L. cruciger	 5	5

B. borealis or B. physalus	 0	0

Unidentified small cetacean	 2	2

Unidentified medium cetacean	0	0

Unidentified large cetacean	 0	0

L. carcinophagus	 0	0

Mirounga leon/na	 0	0

Hydrurga leptonyx	 0	0

A. gaze/la	 4	4

L. wedelli	 0	0

Unidentified pinnipeds	 0	 0

Large-area survey
B. physalus	 13	13

M. novaeangliae	 15	15

B. acutorostrata	 1	 1

H. planifrons	 12	12

B. arnuxii	 0	0

B. borealis	 0	0

O.orca	 0	0

G. me/aena	 55	65

L. cruciger	 22	22

B. borealis or B. physalus	 0	0

Unidentified small cetacean	 3	3

Unidentified medium cetacean	0	0

Unidentified large cetacean	 4	4

L. carcinophagus	 0	0

Mirounga leonina	 0	0

Hydrurga leptonyx	 0	0

A. gaze/la	 23	23

L. wedelli	 0	0

Unidentified pinnipeds	 3	 3
Small-area survey

B. physalus	 27	27

M. novaeangliae	 0	0

B. acutorostrata	 0	0

H. planifrons	 2	2

B. arnuxii	 0	0

B. borealis	 0	0

O.orca	 12	12

G. me/aena	 40	50

L. cruciger	 14	14

B. borealis or B. physalus	 0	0

Unidentified small cetacean	 1	 1

Unidentified medium cetacean	0	0

Unidentified large cetacean	 1	 1

L. carcinophagus	 0	0

Mirounga leonina	 0	0

Hydrurga leptonyx	 0	0

A. gaze/la	 7	7

L. wedelli	 0	0

Unidentified pinnipeds	 0	0
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were chinstrap penguins and cape petrels, respectively. The
largest average number of birds observed per hour was
between Stations 49 and 50 (see figure 2 in Rosenberg et al.,
Antarctic Journal, in this issue). The majority of these birds
were antarctic fulmars, but chinstrap penguins and cape
petrels were also frequently observed. The least number of
birds observed per hour was between Stations 34 and 35,
where no birds were sighted despite 2 hours and 15 minutes of
observation.

Cape petrels were the most abundant species during Leg
II's large-area survey (Survey D). Chinstrap penguins were
only slightly less abundant. Black-bellied storm petrels (Freget-
ta tropica) were more common during this survey than during
Leg I.

Tables 1 and 2 demonstrate a pronounced increase in
marine mammal sightings during the Leg II surveys. The tables
also show an increase in fin whale sightings during the small-
area survey on Leg II.

Individual identification photographs were taken of 5 to
11 humpback whales on a total of three occasions. These fluke
or tail photographs will be compared to other photographical-
ly identified individuals cataloged at Allied Whale, College of
the Atlantic. Resightings will help determine life histories,

regional movement patterns, migration patterns, and popula-
tion levels.

We would like to thank Michael K. Schwartz and Jennifer
L. Quan for their assistance in collecting data. This research
was supported in part by National Science Foundation grant
OPP 92-20128 to P. Kareiva and R. Veit.
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AMLR program: Pinniped and seabird studies at Seal Island,
South Shetland Islands, during the 1993-1994 austral summer

JOHN L. BENGTSON, PETER L. BOVENG, LISA M. HIRUKI, JOHN K. JANSEN, WILLIAM R. MEYER, MICHAEL K. SCHWARTZ,
and BRIAN G. WALKER, National Marine Mammal Laboratory, Alaska Fisheries Science Center, National Marine Fisheries

Service/National Oceanic and Atmospheric Administration, Seattle, Washington 98115

T
he National Marine Mammal Laboratory's Antarctic
Ecosystem Program conducts pinniped and seabird

research as part of the Convention for the Conservation of
Antarctic Marine Living Resources (CCAMLR) Ecosystem
Monitoring Program (CEMP). The underlying objectives of
this research are to determine what factors are primarily
responsible for influencing the population dynamics of
antarctic pinnipeds and seabirds, to detect significant
changes in key components of the southern ocean ecosystem,
and to distinguish between changes due to commercial fish-
eries and those due to natural causes. An important aspect of
this work is focused on understanding the relationships
among land-breeding seabirds and pinnipeds, their prey, and
environmental conditions. Studies are conducted annually at
the National Oceanic and Atmospheric Administration's
(NOAA) small field camp at Seal Island, near Elephant Island,
South Shetland Islands, Antarctica. Major objectives of the
Seal Island research activities are the following:

To assess long-term trends in pup growth rates and forag-
ing behavior patterns of adult female antarctic fur seals
(Arctocephalus gazella) according to CEMP protocols,

•To conduct directed research on fur seal pup production,
female foraging behavior, diet, abundance, survival, and
recruitment,

• To evaluate long-term patterns in chinstrap penguin
(Pygoscelis antarctica) and macaroni penguin (Eudyptes
chrysolophus) breeding success, reproductive chronology,
foraging behavior, chick diet, abundance, survival, recruit-
ment, and fledgling size according to CEMP protocols,

• To conduct directed research on chick growth and condi -
tion, seasonal patterns in diving behavior, and changes in
foraging patterns throughout the breeding season,

• To assess the reproductive success and survival of cape
petrels (Daption capensis) breeding on Seal Island, and

• To investigate the relationships among seabirds' and pin-
nipeds' performance (behavior and vital rates), prey avail -
ability, and environmental features.

Antarctic fur seals

G
rowth rates of fur seal pups were measured by weighing
pups at intervals of approximately 2 weeks between 30

December 1993 and 25 February 1994. Male pups grew at a
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mean rate of 134.6 grams (g) per day [standard error (SE)=8.21,
and female pups grew at a mean rate of 103.8 g per day
(SE=3.8). Biweekly mean weights were not significantly differ-
ent than weights in 1992-1993, with the exception of the first
biweekly period for female pups, in which the mean weight in
1993-1994 was significantly greater than in 1992-1993.

During their 4-month lactation period, female antarctic
fur seals make a series of feeding trips to sea, returning to
shore between trips to suckle their pups for 1-2 days. Using
radio transmitters and an automated radio reception/data
logging system, we continuously monitored 40 lactating
females' attendance on the breeding beach. For the 39 seals
that completed six trips to sea without losing their pups
(CEMP Standard Method C.1), the average foraging trip dura-
tion was 103.1 hours [standard deviation (SD) = 35.89, num-
ber (n) = 234 trips).

Twenty female fur seals in the foraging trip/attendance
studies were also instrumented with time-depth recorders
(TDR5) to document diving behavior as a measure of foraging
effort expended while at sea. Some of these TDR-instrument-
ed fur seals were at sea during the small-area surveys con-
ducted by the NOAA ship Surveyor [Antarctic Marine Living
Resources (AMLR) 1994 Surveys B and C; see other AMLR pro-
gram papers in this issue], which will allow subsequent com-
parisons of fur seal dive profiles and the distribution of
antarctic krill (Euphausia superba) as detected acoustically.

At least 299 fur seal pups were born on Seal Island during
the 1993-1994 season, essentially unchanged from the esti-
mate of 306 pups born in the previous season. A census of the
breeding colony of fur seals on nearby Large Leap Island (1
km north of Seal Island) produced a count of 304 pups on 15
January 1994, identical to the previous season's total.

Seabirds

A
otal of 21,373 chinstrap penguin nests was counted dur-
ng an island-wide census of Seal Island at the beginning

of the field season, a level similar (1.5 percent less) to that
observed during the previous season. The island's breeding

population of macaroni penguins (295 nests) was 9 percent
larger than the previous year. Observations at two chinstrap
penguin study plots revealed that, from nests active at the
start of observations on 7 December, on average 1.4
chicks/active nest were raised to creching. Chinstrap chick
weight at fledging [mean=2.98 kilograms (kg), SD=0.39] was
similar to the 3 previous years' values.

The chronology of penguin reproductive events from
hatching through creching was documented for compar-
isons to other years. For chinstrap penguins: hatching, 18
December through 8 January; creching, began 20 January;
and fledging, 12 February through 3 March. For macaroni
penguins: hatching, 23 December through 31 December;
creching, began 20 January; and fledging, 18 February
through 26 February.

Preliminary analyses of chinstrap penguin diet indicated
that, as in past seasons, krill was the major prey species evi-
dent from stomach lavaging. Fish remains were observed,
however, in diet samples taken from birds returning from
nocturnal feeding trips. Seventy-five percent of all samples
taken from nocturnal/early morning foragers contained fish
in addition to krill. In contrast, only 5 percent of the samples
taken from diurnal foragers had evidence of fish.

The duration of foraging trips of 40 chinstrap penguin
adults was monitored by radio transmitters to determine the
amount of time at sea required by breeding adults to meet
their own energetic needs and procure food for their chicks.
In addition, TDRs were deployed on 40 chinstrap penguins to
obtain detailed information on their diving behavior at sea.

The breeding success of cape petrels at Seal Island in
1993-1994 (0.72 chicks per nest) was intermediate in the
range of values observed in the 1990-1991 and 1992-1993 sea-
sons (range=0.93 to 0.62). The mean mass of cape petrel
chicks (n=45) just prior to fledging was 575 g (SD=62 g).

The authors thank the officers and crews of the NOAA ship
Surveyor and the M/V Explorer for providing spirited logistical
support. This research was supported by NOAA's National
Marine Fisheries Service, as part of its AMLR program.

AMLR program: The underway data acquisition system
ANTHONY F. Amos, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

O
ne feature of the scientific operation of the U.S. antarctic
research vessel Eltanin in the 1960s and 1970s was the

"Daily Data Sheet," a compilation of navigation, environmen-
tal, and station information. In pre-shipboard computer days,
this record was produced by typewriter, yet it provided an
essential record of a cruise for each of the party chiefs on
board. Although shipboard computers, data acquisition, and
satellite navigation systems are now commonplace, I have
noted that seldom are comprehensive daily log sheets pro-
duced on today's antarctic research vessels. To this end, I

have developed an adaptable system of instruments, comput-
ers, and software that can be used on a variety of research
vessels.

The Surveyor underway system

T
hroughout the five Antarctic Marine Living Resources
(AMLR) cruises (Rosenberg, Hewitt, and Holt, Antarctic

Journal, in this issue) aboard the National Oceanic and
Atmospheric Administration (NOAA) ship Surveyor I have
made since 1990, continuous monitoring of surface water and

ANTARCTIC JOURNAL - REVIEW 1994
201



atmospheric conditions has been I
accomplished by the University of	Sensors, instruments, and transducers
Texas physical oceanographic
group. The system used to acquire •]iit
these "underway" data has been
evolving. It is now essentially a
complete, working instrument	Atmospheric
and software package (until I	Air temperature

think of more changes next	Air temperature (2)
Relative humidity

cruise), and this article describes	Barometric pressure
the system and its results. The	Wind speed
goal is to acquire essential infor-	Wind direction
mation on the surface environ-	Solar radiation
ment while the ship is underway	PAR
and on-station so that surface	TUVR
expressions of frontal and biologi- PSP
cal boundaries may be mapped.	Sea-surface
Because AMLR is a multidiscipli-	Temperature

nary program, the system gathers	Conductivity
Beam transmission

data while operations such as	Fluorescence
acoustic profiling are ongoing,	Fluorescence range
which would otherwise preclude	Navigation
the deployment of oceanographic	Position
instrumentation.	 Ship speed

COG
The components	 Time

T
he system acquires data from snip courseI several different sensors and Bathymetry

transducers, some of which are Vertical depth
part of the Surveyor's instrumen-
tation and others are from partici-
pating AMLR research programs installed specifically for the
antarctic cruises. They interlace to a dedicated DOS-PC either
via a multiport interface card for ASCII data (Gtek model
PCSS8X) or via a Hewlett-Packard (HP) 3421A data-acquisi-
tion system, which uses a GPIB interface. The table lists the
sensors, their onboard locations, and their methods of inter-
facing. The Gtek card can accommodate eight channels and
the HP, 16 channels. A Trimble Transpac II global positioning
system navigator provides the essential ship's positioning
data. Real-time data are displayed on the PC screen and are
plotted on an HP 7475A multipen plotter.

The software

C
ontrol is governed by a program written with the Micro-
soft Professional Development BASIC BC7 system, which

performs the following tasks.

Flying bridge	0-5V
	

HP
Flying bridge	RS-232

	
Gtek 1

Flying bridge	0-5V
	

HP
After chart room 0-5V

	
HP

Mast	 RS-232
	

Gtek 1
Mast	 RS-232

	
Gtek 1

Biospherical
	

Flying bridge	0-5V
	

HP
Eppley	 Flying bridge	0-5V

	
HP

Eppley	 Flying bridge	0-5V

Sea-Bird
	

Hull intake	RS-232	Gtek 2
Sea-Bird
	

Hull intake	RS-232	Gtek 2
Seatech
	

Photo lab
	

O-5V	HP
Turner Designs	Photo lab

	
O-5V	HP

Turner Designs	Photo lab
	

O-1V	HP

After chart room	RS-232	Gtek 3
After chart room	RS-232	Gtek 3
After chart room	RS-232	Gtek 3
After chart room RS-232	Gtek 3
Gyro room	RS-232	Gtek 4

SeaBeam	Midships	RS-232	Gtek 5

• At 1-minute intervals, writes data from the combined
inputs to a hard-disk file in ASCII format. The file is
opened and closed each minute to minimize data loss in
the event of a power failure.

• Updates the screen each minute with the data in a read-
able form. When the system is not interrogating the data
channels, the positional data on each global positioning
system fix is displayed.

• Continuously updates the distance, time, and course to the
next station or other waypoint.

• Calculates the time of the next Sun phenomenon (sunrise,
local apparent noon, and sunset) based on the current
ship's position, speed, and the time. When all three coin-
cide, the display shows "The Sun is setting now," for
example. A check outside on those rare days when the Sun
can be seen in the Elephant Island area, has verified the

Weathermeasure
RM Young
Weathermeasure
Weathermeasure
RM Young
RM Young

Trimble
Trimble
Trimble
Trimble
Sperry

A. Portion of "AMLR 94 Daily Science Log" for 28 February 1994. Headers that are not self-explanatory denote the following: SSPD—ship's speed
(knots); CRSE—ship's course (gyro heading); MILES—nautical miles traveled during time period; DEPTH—bottom depth in meters; AIRT—air tem-
perature (°C); RH—relative humidity (%); BAROM—sea level atmospheric pressure (hectopascals); AWS—apparent wind speed (knots); AWD-
apparent wind direction (°); TWS—true wind speed (knots); TWD—true wind direction (°); SST—sea-surface temperature (°C); A-SEA—air minus
sea temperature (°C); SALIN—sea-surface salinity; PAR—photosynthetically active radiation (quanta per square centimeter per second); TRANS
[25 cm]—light transmission (%); FLUOR—chlorophyll-a (milligrams per cubic meter); COMMENTS—Entered or automatic comments. Examples—
comments entered on-station; conductivity-temperature-dept, expendable bathythermograph, etc., comments automatically entered; BIRD OBS,
time of sunset.
B. Daily summary sheet for AMLR 94, 28 February 1994. These headers are self-explanatory.
C. Example of graphic output for AMLR 94, 28 February 1994. On the left are strip-charts for all the environmental parameters. Scaling is auto-
matic but if data values greatly exceed scale values, gaps appear in the charts. On the top right are all the station data for that day. Bottom right
shows the cruise track for that day. Circles indicate the hours while every 6th hour is annotated.
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A AMLR .1994 NOAAB SURVEYOR - DAILY 8CIENCE.LOG .DAY# 15	02-28-1994 ; PAGE # 3

2140 60 S5JSS 55 1.704 10.3 005 3.3 1258 1.7 85.4 997.2 16.6 273 19.1 245 1.42 0.2 34.22 0.48 82.9 7.79 BIRD OBS 88 START

2200 60 52.51S 55 0.67W 10.0 005 3.3 841 1.7 87.6 997.5 11.4 263 16.1 230 1.31 0.3 34.16 0.37 85.6 7.51 BIRD OBS 89 START

2205 60 51.67S 55 0.39W 9.9 005 0.9 1052 1.5 87.9 997.6 8.4 283 11.4 231 1.35 0.1 34.15 030 85.5 7.55 RAM DOS FUR SEAL 1

2206 60 51.48$ 55 0.33W 9.6 004 0.2 1110 1.5 88.1 997.6 8.0 271 12.4 225 1.35 0.1 34.15 0.31 85.1 7.85 XBT 231

2220 60 49.26S 54 59.84W 10.2 359 2.2 0 1.4 89.0 997.7 12.2 275 15.2 232 1.42 -0.4 34.10 0.18 84.8 7.89 BIRD DOS 90 START

2224 60 48.58$ 54 59.77W 10.2 354 0.7 2302 1.3 89.2 998.0 9.1 294 10.5 226 1.42 -0.1 34.17 0.12 84.4 14.02 FLUORONETER IN DESTILATED WATER

2228 60 47.885 54 59.74W 10.1 357 0.7 2474 1.4 89.4 997.9 10.1 285 12.3 229 1.59 -0.1 34.04 0.10 83.6 8.36 FLU090METER IN SEAWATER

2240 60 46.08S 54 59.58W 8.0 355 1.8 3055 1.3 89.9 997.8 10.3 264 13.7 223 1.70 -0.4 33.95 0.06 84.0 7.55 BIRD aBS 91 START

2256 60 44.980 55 0.06W 2.9 223 1.3 3318 1.1 90.5 997.7 13.5 013 10.7 239 1.75 -0.6 33.97 0.02 83.0 8.39 SUNSET(19:56:32 LOCAL); MONDAY; 02/28/94

2300 60 44.99S 55 0.00W 1.5 213 0.0 3308 1.1 90.6 997.9 13.5 012 12.1 226 1.75 -0.6 33.97 0.01 82.9 8.59

2304 60 45.01$ 54 59.99W 1.2 213 0.1 3307 1.0 90.4 997.8 12.0 019 10.9 234 1.75 -0.7 33.96 0.01 82.4 8.07 dO 063 START

2336 60 45.235 5459.27W 1.5 204 0.6 3167 0.9 90.9 998.3 12.0 022 10.6 229 1.74 -0.8 33.96 0.0 82.7 7.87 COD 063 ON DECK

2340 6045.26$ 54 59.19W 1.4 181 0.1 0 1.0 91.2 998.4 13.9 044 12.9 230 1.72 -0.7 33.96 0.0 83.0 7.77 IKMT D63 START

B AMLR 1994 NOAAS SURVEYOR - DAILY SCIENCE LOG; DAY # 15	02-28-1994 ; PAGE # 4

DAILY SUMMARY

 

DISTANCE TRAVELLED TODAY 145.4 ron

 

TOTAL DISTANCE TRAVELLED 3358.0 ron

SNIP'S SPEED (kts)
 

AVERAGE: 6.1 MAXIMUM: 12.0 AT 1405 HRS. MINIMUM: 0.1 AT 1243 MRS.

AIR TEMPERATURE (C);

SEA TEMPERATURE (C);

SALINITY (ppt);

AVERAGE : 1.3 MAXIMUM: 3.4 AT 1732 MRS. MINIMUM : 0.2 AT 0534 MS.
AVERAGE: 1.25 MAXIMUM: 1.81 AT 2306 HRS. MINIMUM: 0.62 AT 0811 HRS.
AVERAGE: 34.18 MAXIMUM: 34.39 AT 1949 HRS. MINIMUM: 33.92 AT 2306 HRS.

nL.

BAROMETRIC PRESSURE (ith); 
AVERAGE: 993.3 MAXIMUM: 998.6 AT 2354 HRS. MINIMUM : 988.4 AT 0100 HRS.

RELATIVE HUMIDITY (%); AVERAGE: 90.2 MAXIMUM= 99.9 AT 0021 HRS. MINIMUM: 72.1 AT 1725 HRS.

WIND SPEED (kts); AVERAGE: 14.2 MAXIMUM : 21.7 AT 1153 HRS. MINIMUM: 6.1 AT 1817 HRS.
MEAN DAILY WIND VELOCITY : 13.9 (kts) FROM 226 DEGREES TRUE

SOLAR RADIATION-PAR (quanta/cm"2/sec); AVERAGE: 0.35 MAXIMUM= 1.61 AT 1810 HRS. MINIMUM: -0.00 AT 0002 HRS.
LIGHT TRANSMISSION (%); AVERAGE: 82.1 MAXIMUM: 87.6 AT 0743 HRS. MINIMUM= 75.4 AT 2051 HRS.
CHLOROPHYLL-a (mg/,n3); AVERAGE: 8.50 MAXIMUM: 14.74 AT 2225 HRS. MINIMUM: 3.58 AT 2226 HRS.

1'J:kT1WL'J:W..1JU:I-uJ'.

iLII-. MENNEN
!!:1!W!!	 doil

mommmum:-

:p.pip
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accuracy of these predictions, which I have adapted from
U.S. Naval Observatory (1984, pp. 135-137).
Allows operator interactive discourse with the program via
softkeys.
• Allows the entry of comments whenever an event

occurs at any time during a cruise. This is the most
important softkey. For example, when a conductivity-
temperature-depth station starts, the station number
and a short comment can be entered. At this instant, the
program collects data from the global positioning sys-
tem and all the environmental sensors, keys it to the
comment, and records a line in the data file. If standard
codes or phrases are used for various events, station
logs can easily be produced at the end of a cruise or
other intervals.

• Allows review of the last several comments tagged with
time and position.

• Allows automatic logging at a preselected start time and
repetition rate of certain activities such as bird or mam-
mal observations. Event number is automatically incre-
mented.

• Allows raw data values (e.g., direct-current volts)
appearing on certain channels to be read directly, thus
enabling calibration at intervals of some instruments
such as the transmissometer.

• Accepts a brief message on the "message board" for the
next watchstander or for general information.

Plots running graphs on hard copy of all major environ-
mental parameters including true wind vectors in stick-
diagram form. Every 5 minutes, plots ship's position
(annotated at 2-hour intervals) on mercator or polar pro-
jection. Plots location of next station automatically each
time a new waypoint is entered.
At midnight Greenwich mean time, opens a new file for
receipt of the next day's data and records the previous

day's file and certain parameter values to the local area
network and/or a diskette. This way data can be acquired
by other users without interruption to the program.

Two other processes are then initiated using a nondedicated
PC:
• A daily scientific log is printed showing all environmental

parameters each hour of the day and whenever a comment
was made. A daily summary sheet is printed showing the
extremes and means of the major parameters, distance
traveled, cumulative distance for cruise, and Sun phenom-
ena times.

• A daily plot of environmental parameters and ship's track
is printed, similar to the real-time plotter output, but
"cleaned up" and including times, positions, and designat-
ed numbers of all stations and other regular observations
done on the cruise.

The figure shows examples of these outputs.
This work was supported by National Oceanic and

Atmospheric Administration/ National Marine Fisheries Ser-
vice Cooperative Agreement NA47FR0028. Acknowledgment
is due to the officers and crew of the NOAA ship Surveyor and
especially to the NOAA electronic technicians. Chuck Rowe,
Andrea Wickham-Rowe, Samuel Hormazábel, Margaret
Lavender, and Barney Trams have helped to keep the under-
way system operating on the various AMLR cruises.
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AMLR program: The mean summer windfield in the
Elephant Island area

ANTHONY F. Amos, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

T
hroughout the Antarctic Marine Living Resources
(AMLR) cruises, meteorological and surface oceano-

graphic data are collected continuously (see Amos, Antarctic
Journal, in this issue). This article uses the underway data to
look at the variability of the surface windfield from year to
year and leg to leg. Daily means are calculated from data col-
lected at 1-minute intervals. The mean wind vector for each
leg and the overall mean for the AMLR survey area are also
calculated for each of the five AMLR cruises aboard NOAA
ship Surveyor from 1990 to 1994. The AMLR survey area is
centered on Elephant Island and extends south and west to
include King George Island. Figure 1 shows the cruise track

and superimposed station locations for the AMLR 94 Leg I
Survey in January and February 1994. It is shown in context
with the Drake Passage and South America to give an idea of
the geographic scales involved in this meteorological discus-
sion. In each year, two month-long legs are undertaken
(Rosenberg, Hewitt, and Holt, Antarctic Journal, in this
issue), the first from early January to early February and the
second from mid-February to mid-March. Cruise tracks and
station grids have varied somewhat over the years (see Amos
1993, figure 2), but essentially the same area is covered each
year. Seasonally, Leg I takes place in midsummer and Leg II
in late summer.
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Figure 1. Complete cruise track of NOAA ship Surveyor, AMLR 94
cruise, Leg I. Station positions are superimposed on track (black
squares). Data for mean winds used only on those parts of the track
south of 590S.
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A	AMLR 90 LEG II SURFACE WINDS

MEAN WIND VECTOR = 6.5 rn/sec FROM 286.9 deg

MEAN WIND SPEED = 10.9 m/sec; MAX WIND SPEED = 24.7 rn/sec
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Underway environmental and navigation data are col-
lected at 1-minute intervals on these cruises. The mean wind
vector, wind speed, and sea-level atmospheric pressure are
calculated from the 1,440 raw data values collected each day.
For this paper data are used only when the ship is south of 590

south. To calculate true winds, course-over-the-ground
(COG) from the global positioning system (GPS), rather than
actual ship's heading, had to be used for the first three AMLR
cruises. True wind vectors were calculated only when the ship
was underway (speed-over-the-ground greater than or equal
to 2 knots) during these cruises. Gyro compass heading was
available online throughout cruise AMLR 94 so all data could
be used for the wind calculations.

Each leg of an AMLR cruise lasts for 1 month. Legs I have
been consistently run from early January to early February
whereas Legs II have been run from mid-February through
mid-March. The table shows the mean and extreme wind and
barometric pressure conditions for the five AMLR cruises,
split into the two legs of each cruise. Wind speeds are in
meters per second (m s_ 1 ) and directions are that from which
the wind is blowing. Pressures are in hectopascals (hPa). The
directional constancy of the wind, where 1.0 is unidirectional
and 0.0 is randomly directed (D. Bromwich personal commu-
nication), is listed under the heading "Constant." Note that
the overall mean wind is from just north of west at 2.1 m s-1.
The wind speed varies little about its 8.8 m s 1 mean. The
maximum sustained wind speeds are also fairly predictable,
varying from 19.5 to 28.1 m s 1 . Winds are westerly about 40
percent of the time with only Leg II in 1991 varying signifi-
cantly from this mean.

The windfield over the Elephant Island area is governed
by the passages of mesoscale cyclones generally moving from

B	AMLR 93 LEG I SURFACE WINDS

MEAN WIND VECTOR = 3.1 rn/sec FROM 125.3 deg

MEAN WIND SPEED = 8.1 rn/sec; MAX WIND SPEED = 24.1 rn/sec

15 rn/see 10
15

Mean
OJSr I0 

/-
02-05

5-
OI-27•

01-20	

01-0-
01-24

I \3 Ô
01-25

02-04

01-19

Figure 2. Wind roses for selected AMLR cruises to illustrate different
wind regimes. Data are daily averages. Month and day identify each
vector. There are 25 daily vectors in each leg. The overall mean vector
for the leg is shown by the heavy black line plotted on the same scale
as the wind rose. A. AMLR 90 Leg II (westerlies). B. AMLR93 Leg I
(easterlies).
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Mean and extreme wind speeds, mean wind vectors, and mean and extreme baromet-
ric pressures encountered duringAMLR cruises 1990-1994
NOTE: The second and third columns are the mean and maximum wind speeds for each year
and cruise leg. The wind vectors are followed by the constancy of wind direction (the ratio of the
vector averaged velocity to the average wind speed). The last three columns are mean and
extreme sea-level pressures.

AMLR cruises: Legs I, January and February

1990	10.4	26.4	3.5	82.7	0.33	995.4	1,013.8	973.5
1991	10.0	19.5	5.1	291.6	0.51	991.6	1,015.2	977.5
1992	7.2	20.3	3.4	304.1	0.47	977.6	1,002.7	950.0
1993	8.1	24.1	3.1	125.3	0.39	996.7	1,013.0	973.4
1994	8.4	28.1	2.6	257.4	0.31	986.3	1,005.0	964.3

Mean	8.9	23.7	0.9	299.0	0.40	989.5 1,009.9	967.8

AMLR cruises: Legs II, February and March

1990	10.9	24.7	6.5	286.9	0.54	996.5	1,011.2	981.4
1991	8.2	23.1	1.3	21.8	0.16	984.5	999.1	971.2
1992	6.6	24.3	2.8	251.1	0.52	993.0	1,018.8	948.7
1993	9.9	29.3	4.8	254.4	0.49	998.8	1,018.8	969.2
1994	8.7	25.7	3.4	298.0	0.39	990.2	1,015.9	959.9

Mean	8.9	25.4	3.2	279.0	0.42	992.6	1,012.8	966.1

Mean	8.9	24.5	2.1	283.4	0.40	991.1	1,011.3	966.9

aln meters per second.	bin hectopascais.

upper mixed layer, and the advec-
tion of Bellingshausen Sea water
into the AMLR region. Figure 2
contrasts two extreme wind
regimes, AMLR 90 Leg II (westerly
flow) and AMLR 93 Leg I (easterly
flow). One encouraging result is
that the degree of consistency
from cruise to cruise supports the
effort necessary to maintain and
run a weather system aboard the
moving platform (a ship) in the
Antarctic.

This work was supported by
National Oceanic and Atmos-
pheric Administration/ National
Marine Fisheries Service Cooper-
ative Agreement NA47FR0028.
Acknowledgment is due to the
officers and crew of the NOAA
ship Surveyor and to Chuck Rowe,
Andrea Wickham-Rowe, Samuel
Hormazábel, Margaret Lavender,
and Barney Trams who helped
keep the underway system operat-
ing on the various AMLR cruises.
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gure 1. Uontour plots for phytoplankton pigment concentrations (ngIL) for
each LTER grid line sampled during the late austral winter 1993. Sampling
shown for chlorophyll-a is identical for all pigments. Note different scales.

Long-Term Ecological Research (LTER)
program—Antarctic Peninsula and the
McMurdo Dry Valleys sites

Palmer LTER: Patterns of distribution of inorganic
macronutrients, phytoplankton pigmentation, and

photosynthetic activity in an ice-dominated
ecosystem in austral winter 1993

BARBARA SULLIVAN, H. ALLEN MATLICK, and BARBARA PRIZELIN, Marine Primary Productivity Group, Department of
Biological Sciences, University of California, Santa Barbara, Santa Barbara, California 93106

I
n August and September 1993, we resolved the
mesoscale variability in phytoplankton pigmenta-

tion, nutrition, and photosynthetic activity in waters
west of the Palmer Peninsula. Procedures have been
previously described (Prézelin et al. 1992). Samples
were collected at geographically defined stations with-
in a 400- x 200-kilometer (km) portion of the Long-
Term Ecological Research (LTER) grid, which is charac-
terized by diverse bottom topography and water-mass
movement (Hofmann et al. 1993; Klinck and Smith
1994) and where spring ice coverage varies widely from
year to year (Stammerjohn 1994). The grid was largely
ice free in early August; soon after, a cold snap resulted
in ice coverage over the entire grid area for the dura-
tion of the cruise. Figure 1 provides contour plots of the
vertical distribution of total plant biomass for each
transect line (spaced 100 km apart), as well as chemo-
taxonomic carotenoid markers for diatoms, prymne-
siophytes (largely Phaeocystsis spp.), and chrysophytes.
Figure 2 displays the distribution of macronutrients
within the same area, and figure 3 presents the results
of a simple linear correlation between most of the
parameters thus far analyzed.

Pigmentation was very dilute in the late winter
period. Maximum chlorophyll-a biomass was approxi-
mately 250 nanograms per liter (ngIL), or about one-
fourth that measured for the same region the previous
austral fall (March and April 1993, Prézelin unpub-
lished data) and about one-half that measured in the
austral spring (November) of 1991 when the region was
also heavily ice-covered (Prézelin et al. 1992). Chloro-
phyll was most abundant at either ends of the transect,
with highest concentrations and co-occurrence of all
chemotaxonomic pigments occurring at the southern -
most end of the grid (200 line). Here, offshore waters
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Figure 2. Contour plots for inorganic nutrient concentrations (i.tM) tor each
LTER grid line. Ammonia samples for stations 200.040, 200.060, and 300.040
were lost. Sampling shown for ammonia is consistent for all nutrients.

were diatom dominated, and ammonia levels were
generally greater than 4 micromolar (.tM). Nitrate and
phosphate levels were also uniformly high along the
200 line, whereas levels of silicate were significantly
enriched in nearshore waters.

Further north along the 300 line, the general pat-
tern of volumetric productivity (Pmax) in the upper 60
meters (not shown) resembled that of chlorophyll dis-
tribution. Diatoms dominated surface waters of the
shallower inshore waters, but a fairly even mixture of
diatoms, prymnesiophytes, and chrysophytes consti-
tuted offshore communities with no clear relationship
to nutrient distribution. Ammonia was elevated in the
middle of the transect; nitrate and phosphate patterns
tended to covary but without a discernable pattern;
and silicate distribution was concentrated in nearshore
deep waters and significantly less in offshore waters.

Data from the 400, 500, and 600 lines showed sig-
nificant coherence with regards to phytoplankton but
not inorganic nutrient distribution. Two diatom patch-
es (approximately 20-50 km wide) were apparent in the
middle of each transect. The flagellated prymnesio-
phytes and chrysophytes tend to covary and were more
prevalent in offshore waters. Highest photosynthetic
activity appeared associated with the diatoms. The
availability of surface nutrients was lowest on the 600
line, though a "chimney" of nitrate, phosphate, and sil-
icate seems to occur over a topographical rise in the
middle of the transect, a characteristic repeatedly
observed on various LTER cruises (Prézelin unpub-
lished data).

For the combined database, correlations between
pigments (chlorophyll-a, fucoxanthin, but-fucoxan-
thin, and hex-fucoxanthin) and nutrient concentra-

0.000
0.004
0.948
0.004
0.000
0.006
0.000
0.006
0.003
0.001
0.005
0.000
0.003
0.000
0.019
0.011

nitrate
phosphate

silicate
NO3/PO4

Si(OH)4/NO3

chlorophyll a
but-fucoxanthin

fucoxanthin
hex-fucoxanthin

chlorophyll c
peridinin

prasinoxanthin
diadinoxanthin

diatoxanthin
lutein

chlorophyll b
Pmax

1k

0.042 0.204 0.0331
0.037 0.015 0.719 10.009
0.000 0.001 0.006 0.000 0.010
0.110 0.093 0.074 0.001 0.012
0.093 0.087 0.117 0.002 0.049
0.061 0.049 0.012 0.001 0.003
0.041 0.044 0.099 0.003 0.064
0.130 0.078 0.030 0.005 0.003
0.095 0.058 0.016 0.002 0.004
0.042 0.024 0.019 0.003 0.001
0.078 0.067 0.068 0.002 0.016
0.041 0.035 0.070 0.000 0.039
0.002 0.001 0.040 0.017 0.051
0.070 0.038 0.050 0.006 0.012
0.049 0.025 0.013 0.000 0.098
0.021 0.007 0.014 0.004 0.002

0.000
0.004 0.878
0.001 0.877 0.663
0.005 0.801 0.916 0.554
0.001 0.294 0.201 0.299 0.139
0.000 0.431 0.351 1 0.411 0.287 10.354
0.000 0.310 0.235 0.246 0.235 0.214 0.224
0.000 0.911 0.798 0.768 0.785 0.289 0.389 0.309	I
0.004 0.463 0.512 0.313 0.535 0.151 0.221 0.240 0.504
0.010 0.232 0.285 0.168 0.293 0.044 0.150 0.099 0.220 0.172
0.004 0.351 0.346 0.258 0.350 0.231 0.243 0.182 0.370 0.250 0.185
0.001 0.217 0.084 0.202 0.017 0.228 0.229t0.1 24 0.157 0.002 0.008 0.163
0.023 0.028 0.019 0.012 0.007 0.002 0.026 0.002 0.046 0.009 0.012 0.01510.038

Figure 3. Linear regression values (r2) between macronutrients (n>200), phytoplankton pigments (n>200), and photosynthet-
ic parameters (n>67) measured within a 400- x 200-kilometer portion of the Palmer LTER offshore grid during late austral
winter 1993. Regressions with r2>0.5 are in bold.
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tions (nitrate, phosphate, and silicate) were not significant.
Although some significance might be resolved within defined
water masses within the database, preliminary findings of
high nutrients, low biomass, high assimilation rates, and low
carbon-to-nitrogen ratios (Prézelin unpublished data) sug-
gest overall phytoplankton growth was not nutrient-limited
but light-limited. One is left asking, however, why distinct
phytoplankton communities are evident late in the winter,
when successional events would not yet have come into play;
whether these early seasonal patterns reflect those left at the
end of the last growing season; and whether they will be the
prevalent signatures in the upcoming spring/summer sea-
son. Our Marine Primary Productivity Group plans to com-
bine the measurements presented here with other LTER
datasets to
• assess temporal and spatial scales for significant changes

in the abundance and diversity of phytoplankton commu-
nities within the sampling area,

• advance physical-based and optical-based models of pri-
mary productivity, and

• contribute to ecosystem-based models of trophic interac-
tions within the antarctic food web.

This project was supported by a University of California
at Santa Barbara May Company Scholarship to Barbara Sulli-
van and National Science Foundation grant OCE 93-01322 to
Barbara B. Prézelin. Special thanks to B. Boczar, T. Diem, T.
Westberry, M. Moline, and the crew of the R/V Polar Duke.
(This is LTER contribution number 43.)
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Palmer LTER: Spatial distribution of viruses in the
Palmer LTER region

ROxANE MARANGER and DAVID F. BIRD, Department of Biology, University of Quebec at Montreal, Montreal,
Quebec H3C 3P8, Canada

DAVID M. KARL, School of Ocean and Earth Science and Technology, University of Hawaii, Honolulu, Hawaii 96822

V
i ruses have been identified as dynamic components in
several aquatic environments including marine and fresh

waters (Bergh et al. 1989; Klut and Stockner 1990; Proctor and
Fuhrman 1990), marine and freshwater sediments (Paul et al.
1993; Maranger and Bird unpublished data), and polar sea ice
(Maranger, Bird, and Juniper in press). High abundances and
rapid changes in viral abundance (Bratbak et al. 1990) along
with rapid viral decay rates (Heldal and Bratbak 1991) suggest
that viruses may play an important role in controlling micro-
bial populations. Viruses are also thought to be involved in
carbon transfer within the microbial loop (Bratbak et al.
1992); however, their quantitative role in carbon and nutrient
cycling has not been fully established.

Viruses have previously been observed in the southern
oceans and abundances have been reported for the Drake
Passage (D.C. Smith et al. 1992) and for the coastal waters of
Paradise Harbor (Bird, Maranger, and Karl 1993). During
cruise 94-01 of the R/V Polar Duke (January 1994), we enu-
merated viruses from surface water samples taken at each sta-
tion of the Palmer Long-Term Ecosystem Research (LTER)
transect lines 300, 400, 500, and 600 (Waters and Smith 1992).
Our objective was to determine onshore-to-offshore gradients
in viral abundance and to compare these results with other

physical, chemical, and microbiological characteristics of the
surface waters. Viruses were counted in different size classes
by head capsid diameter [less than 30 nanometers (nm), 30-60
nm, 60-80 nm, greater than 80 nm) to determine changes in
the viral community composition between sites. Depth pro-
files of virus samples were taken at the endpoint stations
(nearest to and farthest from shore) of each transect line.

Virus samples were fixed with electron microscopy (EM)
grade glutaraldehyde (2.5 percent final concentration), stored
in polypropylene vials at 4°C, and prepared on board the R/V
Polar Duke as soon as sea conditions were calm. Water sam-
ples were concentrated using AMICON microconcentrators
(10,000 molecular weight cutoff filter) in a micro centrifuge.
Viruses from these concentrated water samples were then pel-
leted directly onto 400-mesh formvar-coated copper EM-grids
using an EM-90 rotor in a Beckman airfuge for 30 minutes at
100,000 x g. Once removed, the grids were floated on a drop of
filtered (0.02-micrometer) distilled water to remove salts.

Grids were stained with uranyl acetate (2 percent final
concentration) for 30 minutes. Viruses were counted directly
by transmission electron microscopy at high magnification
(90,000x). Virus particles were identified on the basis of
shape, size, and staining properties. Our criteria for virus
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identification were quite strict because high abundances of
colloidal particles similar in shape and size to virus particles
have been reported in the southern oceans (Wells and Gold-
berg 1994).

Viral abundances ranged from 3.2x105 to 1.7x106 viruses
per milliliter (mL') (coefficient of variation of each mean was
approximately 30 percent) in the surface waters of the region
studied (figure 1). Peaks of viral abundances appeared at sta-
tions 40 (nearest to shore), 100, and 120 whereas the lowest
abundances observed were at stations 60 and 180. Compar-
isons of these trends with other physical, chemical, and micro-
biological variables will be made as they become available.

An interesting observation is that the viral population, as
classified by head capsid diameter, appeared to be quite vari-
able among sampling stations (figure 2A and 2B). Viruses are
largely species-specific and, thus, spatial distribution is influ-

I . 300 line	U 500 line1
L--40° line	---600 line

E
to
0

C)
C

C

.0
Cli
Cli1..
>

20	60	100	140	180	220
Station Number

Figure 1. Viral abundances (in millions of virus particles per milliliter) in
the surface waters of the transect lines 300, 400, 500, and 600 of the
Palmer LTER study region in the southern oceans during January and
February 1994. Station number represents distance from shore in kilo-
meters.

• <30 nm	El 60-80 n
30-60 nm	ffl >80 nm

enced by the bacterial community itself. Therefore, a differ-
ence in the viral population might imply a difference in the
species composition of the bacterial community or a differ-
ence in the numerically dominant species of bacterium at dif-
ferent stations. It should not be assumed that all the viruses
observed were bacteriophage; it is possible that some were
algal viruses. No methods to discern between algal and bacte-
rial viruses in natural systems exist at present, however.

Viral abundances were consistently lower in the surface
waters of the vertical profiles (figure 3A-D). Low concentra-
tions of viruses in near-surface waters have been observed in
Paradise Harbor (Bird et al. 1993) during the austral spring. A
surface reduction in virus particles, however, was not observed
in the Drake Passage during the austral winter (D.C. Smith et
al. 1992). This reduction in virus concentration in the summer
might indicate that virus accumulation is inhibited by
increased ultraviolet (UV) radiation at the surface (R.C. Smith
et al. 1992; Suttle and Chan 1992), resulting in either lower
production rates or higher loss rates. U_V radiation may dam-
age viral DNA or proteins, rendering infectious viruses defec-
tive, or it may destroy viruses directly by photolysis. The
reduced number of viruses observed in the surface waters of
the Palmer LTER region could also be due to differences in
mixed layer depths between our study region and the Drake
Passage. Viruses may be more abundant in the surface waters
in areas where there is a deep well-mixed layer. In this case
and relative to more stratified waters, the residence time of
viruses at the surface will be reduced as a result of mixing and,
consequently, so will their exposure to U_V light. A simpler
alternative explanation is that viral loss rates are high as a
result of rapid sedimentation rates due to bubble scavenging
and adhesion to particles. Adsorption to marine snow particles
has been shown to be a major factor in controlling viral loss at
lower latitudes (Suttle and Chan 1992). A consistent subsur-
face peak of viruses was observed between 20 and 60 meters in
the water column. The peak of viruses appeared closer to the
surface at the nearshore stations (figure 3A and 3C) and deeper
in the water column at the offshore stations (figure 3B and 3D).

• <30 nm El 60-80 nm
30-60 nm IIIF >80 nm

40 60 80 100 120 140 160 180 200
	 40 60 80 100 120 140 160 180 200

Station number
	 Station number

Figure 2. Virus community composition, represented as a percentage of head capsid diameter size classes, for the onshore-to-offshore stations of
the (A) 400 transect line and the (B) 600 transect line.
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Figure 3. Profiles of viral abundance in the upper 200 meters of the water column of LTER station
number (A) 500.060, (B) 500.020, (C) 400.040, and (D) 400.200.
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Palmer LTER: Relative activities of several bacterial
exoenzymes in the western Antarctic Peninsula during

austral summer: Evidence of sea-ice influence on pelagic
bacterial communities

JAMES R. CHRISTIAN and DAVID M. KARL, School of Ocean and Earth Science and Technology, University of Hawaii,
Honolulu, Hawaii 96822

I
n mid-to-late austral summer (6 January to 12 February)
1994, aboard the R/V Polar Duke (PD94-01), we surveyed

the region south and west of Palmer Station, along the 300,
400, 500, and 600 lines of the Palmer Long-Term Ecological
Research (LTER) sampling grid (Waters and Smith 1992).
Activities of the bacterial exoenzymes leucine aminopepti-
dase (LAPase), a-glucosidase (AGase), and 3-glucosidase
(BGase) were determined at most stations, following the
methods of Hoppe (1983) and Somville and Billen (1983).
Activities are determined at saturating substrate concentra-
tion and so must be considered potential activities rather
than estimates of activity in situ. Activities were also deter-
mined in specialized micro environments such as pack ice
rich in microalgae ("brown ice") and fecal pellets of the
antarctic krill Euphausia superba Dana.

Trends in exoprotease (LAPase) activity across the LTER
sampling grid were very different from those observed in mid-
to-late autumn of the previous year, at which time stations at
the southern end of the grid were beginning to show signs of
winter oligotrophy (Christian and Karl 1993). In the January to
February 1994 period, the activities on the 300 line were the
greatest observed except for three stations on the 500 line and
were greatest at the station (300.040) nearest the peninsula (fig-
ure 1). On the 400 line, depth-integrated LAPase was also ele-
vated at the inshore stations, declining across the shelf (figure
1). We hypothesize that the north-south and onshore-offshore
trends result from the recent presence of the annual pack ice,
which extended to the inshore end of the 300 and 400 lines on
this cruise but had long since disappeared further north.

Along a southward transect from Palmer Station to Crys-
tal Sound through the Lemaire and Grandidier Channels
(days 13-17, see table), fragments of brown ice were encoun-
tered with increasing frequency. Depth-integrated LAPase
gradually increased along this track. The southernmost sta-
tions (382.010 and 375.020) were completely ice-covered (but
note that the ice by this time is fragmented and, therefore,
moves as the wind shifts). These had intermediate depth-
integrated activities, lower than most of the (ice-free) stations
of the 300 line, but activities at or just below the surface were
among the highest observed (figure 1). Near-surface BGase
activities were also greatest at the ice stations. AGase was also
slightly elevated at station 375.020. BGase activity never
approached the levels observed near the receding pack ice in
Marguerite Bay in 1991-1992 (up to 17 nanomoles per liter
per day; see Karl et al. 1992 and Dore et al. 1992 for a descrip-
tion of the field experiment).

Potential activities of AGase and BGase in antarctic
waters are low relative to LAPase (Christian and Karl 1992).
The ratios of LAPase to AGase and BGase are also relatively
high in brown ice and in krill fecal pellets. AGase/BGase, how-
ever, is very different in these two microenvironments. AGase
exceeds BGase by a factor of about two in krill pellets; in
brown ice AGase is almost completely absent.

The AGase/BGase ratios in the water column show a rela-
tive decline from the northern to the southern end of the
sampling area, and the AGase/BGase ratio declines as BGase
increases (figure 2). This suggests influence of ice melt on the

o-c\I.-.-0000000.-----	-?
88 0000	Nwo-ltr_088008888
Cl) U) It) (C) co CD CD CDU) U) It) le C') V V V ' C') C') C') C')

Station Number

(30

- 20

CL

a)
(I)

10

Station Number

Figure 1. A. Leucine aminopeptidase (LAPase) activity integrated to 80
meters (trapezoid rule), in micromoles per square meter per hour. B.
Leucine aminopeptidase (LAPase) activity at the shallowest depth
sampled at each station (10 meters at station 500.100, just below sur-
face at all other stations), in nanomoles per liter per hour. Stations are
shown in order occupied; only alternate stations are named (see table
for names of other stations).
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composition of the bacterioplankton community, because
BGase is dominant in the ice. On the 500 line, there are a
number of samples in which BGase is very low but AGase is
present at average to high levels, resulting in extremely high
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Figure 2. A. Ratio of a-glucosidase (AGase) to f-glucosidase (BGase)
at stations sampled from 12 January 1994 through 29 January 1994
(see table for names and locations of stations sampled each day). B.
Ratio of a-glucosidase (AGase) to 3-glucosidase (BGase) relative to -
glucosidase (BGase) (in nanomoles per liter per day), at same stations
shown in A.

AGase/BGase ratios. This may indicate either the presence in
the water column of fecal matter from swarms of hill or bac-
terial commmunities that have evolved from earlier inputs of
fecal matter.

The BGase/LAPase ratio at the surface is significantly cor-
related (r2=0.46, P<0.001) with BGase (figure 3). It appears that
waters with significant ice melt influence are enriched in
BGase relative to both AGase and LAPase. LAPase/BGase ratios
in brown ice are higher than in other enriched microenviron-
ments such as fecal pellets but lower than in the water column
on this cruise. Water column LAPase/BGase ratios on this
cruise were among the highest we have encountered on four
cruises in this region. Near-surface LAPase/BGase at the ice-
covered stations was at the low end of the range, but a number
of stations far from the ice exhibited comparable ratios.

The relative activities of these three enzymes expressed
by bacterioplankton on this cruise suggest that the bacterial
community goes through several as yet poorly defined stages
of succession as the annual pack ice recedes. The water is ini-
tially seeded with bacteria and receives substantial inputs of
organic matter that may be quite different in its chemical
composition than the autochthonous organic matter in the
water column. Phytoplankton blooms at the receding ice edge
will provide additional sources of organic matter, through
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Figure 3. Ratio of -gIucosidase to leucine aminopeptidase
(BGase/LAPase) vs. -gIucosidase (BGase) (in nanomoles per liter per
day) in surface samples from all stations.

excretion, lysis, and grazing, that are likely to be present only
for a short time. These processes are likely to play an impor-
tant role in the adaptation of marine bacteria to this seasonal-
ly variable environment, and the biochemical characteristics
of the bacteria may change rapidly.

We thank the captain and crew of the RIV Polar Duke, the
Antarctic Support Associates staff for technical support, and
Terrence Houlihan and Roxane Maranger for help in sample

collection at sea. This research was supported by National
Science Foundation grant OPP 91-18439 to D. Karl. (This is
SOEST contribution number 3633.)
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Palmer LTER: PhotoadT
e

tation in a coastal phytoplankton
bloom and impact on 	radiation utilization efficiency

for carbon fixation
OSCAR SCHOFIELD, BARBARA PREZEUN, and MARK A. MOLINE

'
Department of Biology and Marine Science Institute, University

of California, Santa Barbara, California 93106

'Present address: Southern Regional Research Center, New Orleans Louisiana 70179

T
he occurrence and demise of most phytoplankton blooms
show a strong coherence with sea-water density fields;

increasing biomass concentrations are associated with shal-
low mixing depths. This relationship supports the view that
phytoplankton require a stable light environment, which
allows the phytoplankton sufficient time to photoacclimate
and overcome light-limitation of growth (Mitchell et al. 1991).
Characterizing photoacclimation within a planktonic popula-
tion over time has been difficult to document, however. As
part of the Long-Term Ecological Research (LTER) program,
the temporal dynamics of a phytoplankton bloom were docu-
mented near Palmer Station (64040'S 64003'W) during the aus-
tral summer months of 1991-1992. The ability to follow the
formation of this bloom over time can provide insight into the
photoadaptational capabilities of the phytoplankton and the
corresponding impact on water column optical properties.

Water samples were collected from station B within the
nearshore sampling grid of the LTER (Prézelin et al. 1992).
Significant symbols are listed in the table. In situ light levels
(Q) were measured (Biospherical QL-100 scalar irradiance
meter), and discrete water samples were transported back to
Palmer Station in blackened carboys. Attenuation coefficients
[K, per meter (m- 1)] were calculated from in situ Qpar. Phyto-
plankton pigmentation was determined by high-performance
liquid chromatography following the protocols described in
Prézelin et al. (1992). Photosynthesis-irradiance (P-I) curves
were determined using described procedures (Prézelin et al.
1992). In situ photosynthetic rates were calculated from the
maximum photosynthetic rate [m' milligrams of carbon
per cubic meter per hour (mg C m 3 h-')], light-limited slope
of the P-I curve (a, mg C m 3 h-' per micromole photons per
square meter per second)-[a, mg C m 3 h-' (tmol photons
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Significant symbols

aph	Spectrally weighted absorption coefficient, rn-1
chl-a	Chlorophyll-a, mg rn-3
K	Attenuation coefficient, rn-1

max	Maximum photosynthetic rate, mgC rn- 3 h-1
°par	Visible light, trnol photons rn-2 s-1
a	Light-limited slope of a photosynthesis-irradiance

curve, mgC rn-3 h-1 (tmol photons rn-2 s-1)-1
E	Radiation utilization efficiency, %
E C	Energy conversion efficiency, \F(\X\TOph4)), mol

C m2 (mol photons absorbed)-'
4)	Operational quantum yield of carbon fixation, mol

C mol-1 photons absorbed

rn-2 s1)-'----and Qpar. The radiation utilization efficiency (r)
was calculated, as

163.8P,,tanh Qpar

	

^Pmax/a	 (1)
K Qpar

where the constant of 163.8 converts 1 mg of carbohydrate to
its energy equivalent in iirnol photons (Kirk 1994, pp.
290-303).

During the last 2 weeks of December 1991, a phytoplank-
ton bloom occurred at station B (figure 1). The concentration
of chlorophyll-a (chl-a) increased by several orders of magni-
tude (from <0.1 Mg rn-3 to >10 Mg m 3). Temperature-salinity
profiles during the formation of the bloom suggested the
same water mass remained in Arthur Harbor (Smith personal
communication). Mixed-layer depth grew shallow during the

stratification	advection stratification
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blooms, confining algal populations to the upper 20 m of the
water column. Dissipation of the bloom during the second
week of January 1992 coincided with storm activity, and low
biomass water was advected into the area of station B
(Moline, Prézelin, and Schofield 1994).

Temporal variation in r at station B is presented in figure
2. Values of c showed large fluctuations over the season, with
values ranging from <1 to 22 percent (±4.4 percent). Highest
values of r were observed during the bloom (r and chl-a posi-
tively correlated, R2=0.43, p<0.05). The theoretical maximum
value of c is 25 percent (Kirk 1994, pp. 290-303). This maxi-
mum is determined by assuming light is attenuated only by
phytoplankton and, thus, in reality F_ must be lower than 25
percent. Our highest values approached the theoretical maxi-
mum and, to our knowledge, are the highest e values ever
recorded. The highest values are evidence that an antarctic
phytoplankton bloom can operate at maximal efficiencies.
Since r combines the optical properties of the water column,
algal biomass, and photosynthetic activity, it therefore is not a
direct index for photoadaptive status. Values of r, however,
can be used to estimate the product of the spectrally weighted
absorption coefficient (äph) and the operational quantum
yield () (product of aph and 4 shall be referred as r, Smith et
al. 1987), parameters which describe the photoadaptive state
of any plant. Because reflects in situ biomass, is divided
bychl-a.

Kc	 (2)
chl-a chl-a [chl-a] 1.197

Values of r per chl-a describe the degree to which the
phytOplankton are able to harvest and use in situ Qpar• The
prebloom phytoplankton had the highest values of E c (figure
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320 340	360	015 035	055	075

Julian Day

10.00
C,

0IN

:: I
0.01

Figure 1. Contour of chlorophyll-a concentra-
tion (mg rn-3) at LTER station B from Decem-
ber 1991 through February 1992. Station B is
located near Palmer Station (exact location
described in Prézelin et al. 1992). Black cir-
cles indicate discrete samples. Periods of
stratification and advection are denoted by
arrows.
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3), a finding that reflected photoacclimation
by the algae. The large increases in biomass
(figure 3) appeared to lag just after values
had increased, and that lag suggested that
the photophysiology was optimized before
the phytoplankton bloomed. The degree to
which the optimization was due to ph
and/or 4) is being assessed. Regardless of the
specific mechanism, this preliminary analy-
sis provides strong evidence that once phy-
toplankton were given a stable light environ-
ment, algae quickly photoacclimated on the
timescale of a few days.

This work was supported by the Nation-
al Science Foundation grants OPP 90-901127
and OCE 93-01322 awarded to Barbara B.
Prézelin. Special thanks are due to Keith
Sydell and Kai Scheppe for assistance in the
field. (This is the Palmer LTER contribution
42.)
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Palmer LTER: Impact of a large diatom bloom on
macronutrient distribution in Arthur Harbor during

austral summer 1991-1992
MARK A. MOLINE and BARBARA B. PREZELIN, Marine Primary Productivity Group, Department of Biological Sciences and

Marine Science Institute, University of California at Santa Barbara, Santa Barbara, California 93106

A
set of stations, within 3.2 kilometers of Palmer Station,
was established as part of the Palmer Long-Term Ecologi-

cal Research (LTER) program to discern patterns and
time/space scales of trophic variability within the foraging
range of the local bird populations (Waters and Smith 1992).
Here, we present observations from station B (z=70 meters),
located off Bonaparte Point within Arthur Harbor, which was
intensely sampled from 21 November 1991 to 27 February
1992. The subset of Palmer 1991-1992 data from station B
illustrates the timing and magnitude of formation and dissi-
pation of a large summer diatom bloom and the significant
impact that bloom had on inorganic nutrient availability
within the water column.

Employing a Zodiac Mark V sampling platform, we col-
lected 257 whole-water samples from discrete depths with a
5-liter (L) GoFlo bottle, transferred the samples to darkened
carboys, and took them to the laboratory at Palmer Station for
analyses within 1 hour of collection. One-liter samples were
filtered on a 0.45-micrometer (tm) nylon filter for high-per-
formance liquid chromatography (HPLC) determination of
chlorophyll-a (chl-a) and other algal pigments using proce-
dures described in Prézelin et al. (1992). Additional replicate
samples (300 milliliters) were also filtered through a 0.4-p.m

polycarbonate nuclepore filter, and the filtrate was collected
and frozen at -40°C for later nutrient analysis. Inorganic
phosphate (PO4 3-), nitrate (NO3j, and silicate [Si(OH) 41 con-
centrations were determined at the University of California at
Santa Barbara Marine Science Analytical Laboratories follow-
ing methods described in Johnson, Petty, and Thomsen (1985,
pp. 7-30).

The development of a large bloom occurred during the
second week of December 1991 and was coincident with the
break up and melting of the pack ice. The taxonomic identifi-
cation of whole-water samples confirmed the dominance of
centric diatoms (Coscinodiscus spp.) (D. Karentz personal
communication). Figure 1 illustrates the large temporal varia-
tion in chl-a abundance during the 3-month sampling period.
Over the duration of the bloom, chl-a concentrations
changed by three orders of magnitude [0.3-30 milligrams of
chl-a per cubic meter (mg chl-a m- 3)]. The highest concentra-
tions occurred between 0 and 10 meters (peak chl-a concen-
tration was 29.5 mg chl-a m-3) where the water column tend-
ed to be highly stratified and light saturated for photosynthe-
sis (Moline et al. in press). Biomass then slowly declined dur-
ing the first 2 weeks of January 1992. Temperature and salinity
data (not shown) suggest a well-mixed, low-chl-a biomass

water mass advected into the
area during the second week
of January 1992, apparently
replacing the biomass-rich
stratified water mass (Moline
et al. in press).

Figure 2 shows the tempo-
ral changes in vertical distribu-
tions of NO 3-, PO 4 3 , and
Si(OH) 4 over the 3-month
sampling period. Most striking
was the reduction of NO3- and
PO4 3- to levels below detection
[PO43 <0.1 micromolar (p.M),
NO 3 <0.5 [tM] during the
bloom and prior to its advec-
tion out of the region. As might
be expected, the Si(OH) 4 con-
centration was also signifi-
cantly reduced (>40 p.M to <25
p.M), but not depleted, during
the diatom bloom. The sim-

-- - plest explanation was that an
essential nutrient, other than
Si(OH) 41 was limiting cell

Figure 1. Vertical distribution of chlorophyll-a at station B from 21 November 1991 to 21 February 1992.
Sampling times and depths are indicated by closed circles. Concentrations are given in milligrams per
cubic meter (mg m 3). Daily presence or absence of pack ice is also shown by hatch bars.
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growth rates. An alternate possibility is the half-saturation
constant (Ks) value for Si(OH) 4 uptake was exceptionally high
for this Coscinodiscus diatom. Previous studies have found Ks
values for Si(OH) 4 as high as 89.4 iM for antarctic diatoms
(Sommer and Stabel 1986).

We believe that, if the diatom bloom was not Si(OH) 4-lim-
ited, it was likely PO 4 3--limited. The NO 3 :PO 43 ratio
increased during December, and the difference between the
nonbloom and bloom conditions was significant (14.14 pM
±2.99 vs. 48.65 p.M ±28.66 respectively, p<0.01). Figure 3 ifius-
trates that the increased NO3_:PO43- ratio was due to the dis-
proportionate depletion of PO 4 - over NO3-. The linear regres-
sion for the combined pre- and postbloom NO 3 :PO43 data
gives values (station B 91-92: PO 43-=0.055 NO3-+0.362, n=166,
r2=0.79) nearly identical to those
reported by Kamykowski and
Zentara (1989) for the southern
oceans using the NODC
(National Oceanographic Data
Center) dataset [NODC: PO 4 -
=0.059, NO3-=0.312, n=38,282,
r2=0.731. During the bloom, the
significant deviation from this
line suggested that PO 4 3-
became limiting and resulted in
the biomass decrease docu-
mented in early January 1992,
prior to the advection event (fig-
ure 1). A study of a summer
diatom (Rhizosolenia spp.)
bloom in 1985 near Palmer Sta-
tion (Holm-Hansen et al. 1989)
provides supporting evidence
that PO43- limitation may be an
episodic event that limits plant
growth along the Palmer Penin-
sula. Holm-Hansen and his col-
leagues reported high particu-
late organic carbon (POC)/ATP
(average=665) and chi-a/ATP
(average7.6) ratios in the pres-
ence of undetectable PO4 3- con-
centrations (<0.1 p.M), suggest-
ing that this combination of
observations may have been the
result of the onset of PO 43- limi-
tation inducing high cellular lev-
els of both POC and chl-a and
relatively low cellular ATP con-
centrations.

After the 1991-1992 bloom,
we detected an increase in
PO4 3- and NO3- concentrations
to prebloom levels, while at the
same time we were measuring

out the water column from 30 p.M to 20 pM (figure 2). The dra-
matic macronutrient shifts in the water column during this
period were due to the advection of a different water mass
into the region. The PO 43--rich, NO3--rich, and Si(OH)4-poor
water mass observed the latter half of this study could have
been a result of offshore surface water (usually high PO4 3-,
NO3-, and Si(OH)4 concentrations) mixing with coastal glacial
meltwater (high PO 43- and NO3- concentrations and no
Si(OH)4). Such common mixing processes would have had a
diluting effect with Si(OH) 4 while not affecting the PO4 3- and
NO3- concentrations.

This study confirms previous findings that inorganic
nutrients are significantly depleted during large episodic
blooms in areas of the southern oceans (Jennings, Gordon,

High Wind Stress &
B1oom---'ø— Advection
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IJIlALVULVaouIll L 	Figure 2. Concentrations of PO4 3-, NO3-, and Si(OH)4 at station B from 21 November 1991 to 27 FebruarySi(OH)4 concentration through- 1992. All concentrations are given in W. See figure 1 for sampling times and depths.
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Figure 3. Comparison of inorganic NO3- and PO4 3-for all depths over the 3-month sampling. Regression
lines represent the pre- and postbloom (open squares) PO4 3-=0.055 NO3-+0.362, n=166, r2=0.79) and
bloom conditions (closed circles) (PO43 =0.055 NO3--i-0.362, n=49, r2=0.19) from 10 December 1991 to 9
January 1992.

and Nelson 1984; Priddle, Heyward, and Theriot 1986; Holm-
Hansen et al. 1989). The timescales for macronutrient deple-
tion appeared to be similar to those of bloom formation (3-5
weeks). The significant temporal shifts in the inorganic nutri-
ent ratios found here indicate nutrient uptake rates are
dynamic and respond to changing environmental conditions.
Some estimates of phytoplankton processes, which assume
fixed nutrient signatures, may, therefore, have limitations in
coastal regions and other areas of potentially high biomass
(i.e., marginal ice zones).

Kai Scheppe and Keith Seydel are thanked for their assis-
tance in sample collection and analyses. We also acknowledge
R. Bidigare and M. Ondrusek for providing the HPLC training
and pigment standards. Research was supported by National
Science Foundation grant OPP 90-901127 to B. Prézelin. (This
is Palmer LTER publication number 41.)
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O
ne of the objectives of the Palmer Long-Term Ecosystem
Research (LTER) program is to characterize the seasonal

variations in the horizontal and vertical distributions of tem-
perature and salinity in the continental shelf waters west of the
Antarctic Peninsula. Researchers' ability to address this objec-

tive has been limited by the availability of winter hydrographic
measurements. Therefore, a late-winter, multidisciplinary
cruise was conducted west of the Antarctic Peninsula from 29
August to 23 September 1993 as part of the Palmer LTER. The
hydrographic measurements obtained from this cruise consti-
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tute the majority of existing winter observations for this region
(Gordon and Molinelli 1982; Olbers et al. 1992). This paper
reports on a preliminary analysis of some of the hydrographic
measurements. Previous LTER cruises have provided coverage
of this region in the austral spring, summer, and fall.

The winter cruise provided coverage of the central por-
tion (lines 300 to 600) of the LTER peninsula sampling grid
(Waters and Smith 1992). Station spacing was 100 kilometers
(km) alongshore and 20 km across-shore (figure 1). In spite of
it being a low ice year, ice covered the entire region except for
the outer shelf stations on the 600 line. Temperature and
salinity measurements were made at 26 stations to 500 meters
(m) depth, or the bottom if shallower, with a SeaBird CTD
sensor mounted on a bio-optical profiling system (BOPS,
described in Smith, Booth, and Starr 1984). At several stations
where the depth was significantly greater than 500 m, temper-
ature and salinity measurements were made to the bottom
with the SeaBird CTD system aboard the R/V Polar Duke.
Spatial resolution in the temperature field was increased to 10
km with expendable bathythermograph (XBT) probes
released between the hydrographic sampling locations (30
profiles were taken on the cruise). Most hydrographic casts
yielded reasonable observations. The water in the mixed layer
was very near the freezing point, so special precautions were
taken to keep the salinity sensor warm between casts and to
make sure that no ice was in the cell before the sensor went
into the water. Occasional difficulties were encountered,
however, with the near-surface salinity meas-
urements because ice sometimes formed in the con-
ductivity cell, resulting in an anomalously low salini-
ty value. These observations were removed from
subsequent analysis.

The water-mass structure of the region sampled
by the cruise is shown with a potential temperature-
salinity (0-S) diagram (figure 2) constructed from the
hydrographic observations. Salinities ranged from
about 33.7 to 34.8 and temperatures ranged between ?
-1.88°C to slightly above 2.0°C. The cluster of points
at temperatures greater than 1.5°C and salinities of
34.7 represents Circumpolar Deep Water (CDW).
This water mass is found at great depths (3 km) in	

athe center of the Antarctic Circumpolar Current but	E
rises to the shelf break along the western side of the	.
Antarctic Peninsula. Throughout the LTER peninsula	°cc
sampling region, the influence of CDW is found
below 150 to 200 in, and its clear effect extends	.
onshore at least to the 150-rn isobath. The influence
of this water mass is also present in this region at
other times of the year (Hofmann et al. 1993). In the
upper 100-150 in the water column, the tempera-
ture decreases to the freezing point of sea water,
about -1.88°C. The 0-S diagram shows two distinct
clusters for surface waters at salinities of 34.0 and
33.85. The higher surface salinities are associated
with the more offshore stations whereas the lower
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Figure 1. Distribution of stations at which winter hydrographic obser-
vations were made. Triangles and circles indicate stations for BOPS
and XBT measurements, respectively.
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during the previous summer of sea ice
or glaciers. This distinct partitioning
of the surface waters suggests limited
exchanges between inshore and off-
shore near-surface environments.

The across-shelf variation in the

	

vertical temperature structure is illus-	E
trated by the section along the 600
line (figure 3A) which shows that a
freezing water exists in the upper 80
to 100 m. There is a clear increase in
the mixed layer depth offshore of
about 160 km. Ice covered the ocean
surface inshore from this point. off-
shore from this point, the isotherms
deepen indicating the effect of wind
mixing. The temperature below 150 m
increases to more than 1.0°C due to
the presence of CDW. There is a
monotonic offshore increase in tem-
perature at each depth which rein-

	

forces the conclusion that warm	200
water is intruding onto the shelf from

	

the shelf break. The temperature	CL
W 300

structure along other lines is similar
although not always as simple as indi-

	

cated in figure 3A. It is possible to find	400
warm water in the inner parts of the
shelf along other sampling lines.

	

The across-shelf variation in the	500
salinity distribution (figure 3B) is very
much like that for temperature. The
upper 80-100 m is well mixed and the
offshore deepening of the mixed layer
is reflected in the salinity isopleths.
The water below 150 m has increasing
salinity with depth as is expected due
to CDW. The offshore increase in salinity at each depth is
consistent with the interpretation of water intruding over the
shelf from the shelf break. As with temperature, the salinity
structure is similar along other lines but not always having a
monotonic offshore increase. This fact indicates that the
flooding of the shelf with offshore water occurs along several
paths and is not a uniform intrusion along the entire length of
the shelf break.

Thanks are extended to Cole Mather, Mark Cochrane,
and the crew of the R/V Polar Duke for assistance in data col-
lection. This work is supported by National Science Founda-
tion grant OPP 90-11927.
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Figure 3. Vertical sections of temperature (A, top graph) and salinity (B, bottom graph) along the
600 line across-shelf transect of the Palmer LTER peninsula sampling grid. Contour intervals are
0.5°C and 0.2, respectively. Negative temperatures are indicated by dashed lines. The shaded
areas indicate bottom topography. Station locations are shown by triangles.
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Figure 1. Left. A map showing the Palmer LTER study region with the separate LTER transect lines and the
approximate location of the triangular sediment trap array. Right. Enlarged view of the trap array site show-
ing the locations of the three separate moorings designated Andersson (A), Bruce (B), and Charcot (C) to
the south of the LTER 600 line. The distances (in kilometers) between the moorings were A-B (14.1), A-C
(14.6), and B-C (8.9).

The Palmer LTER sediment trap array experiment:
Initial results

D.M. KARL, J. DORE, T. HOULH-IAN, and D. HEBEL, School of Ocean and Earth Science and Technology, University of Hawaii,
Honolulu, Hawaii 96822

V. ASPER, Center for Marine Science, University of Southern Mississippi, John C. Stennis Space Center,
Hattiesburg, Mississippi 39529

T
he continuous production of biogenic matter in the near-
surface waters of the world ocean ultimately sustains the

downward flux of particles at all ocean depths. Depending
upon the source(s), chemical composition, and residence
time in the water column, these particles are either remineral-
ized en route to the seafloor or preserved in the sediment.

Particle flux measurements conducted in a variety of
coastal, oceanic, and ice-edge habitats of the southern oceans
have revealed tremendous seasonality and large interannual
variability. For example, spring bloom exports of particulate
carbon in coastal Antarctica may exceed 30 millimole of car-
bon per square meter per day (mmol C rn- 2 d- 1 ) ( Karl,
Tilbrook, and Tien 1991) compared to late winter fluxes of less
than JX10-4 mmol C m 2 d-' (Fischer et al. 1988). Further-
more, the variance in the magnitude of the spring-summer
export peak can change by an order of magnitude over con-
secutive years (Wefer 1989, pp. 139-153). It is not known
whether interannual variability is driven by changes in parti-
cle formation (that is, primary production) or by uncoupling
of production and exportation, or both. These production-
export processes can exert a major influence on global carbon
and associated cycles of bioelements. Consequently, the
processes controlling particle production, particle export, and
in situ mineralization in
southern ocean habitats are
topics of great interest in con-
temporary oceanography.

As one component of the
Palmer Long-Term Ecological
Research (LTER) program, we
established three bottom-
moored sequencing sediment
traps within the central por-
tion of Palmer Basin near Vic-
tor Hugo Island (figure 1).
Because it is our intent to
assess interannual habitat
variability associated with the
regional extent of ice cover, we
considered it important first to
ascertain the local variability
(tens of kilometers) in particle
export in a given year by
deploying replicate traps.
Eventually, this will allow us to
resolve the true regional inter-
annual variations. To our

knowledge, this is the first time that "replicate" sediment
traps (individual traps on separate moorings) have been
deployed for this purpose.

Each mooring array was constructed of 220 meters (m) of
Dacron® braid (13-millimeter diameter) with a single McLane
Research Laboratories 21-cup sequencing sediment trap
(PARFLUX model MK-7) positioned 176 in the seafloor
and a single Benthos acoustic release (model 865) positioned
20 in the seafloor. Buoyancy was controlled by seven
glass floats (43-centimeter diameter) and a 250-kilogram (kg)
expendable concrete anchor. The moorings were identified as
Andersson (A), Bruce (B), and Charcot (C) in honor of three
exceptional pioneers of antarctic exploration and research.
Gunnar Andersson was a member of the ill-fated 1901
Swedish antarctic expedition that culminated in the loss of
their ship and a forced winter stay at Paulet Island. Despite
these hardships, invaluable scientific data were collected
throughout the winter. William Bruce, organizer and leader of
the Scottish Scotia expedition, built the first station for scien-
tific research in Antarctica in 1903 on Laurie Island from
which he and others conducted research on botany and bac-
teriology. At the end of the Scotia expedition in 1904, this sta-
tion was handed over to Argentina and is still in operation as
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Orcadas Station. The French oceanographer, Jean Charcot
was briefly married to the granddaughter of the novelist Vic-
tor Hugo (hence the island's name), who later divorced him
for "dissertion" while he was on an extended antarctic expedi-
tion. Charcot was among the first to explore and map much of
the LTER region from Anvers Island south to Marguerite Bay
(his second wife was Marguerite!), most notably aboard the
Pourquoi Pas?.

In the design of our sediment trap experiment, we
endeavored to select a region free from steep topographic
relief to ensure the reference depths for each of the three
traps would be similar. This is a critical criterion because it is
well known that particle flux is dependent upon water col-
umn depth (Suess 1980; Pace et al. 1987). We only partially
achieved this goal during our first deployment period (table).
All three moorings were deployed on 6 November 1992 by sci-
entists aboard the R/V Polar Duke and were successfully
recovered on 7 April 1993 by scientists aboard the R/V
Nathaniel B. Palmer. Each sample cup corresponded to a col-
lection period of 6.71 days. Following recovery, the formalin-
preserved samples (1 percent final concentration) were sealed
and shipped to our laboratories at the University of Hawaii for
analysis of total mass; particulate carbon, nitrogen, phospho-
rus, and silica; and dissolved nutrients, including opal; and
for microscopic analysis, including bacteria, phytoplankton,
and biogenic aggregates. To date, only the mass determina-
tions, reported here, have been completed.

Our particle flux results from the three separate sediment
trap moorings display coherence in selected, broad features
but also reveal significant differences in the details of the
time-series data set (figure 2). For example, all documented a
springtime export pulse with peak mass fluxes of 1.41, 1.31
and 0.86 grams per square meter per day (g m-2 d- 1 ) for
moorings A, B, and C, respectively. By 1 January 1993, the
mass fluxes recorded by all three traps had decreased to less
than 5 percent of the spring bloom maxima suggesting that
particle production in these waters had also decreased sub-
stantially. Furthermore, these results imply that the "growing
season" is fairly short in these waters despite ample light and
inorganic nutrients.

Palmer LTER sediment trap array positions and deploy-
ment depths. All traps were deployed on 6 November
1992 and recovered on 7April 1993.

Aridersson	64030.2S	169	345
(A) 66001.7'W

Bruce	64043.7'S	124	300
(B) 6601 1.0'W

Charcot	64044.1'S	183	359
(C) 65051.2W

aDepth below sea surface.

Among the major differences observed over this limited
geographical region were the following:
• variable total integrated springtime mass exports (20.7,

21.9, and 16.1 mg m-2 for traps A, B, and C, respectively, for
the 27-day period from 7 November to 4 December 1992),

• dramatic mass flux decreases for traps A and C, compared
to the more gradual decrease at site B, and

• evidence for a "fall bloom" at site B.
At this point in our analyses, it is too early to speculate on

the potential cause or causes for these fundamental differ-
ences. Nevertheless, it is sobering to reflect on the variability
that was observed among these "replicate" experiments
deployed over spatial scales of only tens of kilometers. Until
we confirm the reproducibility of replicate sediment traps, we
cannot comment on the ecological implication of our implied
habitat or process variations over relatively small spatial
scales (tens of kilometers). Consequently, during phase two of
this study (1993-1994), we positioned two separate trap
moorings at site A within approximately 200 m of each other
to assess the true reproducibility in the measurement of parti-
cle flux for this study area.

We thank the field parties, especially G. Tien, J. Christian,
R. Sherrif-Dow, and A. Diercks for their assistance; Antarctic
Support Associates support personnel, especially J. Scott; and
the officers and crew members of antarctic cruises PD92-09
and NBP93-02. We gratefully acknowledge the financial sup-
port of National Science Foundation grant OPP 91-18439,
awarded to D.M. Karl. (This is SOEST contribution number
3634.)
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Figure 2. Time-series of mass fluxes (expressed in milligrams of total
mass per square meter per day) for three sediment trap moorings
located near Hugo Island (see table for exact coordinates). Each event
was equivalent to a collection period of 6.71 days.
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McMurdo Dry Valleys LTER: An overview of 1993-1994
research activities

ROBERT A. WHARTON, JR., Biological Sciences Center, Desert Research Institute, Reno, Nevada 89506

eral ecological understanding through studies of processes
that may be better resolved in these simplified, end-member
environments (cf. more complex ecosystems). The two key
hypotheses for the McMurdo LTER during the first phase of
the project are that
• the structure and function of the Taylor Valley ecosystems

are differentially constrained by physical and biological
factors, and

• the structure and function of Taylor Valley ecosystems are
modified by material transport.

pared to other LTER sites. An important outcome of the	The LTER project is addressing these hypotheses through
McMurdo LTER research is its potential contribution to gen-	systematic environmental data collection, long-term experi-

T
he McMurdo Dry Valleys are now a site within the Nation-
al Science Foundation's Long-Term Ecological Research

(LTER) network (Anonymous 1993; Wharton 1993). The
perennially ice-covered lakes, ephemeral streams, and exten-
sive areas of soil within the valleys are subject to low tempera-
tures, limited precipitation, and salt accumulation. The
McMurdo LTER site (figure) is far colder and drier than any of
the 17 other established LTER sites. The dry valleys, therefore,
represent "end-member" environments, which contain
microbially dominated ecosystems that are simplified com-

Map of Taylor Valley in southern Victoria Land, Antarctica, site of the McMurdo Dry Valleys Long-Term Ecological Research project.
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ments, and model development. The research activities of
the McMurdo LTER are divided into several disciplines,
including physical, chemical, biological, modeling, and infor-
mation science.

During the 1993-1994 field season, 18 scientists deployed
to McMurdo Station and Taylor Valley to conduct research
associated with the LTER project. Scientists initiated core
measurement programs to obtain baseline ecologically rele-
vant data from glaciers, streams, soils, and lakes. This paper
and the 10 following papers highlight some of the accom-
plishments of the 1993-1994 season, as well as projects relat-
ed to LTER data and information management.

Glacier meltwater is the predominant source of water to
the streams and lakes in Taylor Valley, which lacks significant
precipitation. In addition to recharging the lakes, this water
carries dissolved gases and nutrients required by the biota. As
discussed in the paper by Fountain, Vaugh, and Dana
(Antarctic Journal, in this issue), the goal of the LTER glacio-
logical program is to determine the mass balance and melt-
water runoff of the Taylor Valley glaciers, all of which con-
tribute significant water to the three major lakes (Fryxell,
Hoare, and Bonney). During the 1993-1994 field season,
Fountain and his colleagues established a network of surface-
based measurements on the Commonwealth, Canada, and
Howard glaciers to determine mass balance and meltwater
flow. Meteorological stations were also established on the
Commonwealth and Howard glaciers.

A cornerstone of the LTER aquatic ecosystem studies is
the measurement of streamfiow. McKnight, House, and von
Guerard (Antarctic Journal, in this issue) present streamfiow
data for the 1993-1994 austral summer for three streams in
Taylor Valley, located in each of the three lake basins (i.e.,
Fryxell, Hoare, and Bonney). Their data show large diet varia-
tions in the flow regimes of these streams and differences in
the timing of streamfiow initiation. During the 1993-1994
field season, McKnight and colleagues established a compre-
hensive network of stream-gaging stations within Taylor Val-
ley. Preliminary results indicate that several years of stream-
flow data will be necessary for development of reliable corre-
lations between streams and for understanding the relation-
ship between local climate and streamfiow.

Microbial mat and moss communities are often found
within and along the margins of streams in Taylor Valley.
These communities are active during the austral summer
when meltwater is present. Dana, Tate, and Dewey (Antarctic
Journal, in this issue) report on a preliminary study that
incorporated spectroradiometry to assess the distribution,
biomass, and nutrient status of the stream communities.
They measured the spectral and pigment characteristics of
microbial and moss communities in the Canada Stream feed-
ing Lake Fryxell. Initial results show the potential for using
"close-range" remote-sensing techniques to study the ecolog-
ical features of the stream communities.

The McMurdo LTER lakes program is focused on under-
standing the environmental conditions and ecological
processes of former and present lakes in the dry valleys. Pale-
olimnological studies provide important information about

the physicochemical and biological state of past lakes in the
region. Doran et al. (Antarctic Journal, in this issue) report
preliminary geochemical and biological data that help to put
the present Taylor Valley lake environments into a historical
perspective and to trace environmental change through time
using lake bottom sediments. The water chemistry of the pre-
sent dry valley lakes may also contain information about past
environments. In addition, the chemistry of each lake pro-
foundly affects the biota within the lake. Welch et al. (Antarc-
tic Journal, in this issue) report on a comprehensive sampling
regime initiated during the 1993-1994 austral summer to
study the chemical and biological components of lakes Fryx-
ell, Hoare, and Bonney (both east and west lobes). Welch and
colleagues pay special attention to the effects of high vs. low
biological activities on the production and dissolution of cal-
cium carbonate in the lakes. Priscu (Antarctic Journal, in this
issue) reports on a study designed to investigate phytoplank-
ton nutrient deficiencies in several of the dry valley lakes. The
nutrient bioassay experiments provide important data con-
cerning nitrogen and phosphorus limitations in the dry valley
lakes. Moorhead and Wharton (Antarctic Journal, in this
issue) present results of a mathematical model that examines
the productivity patterns of benthic microbial mats in Lake
Hoare as a function of light intensity.

Soils in the dry valleys are influenced by a variety of fac-
tors including climate, glacial movement, parent material,
and site characteristics. During the 1993-1994 field season,
Powers et al. (Antarctic Journal, in this issue) established an
elevational transect on the south shore of Lake Hoare in Tay-
lor Valley to examine spatial variation in soils and nematode
abundance. Results from this study show that the input and
accumulation of organic matter in dry valley soils may not be
the main predictor of nematode abundance and diversity.
Powers and colleagues suggest that nematode populations
are most likely limited by soil age, salinity, moisture, as well as
soil carbon and nitrogen content.

The McMurdo Dry Valleys LTER is an explicitly synthetic
effort—a comprehensive, multidisciplinary ecosystem study.
Much of the data collected by the LTER is "geo-referenceable"
and can be incorporated into a geographic information sys-
tem (GIS) for data management and spatial analysis. Butt and
Hastings (Antarctic Journal, in this issue) summarize the work
to date on the development of a GIS for the McMurdo LTER.
In a companion paper, Hastings and Butt (Antarctic Journal,
in this issue) describe an experimental access system that
allows LTER participants to manipulate the GIS database
directly from desktop personal computers.

The research reported here is supported by National Sci-
ence Foundation grant OPP 92-11773.
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McMurdo LTER: Glacier mass balances of
Taylor Valley, Antarctica

ANDREW G. FOUNTAIN, U.S. Geological Survey, Denver, Colorado 80225
BRUCE H. VAUGHN, Institute ofArctic and Alpine Research, University of Colorado, Boulder, Colorado 80309

GAYLE L. DANA, Desert Research Institute, University of Nevada, Reno, Nevada 89506-0220

S
tudies of glacier hydrology are fundamental to the McMur-
do Long-Term Ecological Research (LTER) project. Precip-

itation occurs only as snow, commonly totaling less than 10
centimeters of snow a year in the valley bottoms (Keys 1980),
and usually sublimates before making any contribution to
streamfiow (Chinn 1981). Thus, glacial meltwater is the only
source of water to the perennially ice-covered and land-
locked lakes of the McMurdo Dry Valleys. Glacial meltwater
supplies the lakes not only with water but also with dissolved
gases, nutrients, and sediment. To predict streamfiow and
nutrient supply to the lakes, the melt rate of the glaciers must
be known. Glacier mass balance is important because it
directly affects glacier advance and retreat (Meier 1965, pp.
795-805) and, therefore, the contact that some glaciers have
with the lakes.

The goal of the glaciological program is to determine the
mass balance and meltwater runoff of all the Taylor Valley
glaciers, which contribute significant volumes of water to the
major lakes. To accomplish this goal, we are establishing a
surface-based measurement program to determine the mass
balance and meltwater runoff at a few glaciers and will infer
the mass balance and meltwater at the remaining glaciers in
the valley. For temperate glaciers, summer is the ablation sea-
son and winter, the accumulation season. In contrast, for the
polar glaciers of the McMurdo Dry Valleys the austral summer
is both the ablation and the accumulation season: they not
only lose the most mass but also accumulate the most mass in
summer (Chinn 1981). The mass balance is determined by
measuring the surface density and the surface lowering
against a network of stakes drilled into the glacier, including
the vertical cliff of the terminus, and by measuring the mass
of ice calving from the terminus cliff. The significance of

enhanced melt on the terminus cliff to the total glacier mass
balance is unclear (Bull and Carnein 1970, pp. 429-446; Chinn
1987). To estimate the component of glacier mass lost to
meltwater, meteorological stations are being established on
the glaciers to complement the four stations previously estab-
lished in the valley bottom. From the meteorological data, we
will be able to partition the total mass loss at a point, deter-
mined from the stake measurements, into the components of
sublimation, melting, and evaporation. The combination of
low humidity and föhn winds descending from the polar
plateau results in significant losses to evaporation and subli-
mation, such that meltwater may represent only 20 percent of
the total mass loss (Bull and Carnein 1970).

Although inferring the mass balance and meltwater pro-
duction from unmeasured glaciers is difficult, two comple-
mentary programs within the LTER project will help to con-
strain the problem. First, streamfiow from most of the glaciers
that drain to lakes is measured and summarized by McKnight
et al. (Antarctic Journal, in this issue). These data will be used
to check our measurements on monitored glaciers and our
predictions on unmeasured glaciers. Second, the point meas-
urements of mass balance and meteorological variables will
be extrapolated to larger regions using satellite remote sens-
ing. The latter is a particularly important task because of the
difficulty in extrapolating meteorological measurements in
mountainous terrain such as that in the dry valleys.

In the 1993-1994 season, ablation stake networks were
established on three glaciers: Commonwealth, Canada, and
Howard (figure 1). Because of the large icefall and extensive
crevasses on the upper Canada Glacier, emplacement of abla-
tion stakes was limited to the fan of the lower glacier where it
spreads out into the valley. It is on the glacier fan where most,
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Figure 1. The Taylor Valley, southern Victoria Land, Antarctica. The upper limits of the glaciers on the
north side of the valley are not shown.

if not all, of the meltwater that reaches the streams is generat-	The mass balance of both Commonwealth and Howard
ed. The ablation of the terminus cliff of Canada and Howard	Glaciers was negative during the November to January
Glaciers, neglecting losses from calving events, is 5-10 times	1993-1994 summer season. Figure 3 shows the mass-balance
greater than on the top surface of these glaciers. Ablation	data from Commonwealth Glacier, excluding the ice cliff at
from the glacier fan of Howard Glacier was almost twice that	the terminus. The mass balance for Canada Glacier could not
of either Commonwealth or Canada Glaciers (figure 2). We	be calculated because the ablation stakes were limited to the
speculate that the cause of this difference is the sunlight-	fan region.
shading patterns in the valley. We observed that the glaciers	To estimate the magnitude and frequency of calving
on the north side of the valley are shaded by the Asgaard	events from the glacier terminus, automatic cameras were
Range for part of the day, whereas the glaciers on the south	positioned in front of the Commonwealth and Howard Glaci-
side are less shaded by the lower elevation Kukri Hills.	ers. Preliminary analysis of the photograph indicates that

calving is infrequent. From late October to the end of January,
10	 no calving events were detected at Commonwealth Glacier,

and one event was detected at Howard Glacier. The effect of

Commonwealth Canada	Howard

Figure 2. The average mass change of the glacier fan, neglecting calv-
ing. The darker shading is the mass lost during November and
December 1993 and the lighter shading is the mass lost during Janu-
ary 1994. (cm denotes centimeter.)
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Figure 3. Mass balance of Commonwealth Glacier during the summer
season of 1993-1994. (cm denotes centimeter.)
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calving on mass balance in Taylor Valley is probably small,
unlike tidewater glaciers of Alaska. This is in agreement with
the conclusions of Bull and Carnein (1970).

During the 1994-1995 season, the stake network will be
extended on each of the three glaciers to improve measure-
ments of ablation from the terminus cliff. During the past sea-
son (1993-1994), only one stake was drilled into the terminus
cliff of Howard Glacier, and only two stakes were drilled into
the cliff of Canada Glacier. In addition to the three currently
measured glaciers, mass balance of the lower Taylor Glacier
will be measured because of its importance to the inflow of
Lake Bonney. Sparse stake networks also will be placed on
some other glaciers to help extrapolate mass-balance mea-
surements from the monitored glaciers to the other glaciers in
the valley. A meteorological station will be erected on the
lower Taylor Glacier to complement the stations on Com-
monwealth and Howard Glaciers. Finally, measurements of
evaporation/ sublimation will be made to partition the abla-
tion and to test models for predicting evaporation/sublima-
tion from meteorological data.

We would like to thank Harry House, Kim Reynolds, and
Steve Dunbar for their help in making the glacier measure-

ments. This work was supported by National Science Founda-
tion grant OPP 92-11773.
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McMurdo LTER: Soil and nematode distribution along an
elevational gradient in Taylor Valley, Antarctica

LAURA E. POWERS and DIANA W. FRECKMAN, Natural Resource Ecology Laboratory, Colorado State University, Fort Collins,
Colorado 80523

MENGCHI Ho and Ross A. VIRGINIA, Environmental Studies Program, Dartmouth College, Hanover, New Hampshire 03755

T
he pedological properties of the soils of the McMurdo Dry
Valleys of Victoria Land have been influenced by a variety

of factors, including glacial movement, regional climate, par-
ent material, and site (Campbell and Claridge 1987). Soils at
high elevations that have escaped glacial influences may be
very old and well developed, whereas soils at lower elevations
maybe younger and more affected by recent glacial history.

Soils in the dry valleys are similar to hot desert soils in
more temperate regions of the world (e.g., Sahara, Gobi), both
in terms of precipitation input and water availability (Camp-
bell and Claridge 1987). Nematodes in the soils of Antarctica
have been studied in relation to soil properties across several
dry valleys (Freckman and Virginia 1991), but many correla-
tions observed in other desert systems have not been found.
Studies of changes in nematode communities in soils differ-
ing in glacial history, but with similar parent materials and
subject to similar climatic influences, may yield new informa-
tion about the relative effects of pedological history on soil
invertebrate populations. The dominant nematodes in the
McMurdo Dry Valleys of Victoria Land are the microbial feed-
ing Scottnema lindsayae (Timm 1971) and the omnivore/pre-
dator Eudorylaimus antarcticus (Steiner 1916), Yeates 1970
(Freckman and Virginia 1991), whereas Plectus spp., a micro-

bial feeder, may be found in some of the moister soils of the
region.

An elevational transect was established on the south
shore of Lake Hoare in Taylor Valley during the 1993-1994
austral summer to examine spatial variation in soils and
nematode abundance, moving from young soils at low-mid
elevations [83 meters (m) and 121 in 	sea level (ASL)], to
much older soils found at a higher site (188 in (Campbell
and Claridge personal communication). A total of 51 soil sam-
ples was collected from 20x20-m grids at each of the three ele-
vations using sterile techniques. Subsamples were taken for
chlorophyll-a extraction. Nematodes were extracted from the
samples within 48 hours (Freckman and Virginia 1993), iden -
tified to genus, classified by gender and life stage, and count-
ed. At the time of nematode extractions, soil moisture content
of each sample was determined by standard gravimetric
methods (weight /weight). Total carbon and total nitrogen
were determined by combustion method (Page, Miller, and
Keeney 1982) using the Carlo Erba 1500 Elemental Analyzer.

Soil moisture decreased with increasing elevation,
though soils at the lowest site were still relatively dry (table).
Total nematode abundance was higher at elevations with
drier soils. These nematodes may have been present in the
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Changes in soil moisture and nematode community
structure with increasing elevation on the south shore of
Lake Hoare, Taylor Valley
NOTE: Means in the same column with the same letter are not
significantly different at P.'zO.05.

Low	83 m	3.69 a	315 a	38.8 b
Middle 121 m	1.59 b	1,504 a	59.1 a
High	188m	1.14b	1,095 a	56.1 a

low-moisture soils, however, in an anhydrobiotic state of
metabolic inactivity.

The percentage of juveniles in the population was highest
at sites with greater nematode abundance. Nearly 60 percent
of the populations at the two higher sites were in the juvenile
stage, compared to less than 40 percent at the lower site
(table). This could be either due to increased success in sexual
reproduction as a result of nematode abundance or due to
increased juvenile survival rates in nematodes entering anhy-
drobiosis. Fieldwork during the 1994-1995 season will address
this question.

Soil faunal diversity was greatest at the lowest elevation,
where the nematode genera Plectus and Eudorylaimus made
up approximately half of the total nematode community. In
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addition, tardigrades were found only at the moist lower eleva-
tion site. At the intermediate site, Eudorylaimus was present in
very small numbers (less than 5 percent of the community),
whereas Scottnema was the only nematode genus found at the
highest elevation. The moister soils at the lower elevation may
provide a suitable habitat for the less common genera.

Total soil nitrogen concentration increased with total soil
carbon across all three elevations (figure). Both soil carbon
and nitrogen were highest at the lowest and more moist ele-
vation (1.49 grams of carbon per kilogram and 0.05 grams of
nitrogen per kilogram), where nematode abundance was low-
est. Nematode abundance was not related to soil carbon con-
centrations but was negatively correlated (r=-0.306, P<0.05)
with soil nitrogen over all three elevations. Our results suggest
that these nematode populations are not limited by soil car-
bon but may be more influenced by the amount of nitrogen
present in the soils. The input and accumulation of organic
matter in the soil may not, therefore, be the main predictor of
nematode abundance and diversity. Instead, other factors,
such as soil age, salinity, and moisture, may be more impor-
tant in limiting nematode distribution or may serve to modify
the effects of soil carbon and nitrogen. Determination of
additional soil variables will provide a multivariate view of
nematode distribution as a function of elevation, soil carbon,
soil nitrogen, chlorophyll-a concentrations, salinity, and
moisture.

We thank John Freckman and Ericha Courtright for their
assistance in sampling and laboratory analyses. We also

acknowledge the logistic support of the National Sci-
ence Foundation McMurdo Station laboratory staff and
the U.S. Navy VXE-6 and Royal New Zealand Air Force
helicopter crews. This research is a part of the McMur-
do Long-Term Ecological Research project and was
supported by National Science Foundation grants OPP
91-20123 and OPP 92-11773.
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Continuous 9-inch Parshall flume and weir
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McMurdo LTER: Streamfiow measurements in Taylor Valley
DIANE MCKNIGHT, U.S. Geological Survey, Boulder, Colorado 80303

HAROLD HOUSE, U. S. Geological Survey, Madison, Wisconsin 53 719-1133
PAUL VON GIJERARD, U.S. Geological Survey, Grand Junction, Colorado 81501

O
ne of the most basic measurements for understanding
watershed processes and aquatic ecosystem dynamics is

streamfiow variation. In the McMurdo Dry Valleys, stream-
flow measurement is particularly important because of indi-
cations that lake levels have been rising rapidly. Lake-level
rise has been attributed to increasing temperatures resulting
in greater meltwater generation from the glaciers (Chinn
1993, pp. 1-51). Because of the high variability in streamfiow
on hourly time scales, intermittent measurements using flow
meters (such as a Pygmy meter or an AA meter) provide an
inadequate description of flow regimes and continuous mea-
surements are required (Green et al. 1989, pp. 129-148). As
part of the basic data collection for the McMurdo Dry Valley
Long-Term Ecological Research
(LTER), we have established a
stream gaging network for the	Streamfiow and water
three major lake basins in Taylor L
Valley. These data are critical for	Stream name and	Ldetermining nutrient budgets for 1 location
the lake ecosystems and for

lishing a gaging site on exposed bedrock is not possible.
Although this is a challenge, it minimizes the long-term alter-
ation caused by activities in a stream channel at a local gaging
station. Obtaining stream-stage data and defining the relation
of stream stage and streamflow (rating curve) are very difficult
in these conditions. The rating curve is developed from flow
measurements at a range of low and high flow conditions.

Three installations (methods) were used to obtain accu-
rate data. One method used was to select a site in the stream
that had an adequate channel or section control for the devel-
opment of a rating curve. Another method used was to install
a weir (V-notched or broad-crested) and continuously meas-
ure water level (Chinn 1979). For low streamfiows, the theo-

-quality monitoring sites

understanding physical factors	Lake Fryxell Streams
controlling microbial mats in the	Canada Stream
streams.	 Huey Creek

Obtaining accurate continu-	Lost Seal Stream

ous streamfiow measurements for	Aiken Creek
von Guerard Stream

dry valley streams is a challenge.
In addition to taking the highly	Crescent Stream

Delta Streamvariable flow into account,	Green Creek
researchers find that the very low	McKnight Creek
flow rates, which occur during	Harnish Creek
cold spells in the austral summer,	Bowles Creek
are difficult to measure accurate-	Maria Creek
ly. An important consideration in	Andrews Creek
designing a gaging station is mini-	Lake Hoare/Chad Streams
mizing contact of the streamwater	Anderson Creek	7703730
with materials that might leach	Vestal Stream	7703837
solutes and affect the chemistry of	Wharton Creek	77038'45

McKay Creek	7703841the streamwater. The streams in
the dry valleys have very low con-	Lake Bonney Streams

centrations of solutes because	Priscu Stream
Hendy Stream

they are fed by glacial meltwater	Parker Creek
and because geochemical weath-	Lawson Creek
ering processes are constrained to	Red River
the streambed and adjacent areas.	Sharp Creek
Finally, the unstable nature of the	Lizotte Creek
stream channels make measure-	Bartlette Creek

Vincent Creekments difficult. The streams now
through unconsolidated alluvium	New Harbor Stream
barren of vegetation, and estab-	Commonwealth Stream 7703348 163022'51	Continuous Rock weir
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VON GUERARD STREAM, LAKE FRYXELL

VESTAL STREAM, LAKE CHAD

retical rating of the weir is used; otherwise, when the theoreti-
cal rating is exceeded, the rating must be defined using
streamfiow measurements. This method creates an impound-
ment even at low flows. Finally, a flume, such as a Parshall
flume, was installed for measurements of low flow with a weir
installed in the cutoff wall for measurements at high flow. At
high flow, when water flows through the weir, a rating curve is
used for calculation of discharge. When the flow is contained
in the flume, discharge can be calculated based on the flume
geometry. With this method, no impoundment occurs at low
flow, and accurate measurements can be obtained because of
the geometry of the flume.

In the dry valleys, all three methods described above
have been used. The simplest method is the use of a channel
or section control, but this method results in much less accu-
rate data, especially at low flows. Also, the stream channels
are unstable, and rating curves must be regularly updated
each year. The use of weirs has been generally successful, but
problems with washout at high flow and formation of an ice-
cover in the impoundment at low flow have been encoun-
tered. The weirs have the disadvantage of altering the inter-
action with the lake, because the sediment
carried in the stream is retained behind the	10

weir at all flow regimes. This effect is not	
8

sustained, because once the weir is
removed the retained sediment would be	E.I 8

transported to the lake in a few years.
We have primarily used combined

flume and weir installations and channel or	in t.0 2

section control stations (table). At streams
that flow for a shorter period and have low	0

streamfiow, periodic streamflow measure-
ments were made. We will use correlations
between the different streams to infer con-
tinuous measurements for streams where	1.5

periodic measurements are made. The	.
flumes are made of black fiberglass, which is	.
relatively inert. Because of continuous sun-
light, the black color minimizes problems	j
with ice formation in the flume. The advan-	0.5

tages of the use of Parshall flumes are that
high-quality data can be obtained at low	

0
flow and retention of waterborne sediment
during low and moderate flow is minimal.
For the flume/weir stations, we chose sites
to minimize the length of the cutoff walls,
and we built the cutoff walls using polyester
cloth sandbags filled with alluvium from
near the stream channel. Because the sand-
bags are filled with channel material, there	2

is little possibility of directly altering stream
chemistry. Stream-stage records were col-
lected using techniques described by Rantz
and others (1982a, b). Stream stage was col-	0

lected at 15-minute intervals using a pres-
sure sensor system connected to a data log-
ger. The equipment is housed in a plywood Discharge hydroc

crate that is secured at a location above the channel using
ropes and buried weights.

The figure presents streamfiow data for the 1993-1994
austral summer for three streams in Taylor Valley, located in
each of the three lake basins. The data show that the large diel
variation is a common feature of the flow regimes of dry valley
streams. The major factors controlling the diel variation are
probably Sun angle and the aspect of the glaciers. The other
feature illustrated in the figure is that the timing of initiation
of flow between streams varies greatly, ranging from early
November to late December. Again, this timing is a character-
istic of the source glacier more than the lake basin itself. For
example, Canada Stream and Green Creek, which are fed by
the Canada Glacier and flow into Lake Fryxell, also began
flowing in mid-November.

The results indicate that several years of streamfiow
record will be necessary for development of reliable correla-
tions between streams and for predicting streamfiow as a
function of climate. By establishing the stream-gaging net-
work at the onset of the McMurdo Dry Valley LTER, it will be
possible to achieve some critical watershed modeling goals

PRISCIJ STREAM, LAKE BONNEY

raphs for selected streams.
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during the initial 6 years of the project. This work is supported
by National Science Foundation grant OPP 92-11773.
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McMurdo LTER: Using narrow band spectroradiometry to
assess algal and moss communities in a dry valley stream
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An objective of the Long-Term Ecological Research (LTER)
project in the McMurdo Dry Valleys is to understand

processes regulating productivity, biomass, and distribution
of the stream communities using a combination of long-term
monitoring, in situ experiments, and modeling. Algal mat
and moss communities that grow in and along the margins of
antarctic streams become active during a short period in the
austral summer when temperatures and meltwater are suffi-
cient to promote growth. Some streams are known to sup-
port high biomass (2-400 milligrams of chlorophyll-a per
square meter), but production rates are at the low range for
freshwater communities (Vincent et al. 1993). Removal
processes, such as wind, flood scouring, and grazing by pro-
tozoans and micrometazoans, may regulate biomass accu-
mulations since light and nutrients are not limiting factors
for algal growth (Howard-Williams and Vincent 1989). Addi-
tional controlling factors may include variable streamfiow,
freeze-thaw events, and winter desiccation. In turn, the mats
are likely to influence downstream soil and lake ecosystems
by removing and transforming nutrients.

Spectroradiometry may be useful in accomplishing sev-
eral LTER goals, including assessing distribution, biomass,
and nutrient status of the stream communities. The ability of
a plant to reflect or absorb light is dependent on its morpho-
logical and chemical characteristics which, in turn, are a
function of plant development, health, and growing condi-
tions. The relation between spectral reflectivity and plant sta-
tus makes spectroradiometry a potential tool for studying
ecological features of plant populations. In this article, we
explore the use of close-range remote-sensing techniques for
assessing algal and moss communities of the streams within
the McMurdo Dry Valleys.

In January 1994, we measured spectral and pigment
characteristics of the six dominant algal and moss communi-
ties of the Canada Stream in the Lake Fryxell basin, Taylor

Valley. The assemblages are identified here according to their
color: orange-colored, red-colored, green-colored, or black-
colored algae, and green or black moss. Taxonomic identifi-
cation is currently in progress; however, previous studies
indicate that the algal mats are dominated by cyanobacteria
(Vincent et al. 1993). Spectral-reflectance measurements
were taken from each assemblage by using a handheld spec-
troradiometer (Model PSII, Analytical Spectral Devices, Inc.),
which measures in 512 bands of about 1.4-nanometer (nm)
width between about 350 and 1,000 nm wavelength. Data
were collected between 1000-1400 hours during cloud-free
periods. Spectra were taken 5 centimeters (cm) above each
sample resulting in a circular field of view of 0.2-cm diame-
ter. Algae and mosses were briefly removed from the stream
to obtain spectra because flowing water complicated and
reduced the spectral signal. Chlorophyll-a and carotenoids
were analyzed using the trichromatic method (Strickland and
Parsons 1968).

Green-colored moss and red-colored, orange-colored,
and green-colored algae exhibited reflectance patterns typi-
cal of vegetation; the greatest reflectance occurred in the
near infrared (NIR, 700-800 nm) and absorption in the blue
(400-500 nm) and red (600-700 nm) regions of the electro-
magnetic spectrum (figure). Absorption in the blue region is
likely due to carotenoids, which absorb maximally in the
400-550-nm range (Vincent et al. 1993), whereas absorption
in the red region corresponds to the maximum chlorophyll-a
absorption at 680 nm. Chlorophyll-a concentrations in these
assemblages ranged between 5 and 8.8 micrograms per
square centimeter (sg CM-2) and carotenoids between 4.5
and 11.2 sg CM-2 (table). Although all phototrophic algae
contain chlorophyll-a, they can be distinctly colored by other
pigments. This range of pigmentation contributes to the vari-
ation in spectral signatures observed in the Taylor Valley
mats. For example, the red-colored algae are distinguished
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by having an additional, small
absorption feature centered at
630 nm, possibly due to the pig-
ment phycocyanin, which ab-
sorbs maximally at 620 nm (Vin-
cent et al. 1993).

Spectral patterns of the
black-colored algae and black-
colored moss were markedly dif-
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600	700	800	900	ferent from that of the other four
stream assemblages (figure).
Reflectance gradually increased
from 400 to 900 nm and despite
the high chlorophyll concentra-
tions found in the black-colored
algae (41.8 .tg cm-2 ; table) the
absorption feature usually asso-
ciated with chlorophyll at 680
nm is not obvious compared to
other algal types (figure). Chlor-

600	700	800	900	ophyll-a absorption is masked
due to the high absorption of all
spectral bands by the combined
"black" pigments of this assem-
blage, leaving no reflectance
peaks (green and NIR) to con-
trast with the high red absorp-
tion. Black-colored moss, which
was not as darkly pigmented as
the black-colored algae, reflect -
ed higher at all wavelengths than

600	700 800 900	the black-colored algae and dis-
played a slight chlorophyll-a
absorption feature. Chlorophyll-
a and carotenoid concentrations

Percentage reflectance of algal and moss assemblages along the Canada Stream, Taylor Valley. Each for black-colored moss were 16.8
spectra is the average of 10 samples taken from one position over the assemblage.	 and 32.3 ULY cm-2 . resnectivelv
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Pigment content and ND VI of Canada Stream algae
NOTE: Samples for pigment analysis were taken 81anuary 1994
for all assemblages except black algae, which was collected 13
January 1994. Pigment concentrations were not available for
green moss. NDVI was calculated from spectra taken on 13 Jan-
uary 1994 as ND VI=Maximum NIR/Minimum red where NIR is
the near infrared reflectance within the range 700-800 nm, and
red is reflectance within 600-700 nm.

Orange-colored algae	6.4
	

10.2
	

1.91
Red-colored algae	5.0

	
11.2
	

1.54
Green-colored algae	8.8

	
4.5
	

5.16
Black-colored algae	41.8

	
66.9
	

1.94
Green-colored moss	-	 2.62
Black-colored moss	16.8

	
32.3
	

1.38

(table).
Spectral analysis has been used to estimate biomass and

productivity in aquatic vegetation (e.g., Dewey et al. 1993;
Peñuelas et al. 1993). Several indexes have been correlated
with biomass, including the normalized difference vegetative
index (NDVI; NDVI=ratio of maximum NIR:minimum
reflectance; table), with highly variable results due to vegeta-
tive type and influences of background substrate. The use of
a narrow-band NDVI as a biomass predictor of the Canada
Stream assemblages was less than satisfactory. No relation-
ship between the NDVI and pigment analysis was apparent
(table). Variable vegetation type (algae vs. mosses) and three-
dimensional structure of the assemblage may be factors con-
tributing to the lack of predictive power of the NDVI. Also,
the general lack of contrast in spectral reflectance from the
black-colored algae and black-colored mosses makes it diffi -
cult to apply classical vegetation indexes, such as the NDVI,
which are based on contrast.

The spectral data illustrate the potential for using spec-
tral reflectance patterns, spectral biomass indices, and
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changes in the near infrared reflectance as tools for studying
ecological features of the algal and moss communities in and
along dry valley streams. The acquisition of ecologically
meaningful spectral data will require a thorough investiga-
tion of the relationships between spectral features and bio-
mass, physiological status, pigment content, three-dimen-
sional structure of the assemblage, production, and nutrient
status of dry valley stream communities.

This work was supported by National Science Founda-
tion grant OPP 92-11773 and an Institutional Project Assign-
ment grant from the Desert Research Institute, Reno, Neva-
da. We thank the Desert Research Institute for the use of the
ASD PSI! Spectrometer, M. Anthony for chlorophyll analysis,
and D.M. McKnight for field assistance and advice. Use of
trade names in this article is for identification purposes only
and does not constitute endorsement by the U.S. Geological
Survey.
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McMurdo LTER: Paleolimnology of Taylor Valley, Antarctica
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A lthough much information has been gathered on the cli-
..CImatological and glaciological histories of the dry valleys
(e.g., Stuiver et al. 1981, pp. 319-436; Denton et al. 1989), rel-
atively little is known about the physicochemical and biologi-
cal state of past lakes in the region. For a recent review of
paleolimnology in the McMurdo Dry Valleys, see Doran,
Wharton, and Lyons (1994). The main objectives of this
research are
• to put the present lake environments into historical per-

spective,
• to trace environmental change (e.g., changes in lake pro-

ductivity, chemistry, sedimentology, and so forth) through
recent time using lake-bottom sediments,

• to confirm and extend this record by using paleolake sedi-
ments left by high lake stands (e.g., perched deltas left by
Glacial Lake Washburn between approximately 12,000 to
24,000 years ago), and

• to investigate new dating techniques to overcome carbon
reservoir effects.

Short cores [less than 35 centimeters (cm)] collected
from Lake Hoare in Taylor Valley (figure 1) have been ana-
lyzed for character and amount of carbonates and organic
matter, siliceous algal remains, geochemistry, mineralogy,
and texture. Carbonates in the short cores are sporadic, usu-
ally occurring in the fine-grained strata (figure 2; table), and
so far have all been determined to be calcite with varying cal-
cium-to-magnesium ratios. For the 31 oxic samples meas-
ured to date (strata from cores taken from DH1 and DH2),

carbonates range from 0.3%o to 8.4%o isotopic carbon-13
(ô'C), with a mean value of 5.6%o. This is remarkably close
to the 5.4%o value that Aharon (1988) predicts for antarctic
lakes precipitating calcite in equilibrium with atmospheric
carbon dioxide (CO2) at 0°C. Lake Hoare sediment 813C val-
ues reported here are heavier than those of its nearest neigh-
bor, Lake Fryxell (Lawrence and Hendy 1989), by approxi-
mately 507oo.

According to Green, Angle, and Chave (1988), Lake
Hoare surface waters are supersaturated with respect to cal-
cite whereas waters below 20 meters depth are undersaturat-
ed. Mass-balance calculations further showed that calcium
carbonate (CaCO3) is precipitated in the shallow regions of
the lake, the area from which our core was extracted. This,
coupled with the relatively heavy Lake Hoare dissolved inor-
ganic carbon values resulting from the lack of surface water
inflow and mixing (Wharton, Lyons, and Des Marais 1993),
helps to explain the isotopically heavy sedimentary carbon-
ate. Sedimentary carbonate 813C increases with core depth to
approximately 30 cm in the core depicted in figure 2, sug-
gesting a change in lake hydrology and/or productivity over
recent time.

Organic matter 8 13C is relatively light. This may be relat-
ed to the findings of Rau, Takahashi, and Des Marais (1989),
who suggest that increased solubility of CO2 in colder water
favors isotopic discrimination by phytoplankton. The rela-
tively heavy organic 8 13 C values in the coarser material
reflect an allogenic source for the material.
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Figure 1. Map showing locations of dive holes (DH) on Lake Hoare.
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These preliminary results suggest that
• solution/ dissolution of calcium carbonate is an

important process in the lake;
• carbon dynamics have not been stable over

recent time; and
• organic matter is primarily derived from alloc-

thonous input during periods of high sedimen-
tation rates, and during low sedimentation peri-
ods, autochthonous organic input is dominant.

More than 30 freshwater diatom taxa have
been documented from a Lake Hoare core (from
DH2#4). Total number of diatom valves per mil-
ligram of dry weight sediment varies from less than
1,000 to 117,000 (figure 3). Total abundance is
greatest at 17-18 cm depth. Although benthic
cyanobacterial mats are clearly evident within the
core, the 17-18-cm section is not associated with
mat material. Additional analyses will determine
whether diatom abundance is consistently nega-
tively correlated to total organic material. Chryso-
phyte cysts and fragments of marine diatoms are
also present. Marine diatom fragments are not as
common in Lake Hoare sediments as in Lake Fryx-

Percentages of calcium carbonate (CaCO) and organic matter
(CH20), and 51 C values (in %o) for selected strata in Lake Hoare
core DH2#4. Sample numbers correspond to those found in figure 1.
(IC=insufficient carbon.)
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ell. The marine fragments are likely to have entered the lake
from terrestrial deposits, possibly transported by streamfiow.

Samples of perched deltas left from Glacial Lake Wash-
burn were collected during the 1993-1994 field season and
will undergo the same types of analyses as the lake sedi-
ments. Results so far indicate that calcite is the only carbon-
ate present in the delta samples. The amount of carbonate
and organic matter per unit volume of perched delta sedi-
ment is extremely variable and seems to decrease with delta
size.

During the 1994-1995 field season, we will continue col-
lecting perched delta samples and attempt to collect long
cores from the lakes using a modified Nesje corer (Nesje
1992). Ideally, we would like to penetrate Lake Hoare sedi-
ments and obtain Lake Washburn sediments lying below.
One of the key questions that could be answered with the
long cores is whether Lake Hoare evaporated to dryness
1,200 years ago during a prolonged dry period that drew
other dry valley lakes down to brine ponds. Furthermore, we
may have the opportunity to compare sediments below Lake
Hoare with perched delta sediments of the same age.

A suite of dating techniques is being tested and tried on
the sediments retrieved from the dry valleys. These include
thermoluminescence, uranium /thorium, and paleomagnet-
ism.

This research is funded by National Science Foundation
grant OPP 92-11773. We thank David Anderson, Glenn Berg-
er, David Des Marais, Robert Karlin, and W.B. Lyons for their
collaboration.
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McMurdo LTER: Inorganic geochemical studies with special
reference to calcium carbonate dynamics
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D
uring the first field season (1993-1994) of the McMurdo
Dry Valleys Long-Term Ecological Research (LTER) pro-

gram, we collected, processed, and analyzed samples for geo-
chemical and biogeochemical analysis. The following analy-
ses were conducted on the majority of these samples: pH, dis-
solved inorganic carbon (CO2), sodium (Na), potassium
(K), magnesium (Mg2 -), calcium (Ca2 ), chloride (Cl-), sulfate
(SO421, nitrate (NO3-), nitrite (NO2j, ammonium (NH4),
phosphate (PO4 3-), dissolved organic carbon (DOC), and sta-
ble isotope ratios (8 180 and ÔD) of the water.

Each of the three major lakes in Taylor Valley (Bonney,
Fryxell, and Hoare) were sampled at least three times during
the field season. Lakes were systematically sampled at regular
depths, and biological as well as chemical samples were
obtained (Priscu, Antarctic Journal, in this issue). Although
previous work on the geochemistry of these lakes has been
published since the early 1960s, little comparison work has
been undertaken. Chloride profiles from the third "limno
run" of the season (21 December 1993, 23 December 1993, 29
December 1993, and 7 January 1994) are shown for both the
east and west lobes of Lake Bonney as well as Lakes Fryxell
and Hoare in figure 1. This comparative approach emphasizes
the radically different chemical compositions of lakes, with
Lake Hoare being the freshest and Lake Bonney (both lobes)
being the most saline. One of the most intriguing questions
about the McMurdo Dry Valleys is, how did these lakes,
essentially evolving in a similar climatic region, draining simi-
lar geologic materials, evolve into such different lake
chemistries?

Figure 2 is a plot of the Ca:Cl ratios in the lakes. Included
in this figure are data for Lake Vanda in Wright Valley from
Green and Canfield (1984). The Ca 2 profiles are "normalized"
to Cl-to eliminate any variation due to changes in total dis-
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Figure 1. Depth profile of Cl- in Lake Bonney, Lake Hoare, and Lake
Fryxell.
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Figure 2. Depth profile of the Ca2 to Cl- ratios in the lakes.

solved solids alone. The Ca:Cl profiles from Lakes Hoare and
Vanda are essentially constant with depth, whereas Ca2
depletion, relative to Cl-, occurs for both lobes of Lake Bon-
ney and Lake Fryxell (figure 2).

The table summarizes the Ca:Cl and Ca:HCO 3 ratios for
snow, other southern Victoria Land streams, and some of our
(i.e., LTER) recent data from streams contributing to Lake
Hoare. When all the information is combined, a set of phe-
nomena becomes apparent. Precipitation in regions where
little to no ice-free area exists has Ca:C1 approximately twice
as great as the sea water ratio, whereas, even in areas of high
elevation above the valley floors, the ratio for precipitation is
approximately 6 to 10 times greater than that of sea water
(table). This indicates that in the ice-free areas in Antarctica, a
nonmarine, terrestrial dust or salt source of Ca2 relative to
Cl- exists (e.g., Welch et al., in preparation). As the glaciers
melt and become stream discharge, however, the Ca:Cl ratio
increases to very high values (table), with the shorter streams
(i.e., the Lake Hoare streams) having the highest Ca:Cl ratios.
These data indicate that calcium minerals, undoubtedly calci-
um carbonate (CaCO 3), are rapidly being dissolved from soils
as liquid water becomes available in the austral summer.
Because the regolith in the McMurdo Dry Valleys has abun-
dant CaCO3 present (Keys and Williams 1981), this is certainly
not a surprising observation.

After the streams enter the lakes, the ratios change dra-
matically again, as the Ca:Cl is greatly decreased. Note that
the surface value of Lake Fryxell does look much like a stream
value. On the other hand, the surface values are an order of
magnitude less than the streams, suggesting rapid Ca2
removal. The precipitation of carbonate minerals in antarctic
lacustrine environments has been reported by several authors

(Wharton, Parker, and Simmons 1983;
I	T 	 1	 1OQO. i__ 

Stream and precipitation data from the McMurdo Dry Valleys (molar ratios)	 aIuiiIiILLY 1.JU

and Chave inii; tsira et al. ini). me
interaction and interplay between the
dynamics of CaCO3 formation and disso-
lution and the production and oxidation

4.4	 of organic carbon are undoubtedly
-	Welch et al. (in preparation)	 responsible for the dramatic differencesWelch et al. (in preparation)	

I observed in the Ca2 and HCO3- chemis-
0.40	Green and Canfield (1984)	 tries in the dry valley lakes, with the over-
0.29	DeMora, Whitehead, and Gregory (1991)	printing of biological processes on the

Lyons and Welch (unpublished data)	r,diit.tin nnd d p triii'tinn nf C(iL.S.,--
varying from lake to lake. This is the case0.45	
because the rates of biological processes0.45
vary from lake to lake. For example, the1.0
pelagic primary production maxima in
these lakes differs by at least one order of
magnitude in midsummer, with Lake
Fryxell and the west lobe of Lake Bonney
having the highest rates (Vincent 1988;
Priscu and Edwards unpublished data).
This biological influence is reflected not
just in the variations in ICO2, but also in
the 813C composition of the XCO2 as well
(Wharton et al. 1993). In addition, rela-
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Sea water	 0.019
Snow (non dry valley) 0.04-0.08
Snow (dry valley area) 0.12-0.25

Onxy River	0.56
AIph River	 0.88

Streams Entering Lake Hoare
Simmons

9 December 1991 1.3
10 January1994	0.59
26 January1994	1.2

Vestal
2 December 1993

11 January1994
26 January1994

Wharton
2 December 1993

11 January1994

McKay
2 December 1993

11 January1994

	

1.4	0.53

	

1.4	0.61

	

3.5	0.51

	

2.0	0.49

	

4.1	0.48

	

3.0	0.51

	

3.4	0.54



tively high rates of sulfate reduction and methane production
occur close to the sediment-water interface in Lake Fryxell
(Howes and Smith 1990). All these data indicate that Lake
Fryxell, and perhaps the west lobe of Lake Bonney, will have
CaCO3 dynamics dominated by biological activity, whereas
the other two lakes, especially Lake Hoare, may not. Our aim
is, in part, to compare and contrast the affects of high biologi-
cal vs. low biological activities on the dynamics (i.e., produc-
tion and dissolution) of CaCO3 in these lake systems.

This research was supported by National Science Foun-
dation grant OPP 92-11773. Special thanks are given to L.
Mastro, A. Butt, G. Dana, and P. Doran for help with sample
collection.
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McMurdo LTER: Phytoplankton nutrient deficiency in lakes of
the Taylor Valley, Antarctica

JOHN C. PRISCu, Department of Biology, Montana State University, Bozeman, Montana 59717

p
revious reports on nutrient deficiencies in antarctic lakes
have been based on indirect evidence such as nitrogen-

to-phosphorus ratios in the water column (Vincent 1981;
Priscu et al. 1989), nutrient ratios in streams entering the
lakes (Canfield and Green 1985), and direct measurement of
nitrogen uptake using nitrogen-15 labeled compounds
(Priscu 1989, pp. 173-182; Priscu et al. 1989). With the incep-
tion of studies focusing on photosynthesis (Priscu et al. 1990),
nitrogen transformations (e.g., Priscu, Ward, and Downes
1993), and long-term ecological research (Wharton, Antarctic
Journal, in this issue) in the lakes of the dry valley region of
McMurdo Sound, knowledge of nutrient regulation of prima-
ry productivity in these systems is imperative. This article pre-
sents results from experimental nutrient (nitrogen and phos-
phorus) bioassays conducted on Lakes Bonney (east and west
lobes), Hoare, Fryxell, and Vanda.

Experiments were conducted on phytoplankton popula-
tions at 5, 13, and 18 meters and 5 and 13 meters in the east
and west lobes of Lake Bonney, respectively, and at 5 meters in
Lakes Hoare, Fryxell, and Vanda. The depths selected for Lake
Bonney were from phytoplankton biomass and productivity
maxima; those for the other lakes represent the phytoplankton

populations immediately beneath the permanent ice covers.
All experiments were conducted at the Lake Bonney field
camp during November and December 1993. A 4-liter sample
was enriched with carbon-14 bicarbonate (0.1 to 0.2
microcuries per milliliter (mL) final concentration), and 500
mL was decanted into each of eight acid-washed high-density
polyethylene bottles. Two bottles each were then enriched
with 20 micromolar (!IM) ammonium, 2 tM phosphorus, and
20 iM ammonium plus 2 tM phosphorus; 2 nonamended bot-
tles served as controls. All bottles were placed in an environ-
mental chamber that simulated light and temperature condi-
tions from which the samples were collected. Subsamples (80
mL) were removed from each bottle at 24-hour intervals (for
144 hours) and filtered through Whatman GF/F filters. The fil-
ters were acidified with 0.5 mL of 3 normal hydrochloric acid
and dried at 50°C to remove unincorporated isotope. Radioac-
tivity on the filters (which represents photosynthetic activity)
was determined by standard liquid scintillation spectrometry
at McMurdo Station. Nutrient chemistry was measured using
methods described by Sharp and Priscu (1990).

Photosynthesis in all phytoplankton populations sampled
from Lake Bonney was stimulated strongly, relative to the non-
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amended controls, by phos- 1000000

phorus enrichment alone (fig-	 BONNEY, E30, 5m

ure 1). Simultaneous enrich-	750000
ment with phosphorus plus	H
nitrogen enhanced photosyn- ^D 500000

thesis over that of phosphorus
alone at 5 meters in both	250000
lobes. Photosynthesis in Lake
Bonney was never stimulated	^4 oLi
by the addition of nitrogen
alone. Simultaneous addition	Cl)

of phosphorus and nitrogen
also resulted in the greatest
increase in photosynthesis in	< 200000

Lakes Hoare and Fryxell (figure	 BONNEY, W20, 5m

2). Single addition of phospho-
rus elevated photosynthetic	H
rate significantly over the con-
trol in Lake Hoare whereas ni-	cr
trogen addition alone showed 
a stronger stimulatory effect
than phosphorus in Lake Fryx-	00	 50	100

ell. Photosynthesis in nutrient
amended treatments were all
below the control in Lake
Vanda (figure 2).

Results from these time-
course bioassay experiments
indicate that all phytoplankton populations in Lake Bonney
are strongly deficient in phosphorus. That simultaneous
nitrogen and phosphorus addition resulted in even higher
stimulation in the 5-meter populations implies a possible co-
limitation by these nutrients (Dodds, Johnson, and Priscu
1989). Nutrient stimulation relative to control samples
decreased in the deeper samples indicating a lower degree of
nutrient deficiency with depth. Dissolved inorganic nitrogen
(DIN=nitrate plus nitrite plus ammonium) to soluble reactive
phosphorous (SRP) ratios in Lake Bonney were all greater
than that required for balanced growth in algae (16 by atoms;
Redfield, Ketchum, and Richards 1963, pp. 26-77) supporting
the bioassay experiments that indicate a phosphorus defi-
ciency system.

DIN:SRP ratios in Lakes Hoare and Fryxell were below
that required for balanced algal growth (table) implying
potentially nitrogen-deficient systems. Nitrogen deficiency is
supported in part by the Lake Fryxell bioassay experiments,
which showed that nitrogen addition alone stimulated photo-
synthesis more than phosphorus addition. The low DIN:SRP
ratio at 5 meters in Lake Hoare is not supported by the nutri-
ent bioassays. Because little is known about temporal dynam-
ics (i.e., turnover times) of phosphorus vs. nitrogen pools in
these lakes, implications regarding nutrient deficiencies
based on pool sizes can be misleading and remain equivocal.

Bioassay results from Lake Vanda show that nutrient
additions actually lowered photosynthetic activity relative to
the control. The time-course profile also shows no net photo-
synthetic activity in the sample from the time of the first
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Figure 2. As in figure 1 except data from Lakes, Hoare, Fryxell, and
Vanda.
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Figure 1. Results from nutrient bioassay experiments conducted between November and December 1993 in
Lake Bonney. Disintegrations per minute represents the amount of carbon-14 bicarbonate incorporated into
phytoplankton via photosynthesis.
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measurement (24 hours) to 120 hours. It should be noted that,
owing to helicopter logistics, the sample collected at Lake
Vanda remained in the dark for more than 10 hours in the col-
lection carboy before processing. Together, these facts imply
that the phytoplankton suffered physiological damage during
sample storage. Consequently, bioassay results from Lake
Vanda should be treated as suspect. The DIN:SRP ratios
(table), however, indicate that Lake Vanda was phosphorus
deficient, at least to the extent that one can assume that the
nitrogen and phosphorus pools have similar turnover times.

These nutrient bioassay experiments are the first to address
directly nutrient deficiency miakes of the McMurdo Dry Valleys.
To obtain a more thorough view of nutrient deficiency in these
lakes, temporal experiments should be conducted over the phy-
toplankton growing season and should include samples from
the phytoplankton maxima within each lake.

I thank Richard Bartlett, Cristopher Woolston, Vann
Kalbach, and Rob Edwards for field and laboratory assistance.
This research was supported by National Science Foundation
grants OPP 91-17907 and OPP 92-11773 to J.C. Priscu.
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Bonney	5	1.42	4.74	0.06	0.65	5.
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13	1.20	21.54	0.19	0.86	22.
18	0.33	55.94	0.94	14.37	71.

Bonney	5	1.42	7.69	0.13	0.82	8.
(west)	13	6.23	30.13	0.21	0.71	31.(

Hoare	5	1.63	0.01	0.01	0.00	0.1

Fryxell	5	5.79	0.01	0.02	0.08	0:

Chlorophyll concentration (Chl, micrograms per liter), nutrient concentration (MM),
and nutrient ratios (by atoms) from lakes and depths (meters) where nutrient bioas-
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McMurdo LTER: Primary production model of benthic
microbial mats in Lake Hoare, Antarctica

DARYL L. MOORHEAD, Ecology Program, Department of Biological Sciences, Texas Tech University, Lubbock, Texas 79409-3131
ROBERT A. WHARTON, JR., Desert Research Institute, Reno, Nevada 89506

M
icrobial mats are found throughout much of the benth-
ic regions of antarctic lakes and streams and are com-

posed primarily of cyanobacteria (e.g., Phormidium, Oscilla-
toria, and Lyngbya), pennate diatoms, and eubacteria (Vin-
cent 1988). The perennially ice-covered lakes of Taylor Val-
ley, southern Victoria Land, Antarctica, have well-developed
benthic microbial communities (Wharton, Parker, and Sim-

mons 1983). In places, portions of these mats tear loose
(liftoff) from the sediments and float to the surface, where
they are frozen within the overlying ice. This material is
transferred through the ice by ablation and distributed by
wind throughout the valley (Parker et al. 1982). The extreme-
ly low productivities of terrestrial ecosystems in this region
suggest that allochthonous inputs of microbial mat may be
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an important source of the organic carbon found in soils. For
these reasons, primary production of benthic mats is being
investigated as an initial step in elucidating sources of organ-
ic matter and patterns of productivity in the Taylor Valley
landscape.

A mathematical model was developed to examine the
productivity patterns of benthic microbial mats in Lake
Hoare, Taylor Valley, Antarctica (figure 1). Previous studies of
algal production in antarctic streams and lakes suggest that
primary production can be estimated with the equation for a
rectangular hyperbola, driven by light intensity (Priddle
1980a,b; Howard-Williams and Vincent 1989):

P=a/[1+(E/1)] (1)

where P, is hourly net primary productivity,
a is the maximum observed production rate [28.89

milligrams of carbon per square meter per hour
(mg C rn-2 hr-')],

I is the average hourly sunlight intensity [microein-
stems per second per square meter (tE s 1 rn-2)]
incident to the algae, and

9 is the half-saturation coefficient (2.23 IiE s m-2).
Model parameters are derived from the detailed
investigations of Phormidium spp. mats in Signy
Island lakes (Priddle 1980a,b) and Taylor Valley
streams (Howard-Williams and Vincent 1989).

A continuous, 1-year (1988-1989) light regime of average
daily light intensities recorded immediately beneath the lake
ice [approximately 10 percent incident photosynthetically
available radiation (PAR)] was used to drive the model (figure
2). We assumed that light intensity diminished as a negative
exponential function of depth (figure 3), given depth-specific
light attenuation coefficients reported for Lake Hoare
(Palmisano and Simmons 1987):

I=S-e m)	 (2)

where S is ambient sunlight intensity (1tE s rn- 2) at the
water surface immediately below the ice cover,

k is the light extinction coefficient (m 1 ), and
m is water depth [in meters (m)].

Simulations were conducted over the 365-day interval
for which sunlight data were available (figure 2). Total annual
net primary productivity was estimated for mats at 1-rn inter-
vals from 0 to 15 m depth, driven by incident light intensity
(equation 2), and assuming identical model parameters at all
depths (equation 1).

Estimates of total annual net production varied from a
maximum of 155 g C rn- 2 at just beneath the lake ice, to about
0.72 g C rn-2 at a depth of about 15 m (figure 3). These values
lie within reported levels of net annual production of benthic
microbial communities in other antarctic streams and lakes at
similar depths (table) and appear to be sufficient to supply
quantities of mat materials that are estimated to be lost by
liftoff and ablation from Lake Hoare (Parker et al. 1982).

Wharton et al. (1983) report that the distribution of mats
beneath the permanent ice cover in Lake Hoare ranges
between 5 and 30 m depth, with the more productive corn-

lJPP

Sunlight	depth

Figure 1. Flow diagram of net primary production (NPP) of benthic
microbial mat in Lake Hoare, Antarctica.

0	90	180	270	360
Julian Day

Figure 2. Daily average sunlight intensity immediately beneath the ice
at Lake Hoare, Antarctica (1988-1989; Clow unpublished data).

Light (% Ambient)
Figure 3. Depth-specific light intensity (as a percentage of recorded
intensity; figure 2) and simulated annual net primary productivity (NPP)
(g C rn-2) for Lake Hoare, Antarctica.

munities (columnar liftoff mats) found to a depth of about
12-13 rn. Our simulations suggest very low productivities at
depths greater than 10-15 m (figure 3) and, although respira-
tion rates have been incorporated in the estimated net pri-
mary productivity rates (equation 1), the form of this equa-
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Production of benthic microbial mats in antarctic ponds and lakes (g C m-2yr-1)

11	 Changing Lake; Signy Island
45	Sombre Lake; Signy Island
37	Fresh Pond; McMurdo Ice Shelf
57	Skua Lake; McMurdo Ice Shelf
60	Ice Ridge; McMurdo Ice Shelf

36	P-70 Lake; McMurdo Ice Shelf
39	Brack Pond; McMurdo Ice Shelf
26	Salt Pond; McMurdo Ice Shelf

	

140-230	Skua Lake; McMurdo Ice Shelf

	

172-327	Algal Lake; McMurdo Ice Shelf

5.5	Watts Lake; Vestfold Hills
26	Lake Hoare; Taylor Valley

	

0-113	Lake Bonney; Taylor Valley

aExtrapolated over a 120-day season.

Priddle 1980b
Priddle 1980b
Howard-Williams et al. 1989a
Howard-Williams et al. 1989a
Howard-Williams et al. 1989a

Howard-Williams et al. 1989a
Howard-Williams et al. 1989a
Howard-Williams et al. 1989a
Goldman, Mason, and Wood 1972
Goldman, Mason, and Wood 1972

Heath 1988
J.R. Vestal (unpublished data, 1988)
Parker and Wharton 1985

tion does not allow a negative production value estimate (i.e.,
respiration is greater than photosynthesis). Empirically
determined photosynthetic and respiration rates for micro-
bial mats are needed to develop a more realistic model that
separately describes both processes. This would permit eval-
uating the conditions under which net losses and gains of
carbon may occur. Such a model formulation also would per-
mit calculating nutrient turnover, as well as incorporating
nitrogen and phosphorus constraints on production.

This work was supported by National Science Founda-
tion, grant OPP 92-11773.
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McMurdo LTER: Developing a geographic information
system database

ANYA Z. Burr and JORDAN TOWNER HASTINGS, Biological Sciences Center, Desert Research Institute, Reno, Nevada 89506

A mong the most accessible ice-free areas in Antarctica, the
flMcMurdo Dry Valleys have been extensively studied
since 1957. A wealth of ecological, geophysical, and meteoro-
logical data and land surveys and satellite imagery has accu-
mulated. Most of these materials are documented in the sci-
entific literature; however, they are scattered and unsynthe-
sized.

By contrast, the McMurdo Dry Valleys Long-Term Eco-
logical Research (LTER) project (Antarctic Journal, in this
issue), based initially in Taylor Valley, is an explicitly synthetic
effort: a comprehensive, multidisciplinary field study of the
cold desert ecosystem. Data sets required by the LTER are
accordingly diverse. Notwithstanding their diversity, most
LTER data sets are geo-referenceable, and indeed, accurate
geo-referencing is essential to understanding the material
transport processes, which are hypothesized to be key ecolog-
ical controls (Wharton, Antarctic Journal, in this issue). Essen-
tially, the LTER demands development of a geographic infor-
mation system (GIS), both as a data-management approach
and as a spatial analysis mechanism.

In this article, we summarize the work to date in develop-
ing a GIS database for the McMurdo LTER. In a companion
article (Hastings and Butt, Antarctic Journal, in this issue), we
describe an experimental access system that allows LTER par-
ticipants to manipulate this GIS database directly from desk-
top personal computers (PCs).

Development of a GIS for Taylor Valley was initiated in
1992 by Gary Glow at the U.S. Geological Survey (USGS) in
Menlo Park, California, and subsequently assumed by the
Desert Research Institute in Reno, Nevada. The fundamental
cartographic materials were two 1977 hardcopy USGS quad-
rangle maps, entitled Lake Bonney and Lake Fryxell (sheets
S7730-E16200 and S7730-E16300, respectively). Because of
their age, these maps were not available in digital form.
Instead, using ARC/INFO®, the Lake Bonney quadrangle was
redigitized manually, and the Lake Fryxell map was scanned
and revectorized from a traced mylar copy. Two basic cover-
ages were derived from each map:
• elevations, represented by contour lines
• composite hydrology, involving glaciers, lakes,	Tat

and streams and ocean.

triangular irregular network. To date, this DEM has not been
widely used, although it can be analyzed to yield numerous
additional coverages such as drainage basin patterns and hill-
slope and hill-shade models. The DEM can also allow model-
ing of transport processes through linkage of the DEM with
attribute coverages (e.g., Jensen 1991). From the composite
hydrology, separate hydrologic coverages (glaciers, lakes, and
streams) have been extracted. A number of digitizing and
edge-matching errors were detected and corrected during
processing. The basic cartographic coverages of the Taylor
Valley GIS are summarized in table 1. The completed Taylor
Valley base map, delineated primarily by the hydrology-relat-
ed coverages, is shown in the figure.

In 1993, a number of historical data sets were added as
overlay coverages to the Taylor Valley GIS:
• an unpublished USGS map sheet, with updated feature

names;
• bathymetric sketches for the three major lake systems

[Fryxell (Lawrence and Hendy 1985), Hoare (Wharton et al.
1986), and Bonney (Priscu personal communication)];

• a list of survey control points, established in the 1970s; and
• an approximate geologic map (Haskell et al. 1965).

From the 1993-1994 field season, additional data sets
were supplied by LTER participants:
• surface meteorology station locations,
• soil plot/transect locations,
• glacier ablation stake locations,
• stream gage locations and associated flow measurements,

and
• lake borehole locations and associated biogeochemical

analyses.
These data sets have been added as coverages in the GIS data-
base; procedures are described in Hastings (in preparation).
The current collection of "field data" coverages is summa-
rized in table 2.

The Taylor Valley GIS is referenced to the WG584 spher-
oid, unlike the source maps. The so-called "Camp datum" to

ile 1. Basic cartographic coverages

The pairs of coverages were "edge-matched" along
their common boundary. Keeping with the source
maps, a Lambert conformal conic projection was
used. The coverage units were transformed to the
metric system and reprojected assuming the WG584
spheroid, in accordance with current global position-
ing system (GPS) satellite-referenced configurations.

From elevation contours, a digital elevation
model (DEM) was derived through the creation of a

Contours	Surface elevation contours (at nominal 50-meter increments)
Glacier	Permanent ice cover over land
Hydrology	Composite hydrology (glaciers, lakes, streams, and ocean)
Lake	Perennial bodies of water (typically ice covered)
Mapsheet	Outlines of USGS mapsheets, with master tics
Ocean	Open ocean (may be covered with pack-ice)
Stream	Perennial channels of water
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Base map of Taylor Valley, Antarctica

which the original source maps are referenced is not well
known. Discrepancies between GPS coordinates obtained in
the field and corresponding locations on the map have been
noted. Efforts are underway to transform the coverages to
correct for these discrepancies.

The Taylor Valley GIS incorporates source materials dat-
ing from 1973 to the present. All these coverages are treated as
referring to a single, unspecified point-in-time. The forth-
coming Arc/StormTM product is intended to provide a
method to represent time as well as space within the GIS
database, allowing analysis of time-dependent changes.

The Taylor Valley GIS is an active database that experi-
ences continual refinements and additions. Significant labor
has been invested in the Taylor Valley GIS: to date, an esti-
mated 100 hours in original digitizing and another 150+ hours

Table 2. Field data overlay coverages

Boundary	Boundary of study area (hydrologically defined)
Control	Fixed geodetic control points
Lakedepth	Bathymetry of major lake systems
Landmark	Surficial geomorphic landmarks: faults, outcrops, etc.
Rock	Surf icial rock units/types
Station	Sampling points/stations (all media)

in postprocessing. In addition,
the computer equipment
needed for GIS implementa-
tion is substantial. The Taylor
Valley GIS, however, provides
researchers with a powerful
tool to combine geo-refer-
enced databases and spatial
analysis techniques. As the
LTER evolves, it is expected
that the GIS will play an
increasingly important role.

This research is funded by
National Science Foundation

644E	 grant OPP 92-11733. Geogra-
phy students from the Univer-
sity of Nevada, Reno, have par-

ticipated in development of the Taylor Valley GIS.
(ARC/INFO® and Arc/StormTM are trademarks of the Environ-
mental Systems Research Institute Inc., Redlands, California.)
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Boundary
Contours
Control
Glacier
Hydrology

Lake
Lakedepth
Landmark
Mapsheet
Ocean

Rock
Station
Stream

Boundary of study area (hydrologically defined)
Surface elevation contours (at nominal 50-meter increments)
Fixed geodetic control points
Permanent ice cover over land
Composite hydrology (glaciers, lakes, streams, and ocean)

Perennial bodies of water (typically ice-covered)
Bathymetry of major lake systems
Surf icial geomorphic landmarks: faults, outcrops, etc
Outlines of USGS map sheets, with master tics
Open ocean (may be ice-covered)

Surf icial rock units/types
Sampling points/stations (all media)
Perennial channels of water

McMurdo LTER: Developing a geographic information system
access system

JORDAN TOWNER HASTINGS and ANYA Z. Burr, Biological Sciences Center, Desert Research Institute, Reno, Nevada 89506

I
n a companion article (Butt and Hastings, Antarctic Journal,
in this issue), we summarize the work to date in developing

a geographic information system (GIS) database for the
McMurdo Dry Valleys Long-Term Ecological Research (LTER)
(Wharton, Antarctic Journal, in this issue). In this article, we
describe an experimental access system that allows LTER par-
ticipants to manipulate this GIS database directly from desk-
top personal computers (PCs).

As a result of several years' work (Butt and Hastings,
Antarctic Journal, in this issue; Hastings in preparation), a GIS
database for the Taylor Valley LTER site has been developed
in ARC/INFO®. The contents of this database—known as cov-
erages—are summarized in table 1.

These coverages can be rendered as hardcopy maps at
any desired scale, singly and in numerous combinations,
using the ARC/INFO plotting software. Geographic manipula-
tions and analyses such as landcover classifications, topo-
graphic cross-sections, and insolation models taking into
account hill-slope and hill-shade, are also possible. This work
requires significant training, as well as access to sophisticat-
ed, relatively expensive graphics workstations.

To make the basic coverages more directly accessible to
LTER participants using ordinary desktop personal
computers, an experimental interactive system based FTalon the Arc/ViewTM product has been developed. A 
full description of this system is beyond the scope of
this article; indeed, the intent is that it be explored
directly, not described. The screen image reproduced
in the figure, however, depicts the main elements of
the system interface, itemized below:
• Menu bar—Program control "ring menus"
• Legend—"Table of contents" for the map, indicat-

ing the order and content of themes (coverages
with appropriate symbology) to be drawn

• Map display—Electronic "light table" where the
map is drawn

• Tool box—Palette of interactive graphics tools
To support Arc/View—addressing limitations in

its capability and/or performance (see below)—three
additional coverages have been derived, as summa-
rized in table 2. For example, a mapsheet coverage,
modeled after the source USGS map sheets, has been
coded specifically to present a pleasing map color/pat-	TaIi

tern background for the Arc/View screen displays.
To date, the predominant use of the Arc/View

system has been for "desktop mapping"; despite its
simplicity, this has significant benefits for LTER par-	Albe
ticipants. Using the zoom tools, in combination with	Exp
dynamic theme selection from the legend, users can	Map

easily focus map displays on geographic items of

interest. Specific sampling stations may be posted directly on
the map and elevations estimated by superimposing contours.
Further, the actual field measurements may be viewed in a
spreadsheetlike table that automatically "pops up" when the
station point is appropriately selected on the map. Tools for
linear and areal measurement (on maps) and basic statistics
(on tables) are available. Hardcopy printouts can be made
directly on any PC-attached printer, in either black-and-white
or color. Also, the contents of the spreadsheet tables can be
written to ordinary ASCII files for transfer to other PC-based
programs, such as LOTUS 1230 or WordPerfect® . Thus,
LTER participants are empowered to explore, and validate, the
basemap and associated geo-referenced field data directly.

By contrast to ARC/INFO, the Arc/View software is sim-
ple to learn and pleasant to use. Arc/View's capabilities for
overlaying and displaying GIS coverages, for printing them,
and for extracting them to PC files, are all excellent. Regret-
tably, however, the tools available for formal geographical
analysis are quite limited, owing in part to technical limita-
tions of the PC platform itself.

A further restriction of Arc/View is that it can be applied
only to view existing coverages, not to create or modify them.

le 1. Taylor Valley GIS coverages

le 2. Derived GIS coverages

do	Surface reflectivity (estimated from land cover)
sure	Surface slope direction and relief (vector quantity)

sheet	Re-composite of the original hydro-derived coverages
(glacier, lake, and ocean), also delineating bare ground
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Arc/View TM screen interface.

For "desktop mapping" applications, this caveat is appropri-
ate: casual users need not, and should not, alter GIS coverages
in the master database. It would be desirable, however, to
extend coverage attribute tables, preferably by dynamic joins
(or "relates") to auxiliary tables, so that user-supplied data
could be displayed and manipulated in geographic context.

Another troublesome aspect of Arc/View, paradoxically,
is its attention to detail. Screen displays are drawn with all
features of every selected theme, regardless of whether they
are visible at the current map scale. This behavior not only
makes the software slow, particularly at large map scales, but
actually can degrade the display. (The mapsheet coverage was
originally developed as a "workaround" for this problem.)

Finally, it would be desirable to "program" the Arc/View
interface itself, adapting it to specific needs of the LTER, per-
haps even to individual users. In conjunction, the ability to
"escape" the interface temporarily into other PC applica-
tions—using it essentially as a high-level GIS-aware menuing
system—would be a significant convenience.

Initially developed to support
the Taylor Valley GIS database, the

5542S52.OS8$4' ' GIS access system has developed
into an ambitious, independent
project: to build a geographically
integrated system for recording
and retrieving the results of a

I... long-term scientific experiment.
Moreover, the system must be suf-
ficiently accurate, complete,

"	 extensible and above all user
friendly," that scientists will actu-

1

	

Tools	
i	• 	ally use t in their daily work.

• I !. Evidently, Arc/View has whet-
ted many appetites. Notwithstand-
ing its early appeal, limitations of

- the software are now becoming
onerous, both to computer techni-
cians and to scientific participants
in the LTER. An enhanced Arc!
\/iew2 product, addressing many of
the current Arc/View's limiting
issues, remarked here and by oth-

ers, is expected during calendar year 1994; it is eagerly awaited.
This research is funded by National Science Foundation

grant OPP 92-11773. Geography students from the University
of Nevada at Reno have participated in development of the
Taylor Valley GIS. (ARC/INFO® and Arc/ViewTM are trade-
marks of Environmental Systems Research Institute, Inc.,
Redlands, California. LOTUS 1-2-3@ is a registered trademark
of Lotus Development Corp., Cambridge, Massachusetts.
WordPerfect® is a registered trademark of WordPerfect Corp.,
Orem, Utah.)
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Studies of ozone depletion and its effects

Record low ozone measured at McMurdo Station, Antarctica,
during the austral spring of 1993

BRYAN J. JOHNSON and TERRY DESHLER, Department ofAtmospheric Science, University of Wyoming, Laramie,
Wyoming 82071-3038

T
he annual springtime ozone hole over Antarctica has been
studied extensively since it was first reported by Farman,

Gardiner, and Shanldin (1985). The University of Wyoming has
participated in monitoring the development of the ozone hole
over Antarctica since 1986 using balloonborne instruments to
measure vertical profiles of ozone and particles at McMurdo
Station, Antarctica. During austral spring 1993, we observed
record minimums in total column ozone and a record low
within the main ozone layer at 12-20 kilometers (km).

Severe ozone depletion over Antarctica is caused by a
sequence of reactions in the stratosphere that produce reac-
tive forms of chlorine, which readily destroys ozone. The
process begins during the austral winter when nitric acid and
water vapor condense to form polar stratospheric clouds
(PSCs). Heterogeneous reactions between stable chlorine
species occur on the PSC surfaces producing chlorine (C12)
and hypochlorous acid (HOC). As spring approaches, these
products are broken down by sunlight into reactive chlorine
(Cl) which catalytically destroys ozone (see Solomon 1990).

A major change in the global stratospheric aerosol load-
ing occurred after the eruption of Mount Pinatubo in June
1991. The potential for enhanced ozone depletion was con-
sidered a strong possibility from previous modeling studies of
heterogeneous reactions occurring on volcanic aerosols
(60-80 percent sulfuric acid solutions) (see Hofmann and
Solomon 1989). In addition, within the winter antarctic strat-
osphere, the volcanic aerosol could freeze and serve as effi-
cient sites for additional PSC growth, thus extending the verti-
cal extent of the ozone hole to lower latitudes within the vol-
canic aerosol layer. Balloonborne observations of aerosol
(Deshler, Johnson, and Rozier 1994) and ozone (Johnson,
Deshler, and Rozier 1994) at McMurdo Station during the
spring of 1992 showed a clear correlation between the pres-
ence of volcanic aerosol and severe ozone depletion. A 4-km
ozone void at 12-16 km, coinciding with the 11-16 km vol-
canic layer, persisted for nearly the entire month of October.
The 1993 ozone hole was expected to improve slightly based
on the natural decay of the volcanic layer, but the 1993 polar
vortex was much colder and more stable than 1992. This com-
bination of factors provided optimum conditions for PSCs to
form and delayed the intrusion of midlatitude ozone until late
October, after ozone levels had already reached record lows.

Forty vertical profiles of ozone were measured at McMur-
do Station from 23 August to 30 October 1993. In addition,
three condensation nuclei and seven aerosol profiles [0.15 to
10.0 micrometers (p.m) radius, eight size classes] were mea-
sured. Figure 1 shows three of the ozone profiles representing
the initial and minimum ozone soundings observed. The pre-
depletion profile was measured on 30 August when total
ozone was 275 Dobson units (DU). Ozone declined at a rela-
tively linear rate during September reaching a record low 130
DU by 2 October, a 55 percent loss. Figure 1 also shows the
profile on 19 October when the main ozone layer between 12
and 20 km dropped to a record low 7 DU. This represents a 95
percent loss in ozone when compared to the initial 138 DU
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Figure 1. The initial ozone profile observed on 30 August compared to
the minimum total ozone profile (2 October). On 19 October a record
low of 7 DU ozone was measured in the 12-20-km layer. Ozone con-
centrations are in units of millipascals (mPa).
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observed within that column in August. The most complete
ozone destruction was observed in the 12-16 km layer (similar
to 1992) which coincided with the volcanic aerosol layer.

Figure 2 shows the aerosol profiles measured on 6 Sep-
tember for particles in the size range of 0.12 to 0.75 .tm radius.
The dashed lines show the volcanic background profile for the
same four size ranges measured on 19 October when the
stratosphere was 5°C to 30°C warmer. A comparison of these
two profiles shows the relative PSC growth that occurred on
the aerosols withing the volcanic layer at 11-16 km. There is a
small PSC layer at 16.5 to 17.5 km on 6 September. It is unusu-
al, however, that relatively few PSCs were observed within the
16-23-km layer since the temperature profile on 6 September
is well below the condensation lines for PSC formation at typ-
ical nitric acid and water vapor mixing ratios. The other
aerosol profiles showed similar conditions in late August and
September. This suggests that much of the stratosphere may

have been depleted of nitric acid and water vapor from the
formation and settling out of PSC5 earlier in the season.

The magnitude of ozone depletion observed in 1993 can
most likely be explained from the following observations:
• the presence of the Pinatubo volcanic aerosol layer between

11 and 16 km (though decreased from the 1992 season)
enhanced ozone depletion in the lower stratosphere;

• the stratosphere was colder than normal over McMurdo
Station (-90°C minimum) providing more optimum condi-
tions for the condensational growth of PSCs; and finally,

• a relatively stable polar vortex delayed the intrusion of high
levels of ozone from outside the polar vortex wall until
after 22 October.

The increasing quantity of chlorine in the atmosphere is
also a major factor in ozone depletion. The rate of increase
has been declining due to the phasing out of chlorofluorocar-
bons (CFCs), but chlorine will be a major source of ozone
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Figure 2. Aerosol profile measured at McMurdo Station on 23 August 1993 compared to the volcanic background profile from 9 October (dashed

lines). The corresponding temperature profiles are also given. The dashed straight line represents the condensation temperature for ice formation

for a typical dry winter stratospheric water vapor mixing ratio of 3 parts per million by volume. The solid line represents nitric acid trihydrate for-

mation temperatures at 2 parts per million by volume water vapor and 5 parts per billion by volume nitric acid. (hPa denotes hectopascals. cm-3

denotes per cubic centimeter.)

ANTARCTIC JOURNAL - REVIEW 1994

250



destruction for possibly several more decades. During this
period, the severity of the ozone hole will largely depend on
the dynamic conditions of the polar vortex and future vol-
canic eruptions that could alter the stratospheric aerosol con-
tent (Hoffmann et al. 1994).

L. Womack and R. Rozier were at McMurdo Station from
23 August to 8 October and B. Johnson and R. Zhao from 23
August to 3 November. This work was sponsored by the
National Science Foundation grant OPP 90-17805.
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Polar stratospheric clouds observed by lidar at McMurdo
Station during the 1993 winter

ALBERTO ADRIANI and GIAN PAOLO G0BBI, Istituto Fisica dell'Atmosfera, Consiglio Nationale Delle Richerche, RM, Rome, Italy
GuIDo DI DONFRANCESCO, Ente Nationale Casaccia, Energia eAmbiente, RM, Rome Italy

S
ince 1990, a lidar system has been operating at McMurdo
Station (78°S 167E) during the local spring. In 1993, it per-

formed measurements between 1 March and 10 October. The
lidar can monitor the presence of clouds by measuring the
light backscattered from the atmosphere. After system cali-
bration, the received signal is compared with the one expect-
ed from an atmosphere not containing particles. On such a
basis, a parameter called backscattering ratio, R, is calculated.
When particles are not present R is 1. Any value larger than 1
is related to the presence of particles.

The instrument, described in more detail by Adriani et al.
(1992), uses a Nd-YAG laser with 150 millijoules at 532
nanometers. The light scattered by the atmosphere is collect-
ed by a 41-centimeter diameter Newtonian telescope. The
system was designed to meet a double goal: it can be used
either to monitor clouds in the lower stratosphere [polar
stratospheric clouds (PSCs) or volcanic clouds], or it can be
set for very-low-light-level detection to monitor the tempera-
ture in the stratosphere and the lower mesosphere up to
60-70 kilometers (km). The laser light is polarized at the emis-
sion, and the lidar is equipped to detect light depolarized by
crystalline PSC particles.

PSCs have an important role in the heterogeneous chem-
istry of the polar stratosphere, and their presence is strictly
linked with the "ozone hole" formation. PSCs form during the
winter when the temperature drops below 195-196 degrees
Kelvin (K), the temperature at which the PSC's particles start
to grow in the lower stratosphere. The first particles nucleate
from nitric acid and water vapor. Ice clouds form only at tem-
peratures below 188-190 K at the typical stratospheric water
vapor concentration. The kind of particles found in a cloud
depend on the local temperature at the time of the observa-

tion as well as on previous thermal history of the air mass in
which the cloud is formed (Gobbi and Adriani 1993; Adriani et
al. in preparation).

During the 1993 winter and spring, the antarctic stratos-
phere still presented a measurable amount of volcanic aerosol
coming from the Mount Pinatubo eruption, which occurred
in the Philippines in June 1991. The presence of volcanic
aerosol facilitated the formation of PSCs, which need the
presence of condensation nuclei to form.

Figure 1 shows the temperature field at different altitudes
vs. time (julian day) over McMurdo Station between 1 April
and 10 October 1993. Temperatures were measured by the
U.S. Navy up to 20-27 km using balloon sounding. The U.S.
Navy supported the lidar operations by balloon sounding and
Navy temperature profiles were also used in the lidar calibra-
tion. In figure 1, lidar measurements up to 40 km were added
to complete the temperature field. The lidar is able to monitor
the atmospheric temperature from 25 to 60 km; however, only
the measurements concerning the presence of PSCs are dis-
cussed here.

Figure 1 shows that the temperature dropped below 185 K
during July and August. In figure 2, R is reported vs. altitude
and time. The first 2 months (julian days between 90 and 150)
show the unperturbed aerosol clouds from the Mount
Pinatubo eruption. PSC formation (increasing values of R) was
observed in the period June to September. The comparison
between figure 1 and figure 2 does not always show a good
agreement between minimum temperature and maximum
backscattering ratio. This can happen because, as already
mentioned, the presence of PSCs is not only dependent on the
temperature at the time of the observation but also on the tem-
peratures previously experienced by the air masses. This fact is
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Figure 2. Backscattering ratio vs. julian day and
altitude in the same period of figure 1. Backscat-
tering ratio values are reported between 9 and 40
km.

particularly evident for clouds containing nitric acid where the
evaporation processes are relatively slow. Furthermore, nitric
acid clouds are the first clouds formed at the beginning of the
season because the temperatures required for their formation
are higher than for ice clouds. Typical ice clouds were
observed, in particular, between July and August when the
stratospheric temperature reached the lowest values. On that
occasion, R values up to 30 were measured at 23-24 km. Dur-
ing that time, some depolarization values as high as 100 per-
cent were measured (the depolarization value being the ratio
between the depolarized and polarized lidar backscattering).

The project is supported by the Italian Program for
Antarctic Research (PNRA).
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Measurement of stratospheric trace gases by millimeter-wave
spectroscopy for an annual cycle at the South Pole

R.L. DE ZAFRA, C. TRIMBLE, M. REEVES, D. CHENG, and D.T. SHINDELL, Department of Physics, State University of New York,
Stony Brook, New York 11794

C
hemistry and transport processes in the south polar strat-
osphere have been intensively studied since discovery of

the seasonal "ozone hole" appearing over Antarctica (Far-
man, Gardiner, and Shanklin 1985). Nevertheless, large gaps
still exist in our knowledge of the dynamical and chemical
behavior of the polar winter vortex. This behavior is responsi-
ble for much of the prior processing of air, and the processing
makes possible the formation of a springtime ozone hole. The
work described here was intended to fill some of these gaps
by frequently monitoring the behavior of several trace gases
over as much of a full year cycle as possible, from a central
position within the annually forming winter vortex region.

Stratospheric "trace gases" are species whose fractional
mixing ratio may be a few parts per million relative to "air," as
in the case of ozone (03), to as little as a few parts per billion
or less, as in the case of several of the key species, such as
nitrogen dioxide (NO 2) and chlorine monoxide (CIO), which
regulate the abundance of 03. Since no data were available on
the behavior of 0 3 through the winter darkness above the
level reached by balloon sondes [approximately 30 kilometers
(km) at most], one goal was to make frequent measurements
Of 03 through the winter, combined with frequent measure-
ments of nitrous oxide (N20) as an inert tracer of transport, to
help differentiate changes in 0 3 due to chemistry from
changes due to transport. In addition, both 0 3 and N20 serve
as independent tracers for downward motion during the
polar night. This has been well documented to take place
through the observation that by early spring, the distribution
profile of N20 shows the result of several kilometers of down-
ward transport relative to antarctic summer profiles (e.g., Par-
rish et al. 1988) or to air outside the winter vortex region (e.g.,
Lowenstein et al. 1989). The period over which downward
transport is most active, and the maximum rates involved,
have not been well documented, however, despite the impor-
tance of this to the problem of correct chemical modeling.

The South Pole trace gas experiment was set up at the
Amundsen-Scott Station in late January 1993. C. Trimble win-
tered over and operated the equipment on an almost daily
basis from 5 February 1993 until 10 January 1994. The instru-
ment used for observations was a specially developed, ultra-
high- sensitivity, remote-sensing, millimeter-wave spectrome-
ter, which records emission spectra from individual species
over a bandwidth of 512 megahertz. Tuning allows emission
lines from any of several species to be observed within a fre-
quency range of approximately 268-280 gigahertz. Vertical
distribution profiles for the various species are then derived
from the spectra by deconvolution of the pressure-broadened
line shapes. During the 49 weeks of observations, somewhat
over 7,400 individual spectral scans were taken. The species

covered (not all for the full duration of observations) were 03,
N20, NO2 , nitric acid (HNO 3), and CIO. An upper limit for
hydrogen peroxide (H 202) in the polar night was also deter-
mined by an unsuccessful attempt to detect it.

Millimeter-wave emission spectra of one or another
stratospheric trace gas were typically taken 6 days every week
for the full 11 ', months of observations. Some results are sum-
marized below.

03 and N20. Both species were generally observed at 3-day
intervals throughout the full 11 months. This constitutes
the most complete record ever taken for either of these
gases within a polar vortex region. The ozone observations
are also the only record showing the behavior of ozone
above balloon limits (approximately 30 km) throughout a
polar night and show interesting features that are now
under analysis.
HNO3. The results obtained represent the first quantitative
scientific study of HNO 3 using ground-based, millimeter-
wave remote sensing. We began HNO3 observations in
mid-April, when quite strong emission was observed, indi-
cating some enhancement over summer values had already
occurred. HNO 3 continued to show a slight increase until
late May. We then observed a period of rapid depletion,
lasting about 2 weeks, which coincided with the first
appearance of polar stratospheric clouds (PSCs) detected
by the University of Rome's South Pole lidar measure-
ments. Loss of gas-phase HNO3 is explained by rapid con-
densation onto PSC particles. We believe these are the first
data to reveal the scope and rate of this process on a quasi-
continuous basis for air confined to a well-defined area. In
late June, our spectra revealed the presence of newly creat-
ed HNO3 in the middle stratosphere, above the range of its
normal distribution. The phenomenon of increased mid-
stratospheric HNO 3 during high-latitude winter was first
noted in data from the LIMS satellite experiment in
1978-1979. Its cause has remained a mystery, however, and
the phenomenon was not observed again until after the
launching of the Upper Atmosphere Research Satellite in
1992, when it could be discerned in data from the CLAES
spectrometer (Roche, Kumer, and Mergenthaler 1993). The
phenomenon may be caused by conversion of nitrogen
pentoxide on H20 aerosol particles in the middle stratos-
phere, according to a new theoretical study by Garcia and
Solomon (1994). Our own quantitative observations give a
good measure of the rate and duration of HNO3 production
and are a useful test for the validity of this theory.
CIO. Observations of CIO, the intermediate compound
formed in the ozone-destroying catalytic chlorine cycle,
were centered on the periods of antarctic sunset and sun-
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rise. CIO, particularly in the lower stratosphere where it is
responsible for rapid, massive destruction of ozone, has a
very strong diurnal cycle, with concentration dropping
dramatically in a 2-4-hour period around sunset and
increasing even more rapidly at sunrise. CIO observations
were started during the March sunset period to establish
the altitude range of the "normal" upper stratospheric
layer (which is a persistent global feature), before the onset
of wintertime downward air transport. There was no evi-
dence of a lower stratospheric CIO layer at this time. We
continued to track the "normal" CIO layer, after realizing
that it remained weakly visible many days after sunset, and
detected it again beginning to appear significantly before
polar sunrise. It proves, therefore, to be an additional use-
ful tracer of lateral transport from regions receiving sun-
light. During the spring sunrise period, we also made con-
tinuous observations at McMurdo, as well as South Pole
observations of CIO every third or fourth day.
NO2. The millimeter-wave emission lines from this mole-
cule are numerous but very weak in the normal stratos-
phere and have never before been observed with millime-
ter-wave equipment. We accidentally discovered the pres-
ence of several NO 2 emission lines which fall within the
spectral ranges used for CIO and HNO 3 observations, when
observing the latter species. These lines began to appear
late in May and lasted into July. Their extreme narrowness
reveals an origin no lower than approximately 50 km. Due
to the weakness and high altitude of these lines, our obser-
vations give a measure of the total column amount only.
The increase of mesospheric NO 2 revealed in these and
other recent observations is regarded to be a result of pole-
ward and downward transport from lower latitudes and
higher altitudes (e.g., Fisher, O'Neill, and Sutton 1993). We
believe that the present record may be the most complete
set of observations of the time duration and variation of
this process yet obtained.
H202. This species has not been observed before with
ground-based millimeter-wave equipment, although an
earlier attempt by us resulted in a useful upper limit being
set (de Zafra et al. 1985). The mixing ratio is quite small,
and the emission intensity will be extremely weak. Since

no observational data at polar latitudes was available on
this important species, whose concentration might
increase in the winter vortex night, we made a brief but
unsuccessful attempt to find emission. An upper limit was
set on mixing ratio similar to that of our earlier midlatitude
attempt.

R.L. de Zafra, D.T. Shindell, and C. Trimble all participat-
ed in setting up the equipment and debugging it at the
Amundsen-Scott Station. C. Trimble remained to maintain
the equipment and conduct all observations through the fol -
lowing year.

This work was supported by National Science Founda-
tion grant OPP 91-17813. Continuing collateral support was
furnished by the National Aeronautic and Space Administra-
tion's Upper Atmospheric Research Program through grant
NAGW 2182. We gratefully acknowledge the expert assistance
rendered by Antarctic Support Associates personnel in logis-
tics and in readying a building for our use.
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Ultraviolet radiation in the southern seas in early spring 1993
GERD WENDLER and TIM QUAKENBUSH, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775- 7320

T
he National Science Foundation research vessel Nathaniel
B. Palmer carried out a cruise to Antarctica in early spring

of 1993. It left Punta Arenas, Chile, close to the tip of South
America on 11 August 1993, sailed south for 3 days to the tip of
the Antarctic Peninsula, stopping at O'Higgins and Palmer Sta-
tions, and from there went southwest and into the Bellings-
hausen Sea. On 10 September, it reached the most southerly

position, 71 0S, some distance north of the Thurston Island.
From there, it went as far as 1 10°W before returning to Punta
Arenas. The main purpose of the cruise was to investigate the
snow- and sea-ice thickness, properties, and structures in this
part of the southern oceans (Jeifries 1994). It also allowed us to
carry out continuous radiation measurements. We measured
the following fluxes: global radiation (Eppley PSP), infrared
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incoming radiation (Eppley Pyrgeometer PM),120
ultraviolet-A radiation (Eppley UV meter), ultravio-

	

let-B radiation (Yankee Environmental Systems),	100

	and pitch and roll of the ship (Lucas Sensing Sys-	80
tems, Inc.). All instruments were sampled twice per

	

second (Campbell Scientific, Model 21 X), and a	60

	notebook computer (ASI Patriot) stored 1-minute	40
averages of the radiation data and 1-minute stan-

	

dard deviation of the ship's pitch and roll. Visual	20

observations of cloud cover were also recorded.	 0
First, the validity of the data had to be con-

	

firmed, and we were able to demonstrate the validity	4.0
	for hourly values. We normalized the ultraviolet flux-	3.5

	es by dividing them by the global radiation and were	30
	able to show that these values were independent of	2.5

the ship's movement. Some of the results follow:	
20

• The radiative levels changed substantially during

	

the trip, as both latitude and season changed. In	1.5

	figure 1, daily values of global, ultraviolet-A, and	1.0

ultraviolet-B radiation are presented.	 0.5

•

	

AI value of the clearness index K (total	0.0

transmissivity) was found to be 0.44. This is a low

	

value, but the cloudiness was high (mean value	0.07

	78 percent). The clearness index increased with	0.06

	decreasing cloudiness from 0.41 for overcast to	0.05

	

0.62 for clear-sky conditions. Individual daily val-	004
ues varied even more but were always between
0.2 and 0.8.	 0.03

	• The ultraviolet-A and ultraviolet-B radiation	0.02
	were related to the global radiation. Correlation	0.01

coefficients increased substantially when the

	

relationship was investigated for different cloudi-	0.00

ness classes. The global radiation was the most
affected by clouds, ultraviolet-A was less so, and
ultraviolet-B the least affected. In figure 2, the
relationship between the two ultraviolet fluxes is
presented for different cloudiness classes.

• As can be deduced from the previous bullet, the
fraction of the ultraviolet-to-global intensity increased
with cloudiness, whereas the absolute value of ultraviolet
radiation decreased (e.g., Ambach, Blumthaler, and
Wendler 1991). This was more pronounced for ultraviolet-
B than for ultraviolet-A.

• The ozone concentration during the trip varied between
160 to 290 DU (Dobson units). We entered and left the
"antarctic ozone hole" several times.

• The ultraviolet-B radiation displayed a dependency on
both ozone levels and cloudiness. In figure 3, a three-
dimensional presentation is presented for ultraviolet-B vs.
ozone and cloudiness.
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Figure 1. Daily mean values in watts per square meter (Wm- 2) of global, ultraviolet-A
(UVA), and ultraviolet-B (UVB) radiation during the cruise of the Nathaniel B. Palmer,
August and September 1993. Note that the three different fluxes appear to be relat-
ed. (JDay denotes julian day.)

Figure 2. Hourly values of ultraviolet-A (UVA) radiation plotted against the
values of ultraviolet (UVB) radiation. A fair amount of scatter was observed
(correlation coefficient r2=0.81), when all data were used. The relationship
improved when we distinguished by cloudiness. We used three classes:
cloudiness less than 20 percent (r2=0.99), 20-80 percent (r2=0.91), and more
than 80 percent (r2=0.86). Further, it can be seen that the relative transmis-
sivity of the atmosphere increases for ultraviolet-B with increasing cloudi-
ness when compared to ultraviolet-A.
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Figure 3. Daily values of the ratio of ultraviolet-13 to
global (UVB/GBL) are plotted against column ozone
(in DU) and cloudiness. It can be seen that the ratio of
ultraviolet-B to global increases with decreasing
ozone concentration (correlation coefficient r2=-0.61),
a result to be expected. Further, the ratio of ultravio-
let-13 to global increases with increasing cloudiness
(correlation coefficient r2=0.62). At first look, this is an
astonishing result. Note, however, that although the
absolute value decreases, the relative ultraviolet-B to
global concentration increases. This can also be
derived from figure 2.

• The ultraviolet-B radiation more than doubled when we
entered the "antarctic ozone hole," whereas the ultravio-
let-A radiation was hardly affected.

This study was supported by National Science Founda-
tion grant OPP 90-17969. The personnel on the Nathaniel B.
Palmer as well as the scientific team under the leadership of
Martin Jeffries were very helpful; the latter also made valuable
comments on this manuscript. D. Abrams and B. Moore did
the data reduction, and the National Aeronautics and Space
Administration's Goddard Space Flight Center supplied the

total ozone mapping spectrometer data. To all of them we
extend our thanks.
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High-resolution ultraviolet spectral irradiance monitoring
program in polar regions—Nearly a decade of data available to

polar researchers in ozone and ultraviolet-related studies
CHARLES R. BOOTH, TIMoThY B. LucAs, TANYA MESTECHKINA, and JOHN TUSSON IV, Biospherical Instruments Inc.,

San Diego, California 92110

T
he Antarctic Ultraviolet Spectroradiometer Monitoring
Network was established by the U.S. National Science

Foundation (NSF) in 1988 in response to predictions of
increased ultraviolet (UV) radiation in the polar regions. It is
the first automated, high-resolution UV scanning spectrora-
diometer network installed in the world. The network consists
of five automated, high-resolution spectroradiometers,
placed in strategic locations in Antarctica and the Arctic (see

table 1), and one established in San Diego to collect data and
serve as a training and testing facility. The network, which
makes essential measurements of UV spectral irradiance, has
been successfully operated in the harshest environments of
Antarctica and the Arctic. It is currently returning data to
researchers studying the effects of ozone depletion on terres-
trial and marine biological systems, as well as being used to
develop and verify models of atmospheric light transmission.
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Biospherical Instruments, Inc.
(San Diego, California), under
contract to Antarctica Support
Associates (ASA), directed by the
National Science Foundation
(NSF), operates and maintains
the network and distributes data 	McMurdo Station, Ants
to the scientific community.	2	Palmer Station, Antarc

The spectroradiometers 3	South Pole, Antarctica
used in the network are Bio-
spherical Instruments, Inc.,	Ushuaia, Argentinaa

Model SUV-100. Each instru-	5	San Diego, California
ment contains an irradiance dif-
fuser, a double holographic grat-
ing monochromator, a photo-
multiplier tube, and calibration 6	Barrow, Alaskab
lamps. The vacuum-formed
Teflon diffuser serves as an all-	aCADIC: Centro Austral de
weather irradiance collector,	bUIC/NARL: Ukpeagvik lnu

and it is heated by the system to
deter ice and snow accumula-
tion. The tungsten-halogen and mercury-vapor calibration
lamps are used for automatic internal calibrations of the opti-
cal pathway; these calibrations occur two to four times daily.
An IBM-compatible computer controls all instrument func-
tions, calibration activities, and data acquisitions. Further
details on the spectroradiometers and monitoring network
can be found in Booth, Weiler, and Penhale 1988; Booth et al.
1990, 1992, and 1993.

Data from the UV Monitoring Network have been used to
support a variety of research programs, including testing
radiative transfer models (Lubin and Frederick 1989, 1990a,
1990b, 1991; Lubin et al. 1989, 1992; Smith and Baker 1989;
Smith, Wan, and Baker 1992; Smith et al. 1991, 1992), deriving
ozone concentrations (Stamnes et al., 1990, 1992; Stamnes,
Slusser, and Boden 1991; Stamnes 1993), and examing the
biological impact of enhanced UV (Cullen, Neale, and Lesser
1992; Lubin et al. 1992; Madronich 1993; and Smith et al.
1991, 1992; Smith, Wan, and Baker 1992). As an example, the
data in table 2 indicate data that support the latter. The UV-B
measure, frequently defined as the integral of the spectral
irradiance between 290
and 320 nanometers
(nm), is the irradiance	Table 2. Maximum weekly UV in
that is potentially
harmful to biological
systems. The other two	Site
data types in table 2 are
weighting functions
that are performed
over the UV-B data to	South Pole	7.83 11/29/92

further explore the	McMurdo	14.96 11/19/92
Barrow	10.98 06/06/93

impact of UV irradi-	Palmer	30.1	12/05/90
ance. Several weighting	Ushuaia	26.9	01/05/90
functions have been	San Diego	27.52 05/20/93
developed, but the two

aAll dates are month-day-year.presented here are Set-

irctica 166.400 E	77.51 0S	March 1988	August-April

tica	64.03°W 64.46 0S	May 1988	Year round

0	90.00°S	February 1988	September-March

	

68.00°W 54.59 0S	November 1988 Year round

	

117.1 2°W 32.46°N	October 1992	Year round
(except for during

the occasional
testing and training
activities)

	

1 56.47°W 71.1 8°N	December 1990 January-November

Investigaciones Cientificas, Argentina.
piat Corporation/(formerly) Naval Arctic Research Laboratory

low's (1974) action spectra for DNA damage and the CIE sanc-
tioned action spectra for human erythema (McKinlay and Dif -
fey 1987).

The values in table 2 indicate the maximum recorded lev-
els of the dose weightings and UV-B irradiance. The occur-
rence of these maxima was dependent upon a combination of
factors: the solar zenith angle, cloud cover, and ozone con-
centration. Therefore, due to the higher sun angles around
summer solstice, the antarctic maxima did not occur when
the ozone was most fully depleted, typically in late September
or early October but did occur when residual ozone depletion
persisted toward the start of summer. Meanwhile, the maxi-
ma in San Diego occurred on 20 May 1993 rather than at sum-
mer solstice due to reflections from broken cloud cover on 20
May. Broken clouds were also responsible for the 5 January
1990 elevated readings over Ushuaia, which were only slightly
higher than the readings there for 30 November 1990.

Figure 1 contrasts the springtime erythemally weighted
noon irradiances for Palmer Station and San Diego. These
data are expressed as a function of solar angle to remove most

Table 1. Locations of the sites and the time periods when data are available from each

radiances. The peak values in each case are boldfaced.

	

68.5	129.4	12/03/92	67.8	0.111	11/29/92	68.5

	

58.5	226.5	12/01/92	56.1	0.256	11/19/92	58.5

	

48.7	183.1	06/06/93	48.7	0.146	07/19/93	50.8

	

42.0	382.7	12/02/90	44.0	0.737 10/26/93	52.0

	

32.9	384.6 01/05/90	32.9	0.572	11/30/90	33.3

	

16.2	368.4	05/20/93	16.2	0.588	07/23/93	13.5

bSolar zenith angle.
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of the latitude dependence and range in time from winter to
summer solstice of 1993. The absolute maximum erythemally
weighted value in our dataset was recorded at Palmer Station
in 1990 when antarctic ozone depletion lasted unusally long.
As indicated in table 2, however, on 26 October 1993, Palmer
Station recorded the highest DNA-weighted irradiance of our
dataset. The erythemally weighted and UV-B irradiances for
this date nearly tied the dataset maxima and exceeded the
irradiances measured in San Diego at summer solstice. The 26
October maxima occurred when the solar zenith angle was
52°—an angle 10° lower in the sky than the solar zenith angles
of the previously recorded maxima. Preliminary total ozone
mapping spectrometer (Meteor 3, McPeters personal com-
munication) ozone values of 161 Dobson units (DU) were
reported for this day over Palmer Station.

The data discussed here and all other data recorded by
the NSF UV Monitoring Network are available for all qualified
researchers. The data are divided into three classes. Level 1
data are in their original, uncorrected binary form, and level 2
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Effects of solar ultraviolet radiation on antarctic
phytoplankton during springtime ozone depletion

VIRGINIA E. V1LLAFAIE, E. WALTER HELBLING, and OSMUND HOLM-I-IANSEN, Polar Research Program, Scripps Institution of
Oceanography, University of California at San Diego, La Jolla, California 92093-0202

Livio SALA, Facultad de Ciencias Naturales, Universidad Nacional de la Patagonia, Chubut, Argentina

I
n recent years, much attention has been given to the for-
mation of the seasonal ozone "hole" over Antarctica, with

the concomitant increase in ultraviolet-B [UV-B, 280-320-
nanometer (nm)] radiation levels (see Weiler and Penhale
1994). The enhanced UV-B radiation can be very damaging
to biological systems and has been shown to cause a signifi-
cant decrease in rates of primary production (Smith et al.
1992; Holm-Hansen, Helbling, and Lubin 1993). In this
paper, we are concerned with describing the impact of "nor-
mal" ultraviolet radiation (UVR), as well as enhanced UV-B
radiation, on natural assemblages of phytoplankton as well
as on just the nanoplankton fraction [cells less than 20
micrometers (sm)] and the microplankton fraction (cells >20
tm). Our studies also included estimation of the impact of

UVR as influenced by the taxonomic composition of the phy-
toplankton and the mitigating effect of cellular UV-absorbing
compounds. All studies were carried out at Palmer Station
(64.7 0S 64.1 0W) on Anvers Island from early October to the
end of December 1993. This period provided excellent
opportunities to document the impact of enhanced UV-B
radiation on phytoplankton because the ozone hole was very
well developed over Palmer Station in the month of October;

column ozone concentrations ranged from 140 to 220 Dob-
son units (DU).

During the period of study, incident solar radiation was
monitored continuously (and recorded every minute) using a
spectroradiometer (model PUV-510; Biospherical Instru-
ments, Inc.) with sensors for photosynthetically available
radiation (PAR, 400-700 nm), and four UV wavelengths (305,
320, 340, and 380 nm). Phytoplankton samples were taken at
a coastal site at 1-meter depth with a 5-liter Go-Flo bottle
and were used for chlorophyll-a (chl-a) analysis, determina-
tion of absorption spectra (250-750 nm) of the particulate
fraction, floristic analysis, and carbon-14 ( 14c) incorporation.

Chl-a analyses were performed by fluorometric tech-
niques (Holm-Hansen et al. 1965; Holm-Hansen and Rie-
mann 1978). The chl-a of the nanoplankton fraction was
obtained by prefiltering the sample through a nylon mesh
fabric (Nitex®) with a mesh opening of 20 rim; the filtrate
was treated in the same way as for total chl-a concentrations.
For absorption spectra analysis, a variable amount of seawa-
ter (between 5 and 9 liters) was filtered through a Whatman
GF/F filter (47-millimeter). The pigments were extracted in
10 milliliters of absolute methanol, and the extract was used
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to run a spectrum (250 to 750 nm) with a Perkin-Elmer
Lambda 6 spectrophotometer using 1- or 10-centimeter
quartz cuvettes. Water samples for floristic analysis were pre-
served in buffered formalin, and the analyses were done by
inverted microscope techniques. Phytoplankton biomass in
the different taxonomic groups (diatoms, dinoflagellates, and
flagellates) was calculated from the biovolumes and applying
the equations of Strathmann (1967). For measurements of
14C incorporation, replicate samples of total phytoplankton
and of the nanoplankton fraction were placed in 50-milliliter
tubes under three different spectral treatments:
• quartz tubes (cells exposed to PAR+UV-A+UV-B),
• pyrex tubes covered with a Mylar sheet (PAR+UV-A), and
• pyrex tubes covered with Plexiglas UF-3 (PAR).
The samples were inoculated with 5 microcuries of 14C_
bicarbonate (Steemann Nielsen 1952) and exposed to solar
radiation for 6-10 hours (centered on local noon) in an out-
door incubator with flowing surface seawater for tempera-
ture control. The 14C incorporation by phytoplankton was
measured by standard liquid scintillation techniques.

Data in figure 1 show the PlC incorporation in the total and
the nano- and microplankton fractions of phytoplankton
assemblages. For total phytoplankton (figure 1A), a significant
difference in the assimilation numbers for the three treatments
(quartz, Mylar, and Plexiglas) is evident, with higher assimila-
tion numbers (1.16 milligrams of carbon per milligram of chl-a
per hour) in the Plexiglas treatment (which received only PAR).
A comparison of both fractions of phytoplankton (figure 1B)
shows that the assimilation numbers in microplankton were
slightly lower than those in nanoplankton, but they were not
significantly different. It should be noted that there was no dif -
ferential decrease in chl-a concentrations between any of the
treatments, so that changes in assimilation numbers reflect
changes in rates of carbon dioxide fixation. A significant differ-
ence between the two fractions is evident, however, (figure 1 C
when the relative enhancement of Mylar and quartz are com-
pared. The microplankton under the Mylar treatment showed a
higher relative enhancement of photosynthesis as compared to
the nanoplankton, indicating a greater inhibition of photosyn-
thesis in the microplankton when the samples are exposed to
UV-B radiation. This result is consistent with previous findings
by Helbling et al. (1992).

The absorption spectra of methanol extracts of natural
assemblages of phytoplankton showed a peak at 330 nm.
When the values of the chlorophyll-specific absorption (ap*)
at 330 nm are compared to the relative enhancement of pho-
tosynthesis in phytoplankton, an inverse relationship
between these two variables is evident (figure 2A). Data in
figure 2B show the relationship between the relative
enhancement of photosynthetic rate and the percentage of
biomass that is accounted for by diatoms. When diatoms
dominated the phytoplankton samples, inhibition of photo-
synthesis was less, suggesting that diatoms have greater
resistance to damage by UVR than flagellates and dinoflagel-
lates. Such a relationship was previously discussed by Hel-
bling, Villafafle, and Holm-Hansen (1994, pp. 207-227), who
showed that diatoms have relatively high cellular concentra-

tion of UVR absorbing compounds. This result suggests that
these compounds could act as a "protective" mechanism
against UVR-induced damage and is in agreement with pre-
vious studies of UV-absorbing compounds by Dunlap, Chalk-
er, and Oliver (1986).

During the period from October to December, a sample
of near-surface water from Arthur Harbor was taken every
2-3 days to determine the sensitivity of the natural phyto-
plankton assemblage to incident solar UVR in one of the
standard outdoor incubators. The data show that the per-
centage of enhancement of photosynthesis varies a great
deal, both when UV-B was selectively screened off (figure 3A)
and when all UV-B and UV-A were screened off (figure 3B;
note the change in scale for the ordinate). This variability is

Quartz	Mylar	Plexiglas

Micro	Nano	Micro	Nano

Mylar	Plexiglas
Figure 1. Effects of solar radiation on antarctic phytoplankton when
different portions of the spectrum have been screened out using sharp
cut-off filters: quartz—all radiation (PAR+UV-A+UV-B) received;
Mylar—the UV-B portion screened out; Plexiglas—all UVR screened
out. A. Assimilation numbers of total phytoplankton [in milligrams of
carbon per milligram of chl-a per hour (mg C mg chi-a-' h- i )] as a
function of the different treatments. B. Assimilation numbers (mg C
mg chl-a- 1 h-i ) in the nanoplankton and microplankton fractions of the
phytoplankton as a function of the different treatments. C. Percentage
of relative enhancement as compared to the quartz treatment for
nano- and microplankton under Mylar and Plexiglas.
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thought to be due primarily to changes in taxonomic compo-
sition of the phytoplankton, to photoadaptive responses
related to increasing incident irradiation, and to variations in
the ratio of UV-B/UV-A irradiance as influenced by changes
in column ozone concentrations. During the period covered
by our study, column ozone concentrations ranged from 140
DU in October to 325 DU in December. The data shown in
figure 3 are presently being analyzed to gain a better under-
standing of the relative importance of the factors that influ-
ence the sensitivity of antarctic phytoplankton to seasonal
changes in the fluence of incident UV-B radiation.
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and to Antarctic Support Associates personnel at Palmer Sta-
tion for their generous help during this field season. This
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In situ inhibition of primary production due to
ultraviolet radiation in Antarctica

E. WALTER HELBLING, VIRGINIA E. VILLAFANE, and OSMUND HOLM-HANSEN, Polar Research Program, Scripps Institution of
Oceanography, University of California at San Diego, La Jolla, California 92093-0202

I
nhibition of photosynthesis due to ultraviolet radiation
(UVR) in antarctic phytoplankton has been documented by

many authors (see Weiler and Penhale 1994). Most of these
studies have used temperature-controlled incubators in which
phytoplankton are exposed to either solar radiation or to UV-
visible radiation provided by lamps. Although such experi-
ments are invaluable for determining the effects of solar radia-
tion on the metabolic activity of phytoplankton, they suffer
from the fact that the cells will not be exposed to the same
spectral irradiance that they would experience at various
depths in the water column. The use of in situ incubations of
natural phytoplankton assemblages provides the most direct
and most realistic procedure to determine the effect of solar
UVR on rates of primary production. In this paper, we report
preliminary data obtained from such in situ incubations car-
ried out from October through December 1993 at Palmer Sta-
tion (64.7°S 64.1°W) on Anvers Island, Antarctica.

Radiation measurements of surface solar irradiance were
done using a PIJV-510 spectroradiometer (Biospherical Instru-
ments, Inc.) and of attenuation of solar radiation in the water
column [surface to 100 meters (m)] using a PUV-500 spectro-
radiometer. Both of these instruments have four channels for
UVR [305, 320, 340, and 380 nanometers (nm)] and one chan-
nel for photosynthetic available radiation (PAR; 400 to 700
nm). The underwater unit also has sensors for depth and tem-
perature, in addition to a sensor for 683-nm upwelling radia-
tion. This combination of sensors allows estimation of the
instantaneous rate of photosynthesis (Chamberlin et al. 1990).
Data from each channel in the surface unit were recorded
every minute on a 386 computer, whereas data from all chan -
nels in the underwater unit were displayed in real time and
stored (once every second) on a laptop computer.

Water samples were obtained at different depths at one
station in Arthur Harbor using a 5-liter Go-Flo bottle. From
each of the eight depths, replicate samples were placed in 50-
milliliter tubes for three different spectral treatments:

quartz tubes (PAR4JV-A+UV-B),

•Pyrex tubes covered with a Mylar sheet (PAR+UV-A), and
• Pyrex tubes covered with Plexiglas UF-3 (PAR).
The samples were inoculated with 5 microcuries of carbon-14
bicarbonate (Steemann Nielsen 1952) and were placed on
trays that were deployed at the same depths from which the
samples had been obtained. The incubations lasted for 6-8
hours (centered on local noon), and the carbon-14 incorpora-
tion into the particulate fraction was measured by standard
liquid scintillation techniques.

Samples were also taken for chlorophyll-a (chi-a) analy-
sis, which was done by fluorometric methods (Holm-Hansen
et al. 1965; Holm-Hansen and Riemann 1978). In addition,
samples were taken and fixed in buffered formalin for deter-
mination and enumeration of phytoplankton species using an
inverted microscope.

Representative profiles of the optical characteristics of
the upper water column are given in figure 1A. The attenua-
tion coefficients of the four UVR wavelengths were 0.25, 0.21,
0. 18, and 0.12 per meter for 305, 320, 340, and 380 rim, respec-
tively. The 1 percent irradiance level for PAR was at about 46
m; an increase in the attenuation coefficients for both PAR
and UVR at 380 nm is noticeable between 5 m and 10 m. This
change in the attenuation coefficient for PAR between 5 m
and 10 m is related to the increase in chl-a concentrations
between the surface (approximately 0.4 milligrams of chl-a
per cubic meter) and at 10 m depth (more than 3 milligrams
of chl-a per cubic meter). The instantaneous rate of photo-
synthesis (data from the PUV-500) also showed a peak at
about 10 m, with values of more than 800 nanomoles carbon
per cubic meter per second (figure 1B). Below this depth, both
chl-a and rates of photosynthesis decreased rapidly. The phy-
toplankton crop at all depths was dominated by cryptophytes.

Data in figure 2 show the results from the in situ incuba-
tions for the same station mentioned in figure 1. The change
of rate of carbon fixation with depth resembled the change
shown by instantaneous production (determined from 683-
nm upwelling radiation), with maximal values at about 10 m
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Figure 1. Optical and biological characteristics of the upper water col-
umn at one station in Arthur Harbor on 12 December 1993. The mean
solar irradiance for PAR during the incubation period was 0.098
microeinsteins per square centimeter per second (uE/cm2/s), and the
ozone column concentration at noon was 300 Dobson units. A. Atten-
uation of solar radiation at four wavelengths (305, 320, 340, and 380
nm, in microwatts per square centimeter per nanometer) in the ultravi-
olet region of the spectrum and for PAR (in microeinsteins per square
centimeter per second). Profile taken at 10:30 a.m. B. Changes of
chlorophyll-a concentrations (solid circles connected by dotted lines;
in milligrams of chl-a per cubic meter) and rates of photosynthesis
(solid line; estimated from 683-nm upwelling radiance; in nanomoles
carbon per cubic meter per second) with depth.
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Figure 2. Rates of in situ phytoplankton carbon fixation (measured by
14C-incorporation) at various depths under three different radiation
treatments; (0) quartz, cells exposed to PAR and UV radiation; (0)
Mylar, cells exposed to PAR and UV-A radiation; and (') UF-3, cells
exposed to just PAR. Data are from the same station as mentioned in
figure 1 but for 11 December 1993. The mean solar irradiance for PAR
during the incubation period was 0.105 microeinsteins per square
centimeter per second, and the column ozone concentration at noon
was 295 Dobson units. (mg C fixed/m3/day denotes milligrams of
fixed carbon per square meter per day.)

of enhanced UV-B radiation during the incubations was not
significant. The above results thus indicate that "normal"
IJVR has large inhibitory effects on antarctic phytoplankton in
the upper water column and are comparable to estimates dis-
cussed in previous studies (Holm-Hansen, Heibling, and
Lubin 1993).
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S
ince El-Sayed (1988) called attention to the potential danger
to the southern ocean ecosystem from the enhanced ultravi-

olet-B (UV-B) radiation which results from the seasonal ozone
hole over Antarctica, numerous studies have assessed the
impact of solar ultraviolet radiation (IJVR) on marine organisms
(see Weiler and Penhale 1994). With just a few exceptions (e.g.,
Karentz 1994, pp. 93-110), little effort has been devoted to deter-
mining the impact of UVR on marine bacteria. This is a notable
omission in efforts to assess the impact of enhanced UV-B radi-
ation on the dynamics of the food web in antarctic waters,
because bacterioplankton are believed to have a dominant role
in the cycling of organic carbon and nutrients in marine waters
(Azam, Smith, and Hoffibaugh 1991). In this article, we present
preliminary data obtained at Palmer Station (64.70S 64.10W)
during the months of November and December 1993 on the
effects of solar UVR on viability of isolated bacterial strains.

Using a sterile polycarbonate (1-liter) bottle from the bow
of a slow-moving Zodiak, we took samples of surface waters.
Incident solar radiation was monitored continuously (recorded
every minute) using a spectroradiometer (PUV-510, Biospheri -
cal Instrument, Inc.) that measures four channels of UVR [305,
320,340, and 380 nanometers (nm)] as well as photosynthetical-
ly available radiation (PAR). Different bacterial strains were iso-
lated from natural populations and identified according to
Austin (1988). Once identified, single strains were maintained
on a solid medium at 4°C until used in various experiments.
Two strains, Acinetobacter sp. and Bacillus sp. (gram negative
and gram positive, respectively), were used for the experiments
described below. Before use in any experiment, the bacteria
were transferred to a marine broth and incubated at 4°C until
the culture was well into the exponential growth phase (about
18 hours). At that time, 0.5 milliliters of the culture was dis-
pensed into replicate quartz tubes containing 50 milliliters of
sterile seawater; the final concentration was between 105 to 106
cells per milliliter.

The experimental samples were exposed to natural solar
radiation in an outdoor incubator with flowing surface sea
water for temperature control. Two types of experiments were
performed:
• incubations where the solar radiation was attenuated by

means of neutral density screen down to 3 percent of the
incident radiation, and

• incubations to assess the importance of the SOS-repair sys-
tem.

Duplicate or triplicate samples were used in all treatments, in
which the samples were exposed to three different spectral
irradiance regimes:

• samples in quartz tubes (received all radiation),
• samples in Pyrex tubes covered with Mylar film (received

UV-A and PAR), and
• samples in Pyrex tubes covered with Plexiglas UF-3

(received only PAR).
The induction of the SOS system was done by incubating

the samples with nalidixic acid (Piddock and Walters 1992) at a
concentration of 50 percent of minimal inhibitory concentra-
tion (MIC) for 1 hour immediately preceding the experimental
exposure period; the concentrations used were 10 micrograms
per milliliter for Bacillus and 20 micrograms per milliliter for
Acinetobacter.

After the incubations, the viability was determined by the
method of counting of colonies on agar. Plates of agar
Schaedler were inoculated with 50 microliters of each of the
dilutions of the original samples (final dilutions of 10 ) 10,
and 10-5) and incubated for 48 hours at 20°C. Colonies were
counted on dilution plates that had between 50 to 250 colony-
forming units.

Data in figure 1 show bacterial viability (as survival frac-
tion) as a function of the mean irradiance to which the cells
were exposed during the incubation period. Both strains of
bacteria showed a decrease in the survival fraction with
increased irradiance. The total inhibition, however, was more
dramatic in Bacillus (figure 1B) than in Acinetobacter (figure
1A). Both strains showed some inhibition due to PAR at high
irradiances, but the greatest inhibition was due to UVR. At the
highest irradiance, more than 70 percent of the total inhibition
due to UVR was due to UV-A whereas the rest was due to UV-B.

Data from the experiments designed to study the impor-
tance of the SOS system in repairing IJVR damage are shown
in figure 2. When the strains were transferred directly from the
laboratory conditions (see above) and exposed to solar radia-
tion, they showed a decrease in the survival fraction, especially
in the treatments receiving UV-B (280-320 nm) and UV-A
(320-400 nm). As mentioned above, Bacillus (figure 2B) also
showed a decrease in viability due to high PAR. When the SOS
system was activated before the exposure to solar radiation,
however, the survival fraction was higher in all treatments but
particularly so for the samples exposed to UVR. Figure 2A illus-
trates that when the SOS system was induced in Acinetobacter,
no significant difference in viability between the samples
exposed to UV-A+UV-B (quartz treatment) as compared to the
cells exposed to just UV-A (Mylar treatment) was detected.
This finding suggests that the SOS response was very effective
in repairing damage caused by UV-B radiation. The viability in
both these treatments, however, was still lower than in the
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Figure 1. Survival fraction of antarctic bacteria as a function of inci-
dent solar irradiance (mean value during the incubation period). Inset
in each graph indicates symbols for the treatments. QU indicates
quartz (received UV-B+UV-A+PAR); Myl indicates Mylar filter (received
UV-A+PAR); P-400 indicates Plexiglas filter (received only PAR). A.
Acinetobacter strain. B. Bacillus strain.

samples not exposed to any UVR (UF-3 treatment). Although
Bacillus showed higher viability in all treatments when the
SOS system was induced, the treatment receiving UV-B was
still significantly lower than the others.

Our data indicate that bacterioplankton in antarctic waters
are strongly inhibited by solar UVR and to a much lesser extent
by high fluences of PAR. Although differential sensitivity of dif-
ferent strains to solar radiation is evident, both UV-A and LTV-B
apparently can seriously affect the viability and functioning of
these marine bacteria. As shown by our experiments, however,
this deleterious effect of UVR on bacterioplankton in the
Antarctic may be mitigated to varying extent by induction of
the SOS system. Whether or not this SOS response can be
induced in natural assemblages of bacterioplankton in situ
must be addressed in future studies.

We thank all the personnel at Palmer Station for their
generous help during the field season. This research was sup-
ported by National Science Foundation grant OPP 92-20150.
E.M. Marguet was at Palmer Station from 18 November 1993
to 3 January 1994; E.W. Helbling and V.E. Villafañe were at
Palmer Station from 3 October 1993 to 3 January 1994; and 0.
Holm-Hansen was at the Station from 3 October to 15
November 1993.

Figure 2. Survival fraction of two strains of antarctic bacteria before
and after the SOS-repairing system has been induced. Bars indicate
the mean and 1 standard deviation of data collected during 4 different
days. The dark bars indicate samples before induction of the SOS
system and the light bars samples after induction of the SOS system.
The overall mean PAR irradiance during the incubation was 0.0926
microeinsteins per square centimeter per second, the mean UVR at
320 nm was 15.23 microwatts per square centimeter, whereas the
mean ozone column concentration was 290 Dobson units. The treat-
ments were as follows: quartz (received UV-B+UV-A+PAR); Mylar
(received UV-A+PAR); and P-400 (received only PAR). A. Acinetobac-
ter strain. B. Bacillus strain.
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Weddell-Scotia Confluence
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X
stral spring ozone depletion results in exposure of phyto-
lankton in the Weddell-Scotia Confluence to enhanced

surface ultraviolet-B radiation (UV-B, 280 to 320 nanometers)
(e.g., Sikorski, Sigleo, and Neale, Antarctic Journal, in this
issue). Since this is an area of high phytoplankton biomass
during the early spring (Smith and Garrison 1990), an investi-
gation was made of possible effects of increased UV-B on the
phytoplankton productivity during October and November
1993 aboard the R/V Nathaniel B. Palmer (LTV-B/Ozone 93).
Measurements were made of phytoplankton UV absorbance
(this article), phytoplankton photosynthesis, nutrient uptake,
pigment composition, and growth rates (Ferreyra et al.; Sigleo
and Neale, Antarctic Journal, both in this issue).

UV absorbance is known to increase when many species
of antarctic phytoplankton and other marine organisms are
exposed to UV (Karentz et al. 1991; Davidson and Marchant
1994, pp. 187-205). The UV-absorbing compounds have been
suggested to provide a UV "sun-screen," but the mode and
extent of protection from UV-induced damage is unclear. We
measured the UV absorbance by phytoplankton in samples
from the upper 200 meters at three stations along a transect at
50°W (figure 1). Absorption coefficients were estimated from
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Figure 1. Location of station positions for UV-B/Ozone 93. The area is
about midway between Elephant Island to the west and the South
Orkney Islands to the east. Transect stations A, B, and C are located
along the 50°W parallel. Solid line indicates approximate position of
biomass front, and broken line indicates approximate northern ice limit
(90 percent cover) during transect operations.

light transmission by phytoplankton concentrated on glass-
fiber filters (Kishino et al. 1985). Filters were illuminated with
a xenon-arc source and spectral transmission was measured
by an optical system consisting of a quartz diffuser plate
mounted behind the filter and a quartz fiber-optic coupling
between the plate and a spectrograph-diode array. The work-
ing spectral range of the system is 280-750 nanometers; fur-
ther optical details are given in Neale, Lesser, and Cullen
(1994, pp. 125-142).

During October and November 1993, surface phyto-
plankton abundance increased sharply north of a front near
600S 50°W, about 100 kilometers north of the ice edge (figure
1). At stations north of 60°S (stations A and B), there was a
well-defined surface layer with a sharp pycnocline at a depth
of 60-80 meters. Phytoplankton in the surface layer of stations
A and B exhibited a pronounced absorbance peak near 330
nanometers (figure 2). At a station south of the biomass front

Om
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Figure 2. Phytoplankton spectral absorption coefficients specific to
chlorophyll-a (A*, square meters per milligram chlorophyll-a) for sam-
ples collected in the surface waters of stations A and B. The spectra
include provisional corrections for detritus and pathlength amplifica-
tion. (m 2/mg denotes square meters per milligram. nm denotes
nanometer. m denotes meter.)
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and nearer to the ice edge (station C), sharp vertical density
gradients were absent. The UV-absorbance peak was reduced
or absent compared to photosynthetic pigment absorbance
peaks at 435 and 675 nanometers (figure 3). Low amounts of
UV absorbance were also measured for samples north of the
biomass front but below the surface layer (figure 3).

The phytoplankton in the high biomass area were pre-
dominantly diatoms based on both pigment data (Sigleo and
Neale, Antarctic Journal, this issue) and qualitative micro-
scope examination. The colony-forming diatom Thalassiosira
gravida has been tentatively identified as the dominant
species. Diatoms were present at station C but were a less
important component of the biomass (Sigleo and Neale,
Antarctic Journal, this issue).

Previous studies of antarctic diatoms have typically
found low contents of UV-absorbing compounds (Davidson
and Marchant 1994, pp. 187-205; Karentz et al. 1991), but Hel-
bling, Villafane, and Holm-Hansen (1994, pp. 207-227) found
that UV absorption coefficients were positively related to
diatom abundance in summertime populations near Ele-
phant Island. Our work now shows that antarctic diatom
species, which are important in the austral spring phyto-
plankton assemblage, also have significant UV-absorbance.
The UV-absorption coefficients for stations A and B surface-
layer samples are similar to other reports of UV absorbing
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Figure 3. Phytoplankton spectral absorption coefficients specific to
chlorophyll-a (A*, square meters per milligram chlorophyll-a)-for sam-
ples collected at station C and below the surface layer of station A.
The spectra include provisional corrections for detritus and pathlength
amplification. (M2/Mg denotes square meters per milligram. nm
denotes nanometer. m denotes meter.)

compounds in antarctic phytoplankton (Vernet et al. 1994,
pp. 143-158; Helbling et al. 1994, pp. 207-227). The presence
of shinorine, a mycosporine-like amino acid which has high
absorbance in the UV, has been detected in these diatoms
(Ferreyra et al., Antarctic Journal, in this issue). In addition,
the higher level of UV-absorbing compounds in surface-layer
populations (figure 2 vs. 3) implies that high UV-absorbance
is linked to exposure to near-surface irradiance (Helbling et
al. 1994, pp. 207-227). Future analyses will relate UV-
absorbance by Weddell-Scotia phytoplankton to other UV
responses to determine how much UV-absorbing compounds
protect phytoplankton from UV-B damage.

We thank other members of the UV-B/Ozone 93 team,
the officers and crew of the Nathaniel B. Palmer, Antarctic
Support Associates support personnel, and Agencias Univer-
sales S.A. for sampling and logistic support. The research was
supported by National Science Foundation grant OPP 92-
20373 to P.J. Neale and J.J. Cullen.
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I
n the last few years, antarctic stratospheric ozone thinning
has resulted in an increase of ultraviolet (UV) -B radiation

incident on the southern ocean surface waters (Smith et al.
1992). Recent investigations have suggested that the
enhanced UV-B can decrease areal primary production in the
southern oceans, but the exact reduction remains controver-
sial (6-12 percent, Smith et al. 1992; 0.12-0.33 percent, Hel-
bling et al. 1994, pp. 207-227). One factor that can reduce
long-term exposure to UV radiation is vertical mixing of the
water column (Helbling et al. 1994, pp. 207-227). Further-
more, several internal mechanisms have been suggested as
possible strategies to minimize cell damage (Vincent and Roy
1993). The synthesis of photoprotective substances could
reduce deleterious effects on microalgae physiology (Smith et
al. 1992; Heibling et al. 1994, pp. 207-227; Vemet et al. 1994,
pp. 143-158). Most of the experimental research deployed
until now has focused on short-term exposure effects and has
not considered the influence of irradiance under mixing con-
ditions of the water column (with the exception of Heibling et
al. 1994, pp. 207-227).

During the austral spring 1993 onboard the R/V
Nathaniel B. Palmer, we studied the long-term (days) effects
of natural UV radiation (UV-R) on phytoplankton physiology,
using fixed and variable UV filters. Primary productivity and
synthesis of photoprotective substances were measured. Two
experiments were carried out in an on-deck incubator
exposed to natural photosynthetically available radiation
(PAR) and UV irradiance. Eight 2.5-liter cylindrical teflon cul-
ture chambers were immersed in a thermostatic bath, which
reproduced in situ water temperature. The light environment
inside the culture chambers is illustrated in figure IA and B.
Variable light conditions were obtained by means of a rotat-
ing system with a various neutral density filters, allowing the
passage of different light intensities. A Mylar filter was also
included. This system was rotated once per hour, over one
acrylic and one quartz-covered culture chamber (figure 1A).
For fixed-filter incubations, different PAR intensities were
achieved in each of the chambers by means of neutral filters
(figure 1B). Three chambers were covered with UV-opaque
acrylic sheet, whereas the other three were covered with
quartz to allow the passage of UV-R. In some of them, UV-B
(280-320 nanometers) was differentially filtered from UV-A
(320-400 nanometers) with Mylar sheets. Mean PAR intensity

(24 percent of incident) in the rotating system was close to
that received in the containers with fixed filters.

Mycosporine -like amino acids (MLAAs) were deter-
mined and quantified by reverse-phase isocratic high-per-
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Figure 1. Percentage of incident light inside the culture chambers
under variable light conditions (A), and under constant light conditions
(B). PAR, UV-A and UV-13 measurements were performed with an
International Light ILl 700 radiometer/photometer. P (acrylic); Q
(quartz); M (mylar).
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formance liquid chromatography (HPLC, Dunlap and Chalk-
er 1986), by using a photodiode array detector Waters 991.
Photosynthesis-irradiance (P-I) response was measured fol-
lowing Lewis and Smith (1983) and chlorophyll-a was deter-
mined fluorometrically according to Parsons, Maita, and
Lalli (1984).

Because the pattern of the two experiments carried out
was similar, only data corresponding to 6 and 8 November are
presented here (second experiment). During this experiment,
the dominant phytoplankter in all the incubation chambers
was colonial diatom Thalassiosira gravida. Only one UV-
absorbing compound could be detected by HPLC analysis.
The retention time was 5.38 minutes, and the absorbance
maximum was 334 nanometers. These characteristics suggest
that the identified substance is shinorine. This MLAA has
been previously described for antarctic organisms (Karentz et
al. 1991; Smith et al. 1992), although this is the first report for
early-spring southern ocean phytoplankton. The detection of
shinorine is consistent with observations of a 334-nanometer
peak in the particulate absorbance spectra of water column
samples at the time of our experiments (Neale and Spector,
Antarctic Journal, in this issue). As shown in figure 2A and B,
the amount of shinorine per unit chlorophyll-a was always
higher in the culture chambers exposed to fixed UV than in

those where liv was filtered. No
clear differences were evident
between the chambers with and
without UV-B, a finding that
suggests that the synthesis of the
UV-absorbing substance was
essentially triggered by UV-A
radiation. The response of phy-
toplankton incubated under
variable light conditions showed
an opposite pattern for the two
dates, probably related to differ-
ences in ambient light between
days (Heibling et al. 1994, pp.
207-227).

On 6 November, under con-
stant light incubation conditions,
the maximum rate of photosyn-
thesis per unit chlorophyll
(Pmax) was higher where UV-R
was screened out compared to
full UV-R exposure (figure 2C).
These differences weakened at
the end of the experiment (figure
2D). Despite the synthesis of UV-
blocking substances, the ob-
served reduction of Pmax in

24	45	ROTATING	these chambers suggests that
% PAR phytoplankton was significantly

affected by IJV-A radiation. The
latter findings are supported by
previous work (Cullen, Neale,
and Lesser 1992; Kim and Watan-

abe 1993; Helbling et al. 1994, pp. 207-227). Algae exposed to
variable light conditions, however, consistently photosynthe-
sized at a higher rate in the chamber exposed to UV-R (figure
2C and D). This suggests that under variable light conditions,
phytoplankton of the studied community were able to utilize
the slightly greater amount of solar radiation available for pho-
tosynthesis in the LIV exposed chambers, for example, due to
UV-A absorbed by photosynthetic pigments. We conclude that
mixing conditions can minimize the damaging effects of UV-R
on antarctic phytoplankton.

We wish to thank the officers and the crew of the
Nathaniel B. Palmer, Antarctic Support Associates person-
nel, and Agencias Universales S.A. for logistic support, as
well as to the UV-B/Ozone 93 team, particularly John J.
Cullen and Richard Davis, for their help onboard, and Real
Gagnon for construction of the incubation system. This
research was supported by National Science Foundation
grant OPP 92-20373 to P.J. Neale and J.J. Cullen, a Natural
Sciences and Engineering Research Council of Canada grant
to Serge Demers, the Maurice Lamontagne Institute (Fish-
eries and Oceans, Canada), the Ministère de l'Enseignement
Superieur et de la Science du Québec, the Secretaria de Esta-
do de Ciencia y Tecnologia, and the Instituto Antártico
Argentino.
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Spectral measurements of ultraviolet and visible solar
irradiance at the Weddell-Scotia Confluence during 1993

austral spring
RICHARD J. SIKORSIU, Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 33149

ANNE C. SIGLEO, U.S. Environmental Protection Agency, Newport, Oregon 97365-5260
PATRICK I. NEALE, Smithsonian Environmental Research Center, Edgewater, Maryland 20715

S
pectral measurements were made of incident and undersea
solar irradiance in the October and November 1993 austral

spring, during transits of a low ozone "hole" over the Wed-
dell-Scotia Confluence. Several scanning radiometers were
intercalibrated between research groups and used for measure-
ments of ultraviolet (UV) and visible exposure for in situ
processes and for on-deck and in-lab productivity, photoinhi-
bition, and photochemistry experiments. The intercalibration
of instruments also gave valuable information for comparison
of data from various published and unpublished sources. Fur-
ther details on biological investigations are given in companion
articles (see Neale and Spector, Antarctic Journal, in this issue).

An Optronics model OL 752 scanning spectroradiometer
(250-800 nanometers) and a LI-COR LI-1800UW spectrora-
diometer (300-850 nanometers) were used to measure sur-
face incident solar irradiance. The LI-1800UW spectrora-
diometer is submersible and also was used to measure near-
surface undersea spectral irradiance (data not shown). These
instruments were intercalibrated at sea in a light-sealed dark
room on an optical bench using a known-spectrum 1,000-
watt lamp. The OL 752 spectroradiometer also was calibrated
over a broad range of temperatures (-5°C to +25°C), and a
record was kept of its operating temperature during the
cruise. A factory-calibrated Biospherical Instruments PUV-
510 medium-resolution five-channel radiometer [7.5-

nanometer half-height bandwidth at 304, 318, 344, and 384
nanometers, plus photosynthetically available radiation
(PAR)] was mounted on the mast. An optically similar
radiometer, the PUV-500, with an additional natural fluores-
cence channel (680 nanometers), was attached to a hand-
winch for simultaneous undersea measurements (data not
shown). Atmospheric ozone concentrations were derived
from Total Ozone Mapping Spectrometer (TOMS) satellite
imagery. Meteorological data, hydrologic data, and ship
pitch-and-roll data also were collected (data not shown) to
assist in processing the optical data, and to allow future mod-
eling of optical processes as well as the modeling of the physi-
cal-mixing processes that determine the distribution of
organisms and chemical compounds in the water column.

TOMS satellite imagery indicated that the region of low
atmospheric ozone concentrations, the austral spring ozone
hole over the Antarctic, rotated and oscillated during the time
of this research cruise. As a result, the ozone concentration
over the ship varied considerably day to day. Although the
concentration was normally greater than 300 Dobson units
(DU), it dropped to less than 175 DU at near 60 0S 520W on 26
October 1993 (data not shown). TOMS images were usually
available to the ship within several days.

For real-time estimates of total atmospheric ozone, the
concentration can be derived from incident solar irradiance
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measurements based on a ratio of wavelengths that ozone
absorbs (e.g., 304 nanometers) vs. wavelengths that ozone
does not strongly absorb (e.g., 344 nanometers) (Stamnes,
Slusser, and Bowen 1991). To be accurate, this method must
be calibrated for the mean optical pathlength through the
atmosphere due to diel, seasonal, and latitudinal changes in
solar zenith angle (angle from vertical). This method was
applied without the pathlength calibration, using continuous-
ly collected data from the 304-nanometer and 344-nanometer
channels of the mast-mounted PUV-510, to monitor relative
changes in UV irradiance due to transits of the ozone hole.
The maximum daily ratio of the 304-nanometer channel to
the 344-nanometer channel occurred at local apparent noon,
and varied from 2.5 percent to 9 percent (table). These varia-
tions corresponded with oscillations of the atmospheric
ozone hole over the station, as indicated by the TOMS
imagery.

The 304-nanometer / 344-nanometer ratio varied smooth -
ly with the diel change in optical pathlength through the
atmosphere, and the ratio was not greatly perturbed by
changes in cloud cover (figure 1). On the other hand, irradi-
ance at 344 nanometers was strongly affected by changing
cloud cover, and the maximum daily value varied from 10 to
45 microwatts per square centimeter per nanometer.

The OL 750 spectroradiometer recorded surface-incident
solar irradiance (250-800 nanometers) throughout the cruise
at 20-minute intervals. Maximum daily incident UV irradi-
ance during high and low ozone conditions varied more than
two orders of magnitude at some wavelengths, reaching the
highest values on 26 October (figure 2).

Mast-mounted PUV-510 radiometer summary
NOTE: Irradiance at 344 nanometers, given in microwatts per
square centimeter per nanometer, and the ratio of the irradi-
ances measured in the channels with 304 nanometer to 344
nanometer center wavelength.

October 13	 25	 .06
October 14	 30	 .06
October 15	 30	 .06
October 17	 20	 .045
October 19	 35	 .035

October 20	 20	 .035
October 22	 30	 .065
October 24	 25	 .055
October 25	 20	 .065
October 26	 40	 .09

October 27	 30	 .065
October 28	 35	 .045
October 29	 40	 .025
October 30	 45	 .025
October 31	 40	 .035

November 1	 40	 .06
November 2	 20	 .075
November 3	 10	 .080

Simultaneous measurements by multiple instruments are
important for obtaining reliable solar UV irradiance data. For
example, channel 1 on the PIJV-500/510 was originally speci-
fied by the manufacturer as having a 308-nanometer nominal
center wavelength; however, comparison of integrated scans
from the Optronics OL 752 vs. the PUV-510 channel 1 indicat-
ed a miscalibration (figure 3). The manufacturer of the PUV-
500/5 10 corrected this during the cruise with an advance copy
of their new calibration file, shifting the center wavelength of
the short UV channel from 308 nanometers to 304 nanome-
ters. Due to the sharp gradient in solar UV irradiance vs. wave-
length, a shift of 4 nanometers in the center wavelength of the
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Figure 1. Solar UV irradiance diel vs. Greenwich mean time (local time
+3h) measured by the mast-mounted PUV-510 on a day with heavy
cloud cover in the morning, 30 October 1993 (59 037'S 52 0 10W). A.
344-nanometer channel (microwatts per square centimeter per
nanometer). B. Ratio of channels with 304- and 344-nanometer center
wavelength.
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Figure 2. Maximum solar UV irradiance (microwatts per square cen-
timeter per nanometer) (log scale) measured by OL 752 near local
apparent noon. Solid square: 26 October 1993 (59 055'S 52°09'W);
open square: 30 October 1993 (59 037S 52 0 1 OW).
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Figure 3. Solar irradiance (7.5-nanometer bandwidth at half-height)
measured with OL 752 and PUV-510 using the original calibration.

broadband UV channel resulted in an order-of-magnitude
shift in irradiance. The other PUV-500/510 channels were not
changed greatly by the recalibration.
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Icecolors '93: Biological weighting function for the ultraviolet
inhibition of carbon fixation in a natural antarctic

phytoplankton community
NICOLAS BOUCHER, BARBARA B. PREZEUN, T. EVENS, R. JOVINE, B. KROON, M.A. MOUNE, and 0. SCHOFIELD, Marine
Primary Productivity Group, Department of Biological Sciences, University of California, Santa Barbara, California 93106

T
he goals of the Icecolors '93 expedition were

• to develop a space/time climatology of incident and pene-
trating spectral irradiance for the southern oceans,

• to quantify the ultraviolet (UV) dependency of primary
production for pelagic (Prézelin, Boucher, and Matlick in
press) and substrate-associated (see Evens et al., Antarctic
Journal, in this issue; Schofield, Kroon, and Prézelin in
press) antarctic phytoplankton communities, and

• to determine the liv inhibition effects on key target sites.
(See Jovine and Prézelin, Antarctic Journal, in this issue;
Kroon, Schofield, and Prézelin in press.)

The study was conducted at Palmer Station, Antarctica, prior
to the opening of the ozone "hole" and during the onset of
depletion (August and September 1993) and onboard the R/V
Polar Duke along the Antarctic Peninsula for the remainder of
the austral spring. In 1993, the ozone hole developed in early
August and did not close before late December (figure 1). It
was the most severe depletion ever recorded over the Antarc-
tic Peninsula, and its occurrence reinforced the need for a
better understanding of the effect of UV radiation on the
antarctic ecosystem.

The impact of UV radiation on primary producers is a
concern because the timing of the ozone diminution over the
southern oceans and concomitant increases in UV-B radia-
tion coincide with the beginning of the phytoplankton grow-

ing season (Smith et al. 1992, pp. 509-537). An important step
to improve predictive models of phytoplankton productivity
in enhanced-UV environments is to determine the spectral
dependency of the sensitivity of natural communities to
ambient liv radiation. With the knowledge of such a biologi-
cal weighting function, one can link any change in UV radia-
tion—dependent upon season, time of the day, cloud and ice
cover, stratospheric ozone concentration, and position in the

-	 Palmer	 10. _ Polar_--a.
 Duke

Figure 1. Stratospheric ozone column concentration (DU) above
Palmer Station, Antarctica (Meteor 3 TOMS data), and midday (1200
Greenwich mean time) UV-B (280-320 nm) irradiance [in microwatts
per square centimeter (1.tW cm-2)] at the Palmer Station National Sci-
ence Foundation/Office of Polar Programs UV-monitoring station
(Booth et al. 1994) during the !cecolors '93 expedition.
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water column—to the inhibition of carbon uptake in antarctic
phytoplankton and quantify the increment of biologically
damaging radiation associated with a diminution in ozone
concentration (radiation amplification factor). Here, we intro-
duce the results from an experiment designed to estimate a
biological weighting function for primary production inhibi-
tion in antarctic phytoplankton under natural irradiance. We
present the newly derived function and show that the sensi -
tivity of in situ antarctic phytoplankton to ambient UV-B
[280-320 nanometers (nm)] at the end of the winter was
greater than that measured under artificial light conditions
for temperate marine phytoplankton and terrestrial plants.

At the time of our measurement (16 September, julian
day 259), the ozone column concentration ranged from 230 to
260 Dobson units (DU) and was in the middle of a 3-day tran-
sition from 175 to 350 DU (figure 1). The amount of UV-B
radiation reaching the Earth's surface was, therefore, slightly
enhanced due to the ozone diminution, but the total daily
irradiance was still relatively low because of the large solar
zenith angle. A surface-water sample was collected at 0800
hours at Long-Term Ecological Research (LTER) station B
near Palmer Station, Antarctica (Waters and Smith 1992).
Aliquots were quickly dispensed in polyethylene bags
(Prézelin, Boucher, and Smith 1994, pp. 159-186), placed flat
in outdoor temperature-controlled incubators, and covered
with long-pass filters designed to remove increasingly broad-
er waveband in the UV region while leaving the longer wave-
length for the most part unchanged. The 50-percent transmit-
tance cut-offs of the filters combined with the bags were 299,
314, 324, 328, 383, and 402 nm. The average transmittance of
the filters in the photosynthetically available radiation (PAR,
400-700 nm) region ranged from 81.4 to 86.8 percent. Dupli-
cate samples were removed from each incubator every hour
from 0935 to 1800 hours local time to determine the time
course of carbon uptake for each treatment.

In all six treatments, the cumulative volumetric produc-
tion [in milligrams of carbon per cubic meter (mg C m-3)]
increased over the course of the day, and the rate of increase
was greatest at midday when PAR was highest. Carbon uptake
was highest in the QpAR only treatment (UF4, 402 nm cut-off)
or QpAR with the addition of the longest wavelengths of UV-A
radiation (MC, 383 nm cut-off). The samples exposed to unfil -
tered radiation (UVT, 299 nm cut-off) showed the lowest
uptake rates. After 1200 hours, primary production was signif-
icantly different in the six incubators, and the inhibition of
carbon uptake was related to the amount of UV radiation
transmitted through the filters (figure 2).

To get a daily average inhibition for each treatment, we
regressed the carbon fixation rates measured hourly in each
treatment with the rates measured under PAR only. The
extent of a downward deviation from a slope of unity is, there-
fore, a measure of the fractional inhibition of primary produc-
tion. Primary-production measurements under all UV treat-
ments were well correlated to the primary-production meas-
urements under PAR only (average r 2=0.97±0.01). The average
daily inhibition by liv radiation was 34.3±0.01 percent. The
inhibition due to the radiation removed by the pyrex 2 filter—

the radiation removed, in the first approximation, can be con-
sidered UV-B radiation—was 14.6 percent or 43 percent of the
total inhibition. UV-A radiation was, thus, responsible for a
19.7 percent inhibition though the longer wavelengths of UVA
slightly enhanced primary production (0.5-percent enhance-
ment under the MC filter) suggesting that these wavelengths
had photosynthetic functions.

Over any incubation interval, the total inhibition of car-
bon fixation rates by UV radiation in each incubator (I i) is a
function of the dose impinging the organism [Q(X)] and the
average sensitivity of the organism to the radiation or biologi-
cal weighting function (r(X)):

Ii=fQ(X)i. r(X). x)	 (1)

To deconvolute the biological weighting function (figure
3A), we followed the iterative nonlinear fitting method out-
lined by Rundel (1983), using the spectral irradiance obtained
from the onsite National Science Foundation UV-monitoring
station (Booth et al. 1994, pp. 17-37). At the end of the austral
winter, the phytoplankton sensitivity to UV radiation
decreased exponentially with wavelength, and the longest
wavelengths (X>368±12.8 nm) enhanced primary production.
Antarctic phytoplankton appeared more sensitive to an
increase in the UV-B to UV-A balance than did temperate
marine phytoplankton (Cullen, Neale, and Lesser 1992) and
terrestrial plants (Jones and Kok 1966; Caldwell 1971) (figure
3B). The radiation amplification factor for the function as
measured using the power rule (Madronich 1993, pp. 17-69;
Booth and Madronich 1994, pp. 39-42) was in the upper
region of the radiation amplification factor range for plant
damages as tabulated by Madronich (1993). The use of any
DNA-action spectra (Setlow 1974; Hunter, Taylor, and Moser
1979) as a biological weighting function would, however,
overestimate the predicted effects of the ozone depletion on
primary production.
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Figure 2. Time course of cumulative primary production under the six
different UV treatments (UVT—i and solid line; Pyrex-1, 2, and dash
line; Pyrex-2, 3, and dotted line; Mylar-4 and dash line; MC-5 and
solid line; UF4-6 and dotted line). The error bars represent the range
of the duplicate measurements. The 50-percent transmittance cut-offs
were, from filter i to filter 6, as follows: 299, 314, 324, 328, 383, and
402 nm. (mgC rn-3 denotes milligrams of carbon per cubic meter.)
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Figure 3. A. Variation of the biological weighing function for antarctic
phytoplankton as measured on 16 September during icecolors '93. The
biological weighting function describes the variation of the dose-specific
inhibition of primary production—in milligrams of carbon per milligram of
chlorophyll-a per joules per square meter [mg C mg Chi-a-' (J M-2)-l]—
with wavelength. Best fit to the data (x2=0.212 p=0.9948) was obtained
by using a four-parameter, double-exponential decay equation with an
offset to allow for enhancement of primary production by the longest
wavelength of UVR r(X)=exp(a+b2+c? 2)+m; with

a=112.5 mg C mg Chi-' (J m-2)-1,
b=6.22300 mg C mg Chi-' (J M- 2)- 1 nm-1,
c=7.670x10-4 mg C mg Chi-' (J m-2)- 1 nm-2,
m=3.17x10-6 mg C mg Chi-' (J m-2)-1.

The shaded areas represent the 99 percent confidence interval. B. Com-
parison between the biological weighting functions for the inhibition of
carbon uptake in antarctic phytoplankton assemblages (5) (icecolors '93)
and the principal functions describing the sensitivity spectrum:

(1) the Hill reaction in chloroplasts (Jones and Kok 1966; from Smith
and Baker 1982),

(2) the oxygen evolution in a leaf of Rurnex patienta (Caldwell 1971;
from Rundel 1983),

(3) the carbon uptake in the bacillariophyceae Phaedactylum sp.

(Cullen et al. 1992),
(4) the carbon uptake in the dinophyceae Prorocentrurn rn/cans

(Cullen et al. 1992),
(6) the DNA damage in anchovy eggs and larvae (Hunter et al. 1989;

from Smith et al. 1982), and
(7) the generalized DNA damage described by Setlow (1974) (from

Smith et al. 1982).
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We thank S. Madronich and R.C. Smith for helpful discus-
sions. This research was supported by National Science Foun-
dation grant OPP 92-20962. (This is an Icecolors '93 contribu-
tion.)
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Icecolors '93: Epilithic productivity by microalgae exhibits a
potentially high sensitivity to natural levels of

ultraviolet- B radiation
TERENCE EVENS, SANDI ROLL, BILL GOLDEN, and BARBARA B. PREZELIN, Marine Primary Productivity Group, Department of

Biological Sciences, University of California at Santa Barbara, Santa Barbara, California 93106

I
ncreased ultraviolet-B [UV-B, 280-320 nanometers (nm)]
radiation associated with the depletion of stratospheric

ozone (03) over Antarctica during the austral spring has a
negative impact on phytoplankton and sea-ice algae produc-
tivity (Smith et al. 1992; Kroon, Schofield, and Prdzelin 1994;
Prézelin, Boucher, and Schofield 1994; Boucher et al., Antarc-
tic Journal, in this issue). During the Icecolors '93 expedition,
we took the opportunity also to document the potential
impact of ultraviolet radiation (UVR) on littoral microalgae
(lithophytes), which are almost always highly exposed to dele-
terious light effects.

This experiment was conducted at Palmer Station on 30
December 1993 (julian day 364). Post-"ozone hole" 0 3 levels
were relatively moderate, ranging from 270 to 275 Dobson
units (DU) over the day (Booth et al. 1994, pp. 17-37), but
because of the relatively long day length (approximately 20
hours; figure 1A) and low solar zenith angles, maximum UV-B
(280-320 nm) energy during the day was more than 2 watts per
square meter (W rn- 2) (figure 1B) during the midday hours.

The intertidal rocks, which are flat and directly exposed
to the incoming light field, were covered by tufted colonies of
filamentous chiorophytes protruding above an underlying
diatom mat. By visual inspection, we determined that approx-
imately 80 percent of the surface area of the community was
dominated by the chlorophyte. The diatom mat was visible
through the filaments. A typical rock was collected near dawn
(0630 hours local time) at high tide from a depth of 0.5 meter
in the intertidal zone of Humble Island (64 045.5'S 64005'W)
and transported in the dark, submerged in sea water, to the
lab. A 5-square-centimeter (cm 2) section of algal mat was
removed by scraping, leaving a thin film of diatoms behind.
Algal colonies were suspended in filtered sea water and gently
disrupted in a tissue grinder. Microscopic analysis of the dis-
rupted colonies revealed little cell debris, and chromato-
graphic analysis of pigment samples taken before and after

grinding indicated an approximate 5-8 percent loss of bio-
mass (within the resolution level of the technique).

Aliquots were then incubated in outdoor temperature-
controlled incubators covered with three types of long-pass fil-
ters (Prézelin, Boucher, and Schofield 1994; Prézelin, Boucher,
and Smith 1994, pp. 159-186). The 50 percent transmittance
cut-offs of the filters were 296 nm for total UVR [photosyntheti-
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Figure 1. A. Julian day 364, 30 December 1993. Flux of photosyntheti-
cally available radiation (QPAR)• B. Flux of UV-13 (280-320 nm, open
squares) and UV-A (320-400 nm, black squares) radiation integrated
over the day of our experiment.
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cally available radiation (PAR)+IJV-B+IJV-A], 323 nm for Mylar
(PAR+UV-A), and 412 nm for UF3 (PAR). Productivity was
assessed using the carbon-14 ('C) uptake methods described
by Prézelin, Boucher, and Smith (1994, pp. 159-186), and dupli-
cate samples (n=2) were collected from each treatment every 2
hours. High-performance liquid chromatography (HPLC) sam-
ples (n=1) were collected every 4 hours.

Pigment samples were immediately filtered onto 0.4-
micrometer (tm) nylon filters and frozen at -70°C for at least
2 hours before they were analyzed on an Hitachi HPLC using
the methods outlined by Wright et al. (1992). Retention times
of the major pigments were determined using known pigment
standards. The chromatograms confirmed the dominant
presence of green algae (lutein, zeaxanthin, violaxanthin, and
chlorophyll-b) and diatoms (chlorophyll-c3 , fucoxanthin, and
19'-butanoyloxyfucoxanthin).

The table illustrates that only in the presence of UV-B
was there an overall loss of approximately 40 percent of
chlorophyll-a, chlorophyll-b, and lutein. Given the 1:1 stoi-
chiometry of chlorophyll- a: chlorophyll- b in the chlorophyte
light-harvesting complexes (LHC), at least 70 percent of the
total biomass loss could be estimated as attributable to an
apparent high sensitivity in these complexes. By contrast,
fucoxanthin concentrations doubled in the PAR treatment,
showed an increase near the end of the incubation in the

Chromatographic analyses of pigment composition for
each treatment. Time zero (t=0) equals 0740 local time.
All values are in nanograms per liter.

Chlorophyll-a
PAR 932	972	733	932
PAR+UV-A 932	1036	765	924
PAR+UV-A+UV-B 932	790	709	589

Chlorophyll-b
PAR 565	607	422	498
PAR+UV-A 565	652	295	535
PAR+UV-A+UV-B 565	471	373	327

Lutein
PAR 155	134	150	162
PAR+UV-A 155	143	85	142
PAR+UV-A+UV-B 155	86	94	88

Fucoxanthin
PAR 75	80	157	140
PAR+UV-A 75	67	61	111
PAR+UV-A+UV-B 75	52	49	70

Diadinoxanthin
PAR 10 19	23	34
PAR+UV-A 10	27	30	33
PAR+UV-A+UV-B 10	18	31	27

Diatoxanthin
PAR 16	49	55	46
PAR+UV-A 16	45	41	47
PAR+UV-A+UV-B 16	18	29	28

PAR+UV-A treatment, and showed no significant overall loss
in the PAR+IJV-A+UV-B treatment. Diatom photoprotective
pigments (diatoxanthin and diadinoxanthin) show a consis-
tent increase in all three treatments; preliminary analysis sug-
gests diatom UV-B sensitivity is reversible within the course
of a single day; however, the lack of UV-B radiation appears to
enhance diatom growth significantly.

Volumetric rates [in cubic meters (m 3)] of carbon fixation
were calculated and correlated to original surface area meas-
urements [in square meters (m2)]. The cumulative production
[in milligrams of carbon per square meter (mg C rn- 2, n=12)]
increased in all three treatments over the course of the experi-
ment, with the greatest rate of increase occurring just after
solar noon (figure 2A). The PAR+UV-A treatment (323-nm cut-
off) showed the greatest overall cumulative production,
whereas the PAR+UV-A+UV-B (296-nm cut-off) showed the
lowest (figure 2A).

To obtain a UV-B inhibition, we normalized the mea-
sured production of the PAR+UV-B+UV-A and PAR+UV-A
treatments to PAR only production (figure 2B). UV-B
appeared to inhibit primary productivity throughout the day
within a range of 3-80 percent. UV-A appeared to enhance
primary production within a range of 1-20 percent at certain
times and to inhibit it at others within a range of 3-17 percent
(figure 2B).

The UV-B inhibition ranges obtained in the study are
generally greater than those found for pelagic and sea-ice
algal communities, whereas the UV-A inhibitions are general-

A

B

07:40	09:40	11:40	13:40	15:40	17:40	19:40
Time (local)

Figure 2. A. Cumulative primary production (in mg C m- 2) of total UVR
(PAR+UV-A+UV-B), Mylar (PAR+UV-A), and UF3 (PAR) longpass filters
(50 percent cut offs are: 299 nm, 328 nm, and 412 nm respectively).
(Note: range bars not shown on individual points are too small to
appear). B. Percentage of inhibition (normalized to UF3) of primary
productivity by UV-B and UV-A.
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ly much less (Prêzelin, Boucher, and Smith 1994, PP . 159-186;
Kroon et al. 1994). These results show the potential, not the
verification, of in situ performance of these types of commu-
nities, and other considerations such as self-shading, pho-
toadaptation, and photoprotection must be taken into
account.

We would like to thank Oscar Schofield, Nicolas Boucher,
and Mark Moline for their helpful comments and suggestions.
This research was supported by National Science Foundation
grant OPP 92-20962. (This is Icecolors '93 contribution num-
ber 3.)
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Icecolors '93: Beginnings of an antarctic phytoplankton and
bacterial DNA library from southern ocean natural

communities exposed to ultraviolet-B
RAFFAEL V.M. JOVINE* and BARBARA B. PREzEUN, Marine Primary Productivity Group, Department of Biological Sciences,

University of California at Santa Barbara, Santa Barbara, California 93106

*Present address: Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543.

S
pringtime ozone depletion and the resultant increase in
ultraviolet-B (IJV-B) radiation [280-320 nanometers (nm)]

have deleterious effects on primary productivity (Smith et al.
1992; Prézelin, Boucher, and Smith 1994, pp. 159-186). To
assess damage to cellular components other than the photo-
synthetic apparatus, we isolated total community DNA from
samples in the field before, during, and after the 1993 spring-
time depletion in stratospheric ozone. The effort was motivat-
ed by the concern that the ozone-dependent increases in UV -
B radiation may increase DNA damage within primary pro-
ducers. This increase in damage could result in changes of
species composition as well as hereditary changes within
species that can influence the competitiveness of these
organisms in their natural community. Previous studies have
focused on DNA damage in isolated cultures of antarctic phy-
toplankton that were irradiated with UV-B under lab condi-
tions (Karentz, Cleaver, and Mitchell 1991). These studies
clearly indicate variable species sensitivities to the increase in
UV-B flux. These studies, however, did not resolve the ques-
tion of whether such damage occurred in field samples col-
lected from actively mixing, polyphyletic phytoplankton com-

munities. Potential species composition changes and the
resultant changes in the trophic dynamics cannot be inter-
preted in terms of DNA damage unless this damage can be
documented in samples isolated under these dynamic natural
conditions.

We collected 17 bacterial and 70 discrete phytoplankton
samples under pack ice, from open surface waters, or from
frazil ice in Arthur Harbor or Station B near Palmer Station
(64 046.45'S 64 003.27W; 64°46.77S 64 004.35W), Antarctica,
between 17 August and 31 December 1993. Between 5 and
240 liters (L) per sample were collected in 50- or 25-L carboys
lowered into surface waters from the side of a Zodiac or filled
near shore by an electric impeller pump. Samples were
immediately covered to avoid photorepair and stored in an
aquarium with ambient temperature sea water (-1.5°C) dur-
ing filtration. Ice-cooled 142-millimeter (mm) filters were
connected in series for size fractionation of algae or run indi-
vidually for rapid processing of samples. Thick-bonded glass-
fiber filters [1 micrometer (tim)] were used to trap the algae.
Controls showed little or no chlorophyll in the 0.22-1 im frac-
tion. The filtered seawater effluent from the first filter was
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Figure 2. Dimensionless UV-B: PAR ratio of all DNA samples determined from
the cumulative daily irradiances before sampling. The peak in the ratios corre-
sponds to maximal ozone depletion.

passed through an in-line 0.22-rim filter to collect bacterial
samples. Filters were drained and stored at -70°C until further
processing.

Frozen filters were boiled in solubilization buffer [1 per-
cent Sarkosyl, 150 millimolar (mM) ethylene diamine-tetra
acetic acid (EDTA), 100 mM sodium chloride, and 50 mM
Tris-pH 8) and after cooling, digested with Proteinase K. The
solubilized samples were immediately extracted with equili-
brated phenol. The aqueous phase was re-extracted with 10
milliliters phenol: chloroform: iso amyl alcohol (30:29:1). This
phase was removed, and DNA was precipitated with ethanol.
The phytoplankton samples were dissolved in 1 mMTris pH 8
and 10 mM EDTA (TE = tris EDTA), RNase H, and RNase T1
was added and incubated. After buffer exchange on Centri-

(University of Southern California) to describe the genetic
makeup of the microbial community.

Preliminary analysis of the phytoplankton UV-B-induced
photoproducts indicates for the first time that DNA damage
in natural phytoplankton communities is evident even before
julian day 250, in spite of all the factors that may reduce the
impact or exposure to UV-B (Jovine, Strickland, and Prézelin
in preparation). Microsporinelike amino acids (MAAs), mix-
ing water masses, and pack ice confer incomplete protection
to UV-B. Some samples collected early in the morning before
sunrise, still retained significant amounts of photodamage
from the previous day.

We are grateful for the help provided by Biospherical
Instruments and the support staff at Palmer Station. This

con- 100 cartridges, the concentrate was resuspended
and re-precipitated with ammonium acetate. Deter-
mination of (6-4)dipyrimidine photoproducts in the
phytoplankton samples was performed as in Strick-
land et al. 1992. The visible and UV components of
surface irradiances were provided by Charles R. Booth
and Biospherical Instruments, Inc.

The earliest samples were collected in the middle
of August 1993, from surface waters of the ice-domi-
nated ecosystem around Palmer Station, weeks before
the maximum ozone-dependent increase in UV radia-
tion occurred. These samples provide baseline mea-
surements of UV-B-induced photodamage and are an
unperturbed record of the genetic composition of the
phytoplankton community. Most of the samples pro-
vided DNA in excess of that needed for the damage
analysis and, therefore, are a resource for future DNA
studies. By isolating and purifying the DNA, we have
the beginning of DNA "library," which is fit for long-
term storage and which can be used in the future for
comparison with DNA from future phytoplankton
populations. As new analytical tools and methods are
developed, these also can be applied to these samples.

Figure 1 shows the range of cumulative daily liv-
B surface irradiance at the air-water interface at the
time of sampling. The surface-dose is expressed as
the integrated irradiance from dawn until sampling
time. These values reflect different times of sampling
during the day as well as seasonal changes in day
length. Some samples before julian day 317 were cov-
ered by pack ice, changing the in situ exposure dra-
matically. Figure 2 displays the UV-B:PAR (photosyn-
thetically available radiation, 400-700 nm) ratio.
Despite the changes in solar zenith angle over the
season and different sampling times, the period of
ozone depletion is clearly represented in the ratio
derived from the surface doses. The DNA "library"
contains samples from before, throughout, and after
the ozone depletion, from under pack ice and open
water. To date, bacterial samples have been distrib-
uted to Ed DeLong (University of California at Santa
Barbara) to quantify Archaea bacteria (DeLong 1992;
DeLong et al. in preparation) and to Jed Fuhrman

UVB Surface Dose of DNA Samples
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Climate studies

Antarctic automatic weather stations:
Austral summer 1993-1994

CHARLES R. STEARNS, GEORGE A. WEIDNER, and ROBERT E. HOLMES, Space Science and Engineering Center,
University of Wisconsin, Madison, Wisconsin 53706

T
he National Science Foundation's Office of Polar Pro-
grams places automatic weather station (AWS) units in

remote areas in Antarctica in support of meteorological
research, applications, and operations.

The basic AWS units measure air temperature, wind
speed, and wind direction at a nominal height of 3 meters (m)
above the surface, and air pressure at the electronics enclo-
sure. Some units measure relative humidity at 3 m and the air
temperature difference between 3 m and 0.5 m above the sur-
face at the time of installation.
The data are collected by the
ARGOS Data Collection System
on board the National Oceanic
and Atmospheric Administra-
tion's series of polar-orbiting
satellites.

The table gives the AWS
units' site name, ARGOS identi-
fication number, latitude, longi-
tude, elevation above sea level,
site start date, and WMO num-
ber for the Global Telecommu-
nications System for AWS units
in operation as of 1 March 1994.
Figure 1 shows the locations of
widely spaced AWS units in
Antarctica; figure 2 shows the
locations on Ross Island. The
AWS units are grouped together
based on the area and are usual-
ly related to a single meteoro-
logical experiment in the area.
Stearns and Weidner (1992) and
Holmes, Weidner, and Stearns
(1993) describe the AWS activi-
ties during the two previous
austral summers.

The AWS units are located
in arrays for meteorological

eral experiments, and all contribute to operational purposes
especially for preparing weather forecasts for aircraft flights to
and from New Zealand and within Antarctica.

Some of the areas supported are the following:
• Barrier wind flow studies along the Antarctic Peninsula

and in the Transantarctic Mountains;
• Katabatic wind flow studies down the slope to the Adélie

Coast, Reeves Glacier, Byrd Glacier, and the Beardmore
Glacier;

60

120

experiments and at other sites
Figure 1. Map of Antarctica showing the locations of widely spaced AWS units for 1994. The Cape Adams

for operational purposes. Any AWS site is not shown because the unit could not be found. The Siple Station unit was removed and
one AWS may contribute to sev- installed at Ski-Hi. Siple AWS site is decommissioned because of maintenance difficulty.
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The 1994 antarctic automatic weather station site name, ARGOS identification
number, latitude, longitude, altitude above sea level, site start date, and WMO num-
berfor the Global Telecommunications System

Adélie Coast
8914	66.700S	139.800E	240
8916	67.380S	138.720E	1,560
8919	70.020S	134.72°E	2,500
8904	74.500S	123.00°E	3,280
8930	66.820S	141.390E	39
8933	67.020S	142.68°F	31
8929	67.620S	146.00°F	30

West Antarctica
8903	80.00°S	120.00°W 1,530
8981	73.200S	127.05°W	30

Ross Island region
8906	77.430S	163.750E	120
8934	78.020S	170.80°F	45
8927	77.950S	166.51°E	10
8937	78.030S	166.60°F	10

	

8988b,c 78.560S	166.69°F	920
8915b	78.500 S	168.35°F	50
8901	77.850S	167.08°F	40

Ocean islands
8921b	76.240S	168.70°F	275
8983	67.370S	179.97°W	30
8980	66.280S	162.33°F	30
8984	71.900S	171.13°F	30

Ross Ice Shelf
8931	79.980S	165.03°F	75
8913	79.940S	169.83°F	60
8911	80.030S	1 78.63°W	55
8900	83.150S	174.46°F	60
8908C	82.52 0S	174.43°W	55

Reeves Glacier
8905	74.920S	163.60°F	80
8923	74.480S	160.48°F	1,525
8935	74.210S	160.39°F	1,772

Antarctic Peninsula
8926	66.970S	60.55°W	17
8902	72.200S	60.34°W	91
8920	71.430S	68.93°W	780

	

75.01 0S	62.53°W	25
8947	64.160S	61 .54°W	17
8912	64.780S	63.06°W	8
8932	80.820S	22.26°F	1,220
8917	74.970S	70.77°W 1,395

High polar plateau

D-1 0
D-47
D-80
Dome C
Port Martin
Cape Denison
Penguin Point

Byrd Station
Mount Siple

Marble Point
Ferrell
Pegasus North
Pegasus South
Minna Bluff
Linda
Willie Field

Whitlock
Scott Island
Young Island
Possession Island

Marilyn
Schwerdtfeger
Gill
Elaine
Lettau

Manuela
Sandra
Lynn

Larsen Ice
Butler Island
Uranus
Cape Adams, inactive
Racer Rocks
Bonaparte Point
Recovery Glaciera
SkiHia

Feb 80
	

89832
Jan 83
	

89834
Nov 84
	

89836
Feb 80
	

89828
Jan 90
Jan 90
Dec 93
	

89847

Feb 80	89324
Feb 92	89327

Feb 80	89866
Dec 80	89872
Jan 90	89667
Jan 91
Jan 91	89768
Jan 91	89769
Jan 92

Jan 82	89865
Dec 87	89371
Dec 90	89660
Dec 92	89879

Jan 84	89869
Jan 85	89868
Jan 85	89863
Jan 86	89873
Jan 86	89377

Feb 84	89864
Jan 88	89861
Jan 88	89860

Oct 85
	

89262
Mar 86
	

89266
Mar 86
	

89264
Jan 89
	

89268
Nov 89
	

89261
Nov 91
	

89269
Jan 94
Feb 94

Clean Air	 8987b	90.00°S	 2,835	Jan 86
	

89208
Henry	 8985	89.00°S	0.30°W 2,755	Jan 93

	
89108

Nico	 8924	89.00°S	90.13°F	2,935	Jan 93
	

89799

aNew locations for 1994
bNew ARGOS ID at the site for 1994
CNew latitude and/or longitude based on aircraft global positioning system
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Figure 2. Map showing the locations of the AWS units in the Ross
Island area for 1994.

• Studies of mesoscale circulation and the sensible and latent
heat fluxes on the Ross Ice Shelf;

• Climatology studies at Byrd and Dome C Stations;
• The Clean Air Facility at the South Pole Station;
• Research on Antarctic Coastal Ecosystem Rates expeditions

along the Antarctic Peninsula;
• Long-Term Ecological Research expeditions along the

Antarctic Peninsula;
• Flight operations at McMurdo Station; and
• Evaluation of meteorological suitability of aircraft landing

sites and of possible future station locations.
The AWS data starting in 1980 are available at 3-hour

intervals on floppy disks. The annual data books contain the 3-
hour data and monthly summaries. The data are available over
Internet at both 3-hour and 10-minute intervals. To obtain the
instructions for accessing the data, contact Charles R. Stearns
at chucks@ssec.wisc.edu .

The original plans for the 1993-1994 field season included
a trip to Antarctica for George Weidner and Robert Holmes
between 15 November and 15 December 1993 to install eight
AWS units on the Siple Coast of West Antarctica, but the trip
was canceled because the AWS units were not ready at that
time. The Siple Coast AWS units are now planned for installa-
tion during the 1994-1995 field season. Weidner and Holmes
went to Antarctica in January along with Mark Seefeldt and
John Cassano. The Twin Otter aircraft supported us for work
on the Ross Ice Shelf and at South Pole Station.

Several AWS sites in the McMurdo area suffered damage
from the wind storm of 13 June 1993. At the Minna Bluff site,
the aerovane had broken off at the mast, and the antenna was
damaged. Pegasus North site's aerovane was also damaged.
Repairs were made to Minna Bluff, Pegasus North, Willie Field,
and Linda AWS sites.

Marilyn and Schwerdtfeger sites were visited using the
Twin Otter aircraft. Marilyn site was in good condition. The

malfunctioning aerovane at Schwerdtfeger site was replaced. A
Twin Otter flight was made to Lettau AWS site. One 1.5-m
tower section was added to the station. A new antenna, a
replacement aerovane, and two new boxes of three 40-amp-
hour batteries were installed. The last visit to Lettau site had
been in November 1988.

At Willie Field AWS site, a Campbell Scientific CR-10 data
logger with an Acoustic Depth Gauge (ADG) was installed in
support of a science project. The ADG measures the distance
to the snow once every 2 hours. An R.M. Young wind system
was also installed.

An LC-130 flight was taken to Byrd Surface Camp. At the
Byrd AWS site a 0.9-m boom with relative humidity and verti-
cal temperature difference was installed.

The questionable wind speed sensor Marble Point site was
replaced. Mount Howe, Kelly, and Lindsay sites were visited by
Twin Otter. The AWS unit at Mount Howe had sustained severe
damage from wind, and the ice around the anchors and the
tower base had ablated so that the tower was no longer
anchored sufficiently. Mount Howe site was removed, as were
Kelly and Lindsay, which had been installed in support of a sci-
ence project. Henry and Nico sites were left in place in the
clean air sector to support the Clean Air Facility research at
South Pole Station. Clean Air AWS site was moved from its pre-
vious location to one approximately 30 m from the South Pole
Meteorological tower on 24 January 1994. AWS 8918 was
replaced with AWS 8987. A snow temperature profile was
installed to a depth of 4 m. The snow temperatures are mea-
sured at -4, -2, -1, -0.5, -0.25, -0.0, 0.25, 0.50, 0.75, and 1.0 m
relative to the snow surface at the time of installation.

Crew members of the U.S. Coast Guard ice breaker Polar
Sea flew by helicopter to Whitlock site and replaced AWS 8925
with AWS 8921. Near the Adélie Coast, members of Expeditions
Polaires Francaises visited D-80 site on 1 February 1994. Two
1.9-m tower sections were added, as were two boxes of three
40-amp-hour batteries. A new sensor boom and aerovane were
installed as well. The crew replaced the existing electronics
with a new unit. The ARGOS ID of 8919 was unchanged; how-
ever, new pressure calibration data will be provided.

On the Antarctic Peninsula, members of the British
Antarctic Survey serviced several AWS units during the austral
summer. A new AWS 8917 was installed at Sky-Hi site in mid-
February. AWS 8932 was installed at Recovery Glacier. Butler
Island (AWS 8902) was serviced and two 1.9-m tower sections
were added to Uranus Glacier site. Larsen Ice Shelf site will be
serviced at a later date if possible. AWS 8910 was returned to
Madison, Wisconsin, for repair.

The seawater temperature probe on AWS 8912 at Bona-
parte Point was replaced. The removed probe was still work-
ing, but the protective conduit was broken. The wire and probe
appeared to be in good condition.

Members of the Japanese Antarctic Research Expedition
had planned to install an AWS unit at Dome F (77.37°S 39.61°E,
4,000 m elevation), but the ship arrived late due to sea ice, so
the trip to Dome F was canceled for this season.

The AWS program is supported by National Science
Foundation grant OPP 93-03569. The British Antarctic Survey
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installs and services the AWSs in the Antarctic Peninsula area.
Expeditions Polaires Françaises installs and services the units
along the Adélie Coast. The Japanese Antarctic Research
Expedition installs and services those units near the Prince
Olav Coast. We were assisted at McMurdo by Naval Support
Force Antarctica-Meteorology, Byrd Surface Camp personnel,
and the crews of the Twin Otters, U.S. Coast Guard heli-
copters, and the LC-130s.
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Antarctic weather forecasting: 1993
CHARLES R. STEARNS and BRUCE B. SINKuLA, Space Science and Engineering Center, University of Wisconsin,

Madison, Wisconsin 53706

T
he University of Wisconsin Space Science and Engineering
Center provided daily weather forecasts for the cruises of

the RIV Nathaniel B. Palmer, R/V Polar Duke, and Polar Star
and for Palmer Station during 1993. Weather information was
also sent to the Naval Support Force Antarctica at
Christchurch, New Zealand, and McMurdo Station, Antarctica.

The most recent weather information available at the
Space Science and Engineering Center is the satellite-com-
posite infrared imagery from four geostationary satellites
(Meteosat-3, Meteosat-4, GOES-7, and GMS) and two polar-
orbiting satellites (NOAA-11 and NOAA-12). Composite
imagery, constructed every 3 hours, extends from the South
Pole to 4005 and provides an overview of the cloud systems
around Antarctica. The composite imagery is described by
Stearns and Young (1993 and Antarctic Journal, in this issue).

National Meteorological Center's medium-range forecast
(MRF) gridded model output is available at 0000 universal
coordinated time (UTC) and 1200 UTC for the Southern
Hemisphere. The five-channel global-area-coverage data
from the National Oceanic and Atmospheric Administration's
series of polar-orbiting satellites provides imagery of the fore-
cast area. Recent weather observations from the ships and/or
stations in Antarctica are available on a daily basis. Most of
the automatic weather station data (Holmes, Stearns, and
Weidner 1993) are entered into the Global Telecommunica-
tions System at 3-hour intervals. These data are ingested by
National Meteorological Center and are included in the
Southern Hemisphere surface analysis.

The forecast operation starts by viewing a series of 3-hour
infrared composite images. "Looping" these images allows
the forecaster to locate areas of storminess or cyclogenesis
occurring over the Southern Hemisphere. The 500-millibar
(mb) geopotential height analysis of the MRF model is over-
lain on the composite imagery. The latest available visual and
infrared global-area-coverage imagery is obtained for the area
around the forecast position. Accurate satellite interpretation
and a good understanding of antarctic meteorology are
important skills required of the antarctic weather forecaster.

The weather discussion includes details about the cur-
rent and future state of the weather. Important features from

satellite imagery, automatic weather station observations,
and the MRF are highlighted. The forecast product includes
graphical images, a weather discussion, and a specific 48-
hour forecast. The graphical image package available to the
user includes the following: an infrared composite satellite
image of the Southern Hemisphere; a 0000 UTC Southern
Hemisphere 500-mb height analysis; and 12-, 24-, 36-, 48-
hour MRF mean sea-level pressure forecasts for the ship/sta-
tion's area of operation. Specific 24-, 36-, and 48-hour fore-
casts are generated. Wind speed, wind direction, cloud cover,
visibility, and significant weather (if any) are the parameters
included in the weather forecasts. The weather forecast/dis-
cussion is sent directly to the ship or station via electronic
mail. The graphical image package is sent (via file transfer
protocol) to Antarctic Support Associates; from there, it can
be acquired by the ship or station. All forecast products and
meteorological data are archived at the University of Wiscon-
sin for forecast verification and case-study analysis.

The inconsistent performance of the MRF and sparse
conventional data create a challenging weather forecasting
environment. Erratic model performance can be attributed to
the coarse spacial resolution of the global MRF model and the
limited amount of antarctic data available.

Knowing what upcoming weather conditions will be is a
great help to antarctic personnel as they make logistical
decisions for the next couple of days. The research vessel
forecast users modify their operations, when possible, to
take advantage of the forecasts to increase their scientific
activities.

The forecasting effort was supported by the National Sci-
ence Foundation grants OPP 93-03569 and OPP 92-08864.
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The 2 June 1993 storm
CHARLES R. STEARNS, ROBERT E. HOLMES, and BRUCE B. SINKULA, Space Science and Engineering Center,

University of Wisconsin, Madison, Wisconsin 53706

severe wind storm struck McMurdo Station, Antarctica,
etween 1800 UTC 1 June and 1800 UTC 2 June 1993

causing extensive damage. Presented here are some of the
observations from the automatic weather station (AWS) sites
on the Ross Ice Shelf and near Ross Island, some of which suf-
fered damage to the wind systems and antennas. The loca-
tions of the AWS sites are given in figures 1 and 2 and the
table of Stearns, Weidner, and Holmes (Antarctic Journal, in
this issue).

Pegasus North AWS site is located at the north end of the
Pegasus Runway on the Ross Ice Shelf west of Williams Field.
Figure 1 shows the air pressure and the wind speed as a func-
tion of time starting at 0000 universal coordinated time (UTC)
30 May and ending at 0000 UTC 4 June 1993. The wind speed
started increasing in magnitude at 1200 UTC 1 June 1993
reaching a maximum recorded speed of 46 meters per second
(89 knots) at 1047 UTC 2 June 1993. The AWS unit did not

transmit data between 1047 UTC and 1640 UTC on 2 June
1993. After 1640 UTC there were five transmissions received.
Additional transmissions from Pegasus North site were not
received between 1730 UTC 2 June 1993 and 14 January 1994,
when repairs were made to the site.

Pegasus South AWS site is located at the south end and
approximately 300 meters east of the Pegasus runway. The
Pegasus South AWS unit operated through the rest of 1993,
but the recorded wind speed at that site only reached 36.3
meters per second (70 knots) at 1352 UTC, 2 June 1993. The
wind speed is sampled every 10 minutes at the two sites. The
AWS unit at Pegasus South did not suffer any wind damage
even though it was just as susceptible to the wind damage as
Pegasus North. Therefore, the assumption that the wind
speeds were relatively lower at Pegasus South is reasonable.

Examination of the antarctic composite infrared images
(Stearns and Young 1993) from 31 May 1993 to 3 June 1993

Pegasus North Wind Speed and Pressure May30 .June3 1993

Cz	 c..1	 C.,
C')

50

45

40

35

- 30

125

20

15

10

5

0

1020

1010

1000

990

980

970

960

Day

-- Wind Speed	•	Pressure

Fig 1. Pegasus North wind speed and air pressure as a function of time starting at 0000 UTC 30 May and ending at 0000 UTC 4 June 1993.
The t ,WS unit was damaged by the high wind speeds and did not transmit reliably after 1047 UTC on 2 June and did not transmit at all after 1730
UTC )n 2 June. (m/s denotes meters per second. mb denotes millibars.)
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Ross Its Shift Area AWS Pressures May 30-Juno 3 1993
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Figure 2. Elaine, Marble Point, Schwerdtfeger, and Ferrell air pressure as a function of time starting at 0000 UTC 30 May and ending
at 0000 UTC 5 June 1993. The pressure minimum occurred very close to the same time for the four AWS sites. (mb denotes millibars.)
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Figure 3. Elaine, Marble Point, Schwerdtfeger, and Ferrell air temperature as a function of time starting at 0000 UTC 30 May and
ending at 0000 UTC 5 June 1993. The air temperature maximum occurred very close to the same time for the four AWS sites.
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The 2 June 1993 storm: Pressure and temperature change over 24 hours and magnitude and time of the minimum pres-
sure and the maximum temperature on the Ross Ice Shelf, around Ross Island and at three remote AWS sites, are shown

Mount Siple
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Lettau
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-	+42.1	-
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-34.3	+40.0	+25.6
-37.1	 +23.6
-30.0	+24.8	+15.3
-19.0	+19.6	+7.7
-5.6	+1.3	+4.6

+1.0	-	 -
-	823.1	2002

-12.0	969.2	1028
-17.8	968.9	1349
-0.6	950.2	0817

-9.3	950.6	1132
-3.3	947.7	1216
-9.4	848.5	1200
+7.3	951.0	1228
-	952.9	1004
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-12.8	1108

	

-12.6	1210

	

-5.9	0817

	

-14.5	1152

	

-15.4	1345

	

-24.4	1350

	

-14.0	1315

	

-13.9	1332

	

-8.9	1612

	

-16.3	1647

	

-14.4	0234

NOTE: The "Before" column under pressure change is the pressure at 1200 UTC 2 June minus the pressure at 1200 UTC 1 June 1993. The
"After" column under pressure change is the pressure at 1200 UTC 3 June minus the pressure at 1200 UTC 2 June 1993. The temperature
changes in the "Before" and "After" columns are for the same time periods as the pressure changes. (The pressure units are millibars and the
temperature units are degrees Celsius. The remaining columns are the pressure minimum and temperature maximum for the universal times
on 2 June 1993.)

showed that a low-pressure system moved onto the Ross Ice
Shelf over Roosevelt Island from the northwest and then
moved westward toward the Transantarctic Mountains. The
clouds moved over the Transantarctic Mountains onto the
plateau. At 1500 UTC on 2 June 1993, the infrared images
showed decreased cloudiness on the Ross Ice Shelf and near
Ross Island corresponding to the decrease in wind speed
observed at Pegasus North and South.

Figure 2 shows the air pressure at four sites as a function
of time. Elaine, Schwerdtfeger, and Ferrell are along a roughly
south-to-north line, and all had the pressure minimum at
close to the same time. Figure 3 shows the air temperature for
the same AWS sites as a function of time. There is rapid
warming at the four sites starting 1200 UTC on 1 June and
reaching a maximum temperature at about 1200 UTC on 2
June 1993. The pressure minimum, the temperature maxi-
mum, and the wind speed maximum occur essentially togeth-
er. The temperature maximum in figure 3 is not as well
defined as the pressure minimum is in figure 2. The table
gives the times of the actual pressure minimum and the tem-
perature maximum for the AWS sites where they occurred.
Mount Siple and Byrd pressure rose throughout the period
when pressure was falling at the other sites. This indicates
that the system did not extend to Mount Siple or Byrd sites.
The low-pressure system associated with the extreme wind

speeds had a warm core and passed east of Gill site as it
moved onto the Ross Ice Shelf. Gill site had the highest maxi-
mum air temperature.

The pressure decrease over 24 hours prior to 1200 UTC
on 2 June and the pressure rise over 24 hours after 1200 UTC
on 2 June 1993 are similar for the AWS sites around McMurdo
Station and on the Ross Ice Shelf as are the air-temperature
increase and decrease, respectively.

Forecasting this high-wind-speed event would have
required the installation of AWS units along the edge of the
Ross Ice Shelf between Ross Island and Cape Colebeck. At
best, the lead time for the forecast would have been less than
24 hours based on the satellite imagery. The satellite imagery
indicated areas of both very cold and very warm cloud tem-
peratures in the system.

The AWS program and the Antarctic Meteorological
Research Center are supported by the National Science Foun-
dation grants OPP 93-03569 and OPP 92-08864.
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Antarctic Meteorological Research Center: 1993
CHARLES R. STEARNS and JOHN T. YOUNG, Space Science and Engineering Center, University of Wisconsin, Madison,

Wisconsin 53706

T
he goal of the Antarctic Meteorological Research Center
(AMRC) is "one-stop shopping" for antarctic meteorologi-

cal data. The functions of the AMRC are given by Stearns and
Young (1993). The AMRC at the Crary Lab in McMurdo is des-
ignated as McM-AMRC and the AMRC at the University of
Wisconsin is designated as UW-AMRC.

The satellite composite infrared imagery (SCIRI) con-
struction and archiving continued at 3-hour intervals for 1994
(Stearns and Young 1993). The SCIRI goes to UNIDATA and is
available at more than 100 locations in the United States. The
SCIRI is available over Gopher. One important user of the
SCIRI is the Naval Support Force for Antarctica's Department
of Meteorology, which used the images as an aid in forecast-
ing for flights between Christchurch, New Zealand, and
McMurdo, Antarctica. For research vessels operating south of
60°S, forecasts prepared at the Space Science and Engineering
Center make use of the SCIRI because that is the latest weath-
er information for the region (Stearns and Sinkula, Antarctic
Journal, in this issue). Instructions for obtaining the SCIRI
data are given by Stearns and Young (1993).

The National Oceanic and Atmospheric Administration
(NOAA) local area coverage (LAC)
advanced very-high-resolution radio-
meter image data are being received
from the Navy's Terescan system at
McMurdo, Antarctica, converted to the
Man-computer Interactive Data Access
System (McIDAS) format, and recorded
on 8-millimeter (mm) tape at the McM-
AMRC. The collection of 8-mm tapes
covering 92348 to 94022 (yyddd where
yy are last 2 digits of the year and ddd is
the julian day of the year) are at the
UW-AMRC. A data management sys-
tem known as "Empress" has been
installed at the UW-AMRC. Figure 1 is a
description of how the NOAA LAC data
collected at McM-AMRC are identified.
Figure 2 shows the area coverage of the
NOAA-10 LAG data for 23 April 1993
overlaid on the SCIRI for the same day.
Because the LAG data file collected at
McM-AMRC is rather large (amounting
to about 500 gigabytes) and is stored on
tape, users will need to inform the UW-

Figure 2. The outline of the area covered by
the satellite data collected at McMurdo,
Antarctica, from NOAA-10 on 23 April 1993
overlaid on the SCIRI image for 1800 UCT on
the same day.
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Figure 1. The AMRC database management system for the local area
coverage satellite data collected at McMurdo, Antarctica. Each of the
five-channel advanced very high resolution radiometer is identified.
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AMRC operator of the desired data. At present, an UW-AMRC
operator has not been hired so any message requesting the
LAG data should be sent to "chucks@ssec.wisc.edu".

There is a need for direct science support at McMurdo to
address the scientific needs of any discipline that can be met
using the McIDAS. Once the UW-AMRC operator is selected,
then assistance will be available to users for application of the
LAG data to the scientific and operational needs of all disci-
plines operating in Antarctica and funded by the National Sci-
ence Foundation Office of Polar Programs. The license and
McIDAS user group fees are paid by the AMRG. McIDAS-
based software, which can be distributed as freeware to other
locations for operating on the LAG data, is being developed.

The data presently available at the UW-AMRG are as fol-
lows:
• LAG data from julian day 348, 1992 to julian day 022, 1994,

incomplete;

• SGIRI data from 1 November 1992 to the present, incom-
plete;

• AWS data from January 1980 to present;
• National Meteorological Center global gridded analysis

from January 1993 to present; and
• antarctic soundings from 1991 to 1993.
Additional antarctic data will continue to be collected for dis-
tribution to others.

The Antarctic Meteorological Research Center is support-
ed by the National Science Foundation grant OPP 92-08864.
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Large-scale surface pressure changes over Antarctica
THOMAS R. PARISH, Department ofAtmospheric Science, University of Wyoming, Laramie, Wyoming 82070

DAVID H. BROMwICH, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210

L
arge-amplitude changes in surface pressure on the order of
15 hectopascals (hPa) occur regularly over Antarctica. Most

prominent is the annual march of pressure over the antarctic
interior. Schwerdtfeger (1967) has noted that such a surface
pressure trace contains an annual and half-yearly cycle with
maxima reached during the austral summer period and mini-
ma occurring in late winter. It is proposed that such large pres-
sure changes reflect variations in the mean mass transports to
and from the antarctic continent. Such transports are accom-
plished by a meridional circulation between the continent and
subpolar latitudes; the antarctic katabatic wind regime is
thought to be a critical component of the lower branch of the
meridional circulation. Unlike the case in middle latitudes, the
influence of extratropical cyclones on the surface pressure
field over the antarctic interior is thought to be limited since
the elevated ice topography acts as a buffer to the inland pene-
tration of cyclonic circulations (Mechoso 1981).

Seasonal pressure changes are most dramatic during the
early winter period of February to April and austral spring-
time period of September to December. The timing of such
surface pressure changes appears related to the annual
course of the katabatic wind circulation. The pronounced
decrease in surface pressure during the early winter period
corresponds to the rapid intensification of the katabatic wind
regime. Likewise, the austral springtime period is a time of
rapidly increasing solar insolation along the ice slopes and
significant decrease in the persistence and intensity of the
drainage flows. It is important to recognize that falling pres-
sures over the continent imply a net mass export from
Antarctica toward lower latitudes and vice-versa. Parish,

Bromwich, and Tzeng (1994) have noted that the katabatic
wind regime represents a significant component of the mean
meridional circulation in the high southern latitudes and
appears to be a key factor in the large-scale movement of
mass from the ice sheet.

Significant shorter period pressure fluctuations also take
place. One such event occurred during the period of June and
July 1988. Mean monthly values of surface pressure over near-
ly the entire continent decreased by approximately 15 hPa
during this period. Research is currently underway to address
the mechanism by which mass changes occur over Antarctica.
In particular, the role of the katabatic wind regime is being
examined to determine whether the drainage flows have
some large-scale organization necessary to affect continen-
twide pressure fluctuations. Numerical analyses from the
European Centre for Medium Range Weather Forecasts
(EGMWF) for the entire June and July 1988 period are being
used for this study. Presumably, large changes in the surface
pressure over a broad area should be reflected in the mean
meridional circulations.

Figure 1 illustrates the zonally averaged monthly mean
surface pressure differences between July and June 1988 for
the entire Southern Hemisphere. The most pronounced pres-
sure change has taken place over Antarctica where monthly
means over the entire continent have decreased in excess of
10 hPa. Note that the surface pressure rises by up to 4 hPa to
the north of the antarctic continent at middle latitudes. It is
clear that such changes in atmospheric mass loading over
Antarctica require transports operating over a scale covering
nearly the entire Southern Hemisphere.
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Figure 2 illustrates the zonally averaged mean monthly
meridional wind components at the surface (typically 10
meters) from the mean monthly ECMWF analyses for the
months of June and July 1988. Here, positive values indicate
transport to the north away from the antarctic continent. The
lower branch of a mean meridional circulation can be readily
inferred from figure 2. Two maxima are seen in the northward
mass transport from ECMWF analyses. The first is found over
the steeply sloping coastal regions of the antarctic continent,
unquestionably tied to the katabatic wind circulation. A sec-
ond maxima is depicted over the subtropical latitudes which
is linked to the northeasterly trade wind regime, the near-sur-
face component of the large Hadley circulation. Note that the
mean meridional components over Antarctica are larger for
June than for July. This implies that the net mass transport
away from the continent is greater in June than July, a result
consistent with the observed pressure tendencies. The
ECMWF analyses clearly show that the largest meridional
transports occur near the surface. The magnitude of the zon-
ally averaged mean monthly meridional wind components
decreases rapidly with height such that by 500 hPa the wind
components have reversed. By 300 hPa, the upper branches
of the mean meridional circulation become obvious from the
ECMWF analyses. Figure 3 illustrates the zonally averaged
monthly mean meridional components at 300 hPa for June
and July 1988. The pattern is nearly a mirror image of the
lower circulations in figure 2. This implies that these merid-
ional circulations extend throughout the entire troposphere.
The magnitudes of the meridional components associated
with the upper branch are considerably less than seen near
the surface, although the vertical extent of this branch is
much greater than the lower branch.

It can be concluded from such results that the mass
transport between Antarctica and the subpolar latitudes is
controlled in large part by a meridional circulation. The kata-
batic wind regime is a significant component of the lower
branch of the meridional circulation and appears to be tied to
the prevailing large-scale conditions. The apparent close con-
nection of the continental discharge via organized katabatic
winds with the ambient environment is currently being exam-
ined using 12-hour analyses.

This research is supported in part by National Science
Foundation grants OPP 91-17202 and OPP 92-18544 to
Thomas R. Parish and OPP 92-18922 to David H. Bromwich.
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Figure 1. Zonally averaged mean surface pressure difference July and
June 1988 from ECMWF analyses.
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Modeling the coupled ocean—Katabatic wind systems
of the Antarctic

RICHARD T. MCNIDER, Department of Mathematical Sciences, University ofAlabama, Huntsville, Alabama 35899
Scorr L. G00DRIcK, Atmospheric Science Program, University ofAlabama, Huntsville, Alabama 35899

T
he wind stress distribution along the periphery of the
antarctic continent is like no other place on Earth (Gill

1982). A large easterly component near the coast is evidently
attributable to the geostrophic adjustment of the katabatic
winds driven by the cold antarctic plateau (Parish 1988). The
large curl between these topographically driven easterlies and
the strong Southern Hemispheric westerlies may have a sig-
nificant role in the upwelling and associated biological pro-
ductivity of the southern oceans. The direct downslope kata-
batic flows and their alongshore adjustment may also have
significance to polynya development, bottom-water forma-
tion, and the maintenance of the coastal currents including
the East Wind Drift (Bromwich and Kurtz 1984; Zwally,
Comisco, and Gordon 1985).

This paper reports on preliminary model studies of the
coupling between antarctic katabatic flows and the coastal
ocean. Although considerable past work in coupling large-
scale and low-order ocean/ atmosphere models has been
done, relatively less work on coupling true mesoscale multidi-
mensional models containing high-resolution boundary lay-
ers has been undertaken. The following describes a coupled
atmosphere/ ocean model which has been developed by
McNider from the frameworks of a mesoscale atmospheric
model (Pielke 1974) and a coastal ocean model (McNider and
O'Brien 1973).

The mesoscale atmospheric model is

ents which develop along the sloping topography. This is han-
dled in the current formulation by working with a perturbation
pressure formulation and analytically balancing the base-state
pressure.

The ocean model boundary layer (and free ocean)
employs either a local closure scheme based on the gradient
Richardson number (McNider and Pielke 1981) or a level-2.5
closure which includes a prognostic turbulent kinetic-energy
equation (developed by Arritt and Physick 1989). Thus, both
shear-induced and convectively induced mixing can be para-
meterized.

We report here on preliminary simulations for an ice-free
ocean including only one-way coupling. In the atmospheric
model katabatic flows developed rapidly in the first 12 hours
of simulation. Gradually, due to Coriolis deflection, a cross-
slope or alongshore component developed. For the ice-free
ocean a substantial thermal gradient developed near the
coast. The katabatic flows in the coastal area were substan-
tially enhanced leading to a secondary closed circulation. The
depth of the flow over the water was also substantially
increased due to the thermal instability over the water. The
most interesting feature is that a secondary jet in the along-
coast direction developed offshore, and the combined kata-
batic/thermal contrast wind extended beyond 200 kilometers
(km) offshore. Figure 1 shows velocity contours in the along-

a hydrostatic mesoscale model based on
an original formulation by Pielke (1974)
with subsequent reformulations and
improvements by several investigators
including Mahrer and Pielke (1977),
McNider and Pielke (1981), and Arritt and
Physick (1989).

The ocean model structure is the
same as the atmospheric model, and in
fact, most of the model code was taken
from the atmospheric mesoscale model.
Therefore, coupling the two models is
rather straightforward. The model em-
ploys a bottom topography-following
coordinate system with the upper (ocean
surface) coordinate being the ocean free
surface. This coordinate system has sever-
al numerical advantages because the
ocean surface is a coordinate surface, and
yet topography can be dealt with in a sim-
ple manner. The major disadvantage of
such a coordinate system is in dealing
with the large hydrostatic pressure gradi-
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Figure 1. Alongshore wind velocity contours from the atmospheric model after 10 days (con-
tour interval is 3 meters per second). Positive flow is from the east. (h denotes high. I denotes
low. KM denotes kilometer.)
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Figure 2. Evolution of (top) meridional and (bottom) zonal wind stress
components as a function of distance offshore. Curve A is the stress
profile after 2 days with subsequent curves at 2-day intervals through
10 days (curve E). Values are in dynes per square centimeter. (Km
denotes kilometer.)

shore direction whereas figure 2 shows the evolution of the
windstress distribution. Note the jet distribution and the sub-
stantial curl in the zonal stress distribution, both of which are
important to the ocean dynamics. This alongshore atmos-
pheric jet gradually propagated offshore.

For the case of the ice-free ocean, the ocean model was
run using the windstress produced by the atmospheric model.
Although the early direct offshore component initially drove a
weak near-surface flow offshore, the ocean responded primar-
ily to the alongshore atmospheric component. This along-
shore wind stress led to an onshore flow in the surface layer of
the ocean. In the first few days of the simulation, because of
the jet structure in the alongshore direction, wind stress curl

320.4

too

60	120	180	240	300
KM

Figure 3. Alongshore velocity contours in the ocean model after 10
days of forcing by the katabatic winds (contour interval is 2 centime-
ters per second). Positive flow is from the east. (M denotes meter. KM
denotes kilometer.)

and boundary effects led to downwelling in the ocean shore-
ward of approximately 100 km and upwelling from 100-300
km offshore. The sea surface slope actually sloped upward to
the coast due to the shoreward Ekman transport. This led to an
alongshore current which evidently corresponds to the East
Wind Drift (see figure 3.) Later as the alongshore stress maxi-
mum propagated offshore, a more complicated flow pattern
was produced with offshore flow returning near the coast and
associated upweffing at the coast.

This research was supported by the National Science
Foundation grant ATM 91-20321 and by the National Institute
for Global Environmental Change Southeast Center (Depart-
ment of Energy Cooperative Agreement DE-FCO3-90ER61010).
Financial support does not represent endorsement by the
Department of Energy of the views expressed in this article.
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Figure 1. Cloud cover (isopleths; unit: tenths) analysis derived from the National Oceanic and Atmos-
pheric Administration's AVHRR images. Dashed line marks the crest of the terrain.

Satellite investigation of spring cloud cover in West Antarctica
ZH0NG Liu and DAVID H. BR0MwECH, Polar Meteorology Group, Byrd Polar Research Center and Atmospheric Sciences

Program, Ohio State University, Columbus, Ohio 43210

N
umerical studies (Parish and Bromwich 1986, 1987, 1991;
Parish, Pettre, and Wendler 1993; Gallée and Schayes

1994; Hines, Bromwich, and Parish in press) have shown that
katabatic winds are the most significant climatological feature
of the boundary layer over Antarctica. The model results indi-
cate that confluence zones may be numerous over the antarc-
tic continent, where cold air drainage currents from a large
interior area converge. The resulting enhanced reservoirs of
cold air feed coastal katabatic winds, so those winds become
stronger and more persistent. The summer streamline simu-
lation by Parish and Bromwich (1986) shows that the Siple
Coast area, West Antarctica, should have a confluence zone.
In comparison to the confluence zones of East Antarctica, the
Siple Coast confluence zone offers a very different dynamic
setting. First, terrain slopes are steeper in the interior than
near the margins, and this leads to convergence of the airflow
where terrain slopes become gentler rather than steeper. Sec-
ond, the comparatively low eleva-
tion of West Antarctica allows the
effects of synoptic disturbances to
penetrate deep into the ice-sheet
interior. This, in combination with
relatively gentle terrain slopes, may
mean that Siple Coast winds are
more affected by synoptic forcing
than east antarctic drainage flows.
Third, the annual-mean potential
temperature along the snow sur-
face increases strongly with eleva-
tion (Radok 1973, pp. 67-100). By
contrast, in East Antarctica, the
potential temperature decreases
with elevation. This marked differ-
ence appears to imply very differ-
ent atmospheric dynamics in the
two areas (Radok 1973, pp. 67-100;
Kodama and Wendler 1986;
Stearns and Wendler 1988).

Analysis from the 1984-1985
and 1985-1986 austral summer
observations (Bromwich 1986)
taken at three temporary camps
confirms the existence of the Siple
Coast confluence zone. In 1992, the
Polar Meteorology Group from the
Byrd Polar Research Center
deployed a four-member field
team to the Siple Coast area. The
team stayed for 1 month to study
the springtime katabatic wind con-

fluence zone (Bromwich and Liu in preparation). In addition
to making conventional observations, the research team used
state-of-the-art, ground-based remote-sensing equipment
[i.e., sonic detecting and ranging (sodar) and radio acoustic
sounding system (RASS) equipment]. The study shows that
synoptic forcing indeed plays an important role in the kata-
batic wind regime. For example, the study found that the
warmer west antarctic drainage flow overlies the cooler
drainage flow from East Antarctica. To further explore the
synoptic forcing in West Antarctica, cloud investigation is
needed.

Cloud analysis was performed based on the surface
observations from the manned stations during the 1992 field
program (details can be found in Bromwich and Liu in prepa-
ration) and satellite images. The four manned stations, Byrd
(NBY), CASERTZ (CTZ), Upstream B (UPB), and South (STH)
Camps are marked in figure 1. Cloud observations, including
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cloud cover and cloud types, were made by U.S. Navy meteo-
rological staff except those at South Camp. The observations
were taken at different hours during the day; 0900 local stan-
dard time (LST) and 2100 LST are the hours when the most
data were available and, therefore, are the times used.
Advanced very-high-resolution radiometer (AVHRR) images
from the National Oceanic and Atmospheric Administration's
polar orbiting meteorological satellites (Van Woert et al. 1992)
provide additional information on cloud distribution and
cloud types over all of West Antarctica. Unfortunately, only
the receiving system at McMurdo Station was functional dur-
ing the field season [the other is located at Palmer Station
(65°S 64°W)], so the satellite imagery offers better coverage in
the western part of West Antarctica than in the eastern part.
The satellite images of 1.1 -kilometer resolution at nadir were
processed on a workstation using the Terascan Software
Package developed by SeaSpace.

Averages of total cloud cover for Byrd, CASERTZ,
Upstream B, and South Camps, calculated from the surface
observations, are 6/10, 4/10, 4/10, and 3/10 at 0900 LST and
6/10, 5/10, 3/10, and 3/10 at 2100 LST. These averages reveal
that cloud distribution is uneven along the sloping terrain
and basically decreases from north to south and from east to
west. The frequency of cloud types (table 1) shows that mid-
dle and high clouds are the dominant types at Byrd and
CASERTZ with a slightly higher frequency of middle clouds. A
similar situation is also found at Upstream B and South
Camps, except that high clouds appear more frequently than
middle clouds. Notice that the frequencies at Byrd Camp are
nearly identical to those at CASERTZ Camp (table 1); the same
situation also occurs at Upstream B and South Camps.

Broad-scale analysis has been conducted using the
AVHRR images. Images at 0900 LST and 2100 LST were also
used for the analysis. Availability of the images ranges from 8
to 75 percent of the possible total between 7 November and 8
December 1992. The availability of the images decreases from
west to east. At least 50 percent of images are available along
and to the west of a line from 75°S 125°W to 85°S 95°W. Figure
1 shows the isopleths of averaged total cloud cover over West
Antarctica. First, the results are quite consistent with the
analysis based on the surface observations. For example, both
average total cloud covers from the satellite images at
Upstream B and South Camps are between 3/10 and 4/10;
those averages are quite close to the surface observations.
Second, cloud cover decreases from Ellsworth Land to Siple
Coast—namely, it decreases from north to south and from
east to west. This agrees well with the surface observations.
Third, a strong gradient is present just to the southwest of the
crest (dashed line in figure 1). Similar cloud classifications
were performed on the satellite images. The region where the
cloud cover analysis was performed is subdivided into five
areas (figure 2). Each of these areas represents different total
cloud cover. For example, area III has small cloud amounts.
Table 2 shows the frequencies of the classifications. In gener-
al, the frequencies of middle and high clouds greatly outnum-
ber those of low clouds. This agrees with the surface observa-
tions. Notice the frequency discrepancies of cloud types

Table 1. Frequencies (number of cloud observations of a
type are divided by the total number cloud observations;
unit: percentage) of cloud types reported in surface
observations

Byrd Camp	 39	41	 20
CASERTZ Camp	38	41	 21
Upstream B Camp	45	35	 20
South Camp	46	34	 20

aEstimated height of base above the surface is less than 1,524
meters (5,000 feet).
bEstimated height of base above the surface is 1,524-3,048
meters (5,000-10,000 feet).
CEstimated height of base above the surface is greater than 3,048
meters (10,000 feet).

Table 2. Same as table 1 except that the cloud types were
derived from the National Oceanic and Atmospheric
Administration's AVHRR satellite images (channels 1
and 4)

Areal	 41	 50	 9
Area II	 50	50	 0
Area III	 34	56	 10
Area IV	 47	44	 9
Area 	 57	43	 0

between the surface and satellite observations. Many factors
can contribute to these discrepancies. For example, obscura-
tion by middle clouds on satellite images may contribute to
the lower frequency of low clouds. A similar situation may
occur with surface observations of high clouds.

Comparison between the cloud-cover distribution (fig-
ure 1) and annual snow accumulation map for Antarctica
(Giovinetto and Bentley 1985, not shown) shows good agree-
ment. Rubin and Giovinetto (1962) calculated 1,958 moisture
fluxes and lifted condensation levels at 850 hectopascals
(hPa) and 700 hPa for Ellsworth and Little America, located to
the east and west, respectively, of the ice sheet, and at 700
hPa for Byrd Station. When these data were considered in
relation to the topography, the decrease in annual snowfall
over West Antarctica from east to west and from north to
south was explained. Bromwich (1988) presented a thorough
review and discussion of this topic. Combining the current
cloud analysis and related discussion leads to the conclusion
that synoptic forcing is indeed a significant factor influencing
the katabatic wind regime in West Antarctica. Poleward-
moving and warm, moist maritime air masses bring in mois-
ture in the form of clouds and precipitation. A heat balance
study in East Antarctica shows that a more positive radiation
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Figure 2. Areas where cloud classifications were performed.

budget accompanies increased cloudiness (Wendler,
Ishikawa, and Kodama 1988). Therefore, warmer surface
temperatures result from more clouds. The revealed differen-
tial cloud distribution affects the distribution of the surface
temperatures, which in turn affect the structure of the
drainage flow.
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Influence of synoptic-scale cyclones on summer surface winds
in the Siple Coast confluence zone, West Antarctica

YANG Du and DAVID H. BROMWICH, Polar Meteorology Group, Byrd Polar Research Center and Atmospheric Sciences Program,
Ohio State University, Columbus, Ohio 43210

THOMAS R. PARISH, Department ofAtmospheric Science, University of Wyoming, Laramie, Wyoming 82071

O
ne of the most marked confluence zones around the con-
tinental periphery of Antarctica is located over the Siple

Coast area of West Antarctica (Bromwich 1986; Parish and
Bromwich 1986, 1987). Unlike other coastal parts of the ice
sheets, the slope over Siple Coast is gentler than that in the
interior. Bromwich (1986) confirmed the existence of the con-
fluence zone by analyzing wind observations from three
strategically located sites. Further studies showed that airflow
from the Siple Coast confluence zone, when supported by an
appropriate regional pressure gradient, sometimes can travel
for a great distance across the flat Ross Ice Shelf bordering the
Transantarctic Mountains; this airflow constitutes the so-
called katabatic surges. This is observed on wintertime ther-
mal infrared satellite images and has a significant impact on
the size of the prominent polynya along the northwestern
edge of the Ross Ice Shelf (Bromwich, Carrasco, and Stearns
1992; Bromwich et al. 1993).

This model study focuses on the influence of synoptic
forcing on the summertime windfield within the Siple Coast
confluence zone. The model employed to simulate the
antarctic surface winds is a three-dimensional hydrostatic
mesoscale primitive equation model (Parish and Waight
1987) adapted from Anthes and Warner (1978). Detailed
description of the model system can be found in Parish and
Waight (1987). The model has 11 terrain-following modified
sigma levels which are irregularly spaced (o=0.998, 0.996,
0.99, 0.98, 0.965, 0.93, 0.9, 0.8, 0.6, 0.35, 0.1). The first sigma
level corresponds approximately to a height of 10 meters (m)
above the ice surface. The model domain consists of 160x160
grid points at a horizontal resolution of 20 kilometers (km).
The snow-surface reflectivity for the Siple Coast area is
expressed such that the albedo over Siple Coast is a function
of local solar time. To study the sensitivity of the windfield in
the Siple Coast confluence zone to synoptic scale pressure
gradients, two numerical simulations are presented. The first
simulation starts from a state of rest; geostrophic winds were
set to zero for the entire model domain. It simulates the mid-
summer windfield with the solar declination (ô) equal to -20°,
corresponding approximately to 22 November. The second
run is the same as the first run but starts from a prescribed
pressure gradient associated with katabatic surges across the
Ross Ice Shelf and taken from Bromwich et al. (1992). To
ensure that the diurnal cycle was well established, 72-hour
integrations were conducted. The diurnal cycle was approxi-
mately steady after 24 hours, and thus only results from the
last diurnal cycle are displayed.

Figure 1A shows the development of the simulated kata-
batic wind speeds at sigma level 1 for the first run along a tran-

sect over Siple Coast where temporary camps were set up dur-
ing the 1992-1993 austral summer. In the north (left side), the
wind speed displays a clear diurnal cycle. The strongest wind
is found at 7:00 a.m. local solar time (LST) or so, and the weak-
est wind appears at 7:00-8:00 p.m. In the southern part of the
transect (right side), the diurnal variation of the wind speed is
also clearly shown. The maximum wind speed occurs at
4:00-5:00 a.m. and the minimum at 5:00 p.m. Note the steady

Diurnal variation of wind speed
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Figure 1. A. The simulated distribution of diurnally varying wind speed
(m s- 1 ) at sigma level one from the first run along the transect dis-
cussed in the text. B. Cross section of wind speed from run 1 for
nighttime (0500 LST). C. The same as in B, but for daytime (1700 LST).
[V (m/s) denotes velocity in meters per second.]
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increase in wind speed from north to south. The increase has
been linked to the prominent confluence zone (Parish and
Bromwich 1986; Bromwich 1986). The diurnal cycles of wind
speed and air temperature (not shown) are closely linked with
the extreme winds appearing approximately 2 hours after the
extreme snow-surface temperatures. This 2-hour lag is related
to the turbulent transfer of momentum. Although the wind
features along the transect are similar to a previous study (Du
and Bromwich 1993) in which a coarser horizontal resolution
was used, the differing lag between the extreme temperatures
and wind speeds along the transect and the spatially irregular
diurnal wind cycle in the northern part of the transect were
not clearly obtained in the earlier study (see Du and Bromwich
1993, figure 1). The lack of clear definition in the previous
study illustrates the importance of the finer horizontal resolu-
tion (probably vertical resolution also) in revealing the
detailed behavior of the windfleld within the Siple Coast con-
fluence zone. Bromwich (1986) noted that terrain features of
various spatial scales are present in this area.

The vertical structure of the windfield along the transect
demonstrates that the nighttime wind regime is katabatic (fig-
ure 1B). A thin layer of strong wind is formed near the surface.
A maximum wind zone is found at the far southern end of the
transect at a height of about 100 m. This structure is similar to
the winter investigation by Bromwich, Du, and Parish (1994).
During daytime (figure 1C), the windfield changes with the
maximum wind zone retreating slightly southward, but the
height of the maximum wind remains almost unchanged. The
wind shear is weaker, and the wind speed decreases, especial-
ly in the lowest few hundred meters. At higher altitudes, the
wind structure is hardly affected. The strong wind in the con-
fluence zone is probably also caused by the blocking effect of
the Transantarctic Mountains. As cold air reaches the steep
mountains, it piles up against them, resulting in a zone of
stronger winds.

It is well known that on climatic maps a sea-level low-
pressure area is located over the southern Amundsen Sea (e.g.,
Schwerdtfeger 1984). Mesoscale analysis over the Siple Coast
area (Bromwich et al. 1992) suggests that northeast migration
and intensification of this low has a major impact on the kata-
batic winds blowing across Siple Coast. Figure 2A shows the
wind speed from the second simulation along the same tran-
sect as in figure 1A. Compared to run 1, the impact of solar
radiation on the diurnal variation of wind speed along the
transect is significantly reduced; great impact of the synoptic
forcing is evident. The range of the diurnal wind speed varia-
tion barely exceeds 1 meter per second (m s.1) (compared to 2
m -1 in run 1). As expected, the maximum wind speed is
found at the southern end of the transect—the end associated
with the confluence zone—and the minimum in the north.
The timing of the extreme wind speeds is different from run 1.
The strongest winds in the southern part of the transect, such
as at South Camp, appear in the early morning and the weak-
est at 4:00 p.m. The phase of the diurnal speed variation is
about 1 hour earlier than run 1. Around Upstream B, a poorly
defined maximum speed occurs at noon. It can be seen that
the wind speed is significantly affected by the small migration
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Figure 2. The same as in figure 1 but for run 2.

of the cyclone over the southern Amundsen Sea. The wind
speed is stronger throughout the course of the model day.

Figures 2B and 2C show the vertical wind profiles along
the transect for nighttime (B) and daytime (Q. A maximum
wind zone centered in the south and projecting toward the
north exists at both times. In the south, the height of the max-
imum is located at about 200 m throughout the model day,
whereas in the north the height of the maximum increases
from 100 m during the night to 200 m during the day. The
increase is due to the stronger vertical mixing at the surface in
the north, resulting from stronger daytime insolation. The rel-
atively stable wind regime in the south is due to its location
being embedded in the strong confluence zone and to the
smaller diurnal variation of the solar radiation. The effect of
the terrain slope may also play an important role in shaping
the wind regime. The winds closer to the steep Transantarctic
Mountains are stronger. It can be seen that the strong winds
are located in the lowest 400 m of the atmosphere. The solar
radiation has a greater influence on the altitude of the wind
speed maximum in the north than in the south. It is noted
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that a weak maximum wind speed appears at 600-700 m. Tra-
jectory analyses (not shown) reveal that air parcels travel
much faster in run 2 than in run 1, especially over the Siple
Coast area. The cyclones over the southern Amundsen Sea
have a great impact on the surface winds within the Siple
Coast confluence zone. With the assistance of the cyclone, the
wind speeds are nearly double those in run 1. Studies
(Bromwich et al. 1992, for example) have shown a close rela-
tionship between the strong winds over Siple Coast and the
cyclonic activity over the Amundsen Sea.

Figure 3 shows the 0500 LST temperature structures
along the same transect as in figure 1 for the first run (A) and
the second run A. Because of the differing initial conditions,
we here concentrate on the overall patterns within the lowest
few hundreds meters above the ground instead of looking at
the specific temperature values. In figure 3A the inversion
depth is 400-500 m in the north and 500-600 m in the south.
The greater depth in the south suggests the impacts of vertical
mixing and blocking. For run 2 in figure 3B, the depth is quite
uniform along the transect but resides 100-200 m higher. The
fairly well-mixed layer in lowest 200-300 m in the south is
associated with the strong surface winds as shown in figure 2.

This research was supported by National Science Foun-
dation grants OPP 89-16921 and OPP 92-18949 to D.H.
Bromwich.

References

Anthes, R.A., and T.T. Warner. 1978. Development of hydrodynamic
models suitable for air pollution and other mesometeorological
studies. Monthly Weather Review, 106(8), 1045-1078.

Bromwich, D.H. 1986. Surface winds in West Antarctica. Antarctic
Journal of the U.S., 21(5), 235-237.

Bromwich, D.H., J.F. Carrasco, Z. Liu, and R.-Y. Tzeng. 1993. Hemi-
spheric atmospheric variations and oceanographic impacts asso-
ciated with katabatic surges across the Ross Ice Shelf, Antarctica.
Journal of Geophysical Research, 98(D7), 13045-13062.

Bromwich, D.H., J.F. Carrasco, and C.R. Stearns. 1992. Satellite obser-
vations of katabatic wind propagation for great distances across
the Ross Ice Shelf. Monthly Weather Review, 120(9), 1940-1949.

Bromwich, D.H., Y. Du, and T.R. Parish. 1994. Numerical simulation
of winter katabatic winds from West Antarctica crossing Siple

Coast and the Ross Ice Shelf, Monthly Weather Review, 122(7),

Figure 3. Temperature field along the transect as in figure 1. A. For run
1.B. For run 2.

1417-1435.
Du, Y., and D.H. Bromwich. 1993. Summer surface winds in the Siple

Coast confluence zone, West Antarctica. Antarctic Journal of the
U.S., 28(5), 280-282.

Parish, T.R., and D.H. Bromwich. 1986. The inversion wind pattern
over West Antarctica. Monthly Weather Review, 114(5), 849-860.

Parish, T.R., and D.H. Bromwich. 1987. The surface windfield over the
antarctic ice sheets. Nature, 328(6125), 51-54.

Parish, T.R., and K.T. Waight. 1987. The forcing of antarctic katabatic
winds, Monthly Weather Review, 115(10), 2214-2226.

Schwerdtfeger, W. 1984. Weather and climate of the Antarctic. Amster-
dam: Elsevier Science Publishers.

A survey of mesoscale cyclonic activity near McMurdo Station,
Antarctica

JORGE F. CARRASCO and DAVID H. BR0MWICH, Polar Meteorology Group, Byrd Polar Research Center and Atmospheric Sciences
Program, Ohio State University, Columbus, Ohio 43210.

T
he synoptic-scale climatology shows that a surface
cyclonic circulation prevails over the Ross Ice Shelf/Ross

Sea region throughout the year (e.g., Schwerdtfeger 1984).
This is associated with synoptic-scale storms which often
decay near and over Marie Byrd Land (e.g., Taljaard 1972, pp.
139-213; Carleton 1992) and which, on average, result in the

quasistationary low-pressure center near the Amundsen Sea.
With the deployment of automatic weather stations (AWSs)
over the Ross Ice Shelf and Victoria Land (Stearns and
Wendler 1988; Stearns et al. 1993, pp. 1-22), the annual aver-
age sea-level pressure field over this region has been
described in greater detail [see figure 1A adapted from
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Figure 1. A. Annual average sea-level pressure and isentropic (°C) field for 1985 (adapted from Bromwich
1991). Some main geographical locations are indicated. B-D. Examples of mesoscale cyclonic circulation
type 1, type 2, and type 3, respectively (see text). Solid lines are isobars (hectopascals) and dashed lines
are surface isotherms (°C). Numbers identify AWS sites. Also plotted are the AWS wind directions and wind
speeds. x indicates no wind data available.

Bromwich (1991), also see Bromwich et al. (1993, PP . 47-68)].	The streamline analysis of the prevailing surface winds
Thus, the annual average AWS pressure analysis distinguishes	around Ross Island (Sinclair 1982; Steams and Weidner 1990)
two mesoscale troughs over the southwestern corner of the	indicates that the area is often affected by relatively cold
Ross Sea: one extending southward to the Ross Island and	southerly winds. This regime is caused by the following:
Minna Bluff area and the other extending westward (inland)	• the katabatic airstreams coming from Skelton, Mulock, and
over the Terra Nova Bay/Nansen Ice Sheet region (Bromwich	Byrd Glaciers (Liu and Bromwich 1993a), sometimes
et al. 1993, Pp. 47-68). on the other hand, a mesoscale anticy-	accompanied by katabatic airflow from southern Marie
clonic circulation (ridge) prevails to the south and northeast	Byrd Land (e.g., Bromwich, Carrasco, and Stearns 1992),
of Minna Bluff and another weaker one just to the north of	• the damming effect of the Transantarctic Mountains
McMurdo Sound, in between the above-mentioned	(along the west coast of the Ross Ice Shelf) upon cold sta-
mesoscale troughs.	 ble boundary layer air initially moving westward that
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results in barrier wind formation (Schwerdtfeger
1984; O'Connor, Bromwich, and Carrasco 1994);
and

• the presence of a synoptic- or subsynoptic- scale
cyclone over the central part of the Ross Ice Shelf
(Schwerdtfeger 1984).

More specifically, the prevailing northeasterly wind
blowing along the east side of the Hut Point Peninsu-
la is primarily due to the damming effect of Ross
Island upon the cold southerly boundary layer air-
flow (Schwerdtfeger 1984; Liu and Bromwich 1993a).	Janu3

Febru
This prevailing wind regime can, sometimes, break
down due to the development of a mesoscale
cyclonic circulation associated with synoptic- or sub-
synoptic-scale cyclonic activity that either takes place	June
over the southwestern Ross Sea or near Byrd Glacier.
During a 1-month field campaign in 1991, it was
noted that most of the northwest wind events were
associated with adverse weather conditions (Liu and
Bromwich 1993a,b) at Williams Field (figure 1A), sug-
gesting that the development of a mesoscale trough
near McMurdo Station can set up conditions for	Total
advection of moister and warmer air from the south-
western Ross Sea into McMurdo Sound and then
onto the northwestern corner of the Ross Ice Shelf.

Here, we present the results of a survey of the
mesoscale cyclonic circulation affecting the north-
western side of Ross Ice Shelf, specifically the area
between Ross Island and Minna Bluff. It is based on the 2-
year (February 1984 to December 1985), twice-a-day (0000
and 1200 universal time coordinated) mesoscale sea-level
pressure analyses constructed by Bromwich (1991). During
this period, a good array of AWS was deployed over the north-
western side of the Ross Ice Shelf (Savage et al. 1985; Sievers,
Weidner, and Stearns 1986), providing data for a detailed
analysis of the pressure field for both years. To investigate the
mesoscale cyclonic circulations that affect the area, three
types of mesoscale cyclonic features were identified accord-
ing to the pressure field analyses.
• Type 1: a mesoscale trough was resolved over the area

which extended southward from the western Ross Sea.
• Type 2: a mesoscale trough was resolved over the area

which extended northward from south of Minna Bluff.
• Type 3: the pressure analysis resolved a closed circulation

(mesoscale low) centered over the area.
Figure 1B—D shows an example of each of the types. Each type
was counted any time that they were resolved by sea-level
pressure analyses. When they appeared on more than one
consecutive chart, they were counted as a single event. To
estimate the duration of the events, it was assumed that one
analysis represents the average local conditions within ±6
hours of the actual analysis time. Therefore, if the mesoscale
cyclonic trough (or mesoscale low) was observed on one (two
consecutive charts) analysis, it had a duration of 12 hours (24
hours).

The table summarizes the results of the survey, and figure
2 shows the annual average duration of each type. Overall,

6	0	1	6	1	0
1	2	1	4	3	2
3	0	0	6	3	0

4	0	0	5	8	1
5	4	1	7	6	0
3	3	0	6	3	0

2	2	1	4	1
2	0	0	6	5
0	4	0	1	0

37	17	5	57	44

about 11 percent and 25 percent of the time in 1984 and 1985,
respectively, the area was affected by either type, and about 79
percent and 59 percent of all these events (including all types)
had a duration of 12 hours in 1984 and 1985, respectively.
Comparison between both years shows that a higher frequen-
cy of mesoscale cyclonic circulations (all types) affected the
area during 1985 than 1984. Also, a higher fraction of the
events lasted 24 or more hours in 1985 than in 1984 (figure 2).
The large-scale annual-average circulation for each year
reveals a deeper circumpolar trough (especially to the north-
east of the Ross Sea) and polar vortex at 500 hectopascals dur-
ing 1985 than in 1984, an indication of greater and/or more
intense synoptic-scale cyclonic activity around Antarctica dur-
ing 1985. This suggests that the larger number of events in

%
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Figure 2. Distribution of durations of the mesoscale cyclonic circula-
tions affecting the Ross Island and Minna Bluff area in 1984 and 1985.

Survey of mesoscale cyclonic circulation affecting the area between
Ross Island and Minna Bluff during 1984 and 1985, based on twice
a day AWS regional sea-level pressure analyses (Bromwich 1991).
(Dash denotes no data.)
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aTrough over the area extended southward from the western Ross Sea
region.
bTrough over the area extended northward from south of Minna Bluff.
CMesoscale cyclone.
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1985, as well as more events lasting 24 or more hours, was
associated with the more favorable large-scale conditions over
the Ross Sea/Ross Ice Shelf area. The table illustrates that in
both years type 1 is the prevailing mesoscale cyclonic circula-
tion over the area [63 percent and 53 percent of the total
events in 1984 and 1985 (59 and 108), respectively]. No marked
seasonal preference was revealed by the results, and only 5
and 7 mesoscale lows were resolved in 1984 and 1985, respec-
tively, 11 of them with a duration of 12 hours.

In another study, O'Connor et al. (1994) found fewer bar-
rier wind events in 1985 than 1984. They used the same analy-
ses to investigate barrier wind occurrence along the
Transantarctic Mountains near Ross Island. In their survey,
the pressure field required for barrier wind events was
geostrophic winds directed toward the Transantarctic Moun-
tains at a large angle. The cyclonic circulations that define all
the types considered here are somewhat opposite and do not
necessarily support barrier winds. Thus, an increase of
mesoscale cyclonic activity between Ross Island and Minna
Bluff can result in fewer barrier wind events in this area.
Therefore, the results found here and those in O'Connor et al.
(1994) complement each other.

The ratio of type 2 to type 1 was also higher in 1985 than
in 1984. This can be an indication of what Bromwich (1991)
found in his mesoscale cyclone survey near Terra Nova Bay
and Byrd Glacier during 1985. According to his definition of a
significant mesoscale cyclone (a cyclone enclosed by two or
more isobars as resolved by the AWS analysis), about half of
the mesoscale cyclones that formed near Byrd Glacier became
significant; that calculation was slightly higher than the frac-
tion near Terra Nova Bay. Unfortunately, because of the lack
of data near Byrd Glacier during 1984, no formal mesoscale
cyclone survey was conducted in this area for 1984, although
little activity was suggested. More significant mesoscale
cyclones developing near Byrd Glacier in 1985 could lead to
an increase of type 2 events and to fewer barrier wind events.
It should be mentioned that the annual average sea level
mesoscale trough resolved over the Ross Island/Minna Bluff
area (figure 1A; Bromwich 1991) in 1985 is probably the result
of higher frequency of southward projection of troughs devel -
oping over southwestern Ross Sea and the northeastward
extension of the mesoscale ridge that usually is present near
Byrd Glacier.

In summary, the mesoscale cyclonic circulation near
McMurdo Station seems to be associated either with a south -
ward or northward propagation of a subsynoptic- scale sur-
face trough that respectively develops either over the south-
western Ross Sea or near Byrd Glacier. These troughs are,
sometimes, linked to a mesoscale cyclone present near Terra
Nova Bay or Byrd Glacier. The interannual variability is a con-
sequence of the interannual variability of the large-scale pat-
tern. The latter was also found to be associated with the num-
ber of significant mesoscale cyclones forming and/or devel -
oping both north and south of the Ross Island/Minna Bluff
area (Carrasco and Bromwich 1994), and may suggest some

linkage between the development of significant mesoscale
cyclones and mesoscale troughs over the area.

This research was supported by National Science Foun-
dation grant OPP 91-17448 to David H. Bromwich.

References

Bromwich, D.H. 1991. Mesoscale cyclogenesis over the southwestern
Ross Sea linked to strong katabatic winds. Monthly Weather
Review, 119(7),1735-1752.

Bromwich, D.H., J.F. Carrasco, and C.R. Stearns. 1992. Satellite obser-
vations of katabatic-wind propagation for great distances across
the Ross Ice Shelf. Monthly Weather Review, 120(9), 1940-1949.

Bromwich, D.H., T.R. Parish, A. Pellegrini, C.R. Stearns, and G. Weid-
ner. 1993. Spatial and temporal characteristics of the intense kata-
batic winds at Terra Nova Bay, Antarctica. In D.H. Bromwich and
C.R. Stearns (Eds.), Antarctic meteorology and climatology: Studies
based on automatic weather stations (Antarctic Research Series,
Vol. 61). Washington, D.C.: American Geophysical Union.

Carleton, A.M. 1992. Synoptic interactions between Antarctica and
lower latitudes. Australian Meteorological Magazine, 40(3),
129-147.

Carrasco, J.F., and D.H. Bromwich. 1994. Climatological aspects of
mesoscale cyclogenesis over the Ross Sea and Ross Ice Shelf
regions of Antarctica. Monthly Weather Review, 122(11),
2405-2425.

Liu, Z., and D.H. Bromwich, 1993a. Acoustic remote sensing of plane-
tary boundary layer dynamics near Ross Island, Antarctica. Jour-
nal ofApplied Meteorology, 32(12), 1867-1882.

Liu, Z., and D.H. Bromwich, 1993b. A northwesterly wind event near
Ross Island. Antarctic Journal of U.S., 28(5), 288-291.

O'Connor, W.P., D.H. Bromwich, and J.F. Carrasco. 1994. Cyclonically
forced barrier winds along the Transantarctic Mountains near
Ross Island. Monthly Weather Review, 122(1), 138-150.

Savage, M.L., C.R. Stearns, G. Weidner and D. Fleming. 1985. Antarc-
tic automatic weather station data for the calendar year 1984.
Department of Meteorology, University of Wisconsin-Madison,
243 pp. [Available from the Department of Atmospheric and
Oceanic Sciences, 1225W. Dayton St., Madison, WI 537061.

Schwerdtfeger, W. 1984. Weather and climate of the Antarctic. Ams-
terdam: Elsevier.

Sievers, M.G., G.A. Weidner, and C.R. Stearns. 1986. Antarctic auto-
matic weather station data for the calendar year 1985. Department
of Meteorology, University of Wisconsin-Madison, 254 pp. [Avail-
able from the Department of Atmospheric and Oceanic Sciences,
1225W. Dayton St., Madison, WI 53706].

Sinclair, M.R. 1982. Weather observations in the Ross Island area,
Antarctica. New Zealand Meteorological Service, Technical Note
number 253, 36 pp. [Available from the Director, New Zealand
Meteorological Service, P.O. Box 722, Wellington, New Zealand].

Stearns, C.R., L.M. Keller, G.A. Weidner, and M. Sievers. 1993. Month-
ly mean climatic data for antarctic automatic weather stations. In
D.H. Bromwich and C.R. Stearns (Eds.), Antarctic meteorology and
climatology: Studies based on automatic weather stations (Antarc-
tic Research Series, Vol. 61). Washington, D.C.: American Geo-
physical Union.

Stearns, C.R., and G.A. Weidner. 1990. Wind speed events and wind
direction at Pegasus site during 1989. Antarctic Journal of U.S.,
25(5), 258-262.

Stearns, C.R., and G. Wendler. 1988. Research results from antarctic
automatic weather stations. Review of Geophysics, 26(1), 45-61.

Taljaard, J.J. 1972. Synoptic meteorology of the Southern Hemi-
sphere. Meteorology of the Southern Hemisphere (Meteorological
Monograph, No. 13). Boston: American Meteorological Society.

ANTARCTIC JOURNAL - REVIEW 1994

301



Studies of variability in the troposphere and atmospheric
boundary layer over the South Pole: 1993 experimental

design and preliminary results
W.D. NEFF, National Oceanic and Atmospheric Administration/Environmental Technology Laboratory, Boulder, Colorado 80303

T
he classic treatment of boundary layer winds over the
interior of Antarctica invokes a picture of quasisteady,

gravity-driven flows arising from the radiative cooling of the
gently sloping ice surface, modified by coriolis and frictional
effects (Parish 1982; Schwerdtfeger 1984; Parish and Brom-
wich 1991). Observations from acoustic sounders that mea-
sure boundary layer turbulence and wind, however, suggest
a more complicated picture of boundary layer structure,
including the surface-based inversion at the South Pole (Neff
1980, 1986). This picture reveals the importance of winds
aloft and the time history of the radiative balance and turbu-
lent heat transfer at the surface, both of which are governed
in large part by the mean and transitory aspects of the syn-
optic flow (Neff 1992). Recently, Stone and Kahl (1991) docu-
mented the influence of cloud cover during transitory
weather disturbances on the surface energy budget and the
relation of certain upper-level pressure anomalies to the
occurrence of upsiope transport of moisture at the South
Pole. Furthermore, results of Dutton et al. (1991) show an
increase in average sky cover at the South Pole in the 1980s,
during the months of January through March. Such an
increase, through its effect on the surface energy budget,
should be revealed in the characteristics of the inversion

winds over the interior of Antarctica. These past studies,
however, have been characterized by a variety of instrumen-
tal limitations including
• rawinsondes launched only once a day during the winter

despite evidence of more rapid changes in the atmosphere
aloft,

• sodars with a limited range of 100 to 400 meters (m) above
the ground (AGL), unable to see above the boundary layer,
particularly during warming events,

• no direct near-surface turbulence measurements, and
• no synoptic scale data.
The design of our 1993 field program sought to overcome
some of these limitations using additional in situ instruments,
including an array of automatic weather stations 100 kilome-
ters (km) from the Pole, as described by Carroll (Antarctic
Journal, in this issue) and through the testing of low-cost 915-
megahertz (MHz) radar wind profiler technology (e.g., Neff
1994) for the first time in Antarctica.

The wind profiler was installed in November 1992, south-
east of the clean air facility (CAF) at the South Pole Station
(figure 1). It consisted of five 2-m by 2-rn flat-plate radar
antennas with clutter screens, one oriented horizontally and
four equally tilted in orthogonal directions. Four acoustic

I..
p

f-.

.---	 .--

:

Figure 1. Initial installation of the wind profiler near South Pole Station's clean air facility (OAF). Later in January 1993,
a doppler sodar was installed on the roof of the CAF. (Photo courtesy of Jesse Leach).
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sources were located within the array of radar antennas: these
were part of a radio acoustic sounding system (RASS; e.g.,
Neff 1994). The remaining instrumentation was installed in
January 1993, including a two-axis doppler sodar (located on
the roof of the CAF), four microbarographs located radially
about 100 m from the CAF, and a sonic anemometer 3 m AGL
on the walk-up meteorological tower.

The operation of the wind profiler depended significantly
on the presence of moisture, which provides the radio refrac-
tive index fluctuations from which the radio waves scatter. By
measuring the doppler shift of the signals along each radial
beam, the vertical and horizontal components of the wind
could then be determined every few minutes. As expected, the
profiler worked well during warming events, with winds
measured reliably to heights of 1.5 to 2.0 km AGL. This
occurred because moisture associated with clouds and ice
crystal falls provided relatively strong radar signals during
warming events. During clear, cold, and generally calm condi-
tions, however, little return was seen because these cooling
events are generally associated with the movement of cold,
dry air from the interior over the pole. The doppler sodar,
however, because of its sensitivity to strong temperature
inversions, provided an effective characterization of winds in
the boundary layer, which typically extends from 50 m to 200
m AGL. Currently, our efforts are focused on the evaluation of
profiler and sodar performance through comparisons such as
that shown in figure 2 for julian day 340 of 1993. In this case,
extensive cloud cover was present and the radar performed
well as compared with both the doppler sodar and rawin-
sonde. Figure 3 characterizes temperature as a function of
height and time for this period using twice-a-day rawinsonde
data. Julian day 340 corresponds to the beginning of a multi-
day warming episode (figure 3) correlated with increased
winds from the direction of the Weddell Sea. In this case, the
frontal passage occurred sometime during the 12-hour inter-
val between soundings. Events such as these will be the focus
for analyses using the high-time-resolution data acquired
over the last year.

The operation of BASS also proved interesting. RASS
techniques depend on the scattering of radio waves from
index of refraction changes produced by sound waves propa -
gating along the axis of the radar beam. By measuring the
speed of sound, the virtual temperature can then be estimat-
ed. The technique is limited by two effects, however. First,
under strong wind conditions, the acoustic beam is dis-
placed from the radar beam, and no signal is obtained.
Under calm conditions, the scattered radar signal may be
focused on a very small spot that may or may not coincide
with the 2-rn by 2-m radar antenna. With some turbulence in
the air, this effect is overcome because the scattered signal is
broadened spatially, guaranteeing that some signal is
received. The year-long program revealed that BASS worked
well up to 750 m under moderate wind conditions of 5 to 10
meters per second but proved unreliable under high-wind or
calm conditions.

In summary, wind profiler technology at the South Pole
proved most useful for periods of rapid warming of the lower

atmosphere, even at very low temperatures, and during the
high wind conditions under which doppler sodars normally
fail because of wind-induced noise. BASS applications proved
more problematic, but the limitations may well be addressed
by larger radar antennas or multiple acoustic sources. Overall,
the environmental conditions at the South Pole were the most
challenging we have encountered for use of this technology,
particularly during periods of extremely low moisture con-
tent. In the future, a suite of complementary in situ and
ground-based remote sensors suitable for a range of atmos-
pheric conditions may prove most useful for studies of the
atmosphere over the interior of Antarctica.

The services of Jesse Leach, who provided the initial pro-
filer installation in 1992; of Kathie Sharp, the Environment
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Figure 2. Comparison of profiler winds with those from a doppler
sodar and the South Pole rawinsonde on julian day 340, 1993. The
wind barbs follow meteorological convention and here represent
winds of 5 to 10 meters per second from the north to northwest
(where "north" is defined as the Greenwich meridian). Profiler- and
sodar-derived winds are 1-hour averages whereas the rawinsonde
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during a prolonged warming event as observed from twice-a-day raw-
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Technology Laboratory's winter-over project leader in 1993;
and of Dan Gottas and Dan Wolfe, who supported the spring
and summer operations, are gratefully acknowledged. This

work was supported in part by National Science Foundation
grant number OPP 91-18961.

References

Carroll, J.J. 1994. Observations and model studies of episodic events
over the south polar plateau. Antarctic Journal of the U.S., 29(5).

Dutton, E.G., R.S. Stone, D.W. Nelson, and B.G. Mendonca. 1991.
Recent interannual variations in solar radiation, cloudiness, and
surface temperature at the South Pole. Journal of Climate, 4(8),
848-858.

Neff, W.D. 1980. An observational and numerical study of the atmos-
pheric boundary layer overlying the east antarctic ice sheet. (Ph.D.
dissertation, University of Colorado, Boulder, Colorado).

Neff, W.D. 1986. On the use of sodars to study stably stratified flow
influenced by terrain. Atmospheric Research, 20, 279-308.

Neff, W.D. 1992. Synoptic influence on inversion winds at the South
Pole. Preprint Volume: Third Conference on Polar Meteorology and
Oceanography, September 29 to October 2, 1992, Portland, Ore-
gon. American Meteorological Society, Boston, Massachusetts, J2,
24-28.

Neff, W.D. 1994. Mesoscale air quality studies with meteorological
remote sensing systems. International Journal of Remote sensing,
15(2),393-426.

Parish, T.R. 1982. Surface airflow over East Antarctica. Monthly
Weather Review, 110(2),84-90.

Parish, T.R., and D.H. Bromwich. 1991. Continental-scale simulation
of the antarctic katabatic wind regime. Journal of Climate, 4(2),
135-146.

Schwerdtfeger, W. 1984. Weather and climate of the Antarctic. New
York: Elsevier.

Stone, R.S., and J.D. Kahl. 1991. Variations in boundary layer proper-
ties associated with clouds and transient weather disturbances at
the South Pole during winter. Journal of Geophysical Research,
96(D3),5137-5144.

Decadal change in the troposphere and atmospheric boundary
layer over the South Pole

W.D. NEFF, National Oceanic and Atmospheric Administration/En vironmental Technology Laboratory, Boulder, Colorado 80303

D
uring the austral winter of 1993, the Environmental
Technology Laboratory in collaboration with the Univer-

sity of California at Davis (Carroll, Antarctic Journal, in this
issue), carried out a detailed field study of the atmospheric
boundary layer at Amundsen-Scott South Pole Station to
determine the effect of transitory synoptic disturbances on
the surface-energy budget. This study used newly developed
915-megahertz radar wind-profiling technology for the first
time in the Antarctic in combination with conventional
boundary layer instrumentation that included a short tower,
sonic anemometer, microbarograph array, and doppler sodar
(Neff, Antarctic Journal, in this issue). Recent discussions,
however, of interdecadal variability in the circumpolar circu-
lation around Antarctica (Hurrell and Van Loon 1994) and of
decadal changes in summer cloudiness at the South Pole
(Dutton et al. 1991), motivated our study of the long-term

variability in boundary layer characteristics, cloudiness, and
tropospheric flow behavior to provide a climatological con-
text for our single year's observations.

During the austral spring, the atmosphere above 300 hec-
topascals (hPa) warms rapidly from temperatures less than
-70°C to temperatures greater than -40°C because of the
combination of dynamical effects and radiative heating
(Kiehl, Boville, and Briegleb 1988). Because this increase is
much greater than the warming of the troposphere below 300
hPa, a thermal tropopause forms, typically by mid-November,
with a temperature minimum near 300 hPa. This change in
stratification of the upper troposphere provides a dramatic
contrast between winter and summer over Antarctica.

In figure 1, we show the formation of this feature as a
function of time starting from 1 September each year, from
1961 through 1993. For figure 1, our calculation of bulk tern-
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Figure 1. Time of formation of the thermal tropopause (time at which
the bulk stability measured from the temperature minimum near 300
hPa to 150 hPa) increases to 100 per kilometer, measured in days
from 1 September each austral spring from 1961 through 1993 (solid
line). The dashed straight line is the less-squares-fit-line accounting
for 77 percent of the variance after removal of interannual variability.
The second dashed line represents time of increase of bulk stability
between 200 and 150 hPa to at least 100 per kilometer. Because the
stratosphere typically warms from aloft, this curve shows an earlier
warming than at tropopause level (typically 300 hPa).

perature lapse rates used the temperature difference from the
height of the temperature minimum (usually about 300 hPa)
to 150 hPa (the maximum reliable height normally obtained
from the rawinsonde in the early spring), and then from 200
hPa to 150 hPa. A 20-day triangular filter was used to smooth
data within a given season to eliminate synoptic time-scale
variations. Furthermore, a 5-year triangular filter was used to
remove the effect of variability at periods characteristic of the
quasibiennial oscillation (QBO). The results in figure 1 show a
delay of almost 30 days in the formation of the thermal
tropopause over the last 3 decades with major excursions
from the trend in the late 1970s and again in the late 1980s.
The first of these excursions, from 1976 to 1980, coincides
with a 15 percent reduction in the maximum antarctic sea-ice
extent (Chapman and Walsh 1993); the later excursion does
not. An interesting feature of the data in figure 1 is the
systematic trend in the time of formation of the thermal
tropopause with occasional interruptions at decadal time-
scales. After removal of interannual variability characteristic
of the QBO, a linear trend accounts for 77 percent of the
remaining variance. Of particular note in this result is the pos-
sibility that the unusual warming in the late 1970s may have
obscured the linear trend in the time of formation of the ther-
mal tropopause in earlier data sets.

Decadal variations also appear in sky-cover observations
from the South Pole as noted by Dutton et al. (1991) for Janu-
ary-March averaged sky cover. Schnell et al. (1991) argued
that a coincident decrease in surface ozone arose from
increased photochemical destruction (due to ozone depletion
in its stratospheric source region) as well as increased trans-
port of ozone-poor marine air from lower latitudes. Because
their data extended only through 1989, we analyzed new data
through the fall of 1994 (figure 2). Figure 2 shows daily aver-
aged sky cover, smoothed as in figure 1, within seasons and

from year-to-year. A period of increased cloudiness occurs in
the early 1980s during both spring and fall seasons. Of note is
the minimum in sky cover between days 70 and 100 (meas-
ured from 1 September: we assumed that twilight was suffi-
cient by this time to make consistent sky cover estimates).
Comparison with figure 1 suggests that this minimum occurs
following the formation of the thermal tropopause; additional
analysis (not shown) shows that the minimum corresponds
roughly to the period of maximum static stability above the
tropopause. A possible physical explanation for this phenom-
ena is that the horizontal scale of weather systems is directly
related to their vertical scale: when a strong tropopause forms
for only a month or so during the early austral summer, the
vertical scale and consequently the horizontal scale of atmos-
pheric motions is reduced. Thus, the transport of marine air
from the distant coastal areas becomes less likely. If this
hypothesis is correct, then the weakening of the tropopause
in the summer as a result of ozone depletion should influence
transport processes over Antarctica, including the meridional
transport of heat and moisture.

Lastly, as a final highlight of our analyses of decadal
changes, figure 3 shows time-series of
• sky cover during spring (mid-September to mid-Novem-

ber) and summer (January to mid-March),
• the annual average of 300-150-hPa thickness providing a

measure of the variability of the mean temperature just
above tropopause level, and

7.5

6.5

SE

4.

30

3.54.5	5.5	6.5	7.5

Sky Cover (tenths)

Figure 2. As described in the text, the seasonal and long-term variabil-
ity in sky cover at the South Pole from 1957 through early 1994
obtained from averaging and smoothing daily weather observations.
The timescale is in days from 1 September.
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• the annual averaged surface lapse rate computed using the
lowest two significant levels from the South Pole rawin-
sonde profiles obtained from 1961 through mid-1994.

The time-series of sky cover shows an increase in cloudiness
in both spring and summer during the late 1970s and early
1980s following the decrease in antarctic sea-ice extent (after
1975) noted earlier. Similarly, the lower stratosphere shows a
warming (increased thickness) during the same general peri-
od. Of greatest interest to our experimental work, however, is
the near-surface lapse rate time-series that shows systematic
decreases in lapse rate from 1961 to 1994 with distinct recov-
eries at roughly decadal timescales. In general, changes in the
lapse rate follow changes in the 300-150-hPa thickness; how-
ever, examination of individual seasons does not show any
distinct inverse relationship between cloudiness and lapse
rate as one might expect.

In summary, the atmosphere over the South Pole shows
strong variability at decadal timescales, distinct trends in sur-
face lapse rate, and delays of almost a month in the time of
formation of the thermal tropopause over the South Pole dur-
ing the period from 1961 to 1994. Explanations for the
changes in the surface lapse rate will likely depend on the
more detailed analysis of data obtained during the austral
winter of 1993 as described elsewhere in this issue. Further
analysis of the effect of stratospheric ozone depletion on trop-
ospheric thermal structure over the South Pole and the conse-
quences for tropospheric weather also appears warranted.

This research was supported in part by National Science
Foundation grant OPP 91-18961.
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Cloud detection in satellite imagery over the South Pole
DAN LUBIN, California Space Institute, University of California at San Diego, La Jolla, California 92093-0221

RICHARD CHAMBERLIN, Department ofAstronomy, Boston University, Boston, Massachusetts 02215
D.A. HARPER, Yerkes Observatory, Williams Bay, Wisconsin 53191-0258

B
ecause of the remoteness of most of Antarctica, satellite
data have an important role to play in the study of climate

at southern high latitudes. Our recent efforts to develop a
cloud-detection algorithm for use with advanced very-high-
resolution radiometer (A\THRR) data over the high plateau are
motivated by site evaluation requirements for the Center for
Astrophysical Research in Antarctica (CARA) and by the
potential that the large volumes of recently archived AVHRR
data have for improving our understanding of the atmospher-
ic radiation budget. The justification for deploying modern
and sophisticated telescopes on the high plateau, as well as
the planning of astronomical observing programs, can be fur-
thered by a comprehensive climatology of cloud cover.
Although such a climatology is available from the South Pole
weather office for the immediate vicinity of Amundsen—Scott
South Pole Station, future goals to deploy astronomical
instruments at remote sites such as Dome A, Dome C, or Vos-
tok can benefit from satellite cloud climatology. The atmos-
pheric energy budget and surface temperature fields are
known to be strongly influenced by cloud cover (Dolgin 1986),
and given that general circulation models exhibit errors at
high latitudes (Tzeng et al. 1994), it is important to take
advantage of unique satellite data sets to refine our under-
standing of the physics of antarctic climate and perhaps to
develop improvements to the general circulation models.

The National Oceanic and Atmospheric Administration's
polar orbiter overpasses used for this research were tracked by
facilities set up at McMurdo and Palmer Stations by the Arctic
and Antarctic Research Center (AARC) at the Scripps Institu-
tion of Oceanography. For this project, more than 400 AVHRR
images of the high plateau were calibrated and Earth-located
at full spatial resolution (1.1 kilometer at nadir) using the
TeraScan software developed by SeaSpace, Inc. This data set
encompassed most of 1992 and was divided into two parts.
Images from the first 2 weeks of each month are used for algo-
rithm development, whereas images from the second 2 weeks
of each month are used for independent testing of the algo-
rithm. From each image, a 32x32 pixel subset centered over
the South Pole is extracted for application of the cloud-detec-
tion tests. The data being used to train the algorithm are the
cloud-cover observations from the South Pole weather office.

It is usually difficult to detect clouds in a polar satellite
image, much less classify them or quantify their optical and
radiative properties. Invisible wavelength imagery, often little
or no radiance contrast can be detected between highly
reflective snow and ice surfaces and the cloud tops. At middle
infrared wavelengths, cloud-top brightness temperatures are
very similar to surface brightness temperatures. Furthermore,
low radiance levels in general over the poles can leave the
satellite sensors operating near the lower limit of their perfor-

mance. Several useful techniques for polar cloud detection
have been developed over the past decade, including multi-
spectral thresholds (Yamanouchi and Kawaguchi 1992), mul -
tispectral methods supplemented by microwave data (Key
and Barry 1989), pattern recognition (Ebert 1987), and the use
of neural networks to recognize texture (Welch et al. 1992).
Most of these methods have been developed over coastal
regions, where the underlying surface is variable (e.g., open
water, broken ice, solid ice cover, mountainous terrain). This
variability in surface texture, contrasted with variability in the
texture of cloud cover, provides scenes that lend themselves
to successful classification using pattern recognition (Welch,
Kuo, and Sengupta 1990). The high antarctic plateau, howev-
er, poses a more difficult problem due to the extreme homo-
geneity of both the surface and the stratiform cloud cover.

Our initial efforts have focused on an algorithm using
only the AVHRR channels 4 and 5 (10.3-11.3 microns and
11.3-12.3 microns, respectively), with the hope that we might
have a useful tool for either the polar day or the polar night.
Figure 1 shows an application of the brightness temperature
difference between channels 4 and 5 to distinguish overcast
from clear skies (scenes labeled using the nearest South Pole
weather office observations). This bispectral technique takes
advantage of the wavelength-dependent emissivity of optical-
ly thin clouds (Yamanouchi and Kawaguchi 1992) but can be
inconclusive over optically thick clouds, sub-pixel-size
clouds, or certain viewing angles where the variable emissivi-
ty of snow cover can influence the satellite signal (Dozier and
Warren 1982). Figure 2 shows the application of one textural
feature, the maximum entropy of the gray-level differences
within the 32x32 pixel subset (e.g., Ebert 1987). A different
classification threshold for clear and overcast scenes appears
for warmer vs. colder scenes. Although textural features such
as the example of figure 2 do not provide as consistent a dis-
crimination as the brightness temperature difference (figure
1), they do add some accuracy when used in conjunction with
the brightness temperature difference.

The table shows an application of a preliminary cloud-
detection algorithm using the brightness temperature differ-
ence (AVHRR channels 4 and 5), supplemented by the maxi-
mum entropy of the gray-level differences. In this classifica-
tion, "clear" refers to surface observations noting either clear
skies or scattered clouds, whereas "cloudy" refers to surface
observations noting either broken or overcast skies.
Although, as of this writing, the full range of possible textural
features has not been investigated, the algorithm is showing
some promise. Results are approaching theoretical limits
(Ebert 1987; Welch et al. 1992) during July and August, the
best time of year for astronomical observing (due to the
extremely low water-vapor opacity). One important differ-
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ence between this project and previously published cloud-
detection exercises is that this work will make use of totally
independent sky observations (from the South Pole weather
office) to train and validate the algorithm, as opposed to the
use of training sets derived from visual inspection of some of
the satellite images. This fact, combined with the extreme
scene homogeneity over the antarctic plateau, would lead us
to expect possibly poorer performance of the algorithm than
previously published results. The table, however, shows rea-
son for encouragement, and we plan to continue this
research throughout 1994. We have also begun to co-locate
these AVHRR images with water-vapor opacity measure-
ments from a 225-gigahertz microwave atmospheric
radiometer operated at the South Pole by CARA throughout

1992 (Chamberlin and Bally 1994), and we have noticed a
correlation between the AVHRR brightness temperature dif -
ference (between channels 4 and 5) and the 225-gigahertz
water-vapor opacity. This suggests that we may be able to
investigate the relationship between atmospheric water-
vapor burden and cloud formation. We anticipate that the
combination of these two data sets, along with the South
Pole weather office sky observations and rawinsonde data,
will yield new insights into the atmospheric radiation bal-
ance over the high antarctic plateau.

This work was supported by the Center for Astrophysical
Research in Antarctica under National Science Foundation
grant OPP 89-20223. We thank Robert H. Whritner of the Arc-
tic and Antarctic Research Center at the Scripps Institution of

ANTARCTIC JOURNAL - REVIEW 1994

308



Application of preliminary cloud detection algorithm over ti
Pole, to the subset of the AVHRR data used for validation (s
weeks of each month)
NOTE: For each month, the table lists the total number of observaa
number of cloudy observations from the South Pole weather office, thi
of cloudy observations in the AVHRR data, and the skill score of the a
The skill score is the percent of correctly identified scenes (using S
weather office data as ground truth) as determined using an error taA
1987).

January	11	 11	 2
February	15	 4	 2
March	11	 3	 0

April	 17	 4	 1
May	 25	 16	 5
June	 17	 11	 5

July	 25	 13	 16
August	27	 14	 18
September	17	 8	 4

October	19	 5	 2
November	25	 7	 2
December	16	 6	 3

Oceanography for ready access to the large volume of satel-
lite data.
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Cloud-mediated enhancement of cloud condensation nuclei at
Palmer Station: A natural antigreenhouse mechanism

V.K. SAXENA, North Carolina State University, Department of Marine, Earth, and Atmospheric Sciences, Raleigh,
North Carolina 27695-8208

W
e present here a case study of cloud-mediated produc-
tion of cloud condensation nuclei (CCN) recorded by

the Fukuta-Saxena CCN Spectrometer at Palmer Station
(64°46'S 64°05'W), Antarctica, in January and February, 1994.
Four instances of CCN bursts occurred (17, 19, and 20 January
and 7 February 1994) when cloud base descended to the sur-
face and dissipated under prevailing meteorological condi-
tions. The most spectacular event occurred on 20 January
when the CCN concentration was enhanced by a factor of
four at 0.25 percent supersaturation (with respect to water)
compared to the pre-event concentration. At 1.25 percent
supersaturation, the corresponding enhancement was by a
factor of seven. This indicated a larger production of aerosol

particles in smaller size ranges. The event lasted for over 15
hours. The CCN activity spectrum during the event resembled
the ones that are typical of our previous measurements in the
urban plume of St. Louis and Denver. The phenomenon is
also significant in evaluating natural causes of antigreen-
house mechanisms.

It is well understood that cloud droplet size spectrum close
to the base is influenced by the activation spectrum of CCN in
the cloud-forming air mass. The former determines the radia-
tive characteristics of clouds that become more reflective if the
pollution content of the cloud-forming air mass is higher (Saxe-
na and Grovenstein 1994a). Enhanced CCN concentrations are
also capable of reducing precipitation from clouds, thereby
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increasing the lifetime of low-level clouds. Higher cloud droplet
number concentration and longer cloud lifetime contribute to
the enhancement of cloud albedo. This, in turn, could counter-
act the predicted greenhouse warming due to doubling of car-
bon dioxide (Ghan, Taylor, and Penner 1990). Penner et al.
(1994) have stated that "a relative change of cloud droplet con-
centration of ±15 percent acting only on marine stratus clouds
is calculated to yield a global change in heat balance of circa ±1
W m-2 (p. 381)." (W rn-2 denotes watts per square meter.) Thus
the processes that could enhance CCN concentration in a
marine environment are of prime importance from the stand-
point of climate change. Recently, Hegg, Radke, and Hobbs
(1990) and Saxena and Grovenstein (1994b) have discussed
experimental evidence regarding the marine CCN enhance-
ment. The purpose of this paper is to report the ground-based
observations of CCN enhancement at Palmer Station, Antarcti-
ca, recorded in January and February 1994 using the Fukuta-
Saxena CCN Spectrometer (Fukuta and Saxena 1979a,b). Fur-
ther analysis of CCN bursts reported here is underway and the
field observations are scheduled to be repeated in austral
spring/summer 1995.

The location of the sampling site is shown in figure 1, the
details could be found in Robinson et al. (1984). Figure 2A
shows the analogue display on X-Y chart recorder (Fukuta and
Saxena 1979b) of the CCN activation spectrum representative
of typical marine air at the station. As pointed out by Robinson
et al. (1984), the pollution due to localized station operation
(such as diesel exhaust, operation of construction equipment,
and so forth) could be easily detected and avoided through
prudent sampling. Figure 2B and 2C show the CCN activation
spectrum before and after the CCN burst event of 20 January
1994. The curves labeled as 0.3 micrometers (ELm) and 0.5 .tm
represent those activated CCN, which grow as water droplets
larger than 0.3 tm and 0.5 .trn in diameter, respectively. High-
er concentration at 0.3 .tm is an indication of larger number of
finer size aerosol particles in the test sample.

The CCN burst event, which lasted for over 15 hours, is
shown in figure 3. Windy conditions prevailed during the
morning hours of 19 January but at about 05:00 p.m. (figure
2B), the winds subsided. It was indeed a spectacular surprise
when we recorded the CCN activation spectrum at 07:00 a.m.
on 20 January (figure 3A). The station was surrounded by a
dissipating cloud/fog. Number concentration of CCN, which
formed water droplets of diameter greater than 0.3 tm in the
chamber (Fukuta and Saxena 1979b), is an indication that
these particles were generated at the site since their dry parti-
cle size was smaller than 0.05 m. As the day progressed, the
smaller particles became more abundant (figure 3B) when the
winds picked up. This would suggest a nearby particle source
from which these were transported to the site. The convective
motions on large scale were fairly well organized and capable
of transporting oceanic aerosol. This was evident from the
National Oceanic and Atmospheric Administration satellite
photographs that we retrieved at the site. The objective of this
paper is not to speculate on the sources of the observed
enhanced CCN concentration. We merely report here the
conditions under which the phenomenon occurred. A com-

parison of figures 2B and 2C suggests that at 10:00 p.m., the
CCN that produced water droplets larger than 0.5 tm
increased considerably. This might be the result of coagula-
tion of smaller particles.

Based on our field observations, we believe that atmos-
pheric conditions that are conducive to observing the CCN
burst phenomenon at Palmer Station are (1) vigorous vertical
mixing and strong surface winds prior to the event, (2) forma-
tion of marine stratus clouds followed by condition (1), (3)
lowering of the cloud base to the ground under calm winds,
and (4) dissipation of the stratus cloud. The duration of four
CCN burst episodes that we observed ranged from 2-15
hours. During these short periods, the CCN concentration in
the pristine environment resembled the one that we observed
downwind of St. Louis (Saxena and Hendler 1982), over Lake
Michigan (Saxena 1980; Saxena and Hendler 1983), and in
Denver (Fukuta and Saxena 1979b). The bursts in condensa-
tion nuclei (CN) concentration, similar to the one reported
above, have been observed by Bridgeman et al. (1989) in the
haze episode near Point Barrow, Alaska. Our measurements
suggest that earlier reports (for example, Saxena and Groven-
stein 1994b) of airborne observations of sudden increase in
the CCN concentration in the vicinity and within clouds may
not be due to sampling artifacts. During our earlier airborne
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CCN observations over McMurdo (Saxena and Ruggiero
1990), we were unable to detect any CCN enhancement in
and around the stratus layers. Because of its significance in
climate studies and the station air quality, the phenomenon
deserves further rigorous investigations.

The work was supported by National Science Foundation
grant OPP 92-18538. Comments on the work to the news
media by Bernhard Lettau and Dean Hegg are greatly appre-
ciated and so is the encouragement received from Polly A.
Penhale and Gail Ashley and technical support from John
Booth and Rich Skane.
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Atmospheric sulfur and hydroxyl radical measurements
at Palmer Station

H. BERRESHEIM*, Georgia Institute of Technology, School of Earth and Atmospheric Sciences, Atlanta, Georgia 30332-0340
F.L. EISELE , D.J. TANNER, and A. JEFFERSON, National Center forAtmospheric Research, Atmospheric Chemistry Division,

Boulder, Colorado 80307

*Present address for H. Berresheim: Deutscher Wetterdienst/Meteorologisches Observatorium Hohenpeissenberg, 82383 Hohen-
peissenberg, Germany. F.L. Eisele is also with: Georgia Institute of Technology, Georgia Tech Research Institute, Atlanta, Georgia
30332.

T
he emission of dimethylsulfide (DMS) by marine algae
represents the dominant natural contribution to reactive

sulfur in the lower atmosphere (Berresheim et al. in press).
On a global scale, antarctic coastal waters are among the
most productive oceanic regions and show extremely high
DMS emission rates during austral summer (Gibson et al.
1988). Following its release into the atmosphere, DMS is
rapidly oxidized by the hydroxyl radical (OH), which itself is
produced via photolysis of ozone and subsequent reaction of
excited singlet oxygen M I D)] with water vapor. The most
important stable products of the DMS+OH reaction are
believed to be sulfur dioxide (SO 2), sulfuric acid (H2SO4),
methanesulfonic acid (MSA), dimethylsulfoxide (DMSO), and
dimethylsulfone (DMS0 2). Under atmospheric conditions,

both H2SO4 and MSA, due to their low vapor pressures,
rapidly condense onto existing aerosol particles, thus con-
tributing to the growth of these particles and their potential
activation as cloud condensation nuclei. In addition, gas
phase H 2 SO4 (and, to a lesser extent, MSA) may also be
responsible for new particle production via the poorly under-
stood gas-to-particle conversion process (Kreidenweis and
Seinfeld 1988). This potential for new particle formation is
maximized (and can be most easily studied) in remote
regions such as Antarctica where background levels of exist-
ing particles and rates of H2SO4 loss onto particles are very
low.

Recent model studies (Charlson et al. 1987), supported
by records of sulfate and MSA deposits in antarctic ice cores
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(Legrand et al. 1991), suggest that the DMS-derived sulfur	productive inshore waters and open ocean) and high wind
aerosol may be strongly linked to global climate and, in par-	speeds enhancing the sea-to-air flux of DMS (e.g., 30 and 31
ticular, the climate of Antarctica. There are at least two rea-	January). Maximum levels observed on 14 January indicated
Sons for such a possibility. First, kinetic studies have shown	the final stage of a major phytoplankton bloom offshore
that ambient temperatures play a major
role in determining the relative yield of
H2SO4 from DMS oxidation (for a recent
review, see Berresheim et al. in press). Thus,
a link between the past temperature record
and sulfate/MSA ratios in ice cores may be
expected. Second, increased light scattering
by newly formed sulfate particles and, indi-
rectly, by cloud droplets formed from cloud
condensation nuclei may, in turn, affect
ambient temperatures. However, using ice-
core records of biogenic sulfur levels to
quantify past (and present) changes in tem-
perature, oceanic DMS emission rates,
and/or primary productivity is still very
problematic. To a large extent this difficulty
is due to the complexity of atmospheric
DMS chemistry and major uncertainties
that still exist, in particular with respect to
the sulfate/MSA ratio resulting from DMS
oxidation in the antarctic troposphere. This
ratio may become useful as an indicator for
climate change only if the production and
transport of H2SO4 and MSA over Antarcti-
ca are more fully understood.

In January and February 1994, project
SCATE (sulfur chemistry in the antarctic
troposphere experiment) was conducted at
Palmer Station with the goal of obtaining a
comprehensive database for modeling
atmospheric sulfur chemistry in high lati-
tudes. Most of the equipment was set up in
the T-5 building, that is, as far away as pos-
sible (200 meters) from the station's local
pollution sources. An overview of the most
important parameters measured is given in
the table. The SCATE study uniquely com-
bined for the first time measurements of all
of the indicated sulfur compounds in
Antarctica, including real-time measure-
ments of OH, H 2 SO 41 MSA (gas), and
DMSOX (=DMSO, DMS0 2). Due to the early
stage of data evaluation, only some selected
preliminary results will be discussed here.

Figure 1 shows the temporal variation
of atmospheric DMS mixing ratios. Values
ranged between 6 and 595 pptv (parts per
trillion by volume) with a median of 99
pptv. Lowest levels correlated with norther-
ly winds (air advected from the Antarctica
Peninsula) and low wind speeds. Highest
levels were observed with easterly and
southerly wind directions (advection from

Main parameters measured during SCATE

DMS (in air and sea water)

DMSO, DMSO2

OH, MSA (gas), H2SO4

03 , CO, H20

Aerosol number
and size distribution

Cl-, NO3-, SO4 , MSA
(in aerosol)

NO

SO2

Cloud condensation nuclei

Boundary layer height

UV-B and visible radiation
spectra

Meteorological parameters
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Figure 1. Atmospheric OMS mixing ratios measured on a 1-2 hourly basis.
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which presumably had preceded the beginning of the mea-
surements. During most of the measurement period, DMS
sea-water levels in Arthur Harbor (approximately 2 nanomo-
lar) showed no sign of a major blooming event. Samples col-
lected at productive open-ocean stations, however, showed a
factor of 2-4 higher DMS levels.

The gaseous DMS oxidation products DMSO and
DMS02 were measured in real time between 18 and 24 Janu-
ary. Maximum levels of roughly 40 pptv and 20 pptv were
observed, respectively. Preliminary results of the MSA (gas)
and H2SO4 gas measurements show that daytime MSA (gas)
levels were at times higher than H2SO4 levels (figure 2). This
is in sharp contrast to previous observations made in lower
latitudes where gas-phase MSA/H 2504 concentration ratios
were found to be substantially lower than 1 (Berresheim et al.
1993; Eisele and Tanner 1993). Continuous aerosol filter
measurements (8-hour integration time) also suggested a rel-
atively high yield of aerosol MSA from DMS oxidation in the
antarctic troposphere. On a molar basis, the ratio of MSA to
biogenic non-sea salt sulfate (NSS) in the aerosol samples
was 0.58 (median), ranging between 0.06 and 1.33. These
results agree with previously reported values obtained in
high latitudes (Berresheim 1987; Bates et al. 1992). Most of
the MSA mass (75 percent) was found on fine particles with
less than 1.5 micrometer (tm) diameter. With respect to
aerosol sulfate, approximately 27 percent of the total sulfate
mass consisted of NSS which was almost entirely present (96
percent) in the fine-particle mode. (These data have not yet
been filtered for possible contamination from local pollution
sources.)

As shown in figure 2, both MSA (gas) and H2SO4 gas lev-
els decrease to minimum values during nighttime hours
when OH (a short-lived photolysis product) is virtually
absent but aerosol loss of both compounds continues. To
determine more accurately the daytime production rates of
both gases from the DMS+OH reaction also measured [such
measurements have recently become feasible (Eisele and
Tanner 1991; Mount and Eisele (1992); Eisele et al. (1994)].
Figure 3 shows the diurnal variation of OH observed on one
of the sunnier days of the SCATE study. To our knowledge,
this is the first time that the hydroxyl radical has been direct-
ly measured in Antarctica. All of the measurements listed in
the table are required as a minimum, if a serious attempt to
understand the atmospheric effect of DMS emissions is to be
undertaken. Although analysis of the present, fairly extensive
data set is still in the early stages, it is already evident that the
results from SCATE will significantly enhance our under-
standing of atmospheric DMS chemistry and particle pro-
duction in the antarctic troposphere.

We would like to express our sincere appreciation to J.
Huey, R. Thorn, M. Nicovich, and R. Stickel, and to the staff
of Antarctic Support Associates for their invaluable assis-
tance and understanding, especially M. Moher. We also
thank V. Saxena, T. DeFelice, A. Torres, E. Saltzman, S. Yvon,
M. Gallagher, C. Stearns, W. Neff, and R. Booth for their col-
laboration. This research was supported by National Science
Foundation grant OPP 92-18952.
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Figure 2. Gas phase H2SO4 and MSA concentrations measured on 20
February 1994 (preliminary data). (cm 3 denotes cubic centimeters.)
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Figure 3. OH concentrations measured on 21 February 1994 (prelimi-
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Aeronomy and astrophysics

Magnetic impulse events measured at Pc 1 frequencies
and at multiple sites

R.L. ARNOLDY, Space Science Center, University of New Hampshire, Durham, New Hampshire 03824
M.J. ENGEBRETSON, Department of Physics, Augsburg College, Minneapolis, Minnesota 55455

M
agnetic impulse events (MIEs) are impulsive fluctuations
in the Earth's ambient magnetic field; these fluctuations

have periods that range from a few seconds to several hundred
seconds and have durations that are on the order of the peri-
od. At present, the designation MIE refers to relatively isolated
events, although in reality, during periods of frequent magnet-
ic activity, a large number of MIEs may constitute the activity.
The ground signal is created by the closure in the ionosphere
of those magnetospheric currents that produce the large-scale
magnetospheric disturbance. Figure 1 gives an example of an
MIE seen at Sondre Stromfjord, Greenland, which is a high-
latitude site at the same geomagnetic latitude as South Pole
but 2 hours ahead of South Pole in local time. The high fre-
quency (about 0.5 hertz) Pc 1 waves associated with the MIE
are evident. In an analysis of several hundred MIE, these Pc 1
waves are present about 70 percent of the time.

It is generally understood that the high-frequency Pc 1
magnetic pulsations are generated as a result of ion resonance
interactions occurring in the magnetosphere, presumably in or

Sondre Stromfjord
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Figure 1. Broadband data (with scale enhancement) showing an MIE
and accompanying Pc 1 pulsations. (nT-Hz denotes nanotesla-hertz.

near the equatorial plane. Wave energy will be derived from
anisotropic ion distributions as they move toward isotropy and
stability. This resonance interaction can represent a loss of ions
trapped in the Earth's magnetic field or ions newly injected on
high-latitude field lines by boundary-layer dynamics. Because
the Pc 1 waves are of sufficiently short wavelength, they travel
in the magnetosphere as wave packets instead of representing
a resonance of the large-scale field. In such a mode of propaga-
tion, the Pc 1 waves can be used as probes of the topology of
the geomagnetic field. Their resonant generation by ions and
modification of their propagation by cold ion populations indi-
rectly provide a study of these particles.

A current study, which correlates ground, high-latitude
Pc 1 waves associated with MIE and the data collected by the
AMPTE-CCE satellite in the equatorial plane, finds that when
the satellite is at apogee within an hour of the time sector
sampled by the ground instruments, the high-frequency Pc 1
signals are identical. This result indeed places the origin of
the high-frequency waves in the equatorial plane. They pre-
sumably result from the perturbation field of the MIE.

We have identified and analyzed some 300 Sondre
Stromfjord and South Pole MIE events, including the events
identified and studied by Lanzerotti et al. (1991) in 1985 and
1986. Lanzerotti et al. (1991) found that about half of their
South Pole events were accompanied by conjugate events at
Iqaluit, Northwest Territories, Canada. Surprisingly, our study
using South Pole and Sondre Stromljord, which are not nomi-
nally conjugate, found a very similar ratio, but only about half
the time when Sondre Stromfjord measured an MIE coinci-
dent with South Pole did Iqaluit see an MIE. This result, which
is possibly telling us something about the duration, motion,
and scale size of these events, needs much further study.
When an opposite hemisphere event occurs, the events are
not simultaneous between South Pole and Sondre Stromfjord,
quite likely because their local times differ by almost 2 hours.
An example of an MIE measured at Iqaluit and Sondre Strom-
fjord (in the same hemisphere but separated in local time by 2
hours) is given in figure 2. For this event, the Iqaluit MIE was
measured earlier than the MIE at Sondre Stromfjord. In a
quick study of this nonsimultaneity between opposite hemi-
sphere MIEs using April and May 1986 data, we have found an
interesting result given in figure 3 (solid dots). If the MIE
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Dec 16, 1993	 tensen et al. (1988) use in their modeling of the traveling vor-
Figure 2. MIE events measured at Iqaluit and Sondre Stromfjord illus-	tices. Except that the analysis of Lanzerotti et al. (1991) gives
trating the timing difference between the two Northern Hemisphere	no change in MIE polarization as one crosses noon, this result
stations.	 begs a Kelvin-Helmholz model for the MIE.

occurred at 1430 universal time (UT), when Sondre Strom- This work was supported by National Science Founda-

fjord is 1 hour after local noon and South Pole is 1 hour before	
tion grant OPP 92-17024.

local noon, the events are simultaneous. On the other hand, if	 Referencesthe UT of the MIE is before 1430, then South Pole lags the
Sondre Stromfjord event, whereas the opposite is true if the	Lanzerottj, L.J., R.M. Konik, A. Wolfe, D. Venkatesan, and C.G.MIE UT is greater than 1430. Using 1993-1994 data from	Maclennan. 1991. Cusp latitude magnetic impulse events. 1.
Iqaluit and Sondre Stromfjord, a similar analysis gives the	Occurrence statistics. Journal of Geophysical Research, 96,
same result, which is indicated by the open circles in figure 3.	14009-14022.

Friis-Christensen, E., M.A. McHenry, C.R. Claurer, and S. Venner-These limited analyses suggest that the MIEs are initiated	Strom. 1988. Ionospheric traveling convection vortices observedclose to the subsolar point and then propagate down both	near the polar cleft: A triggered response to sudden changes in the
flanks of the magnetosphere, with a speed of about 8 kilome-	solar wind. Geophysical Research Letters, 15,252-275.
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Global thunderstorm tracking via measurements of radio
atmospherics at Palmer Station

U.S. INAN and S.C. REISING, Space, Telecommunications, and Radioscience Laboratory, Stanford University, Stanford,
California 94305

S
tanford University has maintained an extremely-low-fre-
quency/very-low-frequency (ELF/VLF) observation pro-

gram at Palmer Station for many years, primarily for the pur-
pose of measuring electromagnetic waves from the Earth's
magnetosphere, especially the type known as "whistlers,"
which originate in lightning discharges in the Northern Hemi-
sphere (Burgess and man 1993, and references therein). The
VLF measurements at Palmer Station are conducted using
highly sensitive VLF antennas and receivers. The relatively
quiet (electromagnetically speaking) nature of the site, its
geomagnetic conjugacy to major thunderstorm centers in the
east coast of the United States, and its proximity to the South
Atlantic magnetic anomaly make Palmer Station a unique site
for these studies.

During the past 2 years, an additional potential use of the
Palmer VLF data has emerged. It now appears that thunder-
storm activity on a global scale can be tracked with the help of
VLF measurements at Palmer Station. For this purpose,
researchers use directional wideband measurements of the so-
called radio atmospherics, impulsive electromagnetic signals,
which originate in lightning discharges and which propagate
to very large distances along the surface of the Earth within the
Earth-ionosphere waveguide. Wideband direction-finding
techniques developed at Stanford for whistler measurements
are directly applicable for this purpose, as illustrated below.

Tracking lightning activity on a global scale is important
in view of the possible connections between frequency of
lightning occurrence (i.e., flash rate) and convective rain flux
(Workman and Reynolds 1949; Goodman 1990). Measure-
ment of the rainfall over the oceans, particularly over the
Pacific Ocean, is of critical importance in determining the
variability of global circulations and the short-term changes
in climate and, thus, constitutes a primary objective of the
Climate and Global Change Program. Global lightning activity
provides one signature of tropical moisture and energetics
(Goodman and Christian 1993), and quantitative measure-
ment of lightning on a global scale is needed as an input and a
verification of global climate change models.

The new method of lightning location is known as VLF
Fourier goniometry and was developed at Stanford as part of
a recently completed Ph.D. dissertation (Burgess 1993). The
method relies on the measurement of the arrival direction of
radio atmospherics (spherics) from distant [more than 1,000-
kilometer (km)] source regions. The arrival direction is meas-
ured using two magnetic loop antennas, one oriented north-
south and one oriented east-west. Digital wideband record-
ings of the data from two antennas are postprocessed to
determine arrival azimuth with approximately 10 accuracy
(Reising et al. in preparation). Simultaneous recordings made

at two distant sites are then used to determine the source
location via spherical triangulation. This capability was
demonstrated recently with recordings made at Stanford, Cal-
ifornia, and at Palmer Station. The recordings allowed the
measurement of the location of individual lightning dis-
charges in the Gulf of Mexico with an accuracy to less than
100 km (Reising et al. 1993).

In this article, we illustrate two examples of the use of the
VLF Fourier goniometry technique with Palmer data. In one
case, illustrated in figure 1, we compare results with SSM/I
data from the DMSP satellite for 30 March 1989. SSM/I data
are a composite of several microwave radiometer frequencies
and polarizations, optimized to locate and estimate rainfall.
Figure 1A shows the areas (marked A and B) of cold cloud tops
detected over South America, along with the bearings of
great-circle paths arriving at Palmer Station, Antarctica. Fig-

Satellite Microwave Radiometry Data
(SSM/I image) indicates active

storm centers A and B.
.'	0'	10'	20'

DJ

Spheric histogram for PA. 30 March 1989 0701-0730 UT

(b)

-80-60	-40	-20	0	20	40	60	80Magnitude	 Arrival Azimuth (deg)

Figure 1. Comparison of SSM/I image sensing cold cloud tops indica-
tive of rainfall with VLF spheric detection and direction-finding data. A.
Locations of two storms observed on 30 March 1989, with great-circle
bearings arriving at Palmer Station, Antarctica. B. Histogram of Palmer
data for 30 March 1989, with respect to arrival azimuth and magnitude
(uncalibrated) of received spherics. (UT denotes universal time. deg
denotes degree.)
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ure lB shows spheric measurements at Palmer, presented in
the form of a two-dimensional histogram of a number of
spherics observed in a given period sorted in terms of intensi-
ty and arrival azimuth. We note that two peaks are clearly
observed at 00 and 100 bearing corresponding to the two
storms marked A and B. In addition, we note that other storm
centers are evident (e.g., one near approximately 850 and
another near approximately 550 azimuth) that are active at the
same time.

Figure 2 illustrates another application of the Fourier
goniometry method to assess the location of active thunder-
storm centers at a time when an intense gamma-ray burst
("flash") was observed to emerge from the Earth's upper
atmosphere (Fishman et al. 1994). One of about 12 such cases
observed on the Compton Gamma Ray Observatory (CGRO),
the point of origin of the particular flash observed on 20 May
1993 was deduced to be the point F shown in figure 2 (Fish-
man personal communication). In their paper published
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Figure 2. A. Spectrogram of VLF wideband data from Palmer showing
an intense spheric determined to be arriving from 35.5 0 west of north.
B. The location (point F) of the gamma-ray flash as deduced from
GRO data (Fishman et al. 1994), with respect to Palmer Station. C.
Spheric histogram for a 30-minute period, clearly indicating the active
storm center at bearings between -30 0 and -400 . (kHz denotes kilo-
hertz. Hz denotes hertz. UT denotes universal time. dB denotes deci-
bel. deg denotes degree. "Sferics" and "spherics" are alternate
spellings.)

recently in Science, Fishman et al. (1994) indicated that the
observed gamma-ray bursts were probably caused by light-
ning discharges. The VLF Fourier goniometry method, when
applied to the wideband VLF data recorded at Palmer Station
during this period, clearly reveals a very active storm center as
shown in figure 2C, strongly corroborating the association of
the observed gamma-ray flash with lightning. The arrival
azimuth of the center of this storm center is within approxi-
mately 0.50 of the great-circle bearing between point F in fig-
ure 2B and Palmer Station. Figure 2A shows an isolated and
very intense spheric recorded at Palmer within 200 millisec-
onds of the observed gamma-ray flash (Fishman et al. 1994).
It is interesting to note that the arrival bearing at Palmer of
this intense spheric is 35.5 0 west of north, again within
approximately 0.50 of the bearing of the CGRO-deduced loca-
tion of the gamma-ray flash (i.e., point F).

The above cases simply represent examples in which the
location of lightning activity was known by other measure-
ments and was accurately confirmed by the VLF Fourier
goniometry method. In the coming year, Palmer VLF meas-
urements will be carried out in coordination with those at
other sites within the United States, and combined data sets
will be used to track thunderstorms in oceanic regions, where
other data on lightning location are only sparsely available.

We acknowledge the enthusiastic support of our equip-
ment by John Gress of Antarctic Support Associates and
Antarctic Support Associates Science Technician at Palmer
Station, John Booth. We are grateful to W. Burgess for his
development of the VLF Fourier goniometry method and to
D. Hakeman for his help in developing the spheric identifica-
tion software. This work is supported under National Science
Foundation grant OPP 90-20687 to Stanford University.
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Figure 1. A three-panel spectrogram of magnetometer and VLF data from South Pole Station
for 3 October 1988. The top panel is XBB (north-south component of the magnetic field). The
middle panel is VLF1 (500 to 1,000 Hz) and the bottom panel is VLF2 (1,000 to 2,000 Hz).

A study of seasonal variations in the occurrence and
characteristics of quasiperiodic very-low-frequency emissions

M.J. ENGEBRETSON, J.L. ALFORD, and R.T. GOERKE, Augsburg College, Minneapolis, Minnesota 55454

variety of naturally occurring very-low-frequency (VLF)
adio emissions occur in the Earth's ionosphere and mag-

netosphere. The occurrence of these emissions and their
characteristics are understood to be useful diagnostics of
processes in the Earth's space environment. At high latitudes,
radio emissions with frequencies ranging from approximately
500 to approximately 2,000 hertz (Hz) are often found to be
modulated quasiperiodically at much lower frequencies near
approximately 0.03 Hz in the ultra-low-frequency (ULF) range
(Helliwell 1965; Morrison et al. 1994). Using 1988 data from
Amundsen-Scott South Pole Station, Antarctica, we have
found seasonal variations in the radio frequency of these
"quasiperiodic" or QP emissions that provide information
about processes in a high-latitude region of the Earth's outer
magnetosphere that has seldom been explored by spacecraft.
QP events were observed throughout the year in two radio
passbands, 500 to 1,000 Hz (VLF1) and 1,000 to 2,000 Hz
(VLF2). Variations in the geomagnetic field at the same ULF
frequencies were also observed by search-coil magnetome-
ters.

Figure 1 shows a spectrogram of magnetic field and mod-
ulated radio emissions from 3 October 1988. The horizontal
and vertical axes are the same for all panels. The horizontal
axis ranges from 10:00 to 20:00 universal time (UT) with local

magnetic noon (the time when the magnetic field maps to the
subsolar point) at 15:30 UT. The vertical axis—the frequency
of oscillation—ranges from 0 to 500 millihertz (mHz). Wave
power is indicated on a logarithmic scale with the light tones
being more intense. The top panel, XBB, shows search-coil
magnetometer data and is used to identify ULF magnetic pul-
sation events, which appear as narrow bands at approximate-
ly 0.03 Hz. These are waves in the magnetic field presumably
caused by plasma interactions between the solar wind and
the Earth's magnetic field. The lower two panels show the
modulation spectrum of the VLF1 and VLF2 signals. QP
events form the narrow horizontal lines in the VLF compo-
nents, also near 0.03 Hz.

The QP events we studied fell mainly into two categories:
Ml events occur when the VLF1 signal is modulated at the
same frequency as the local magnetic field oscillations, and
M12 events occur when VLF1 and VLF2 channels both show
the same modulation. Figure 1 shows examples of an Ml event
from 14:00 UT to 18:00 UT, with narrow band signals of the
same frequency in VLF1 and XBB, and of an M12 event from
18:00 to 19:00 UT, with narrow band signals in all three panels.

A statistical survey of all available data during 1988 (the
first 10 months), based on spectrograms similar to figure 1,
indicated that ULF magnetic variations near 0.03 Hz occurred

at a roughly constant rate throughout the
year, with peak occurrences near local
noon, but also revealed significant season-
al variations in QP events. Figure 2 shows
the occurrences by month of Ml and M12
events. There is a peak in combined occur-
rence near both equinoxes, but note also
that the relative number of Ml events
increased significantly in the late summer
and autumn. This increase indicates a
drop in the frequency of the modulated
radio waves during these months.

The carrier frequency of the modulat-
ed emissions is expected to be determined
by the magnetic field strength in the region
where these radio waves are generated, by
means of cyclotron instabilities of elec-
trons gyrating around the magnetic field.
We used this expectation, along with mod-
els of the Earth's magnetic field, to infer
the source of these QP emissions.

It is known that the pressure of the
solar wind against the Earth's magneto-
sphere distorts ,it and, in particular forms
regions of minimum field far from the
equatorial plane at high latitudes (Tsyga-
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Figure 2. A summary plot of total number of QP events separated by
type for each month of 1988.

nenko 1991). A combination of the effects of the seasonal tilt
of the Earth's axis of rotation (causing a north-south asymme-
try strongest in the Southern Hemisphere at June solstice)
and of the inclination of the Earth's magnetic field with
respect to the interplanetary field (which is strongest in spring
and autumn) causes variations in the strength of the southern
minimum field regions. These variations would produce the
observed QP frequency variations, which are based on the
same geometrical effects used by Russell and McPherron

(1973) to address seasonal variations in substorm activity but
for opposite polarity of the interplanetary magnetic field. The
model developed in this earlier study also predicts a weaker
minimum field near 15:00 UT, the time when South Pole Sta-
tion is near local noon and thus positioned to observe QP
events, in late summer and early autumn, again in agreement
with these observations. Although most magnetospheric
wave-generation processes had been assumed to take place at
the equator, this study indicates the importance of off-equa-
torial wave sources in the outer dayside magnetosphere.

This work is being carried out in cooperation with Roger
Arnoldy of the University of New Hampshire, Keith Morrison
of the British Antarctic Survey, and Umran man of Stanford
University. This research was supported by National Science
Foundation grant OPP 92-17024 to the University of New
Hampshire and by subcontract to Augsburg College.
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Observations and model studies of episodic events over the
south polar plateau

JOHN J. CARROLL, Department of Land, Air, and Water Resources, University of California, Davis, California 95616

D
uring the calendar year 1993, in situ measurements of
winds, atmospheric and snow temperatures, and radia-

tion components were made by University of California at
Davis researchers at Amundsen-Scott Station. As part of the
same project, ground-based remote-sensing techniques were
employed to measure vertical profiles of temperature and wind
by cooperators from the National Oceanic and Atmospheric
Administration! Environmental Research Laboratory's Envi-
ronmental Technology Laboratory (cf. Neff, Antarctic Journal,
in this issue). These data were collected to identify and charac-
terize the evolution of the atmospheric boundary layer during
periods of significant warming near the ground. The University
of California at Davis effort was two pronged: to take measure-
ments near the snow surface and to develop a regional scale
atmospheric flow model featuring high resolution in the
boundary layer. Four automatic weather stations were
deployed by the University of Wisconsin group 100 kilometers
from the South Pole, one each on the 0, 90, 180, and -90 merid-

ians. Data from these stations provide boundary conditions on
surface wind, temperature, and pressure gradients for model
applications, and they define the mesoscale environment in
which the measurements at South Pole were made.

High-resolution radiosonde data are also available
throughout the year at the station. These data are extremely
valuable to describe the conditions through a deep layer of
the atmosphere, especially the temperature and water-vapor
distribution crucial for the computation of longwave radiative
fluxes. The lower part of the radiosonde profiles is an impor-
tant means of assessing the quality of the remotely sensed
data. For at least several months of 1993, a laser ceiliometer
was operating. The ceiliometer provides additional informa -
tion on the presence, density, and altitudes of clouds.

Smoothed daily averages of temperature, wind speed, and
radiation components are plotted in the figure. Most of the
instrumentation worked well most of the time, but the net
radiometer data were lost for two periods: a short period
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Smoothed plots of air temperature, wind speed
and global solar radiation (long dash), down-
welling infrared radiation (short dash), and net
radiation (solid) at South Pole station for days 28
through 362, 1993. Vertical lines mark several
rapid warming periods. (m denotes meter. ms-1
denotes meters per second. Wm-2 denotes watts
per square meter.)

around day 145 and for about a week around day 300. As seen
in the figure, many of the warming events at the ground coin-
cide with increased wind speeds and changes in downwelling
infrared radiation. There are also correlations with wind shift-
ing from grid north to northwest. These correlations suggest
that changing synoptic conditions affect several processes
simultaneously: warmer or higher emissivity (humid) air aloft
and increasing shear in the planetary boundary layer which
enhances the downward flux of heat and momentum. Analyz-
ing these processes and their variations is the primary objective
of this study and will be the focus of the continuing research.

The services of Kathy Sharp, the project observer over the
winter, and Dan Gottas, the observer for spring and summer,
are gratefully acknowledged. This work is supported by the
National Science Foundation grant OPP 91-19364.
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Infrared atmospheric absorption and emission studies
RENATE VAN ALLEN and FRANK J. MURCRAY, Department of Physics, University of Denver, Denver, Colorado 80208-0202

O
ur experiments in Antarctica this season consisted of
three separate efforts.

• We continued with the atmospheric thermal emission
measurements from Amundsen-Scott South Pole Station.

• High-resolution solar spectral measurements were contin-
ued from Arrival Heights in collaboration with the New
Zealand National Institute for Water and Air Research

temperatures in October. This slow increase implies that most
of the HNO3 incorporated into the PSCs was removed from
the stratosphere, probably by gravitational settling, and it also
indicates that the transportation of nitric acid from other lati-
tudes was slow until the vortex dissipated in late November.
These results have been submitted for publication [Van Allen,
Liu, and Murcray (in preparation)].

(NIWA).
• Finally, small balloon instruments were pre-

pared for flights during the winter.
The atmospheric infrared emission experiment

at South Pole was first set up in December 1989
(Murcray and Heuberger 1990), and is described in
detail in Van Allen, Murcray, and Liu (in prepara-
tion). The main thrust of this experiment was to
collect atmospheric emission data during the aus-
tral winter to measure abundances of nitric acid
vapor (HNO3), ozone (03), water vapor (H20), and
other atmospheric gases, as well as absolute total
radiance in the region 7-18 microns (550-1,500
Kaysers). The instrument was removed for major
modifications in 1991 and reinstalled on the roof of
Skylab in 1992. After two consecutive winters at the
South Pole the instrumentation was ready for a
major overhaul. In November 1993, Renate Van
Allen and Marc Pujals-Bertran from the University
of Denver went to South Pole Station. The spec-
trometer was removed from the roof of Skylab and
the equipment was shipped back to Denver.

Column abundances for HNO 3 and water
vapor have been retrieved for 1992. Even though
the number of data points is limited since clear-sky
periods without blowing snow or ice crystals were
relatively rare, the observed seasonal change in
nitric acid is very interesting and agrees well with
the suggested theory of the denitrification of the
atmosphere due to polar stratospheric clouds
(PSCs). Figure 1 shows the seasonal change of
HNO3 compared to the 50-millibar (mb) tempera-
ture. The critical temperatures for the formation of
PSCs type I and type II are shown for reference.
Typical summer values of 2 to 2.5x10 16 molecules
per square centimeter drop by 50 percent soon
after the 50-mb temperature reached the critical
value for type I PSCs (195K). When the 50-mb tem-
perature went below 188K, the critical temperature
for type II PSCs, another pronounced change in
HNO 3 was observed as the values dropped to
7x10 15 molecules per square centimeter. In spring,
the values increased slowly even when the 50-mb
temperature was well above the PSC formation
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In figure 2, year-round values for the precipitable water
vapor are shown. As expected, the values are very low; they
are below 1 millimeter even during the warmer summer
months. The surface temperature is included for reference
and shows a clear correlation between the surface tempera-
ture and the precipitable water vapor.

The solar absorption spectrometer continued operation
in the spring and fall. Tom Stephen and John Starkey from the
University of Denver were at McMurdo to prepare the balloon
instruments in January. The balloons will be flown by Steve
Wood and Grant Avery (New Zealand, NIWA).

In addition to support from the National Science Foun-
dation (grant OPP 92-19209), National Aeronautics and Space
Administration grants NSG 1432 and NAG2-351 supported the
ground-based and balloon experiments, respectively. The

New Zealand National Institute of Water and Atmospheric
Research Ltd. and the New Zealand Antarctic Programme also
supported the solar observations at Arrival Heights and the
balloon flight effort.
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Transient auroral events observed from South Pole Station
FRANK T. BERKEY and CARLOS N. KELLY, Center forAtmospheric and Space Sciences, Utah State University, Logan,

Utah 84322-4405

T
he transfer of energy from the solar wind to the Earth's
magnetosphere is a problem of fundamental interest to

magnetospheric physicists. The physical processes responsi-
ble for this energy transfer are assumed to occur on the day-
side of the magnetosphere, near the interface
with the solar wind. Current debate concerns
how the transfer of energy occurs and
whether it is a continuous process or whether
it takes place in short-lived bursts (Newell
and Sibeck 1993). Further, scientists believe
that an ionospheric signature of these
processes must exist and various candidate
events have been suggested (Lanzerotti et al.
1986; Sandholt et al. 1986).

From the analysis of all-sky camera
(ASC) film acquired at South Pole Station, we
have identified a series of transient enhance-
ments in the brightness of an unusually sta-
ble dayside arc system that was present for
several hours in the late afternoon sector on
16 August 1985. The analysis of these data
was facilitated by use of the automatic
retrieval system for aurora! data (ARSAD)
developed at the National Institute of Polar
Research in Tokyo. This system digitizes each
35-mm ASC frame, transforms the data into
geophysical coordinates, and stores the
resulting information. Our analysis was
derived from data presented in the latitude-
time (Keogram) format where a narrow seg-
ment along the magnetic meridian through
the station was extracted from each ASC

image. A black-and-white presentation of these data for the
period 1700-2340 universal time (UT) is shown in figure 1.

The time interval [approximately 15-18 magnetic local
time (MLT)] over which the transient enhancements were
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Figure 1. These data were derived from South Pole Station ASC measurements obtained
between 1700 and 2340 UT on 16 August 1985. After digitization and coordinate transfor-
mation using the ARSAD system, a narrow segment along the magnetic meridian was
extracted from each frame and displayed as a function of geomagnetic latitude, UT, and
intensity in the Keogram format. Here, a height of 100 kilometers (Km) for the auroral emis-
sion has been assumed. (MS denotes magnetic south; MN denotes magnetic north.)
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observed was relatively undisturbed on both global and local
scales (for 16 August, K=18). Of relevance to this analysis is
the observation of an impulsive magnetic perturbation which
occurred at 1833 UT (1503 MLT), prior to the onset of the
enhancements in the ASC data. This perturbation was identi -
fied in the South Pole magnetometer data using a computer
algorithm (Lanzerotti et al. 1986). The photometric and mag-
netometer data for this interval are presented in figure 2. Note
the increase in auroral activity following the magnetic pertur-
bation event. Previous studies (L.J. Lanzerotti, R.M. Konik, A.
Wolfe, F.T. Berkey, C.G. Maclennan, and D. Venkatesan
unpublished data, 1994) have suggested that the auroral
enhancements associated with impulsive magnetic perturba-
tions tend to occur without prior and/or long-lasting subse-
quent auroral activity.

The analysis has shown that transient enhancements
within the dayside arc had a temporal duration of approxi-
mately 2 minutes and occurred at intervals ranging from 2-8
minutes. The individual auroral arcs, imbedded in a broader
arc system, appeared to brighten over a latitudinal width of
up to 10. The transient enhancements were observed to occur
along the total length of the arc with a slight tendency to
move westward; however, the rather long (16-second) time
exposure of the ASC images precludes any definitive state-
ment regarding azimuthalmotions. In general character, the
transient enhancements were similar to what Sandholt et al.
(1989) have termed "midday aurora breakups" although
these data exhibited no poleward motion subsequent to
energization.

South Pole Aug 16,1985
-	30 hmz Romet.r

€
2-

0 [^^ -	-

During the time interval in question, the IMP-8 satellite
recorded interplanetary magnetic field (IMF) data down-
stream of the Earth (X9sm=287' gse 86 ' Zgse12.5 Re). The
solar wind dynamic pressure was constant within 10 percent,
BZ southward and B positive. The B x component was the
most dynamic, changing direction several times and varying
between -4.5 and 5 nanoteslas (nT). These IMF data and the
approximate latitude of the transient auroral enhancements
are illustrated in figure 3.

A possible interpretation of the observed transient auro-
ral enhancements is based on the variations of the IMF B
component and the theoretical work of Miura (1992), who has
shown that the tail flank boundary is unstable to the Kelvin-
Helmholtz instability (KHI) and that plasma flow vortices can
be excited there. Miura also argues that tBI controls growth
and initiation of the KHI. Here, we suggest that the KHI,
responding to the variations in B, controls the transport of
"blobs" of plasma from the low-latitude boundary layer into
the dayside cusp (Kelly 1994). These energized blobs of plas-
ma are, in turn, responsible for the auroral enhancements.
We further suggest that the whole sequence of enhancements
may have been triggered by the impulsive magnetic event
which occurred at 1833 UT.

This research was supported by National Science Foun-
dation grants OPP 83-13428, OPP 88-17365, and OPP 91-

IMF August 16, 1985 (IMP-8)
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Figure 2. Zenithal photometric (600 field-of-view) and magnetometer
data from South Pole Station for the 1700-2200 UT interval on 16
August 1985. The top panel denotes the ratio of the 630.0/427.8-
nanometer (nm) auroral emissions. (kR denotes kilorad.)

Figure 3. Interplanetary magnetic field measurements from the IMP-8
satellite for 16 August 1985. The second panel from the top identifies
the approximate geomagnetic latitude at which the enhancements in
the dayside auroral arcs observed in South Pole ASC data occurred.
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19382 to Utah State University. Data from other ground-
based instrumentation were kindly provided by Dan Detrick
and acquired under grant OPP 91-19753 to T.J. Rosenberg
(University of Maryland). We also thank World Data Center
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IMF data were furnished by Qi Chen from the University of
California, Los Angeles.
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Wide-aperture light source
K.C. CLARK and G. HERNANDEZ, Graduate Program in Geophysics, University of Washington, Seattle, WA 98195

R.W. SMITH, Geophysical Institute, University ofAlaska, Fairbanks, AK 99705

Q

uantitative investigations of emission line profiles by use
of a Fabry-Perot spectrometer require periodic calibra-

tion of the optical finesse of the instrument. In a laboratory
setting, this calibration procedure is relatively straightforward:
it consists of measuring the reflection coefficients of the
Fabry-Perot flats in a suitably equipped laboratory. To cali-
brate operating field instruments, however, such as the
Fabry-Perot spectrometer running at Amundsen-Scott South
Pole Station, specialized procedures must be employed to
avoid disturbing the critical alignment of the spectrometer ele-
ments. We use the Giacomo method (Giacomo 1952; Hernan-
dez 1988) of measuring Fabry-Perot etalon reflection coeffi-
cients, coupled with single wavelength laser measurements, to
determine the overall instrumental finesse. To conduct these
etalon reflectivity measurements with no disturbance of align-
ment, we have developed a novel, thin, large-aperture, broad-
band continuum-light source. Because of its potential applica-
tion in other field optical experiments that need large-aper-
ture, broad-band continuum sources for their calibration and
operation, we describe this new source in the context of its use
in the Amundsen-Scott measurements. This calibration
source is now being routinely used in our other field sites.

A Fabiy-Perot etalon (see, for instance, Hernandez 1988)
is the rigid assembly of a pair of extremely flat, semitranspar-
ent mirrors, whose adjacent faces are held at a very precise
separation. The reflectivity of these semitransparent mirrors
must be measured periodically, because it controls the accura-
cy of linewidth measurements with the Fabry-Perot spectrom-
eter. The Giacomo method requires that the spectrometer be
illuminated with a standard broad spectral light with and with-
out the etalon in the path. The new extended source described
here is a thin, edge-lighted plate that can be inserted without
contact at the appropriate positions in the ray path of the pre-
sent etalon, rather than disturbing the etalon physically.

In the tests, uniform sampling of the etalon area is
required everywhere within the etalon diameter of 135 mil-
limeters (mm). Such light can be obtained from an evenly
spaced, square grid of points of about 5 mm separation. The
employment of such a multipoint source is the principle of
the thin-disk design to be described. A clear acrylic disk 6.3
mm thick and 165 mm wide, with a polished square edge,
receives edge light from six evenly spaced incandescent
lamps 3.3 mm wide (type CM7330), cemented around the rim.
A constant-current source provides the power to the lamps.
The resultant light from this arrangement is abundant for our
instrumental sensitivity in the 500-1,000-nanometer range.

Internal reflection carries the light throughout the interi-
or of the acrylic plate with little escape, little absorption, and
an edge return aided by diffuse aluminum tape reflection at
the rim. Useful light escapes principally via reflection and
scattering by the regular array of very small conical indenta-
tions on one face; these indentations are viewed through the
opposite face. These source points were produced by a weakly
spring-loaded 600 conical (machine shop) punch. Since these
indentations have very small area and are widely separated, a
very large fraction of the acrylic source face is smooth, thus
preserving multiple traversals of the internally trapped light
within the disk and producing virtual uniformity of brightness
among the point sources across its face.

Figure 1A illustrates this strategy of preservation in the
plane of a row of cones. The actual 0.3-mm conical indenta-
tions are relatively much smaller than this diagram shows.
Total internal plate reflections are dominant in comparison to
the minor losses via cone reflections and scattering because the
cones are very small and far apart. The travel paths extend even
farther for rays moving out of this plane in slant directions.

This calibration source illuminates the etalon, which
accepts only rays that are near normal to its etalon mirrors.
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Some rays reflected from the array of source cones leave
approximately normal to the surface and will, therefore, be
used. All escaping rays from the source together generate a
broad visual maximum of forward axial light. It is interesting
to note that if the plate is (undesirably) turned over, a broad
minimum in forward axial light is seen and is predictable
from ray tracing.

Figure 1B, for a typical cone, shows the incidence angle U
of a ray in the plate, the cone half angle V, and the angle W of
the reflected ray from the cone measured relative to the plate
normal. For any tandem paths of reflection, these three
angles are geometrically related, with no dependence on
index of refraction, by

W=2V-U. (1)

The refractive index t of the acrylic plate provides further
limits on these angles. Wherever the angle of incidence
exceeds arcsin(1/t), lossless total internal reflection occurs,
which is necessary for our ray paths. For our index, lt=1.48,
this critical angle is 42.5 0 , and its role adds more restrictions
on the extremes of U and W. This criterion for reflection adds
the following requirements for U and, consequently, for W.

42.5° U V+47.5°	 (2)

V-47.5° !s W 2V-42.5°	 (3)

Lastly, to be transmitted by avoiding total internal reflec-
tion at the final plate surface, rays from the cone must meet
the plate at angles of incidence W within the following
bounds:

-42.5° W 42.5°	 (4)

Figure 2 plots all these angle limits in degrees as func-
tions of V. The allowed regions of W, for successful exit follow-
ing internal reflection are included within the polygon in the
figure. Note, for instance, that no light exit is possible at any
angle if Vexceeds 66.30.

Some special conclusions appear for our cones of V=30.
Rays which emerge along the plate normal have an initial Uof
60°. If all the allowed values of U are present, the departure
angle W is equally spread about the normal within the limits
of ±17.5*, refracting finally into air with a spread of ±26.40.
This symmetry is true only for our chosen V=300 but regard-
less of the size of 1& because IA influences only the size of the
range. If one considers other possible choices of cone angle, it
is seen that if any rays are to escape normal to the plate sur-
face, the half angle of the cone must be greater than 21.3 0 and
less than 450 . For all other incident rays striking the cone not
in the plane of its axis, there will be a redirection in azimuth,
an increase in exit angle W, and a resulting broadening in the
spread of exit rays.

One may wish to help the macroscopic uniformity of
such a source by using tighter spacings of finer bright points
and by holding constant the ratio of the intervening smooth
area to the cone base area to conserve the internally reflected
light over many traversals. Inability to maintain this latter
high ratio explains why it is unlikely to move to full uniformity

(a)

(b)

Figure 1. Schematic of rays within a row of cones in source disk. A.
Rays missing and hitting typical cones to emerge normal to disk sur-
face (enlarged). B. Defining diagram for a single cone in disk of refrac-
tive index I.L, showing U: incidence angle, W: departure angle from
cone to plate surface and V: cone half angle.

Cone angle V
Figure 2. Limits of final angle W for rays in a plate which can exit after
total internal reflection from first surface and cone, shown as a func-
tion of cone half angle V. All angles expressed in degrees. Refractive
index is 1.48.

by using lightly etched surfaces: the scattering spot approach-
es a limiting finite size while the smooth reflecting space,
important for preserving traversals and uniformity, goes
toward zero.
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With the present square spacing of 5 mm between bright
points, a full aperture of 125 mm diameter contains about 480
points, and the inclusion or exclusion of a given point at the
edge makes little difference in total intensity. A circle of half
that diameter holds about 120 points. Because of the edge sta-
tistics, it is important to establish a well-defined aperture if
very reproducible measurements are desired. This also allows
for the finite variability from point to point caused by
inequalities in the cones and by small variations in illumina-
tion near the plate edge.

Figure 3 shows measured relative intensity
received through a 40-mm aperture as its position
in mm is scanned fully across a central 85 mm
diameter mask on the source disk. The intensity is
essentially the same at all placements within ±20
mm of the center, and it shows slight fluctuations
near the extremes because of the reduced num-
bers of source points. The gradual drop-off in the
wings of this scan is calculable, as it is for any
overlapping broad sources and detectors, and
ordinary usage avoids such concern simply by
centering the two.

This calibration source geometry has the pri-
mary features of thinness, durability, and approxi-
mate uniformity of illumination over apertures that

60	could be much wider than our present possible 135
mm. In other variations, its incandescent lamps
could be replaced by monochromatic sources. The
present source is specially adapted to instruments
which receive light in broad beams, and it features

the thinness often needed in tight quarters.
This development and its field application were support-

ed by National Science Foundation grant OPP 90-17484.
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Figure 3. Relative intensity through a 40-mm aperture vs. its displacement in mil-
limeters from central position across a central 85-mm aperture on the source disk.

Polar measurements of atmospheric continuum
microwave emission

ALAN KOGuT, Hughes STX, Laboratory forAstronomy and Solar Physics, Goddard Space Flight Center, Greenbelt, Maryland 20771
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T
he cosmic microwave background (CMB), a relic from the
early Universe, allows us to probe the physical conditions

and processes from that era. Between cosmologists and the
CMB, though, lies the Earth's atmosphere. Atmospheric emis-
sion at wavelengths longer than 1 millimeter (the peak of the
CMB intensity) is dominated by line and continuum emission
from oxygen (0 2) and water vapor (H 20) and contributes
from 25 to 90 percent of the total zenith sky intensity even
from dry, high-latitude sites in the "windows" of least opacity
(figure 1). Models for atmospheric emission require tempera-
ture, pressure, and water-vapor density profiles and a
description of 02 and H20 line profiles (Waters 1976; Liebe
1981; Danese and Partridge 1989). These models rely heavily

on data taken near the line centers and are extended with
somewhat empirical extrapolations to the low-emission win-
dows of astrophysical interest. Accurate radiometric data far
from the line centers are required to constrain the model
parameters.

As part of a campaign to measure the long-wavelength
spectrum of the CMB, our U.S.-Italian collaboration has
measured atmospheric emission from a site near the Amund-
sen-Scott South Pole Station in the austral summers of 1989
and 1991 (e.g., Bersanelli et al. 1994 and references therein).
Figure 1 shows the predicted spectrum for Tat,, for clear-sky
conditions at the South Pole along with the range of mea-
sured values. As expected, the higher-frequency results [par-
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ticularly at 90 gigahertz (GHz)] show large intrinsic variations
dominated by changes in the water-vapor content. The low-
frequency results are less sensitive to water vapor and can be
used to measure the contribution of continuum 02 emission.
The line width y of continuum 02 emission at low frequencies
may be written

y0 a(p+ 1.1 e)Ob	 (1)

where e is the partial water-vapor pressure in kilopascals
(kPa),

o = 300/Tis the relative inverse temperature parame-
ter with Tin K, and

p is the dry-air pressure in kPa (Danese and Partridge
1989).

Since both 0 and b are of order unity, Tam is only weakly
dependent on b. We fit our data using b=1.05±0.20 based on
previous determinations (Danese and Partridge 1989), yield-
ing a=0.000543±0.00017 GHz kPa-' in good agreement with
previous determinations (Maryott and Birnbaum 1960) but
with better accuracy. This result excludes values of a required
by the assumptions of Lam (1977) and Smith (1981).

The data range in figure 1 is dominated not by instrument
noise but by real signal changes caused by variation in the col-
umn density of water vapor and 02 pressure. Figure 2 shows
the predicted atmospheric signal as a function of time, mod-
eled using pressure, temperature, and dew-point profiles from
balloon probes to 30 kilometers (km) altitude (the density
scale heights for water vapor and oxygen are 2.2 km and 9.5
km, respectively). The agreement between radiometric obser-
vations and modeled emission is excellent. The emission at 3.8
GHz is dominated by the oxygen continuum and shows the
effect of pressure variation (the measured temperature varia-
tions in the 02 profile contribute less than 10-mK signal
change, whereas water vapor is negligible). The 90-GHz data
provide additional evidence for the effect of 02 pressure varia-
tion, as well as the expected variation in water-vapor density.

10

E

The observation of pressure-driven variability in atmos-
pheric emission has important ramifications for ground-
based CMB observations. Past absolute measurements of the
CMB at frequencies less than 10 GHz have assumed stable
values of Ta in clear-sky conditions, based on the assump-
tion that only changes in the water-vapor column density can
produce significant variability. The observed variations in
Tam do not correlate with the atmospheric pressure at ground
level, preventing simple application of atmospheric models.
Oxygen and water-vapor emissions scale differently with fre-
quency, preventing simple extrapolation from one frequency
to another. Estimations of Tam at 0.1 K precision require
either a direct measurement at the frequency of interest, a set
of measurements at both high (90 GHz) and low (less than 10
GHz) frequencies, or real-time measurements of the tempera-
ture and pressure profiles. Achieving approximately 10 per-
cent accuracy in ground-based CMB spectral measurements
requires measurements of Tam to be nearly simultaneous
with the instrument absolute calibration.

Any small-scale pressure gradients present in the
observed sky patch will affect ground-based CMB anisotropy
experiments. The University of California at Santa Barbara
group has performed degree-resolution anisotropy measure-
ments from the South Pole at a frequency of 90 GHz, allowing
a relatively direct comparison to our results at 150 resolution.
They observe residual drifts in their differential data and
argue that the presence of atmospheric regions with high and
low pressure is a potential cause (Meinhold et al. 1993). They
assume 1 percent (70-mK) gradients in the oxygen emission

90 GHz

1.2

1.1

E
4.?

1.0

0.9

1	 10	 100
Frequency (GHz)

Figure 1. Predicted and measured atmospheric emission from the
South Pole. The gray band represents the model range for minimal to
maximal water-vapor column density. Filled circles are radiometric
measurements.

—5	0	5	10	15	20	25
Days in December 1989

Figure 2. Predicted (open circles) and measured (filled circles) atmos-
pheric temperature vs. time from the South Pole. Model predictions
use daily balloon probes of atmospheric profiles.

ANTARCTIC JOURNAL - REVIEW 1994
330



on scales larger than 10, that is, only 15 percent of the typical
daily variations we observed from the same site and at the
same frequency. Pressure-driven gradients in Tatm would
evolve on longer timescales than the well-known water-vapor
fluctuations, requiring even longer data gathering to integrate
their effect down to negligible levels.

We acknowledge the dedicated efforts of our collabora-
tors in this research, including J. Aymon, M. Bensadoun, J.
Gibson, M. Limon, S. Levin, W. Vinje, and C. Witebsky. Polar
balloon data were kindly provided by the South Pole meteo-
rology group. This research was supported by National Sci-
ence Foundation grants OPP 87-16548 and AST 8406187 and
by Consiglio Nazionale delle Ricerche.
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Hello seismology from South Pole: A clear view of the Sun
S.M. JEFFERIES, Bartol Research Institute, University of Delaware, Newark, Delaware 19716

T.L. DUVALL, JR., Laboratory forAstronomy and Solar Physics, National Aeronautics and SpaceAdministration/Goddard Space
Flight Center, Greenbelt, Maryland 20771

J.W. HARVEY, National Solar Observatory, Tucson, Arizona 85726

H
elioseismology is the study of the composition and
physics of the Sun's interior and atmosphere via obser-

vations of its acoustic oscillations. These oscillations are man-
ifest as intensity and velocity perturbations of the solar sur-
face. One way to observe them, therefore, is to record the
temporal and spatial variations of the solar intensity distribu-
tion. This can be done by imaging the full solar disk onto a
two-dimensional detector such as a charge-coupled device.
Unfortunately, any recorded image is inevitably a blurred
measure of the intensity distribution that one is trying to
measure. This is due to imperfections inherent in the meas-
urement instrument's optics, and, for Earth-based observa-
tions, turbulence in the Earth's atmosphere. Atmospheric tur-
bulence is particularly insidious because it changes rapidly
with time; those rapid changes make it difficult for
researchers to determine its contribution to the overall blur-
ring of the image. At the South Pole, image blur due to the
Earth's atmosphere is mainly caused by the mixing of cold
and warm air in the first few hundred meters above the sur-
face. This mixing of air limits the image resolution to a few
arc-seconds (Harvey 1989). Image blur is especially detrimen -
tal for helioseismic studies because it directly confuses differ-
ent modes and causes errors in the determination of the solar
diameter that leads to incorrect mapping of the observed
image to spherical harmonics (and, therefore, adds to the
mode confusion). In addition, it causes a strong modulation
of the amplitudes and line widths of the modal features in the

oscillation power spectrum generated from a time series of
images. Over the last 8 years, a main goal of our helioseismol-
ogy program has been to obtain observations at different
epochs of the solar activity cycle and to look for cycle-depen-
dent variations in the oscillation properties. Since all our
observations necessarily suffer from image blur, it is evident
that variations in the measured mode amplitudes and line
widths, which provide information on the oscillation excita-
tion and damping mechanisms, may well be masked from
detection.

We have developed a technique for measuring the blur-
ring function directly from each recorded image (Toner and
Jefferies 1993) together with a deconvolution procedure to
use this information to restore the image photometrically
(Toner, Jefferies, and Duvall in preparation). The improve-
ment in image quality produced by the restoration is dramat-
ic and is demonstrated in the figure.

To date, most information provided by helioseismology
has been based on measurement of the line profiles in the
oscillation power spectrum. To maximize the information
return from the data, the measurement is always done over as
large a range of temporal and spatial frequency as is practical.
Another advantage of image restoration is that the power
spectrum obtained from restored image data clearly shows
modal features at low temporal frequencies. These modal fea-
tures would otherwise be buried in the background noise.
Unfortunately, the deconvolution procedure is computation-
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A. A calcium K-line intensity image of the full solar disk recorded, using a charge-coupled device with 4 arc-second resolution, from the geo-
graphic South Pole during the austral summer of 1990-1991. B. The same image after restoration for the deleterious effects of the Earth's atmos-
phere and the imperfect optics in the measurement instrument.

ally expensive. For many helioseismic studies, however, the
computational overhead can be significantly reduced by
using an approximation to the restoration process. The
approximation consists of calibrating the estimated Fourier
transforms of the blurring functions onto a spherical harmon-
ic degree scale and using these to correct the time series of
spherical harmonic transform coefficients. (Because the Sun
is essentially spherical, its oscillations are modeled using
spherical harmonic functions.) Studies that require optimal
resolution in latitude, however, need to use the deconvolu-
tion approach.

The benefit of image restoration extends beyond helio-
seismology. Many other types of solar research—for example,
investigations of the morphology and dynamics of phenome-
na such as filaments, faculae, and sunspots—will also be facil-
itated by sharpened images.

In addition to the authors, the field parties deployed dur-
ing the austral summers of 1987-1988, 1988-1989, and
1990-1991 included M. Pomerantz, R. Aikens, D. Neff, and D.

Jaksha. Their help and that of the South Pole support person-
nel, has been essential to the success of our program. We
would also like to acknowledge the contribution of C. Toner
to our image restoration work. This work was supported in
part by National Science Foundation grant OPP 92-19515, the
Solar Physics Branch of the Space Physics Division of the
National Aeronautics and Space Administration, and the
National Solar Observatory.
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Solar cosmic-ray observatories at polar sites
JOHN W. BIEBER, PAUL EVENSON, and ZHONGMIN UN, Bartol Research Institute, University of Delaware, Newark,

Delaware 19716

D
etailed information on the acceleration and transport of
solar cosmic rays can be derived through analysis of their

angular distribution (Bieber, Evenson, and Pomerantz 1986).
We show in this article that polar observing sites offer unique
advantages for making the requisite measurements with
ground-based detectors.

Neutron monitors respond to primary cosmic-ray parti-
cles above a certain threshold rigidity. For midlatitude and
low-latitude stations, this threshold is determined by the geo-
magnetic field and is termed the geomagnetic cutoff rigidity.
At high latitudes, however, the geomagnetic cutoff becomes
small, and the threshold is governed instead by atmospheric
absorption. As a result, neutron monitors located throughout
the north and south polar regions have nearly uniform
thresholds of approximately 1,000 million volts (correspond-
ing to a proton energy of 433 million electron volts).

The effect is illustrated in figure 1, which compares the
response of Mawson, Antarctica, with Newark, Delaware, for a
typical (Duggal 1979) solar-particle spectrum varying inverse-
ly as rigidity to the fifth power. The geomagnetic cutoff for
Newark is 2,080 million volts, and the solar-particle response
rises steeply from this threshold. In contrast, the geomagnetic
cutoff for Mawson is 190 million volts, but the detector
response remains negligible until the particle rigidity nears
1,000 million volts.

Shifting the geomagnetic cutoff within the range 0 to 600
million volts has little effect on the solar-particle response. As
a result, all neutron monitors in polar regions have nearly
identical energy responses. Thus, we can be confident that
any differences in particle fluxes observed at polar sites result
from particle anisotropies rather than from energy spectrum
effects (leaving aside slight spectral effects, which occur for
stations at different altitudes).

A second strong advantage of polar sites is that these sites
have comparatively well-defined viewing directions, in con-
trast to midlatitude and low-latitude detectors for which the
viewing directions of the different particle rigidities are dis-
persed over a large angular range. By viewing direction, we
mean the direction from which a detected particle originally
came, before being deflected by magnetic fields of Earth and
its magnetosphere.

This effect also arises from a polar detector's lack of sen-
sitivity to particles near the geomagnetic cutoff. In general,
particles with rigidity near the geomagnetic cutoff follow tor-
tuous paths through Earth's magnetosphere. As a result, the
viewing direction is extremely sensitive to particle rigidity in
this regime. For a polar station such as Mawson, this regime is
unimportant, because it occurs at rigidities where the solar-
particle response is negligible. For a midlatitude station such
as Newark, in contrast, a substantial fraction of the total solar-

0.1	 1.0	 10.0
Rigidity (GV)

Figure 1. Detector response as a function of rigidity for neutron moni-
tors in Mawson, Antarctica, and Newark, Delaware. A solar-particle
spectrum varying inversely as rigidity to the fifth power was assumed.
Vertical lines indicate geomagnetic cutoff rigidities. (GV denotes giga -
volts.)

particle response is from rigidities near the geomagnetic cut-
off, where viewing directions are widely dispersed.

To quantify this effect, let us define percentile rigidities
from the solar-particle response. For example, the 10-per-
centile rigidity for Newark is 2,260 million volts, which is the
rigidity at which the Newark curve in figure 1 rises above 10
percent. In figure 2, we plot on a map of Earth's surface the
viewing directions corresponding to the 10-, 20-. .... and 90-
percentile rigidities for cosmic rays vertically incident over 12
high-latitude stations (top), as well as two representative mid-
latitude stations (bottom). Among the high-latitude stations,
we include all stations that have cutoffs below 1,000 million
volts and that were in operation (to the best of our knowl-
edge) during the large solar-particle event of 29 September
1989. (Detailed information on station characteristics is pre-
sented in the table.) Angular resolution is defined as the angle
between viewing directions of the 10-percentile and 90-per-
centile rigidities. Computations were performed with a trajec-
tory code (Bieber, Evenson, and Lin 1992) for 1330 universal
time on 29 September 1989.

The advantages of polar sites for studying cosmic-ray
angular distributions are readily apparent in figure 2 and the
table. Viewing directions for Newark spread over more than
half of Earth's circumference, whereas those for Irkutsk nearly
circle the globe between the 10- and 90-percentile rigidities.
In contrast, the polar stations have much more confined
viewing directions. For the eight stations with geomagnetic
cutoffs below 200 million volts, the angular resolution ranges
from 9 to 48, which compares favorably with the angular
resolution typically achieved by modern particle detectors
flown aboard spacecraft.
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Figure 2. Viewing directions of 12 high-latitude neutron monitor stations (top) and two midlatitude stations (bot-
tom). The spread of viewing directions for each station encompasses the central 80 percent of the detector ener-
gy response to a simulated solar-particle event. Top panel also shows viewing directions for Churchill, Canada
(CH), which, however, has not had an operating monitor in recent years. See the table for additional station infor-
mation.
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In closing, we note that the worst gap (120') in cover-
age of the equatorial region occurs between the viewing
directions of Inuvik and Goose Bay. As shown by the line
labeled CH in the top panel of figure 2, a neutron monitor
placed in Churchill, Canada, would view almost exactly in
the center of this gap. Conversely, if stations operated by
the National Research Council of Canada, including Inuvik
and Goose Bay, are closed as planned, it would leave a vast
region of the Western Hemisphere unobserved by any
polar monitor.

This research was supported by National Science
Foundation grant OPP 92-19761.
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T
he AMANDA high-energy neutrino observatory will
address fundamental questions in astronomy and particle

physics. AMANDA can search for the sources of the highest
energy cosmic rays and for dark matter; it can address the
question of whether neutrinos have mass; and it can look for
entirely unanticipated phenomena. In contrast to high-ener-
gy photons, which are absorbed by matter, high-energy neu-
trinos can help scientists do a tomographic study of such
objects as active galactic nuclei and even our Earth's core.

To accomplish these goals, one needs an observatory that
can be scaled up to about 1 cubic kilometer (km 3). All designs
share the same idea: a three-dimensional array of large pho-
totubes embedded in a transparent medium to look down—
through the Earth—at the Cherenkov light emitted by an
upward-moving muon. (High-energy neutrinos are trans-
formed into muons as they pass upward through the Earth.)
By measuring arrival times of Cherenkov photons at various
phototubes, researchers can reconstruct the direction of the
neutrino. In contrast to other concepts, which would locate
the observatory in a deep lake or the deep ocean, AMANDA's
design puts all electronics on the surface above short cables
that simply carry signals up from the phototubes, and the
medium (ice) is truly dark and free of radioactivity.

Technology

U
sing hot-water drilling, we succeeded in producing four
holes 1 km deep and 60 centimeters (cm) in diameter. It

took about four days and 11,000 liters of fuel per hole. We lost
3 out of 80 modules during deployment, and 4 modules are
operating less than perfectly. As we gained experience, we
succeeded in deploying the last two strings with the loss of
only a single module. The 73 perfect modules have been oper-
ating at the single-photoelectron level since January 1994. We
set up a calibration system consisting of a laser at the surface
that can send pulses along fiber-optic cables into nylon dif-
fuser balls, one positioned 30 cm below each module. Before

filtering, 40 megabytes of data are collected every hour at a
trigger rate of 22 hertz (Hz). The data sent back in real time via
satellite consist of 10 megabytes per day now and 50 mega-
bytes per day in the future.

Measuringproperties of deep ice

U
sing the laser calibration system, we made detailed mea-
surements of in situ ice (AMANDA collaboration in

press). Pulses of 500-nanometer (nm) light are sent down the
optic fibers to the nylon spheres, which radiate light isotropi-
cally. By measuring the relative timing of signals received by
the various phototubes, which have a time resolution of 2
nanoseconds, we were able to determine the optical proper-
ties of the ice and to derive accurately the positions of the
tubes. As figure 1 shows, the timing data are well described by
a random walk model that includes absorption of the light in
the ice and scattering on residual bubbles. From data such as
that in figure 1, we obtain a value of 59±3 for the absorption
length of 500-nm light in the ice itself. Figure 2 shows how the
reciprocal of the scattering length (k 1 = no = concentration
cross section) decreases with depth. As figure 2A shows, our
data are consistent with values of scattering length inferred
from deep cores from Vostok and Byrd. Extrapolation of our
data using a kinetic model (Price in press) indicates that bub-
bles should disappear at a depth of approximately 1,400
meters (m).

Status of muon reconstruction

I
n the presence of bubbles, the AMANDA detector operates
like a drift chamber instead of like a Cherenkov detector.

The light pattern of a muon is that of an isotropic light source
traveling through the ice with speed c/n (where c is the speed
of light and n is the refractive index of light in ice). With modi-
fications of the analysis procedure, we find that approximate-
ly 90 percent of the muon trajectories can be reconstructed
well enough to obtain their zenith angle distribution. Early
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Figure 1. Time distribution of laser light as detected by an optical
module after traveling (a) 21 m and (b) 32 m. The data on light propa-
gation are reproduced by a Monte Carlo which includes absorption
and scattering on residual bubbles. (ns denotes nanoseconds.)

results, shown in figure 3, encourage us to believe that most
muon trajectories can be determined fairly well even in the
presence of bubbles.

Triggers on SPASE—AMANDA coincidences

W
e observe coincidences with the South Pole air shower
experiment (SPASE) array situated on the ice surface at

a zenith angle of approximately 45° with respect to AMANDA.
The surprisingly large rate of coincidences (more than 100
per day for a tenfold trigger) indicated that the strings detect-
ed downward muons at larger distances than expected for
bubble-free ice. The four-string AMANDA is by far the largest
muon detector ever built. Using such coincidence data, we
and our SPASE collaborators hope to make progress in
resolving the question of the cosmic-ray composition in the
region of the "knee" at approximately 1016 electronvolts in
the primary energy spectrum. The method exploits the fact
that high-energy heavy nuclei produce more muons than do
protons.

Will deeper Ice be suitable as a muon detector?

T
he quality of the image of a muon's trajectory is limited
both by scattering from dust and bubbles and by refrac-

tion at boundaries between ice crystals and at boundaries
between crystals of air hydrate (into which bubbles convert at
great depths) and normal ice crystals. At 1,500 m all bubbles
should have undergone a phase transition to air hydrate crys-
tals. Fortunately, the refractive index of the hydrate phase rel-
ative to that of pure ice is approximately 1.004, which is so
close to unity that the lateral deflection of Cherenkov photons
refracting at boundaries between the two phases will be negli-
gibly small. Thus, air hydrate crystals have virtually no effect
on the imaging of muon trajectories. The same conclusion
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Figure 2. A. The inverse scattering length on residual bubbles as a
function of depth. By linear extrapolation the inverse scattering length
vanishes at a depth of 1,100 m. B. Comparison of the bubble density
inferred from the laser data (AMANDA collaboration in press) with the
density measured in cores at Vostok and Byrd Station.
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Figure 3. First-pass reconstruction of cosmic-ray muon triggers (his-
togram) compared with the Monte Carlo (MC) expectation (curve).

applies to refraction at boundaries between randomly orient-
ed normal ice crystals.

Measurements of size distributions and of light scattering
(Royer, DeAngelis, and Petit 1983) from dust as a function of
depth in ice cores have shown that the dust concentration is 1
to 2 orders of magnitude higher during an ice age than during
interglacial periods. Using an iceflow model to estimate age
vs. depth, we conclude that major peaks in the dust concen-
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tration in South Pole ice occur at approximately 1,000 in
approximately 2,600 m. We estimate that the scattering length
for dust at 1,500 in 	be about 20 in 	will not significant-
ly distort trajectories of Cherenkov photons.

Future plans

K
nowing that the absorption length is approximately 60 in
nstead of 25 m, we will increase the dimensions of the

remaining portion of AMANDA so as to measure trajectories
more accurately and improve up-down discrimination. Dur-
ing the next drilling season, we will drill six holes to depths of
approximately 1,700 in 	with lateral spacings between
holes of 50 to 60 in of 30 m. Each string will contain 13
optical modules with a vertical spacing of 20 m. The effective
volume of the pentagonal cylinder plus central string will be
approximately 107 cubic meters, nearly an order of magnitude
larger than that in the original plan. With the larger spacing,
the threshold for muon detection will be a factor of approxi-
mately 5 higher than for the compact design.

Achieving a volume of 1 km 3 in South Pole ice now
appears feasible. The optimal vertical size and depth of this
future observatory will depend on drilling economics, atten-

uation in cables, and depth of disappearance of bubbles.
One attractive scheme for the horizontal configuration is to
surround a central AMANDA six-string "supermodule" with
two concentric rings of identical supermodules at radial dis-
tances of 250 and 500 in the central supermodule. With
an increase of the string length from 200 to 800 m, the total
number of phototubes will be 4,590, and the effective vol-
ume will be approximately 1 km 3 . A rough estimate of the
total cost for the 90 holes, equipment, and deployment, is
$50 million.

This research was supported by National Science Foun-
dation grant numbers OPP 92-15531 and PHY93-07420.
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South Pole air shower experiment
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S
ince February 1994 the South Pole air shower experiment
(SPASE) (Beaman et al. 1993) has been running in coinci-

dence with four strings of the antarctic muon and neutrino
detector array (AMANDA) experiment (Lowder et al. 1993;
Miller 1993) that were deployed during the 1993-1994 austral
summer. The air shower array consists of 16 scintifiator detec-
tors, each of 1-square-meter area, on a triangular grid with 30-
meter (rn) spacing. In addition, there are eight guard ring
detectors on an approximately 80-m radius, which are similar
in size and construction, except that they lack the fast-timing
capability of the central detectors. When the surface array is
triggered by a cosmic-ray cascade in the atmosphere, a signal
is transmitted some 800 in a cable to alert the electronics
in the AMANDA central station to read out its data. The
AMANDA data for each event consist of a list of tubes that fired
during the 8-microsecond window opened by the SPASE trig-
ger together with the time and duration of the signal in each of
the 73 operating AMANDA phototube modules that fired. Each
AMANDA string has 20 phototube modules at 10-rn intervals
from 800 to 1,000 in 	the surface of the polar ice cap.

The coincident events are caused by atmospheric cas-
cades generated when an ultra-high-energy cosmic-ray parti-
cle (proton or heavier ionized nucleus with energy more than

several times 1013 electronvolts) interacts high in the atmos-
phere. The surface array responds primarily to the many elec-
trons and positrons in the shower front; the shower front
propagates somewhat like a 1-rn thick pancake through the
atmosphere nearly at the speed of light. The shower front is
perpendicular to the direction of the incident cosmic ray, and
that direction is reconstructed from the timing pattern of the
SPASE detectors. The electrons and positrons are absorbed by
a few meters of snow, but the core of the shower, which con-
sists of energetic mu-mesons, penetrates deep into the ice. If
the shower is pointing toward the under-ice AMANDA detec-
tor, those muons should be seen by the AMANDA phototubes.

The figure shows data taken by Simon Hart and Tim Miller
during 2 days of testing in February at South Pole. The first
panel shows essentially all events. These are mostly acciden-
tals—random noise in one or two modules within the time
window opened by the SPASE trigger. Since most showers that
trigger the surface air shower array do not point toward AMAN-

DA, we do not expect to see a true coincidence most of the
time. The second and third panels show the angular distribu-
tion of events in which more than 2 and more than 5 modules
in AMANDA fired during the window opened by SPASE. The
peak around the aziumthal angle of 120° (the direction from
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There are two reasons to study coincidences between
SPASE and AMANDA. One is to help in the calibration of
AMANDA, which is designed to detect upward-going muons
generated by interactions of neutrinos in the ice below the
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detector. The primary goal of AMANDA is high-energy neutrino
astronomy—the search for neutrinos from the deep interior of
distant astrophysical sources such as Active Galactic Nuclei.

The second reason for studying the coincidences between
SPASE and AMANDA is that the coincident events are interest-
ing in their own right. In the energy range above the threshold
of SPASE, the intensity of the cosmic radiation is so low that, at
present, it can be studied only with ground-based detectors of

large area exposed for long periods. We would
like to know the energy spectra and the relative
intensities of the various major components of
the cosmic radiation in this energy region in
order to discriminate among theories of the ori-
gin of cosmic rays. For example, different types
of supernovas would be expected to accelerate a
different mix of nuclei depending on the envi-
ronment into which they explode. A simultane-
ous measurement of electrons at the surface and
energetic muons deep underground has some
sensitivity to the relative fraction of heavy nuclei
in the cosmic ray beam. AMANDA as a muon
detector in coincidence with an air shower
detector has one advantage over almost all exist-
ing surface-underground detectors: it has
enough area at its depth to intercept the whole
muon bundle for showers with trajectories
through the central part of the array. Although it
cannot reconstruct the exact number of muons
in each event, the signal does reflect the number
of muons in the shower well enough to be sensi-
tive to the primary composition.

Because it is desirable to study coincident
events up to energies beyond 1016 electronvolts,
and because the present SPASE array saturates
below this energy, the SPASE group has
designed a new array which will be deployed at
South Pole during the next two seasons. Like the
present array, SPASE-2 will consist of detector
stations separated by 30 in a triangular grid.
Each station will consist of a cluster of five scm-
tillator detectors, each viewed by its own photo-
tube. In this way, the dynamic range of the
detector can be increased by a factor of 10 over
the current array. In addition, the array will have
30 stations instead of the present 14, making its
total area more than twice the present array. The
new array will continue to be used for ground-
based gamma-ray astronomy as well as for the
cosmic-ray experiment, which is its primary
aim. The original SPASE array was designed for
gamma-ray astronomy and has successfully set
new limits (van Stekelenborg et al. 1993) on
Southern Hemisphere sources of ultra-high-
energy gamma rays from sources such as
SN1987A and certain x-ray binary stars.

The South Pole Air Shower Experiment is a
joint project between the Bartol Research Insti-

A. The phi distribution of all SPASE events over a 36-hour period with zenith angles of
between 30° and 60°. B. The same distribution but only those SPASE events in which
three of more AMANDA tubes fired are plotted. C. Six or more AMANDA tubes must fire.
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tute/University of Delaware and the University of Leeds. Par-
ticipants in the project from Bartol are Paul Evenson, T.K.
Gaisser, Daniele Martello, Tim Miller, John Petrakis, and
Todor Stanev; participants from Leeds are John Beaman,
Simon Hart, Jeremy Lloyd-Evans, Paul Ogden, and A.A. Wat-
son. Miller, Petrakis, Hart, and Ogden carried out the
1993-1994 expedition.

This research was supported by National Science Foun-
dation grant number OPP 92-21665.
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A preliminary analysis of the University of California's
degree-scale anisotropy measurements of the

cosmic microwave background
JOSHUA GUNDERSEN, MARK Lim, and TODD GAIER, Department of Physics, University of California, Santa Barbara,

California 93106

nisotropy measurements of the cosmic microwave back-
round (CMB) provide an effective method for testing

cosmic structure formation models. In particular, degree-
scale anisotropy measurements can be powerful in constrain-
ing scenarios of large-scale structure formation and values of
global parameters in cosmic evolution models. These meas-
urements can also be used to discriminate between Gaussian
and non-Gaussian structure formation models. Over the past
6 years, our group has traveled to the South Pole to perform
degree-scale anisotropy measurements. The results from
these measurements are detailed in Meinhold and Lubin
(1991) and Meinhold et al. (1993) for our 1988-1989 measure-
ments (SP89) and in Gaier et al. (1992) and Schuster et al.
(1993) for our 1990-1991 measurements (SP91). We report
here on our most recent measurements, which were made
during the austral summer 1993-1994 (SP94) at the Amund-
sen-Scott South Pole Station.

All of the SP94 observations used the advanced cosmic
microwave explorer (ACME) which is a 1-meter Fl off-axis
Gregorian telescope (Meinhold et al. 1993). During these
observations, the nutating ellipsoidal secondary oscillated
sinusoidally at 8 hertz with a peak-to-peak throw of 3 0 on the
sky. The receiver signals were then phase-synchronous
demodulated using a "square wave" lock-in amplifier, which
gave a maximum sensitivity to signals separated by 2.10 on the
sky.

The 26-36 gigahertz (Ka-band) receiver is very similar to
the receiver shown in Gaier et al. (1992). This receiver incor-
porates a very-low-noise, cryogenic high- electron-mobility

transistor (HEMT) amplifier (Pospieszalski et al. 1990) built at
the National Radio Astronomy Observatory (NRAO). The full
10-gigahertz (GHz) band is multiplexed into four channels,
each with 2.5-GHz nominal bandwidth. This band subdivi-
sion is used to compensate for gain variations across the full
band and to obtain spectral information that can be used to
discriminate between the various astrophysical foregrounds.
The beam profile of the telescope can be estimated as a
Gaussian beam with a full width at half maximum (FWHM);
the Gaussian beam varied between 1.4 0 for the highest fre-
quency channel to 1.80 for the lowest frequency channel.

The 38-45-gigahertz (Q-band) receiver, shown in figure 1,
uses a cryogenic HEMT amplifier, which is based on an NRAO
design and built at the University of California at Santa Bar-
bara. This amplifier uses an AlInAs/GaInAs/InP HEMT
(Pospieszalski et al. 1994) in the first stage of amplification.
This new InP-based HEMT technology, which provided for
the very-low (10-15 K) receiver temperature, requires signifi-
cantly less power than the GaAs-based HEMT amplifiers. As
with the Ka-band receiver, the Q-band system was multi-
plexed into three frequency bands with nominal bandwidths
of 2.3 gigahertz. With the addition of the Q-band receiver, our
frequency coverage has doubled from our SP91 results and
should allow for much improved foreground discrimination.
The beam size of the Q-band receiver varies from 1.0° in the
highest frequency channel to 1.2° in the lowest frequency
channel.

The observation strategy was constrained by terrestrial
foregrounds, astrophysical foregrounds, and previous obser-
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vations. The sky coverage for SP94 is shown as boxes in figure
2, and the best estimate for the sky coverage for SP91 is shown
as FWHM circles. The first observation extended to ±100 on
the sky about the fiducial right ascension u=32 0 and declina-
tion 8=-61.25 0 . The second and third observations extended
to ±100 on the sky about the fiducial a=45 0 at a 8=-62 0 . The
boxes in figure 2 represent the fact that the SP94 observations
used smooth scans in azimuth as opposed to stepped scans
for SP89 and SP91. The smooth scans have three distinct
advantages over stepped scans.
• A complete scan (e.g., moving the beam from a=12 0 to an

a=52 0 and back to cz=12 0) can be performed in less than
half the time it took a comparable scan in SP91.

• The smooth scans afford better discrimination against
unresolved sources.

• The smooth scans increased the sky coverage while reduc-
ing the per pixel sensitivity.

We removed data gathered when the telescope was not
pointed in the correct direction, when the telescope was
being serviced, when the secondary modulation was poor,
when there was radio frequency interference, and when the
weather made it impossible to observe. These combined
effects rendered roughly 25 percent of the data unusable. Fol-
lowing the analyses of Gaier et al. (1992) and Schuster et al.
(1993), we removed an offset and linear gradient as a function
of time from each half scan. The coadded data for the over-
lapping second and third observations are shown in figure 3.
The mean and variance are calculated for each of the 43 bins,
and the ±1 o error is shown in figure 3. Each of these bins sub-
tends an angle of 0.465 0 on the sky. A statistically significant
signal characterizes each observation; the structure is corre-
lated between channels for each scan; and the structure is
correlated between the two observations. At this time, we can
rule out the Earth, Sun, galactic synchrotron emission, and
galactic dust emission as contributors to the observed signal.
A more detailed analysis is underway to determine whether
free-free emission or discrete extragalactic radio sources may
be contributing to the observed signal.

We would like to thank M. Pospieszalski, M. Balister, and
W. Lakatosh of NRAO/Cryogenic Detector Laboratory for use-
ful information regarding amplifiers and for supplying the
26-36-gigahertz HEMT amplifier. In
addition, we would like to thank L.
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Figure 1. Schematic of the 38-45-gigahertz HEMT receiver.
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including John Staren, Peter Meinhold, Tim Koch, Mike Seif-
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Predeployment tests of the Antarctic Submillimeter Telescope
and Remote Observatory instrument
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T
he Antarctic Submilimeter Telescope and Remote Obser-
vatory (AST/RO) instrument (cf. Stark 1989, p. 106) is a

1.7-meter (m) diameter telescope scheduled for installation at
Amundsen-Scott South Pole Station in late 1994. AST/RO is a
general-purpose instrument for millimeter, submillimeter,
and far-infrared wavelengths. Our scientific goals include het-
erodyne spectroscopy of galactic molecular clouds and mole-
cular lines in the Earth's stratosphere at wavelengths near 600
micrometers (ltm). This article describes observations made
from the AST/RO test site at Boston University in 1993 and
1994. Two receivers were mounted on the telescope:
• a 230 gigahertz (GHz) superconductor-insulator-supercon-

ductor (SIS) waveguide receiver with 400 K single-sideband
(SSB) noise temperature and

• a 470 to 500 GHz quasioptical SIS receiver with 350 K SSB
noise temperature (Zmuidzinas and LeDuc 1992; Engargi-
ola, Zmuidzinas, and Lo 1994).

Observing tests were restricted to periods of unusually good
weather because, unlike the South Pole, Boston is not well
sited for millimeter- and submillimeter-wave observing. We
were able to carry out several weeks of observational tests at
230 GHz. At 490 GHz, the Sun was detectable for a few hours
on 2 days in February.

Pointing capability of the AST/RO mount was measured
with a coaxially mounted optical-wavelength refractor. This
telescope consists of a 76-millimeter (mm) diameter f/10 lens
and a charge-coupled device (CCD) camera mounted in a car-
bon-fiber tube. Field-of-view of the CCD is 12 arcminutes,
and the pixel centers are separated by about 3.8 arcseconds.
Observations of stars were used to measure relative short-
term tracking stability and to determine parameters of an
absolute pointing model. Short-term tracking stability was
excellent most of the time: shake and jitter were smaller than
one pixel. The servo system was able to maintain tracking
within an arcminute even when hundred-pound loads were
suddenly applied to the telescope structure, in simulation of
exceptional wind gusts. A pointing model was generated by
observing several hundred stars on several different nights in
1993 and 1994. A mount model was applied to the tracking
system to correct for the observed pointing offsets; the
absolute pointing was then better than 1 arcminute over the
entire sky. The mount model was found to be stable over peri-
ods of weeks at a level of 10 arcseconds, the residual problems

coming mostly from the tilt of the building on which the tele-
scope sits. The radio beam offsets were determined by obser-
vations of IRC+10216, a nearby mass-losing red giant star
which is bright in molecular emission.

To measure the telescope beam pattern, total power at 230
GHz was measured at various points near the Sun's limb. Fig-
ure 1 shows total power plotted against mapping angle from
the nominal center of the Sun. The data are consistent with a
theoretically perfect gaussian beam. The vertical scale of this
curve was determined by measured power levels at the center
of the Sun's disk and at a blank sky point several degrees away.
One remarkable result is that the intermediate-frequency
power is consistent with blank-sky levels when the beam is
positioned only 5 arcminutes beyond the edge of the Sun's
disk, an indication of high beam quality, high beam efficiency,
and small error pattern. On 14 February 1994, the weather was
good enough to allow the detection of the Sun at 490 GHz. The
zenith opacity, measured by a total power skydip procedure,
was at times as small as 6. The limb of the Sun was found, and
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Figure 1. Total intermediate-frequency (IF) power measured as a func-
tion of angle from the center of the Sun. The triangular points are an
azimuth scan, and the open circles are an elevation scan. The solid
curve is the predicted result for a theoretically perfect 3.3-arcminute
gaussian beam convolved with a uniform disk the size of the Sun. The
vertical scale of this curve was determined by measured power levels
at the center of the Sun's disk and at a blank sky point several
degrees away.
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the convolution of the beam and the limb of the Sun was con-
sistent with a 1.6 arcminute beam, as expected.

A period of particularly good weather lasting several days
began on 27 February 1994. Several hundred spectra were
obtained toward a number of galactic molecular sources with
the 230 GHz receiver; some of these spectra are without
apparent flaw, aside from the presence of noise. These data
were obtained by position switching between the source and
a reference position a few degrees away. Calibration was done
by measuring the power emitted by loads at room tempera-
ture and at liquid nitrogen temperature placed between the
receivers and the telescope. Sky opacity was estimated by
comparing the noise power of the blank sky at the elevation of
the source with the liquid nitrogen load, and applying a two-
component atmospheric model to relate ambient tempera-
ture and sky temperature to atmospheric opacity. Total
equivalent system temperatures varied upward from 1200 K,
depending on the weather.

Figure 2 shows the result of a 6-minute observation of the
molecular cloud SgrA, which is superposed on the galactic
center. A linear baseline has been removed, and the baseline
residuals are acceptably small. Despite the high opacity of the
atmosphere (t-0.8) and low elevation of the source (el-190),
the data quality is high and the calibration is reasonable. The
channel-to-channel correlated noise is a natural result of the
overlap in the channels of the acousto-optical spectrometer
(AOS) (Schieder, Tolls, and Winnewisser 1989). In addition,
some hint of an approximately 30 megahertz (MHz) baseline
ripple is evident, a problem which is much worse in other
spectra. Baseline ripple results from a combination of imper-
fections in the chain of intermediate-frequency amplifiers
and frequency converters. These imperfections can be
reduced by future modifications of the intermediate-frequen-
cy chain and reduction of the microphonic response of the
receiver dewars. Figure 3 shows the CO J=2-1 spectrum
toward the high-velocity outflow source in Orion A. Again,
only a first-order baseline has been removed. The broad line
wings from the high-velocity flow are easily seen, extending
75 kilometers per second (km s- 1 ) to either side of the line
core. This source is small compared to the 3.3 arcminute (at
230 GHz) AST/RO beam, and its detection here demonstrates
that the pointing of the radio beam is good.

These observing tests indicate that the AST/RO telescope
is capable of acquiring high-quality spectra at a wavelength
near 1 mm and that its beam at wavelengths near 600 tm is
consistent with our design and laboratory tests. ASTRO can,
therefore, be considered operational.

We thank E. Silverberg, W. Bruckman, and the Smithson-
ian Submihimeter Array team for the optical guide telescope.
We thank P. Zimmermann, I.E. Carlstrom, and R. Doherty for
help with the instrumentation. This research was supported
in part by NATO collaborative research grant 910495, by
National Science Foundation grant OPP 88-18384, and by the
Center for Astrophysical Research in Antarctica and the
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Figure 2. AST/RO J=2-1 spectrum of the galactic center source SgrA
at R.A.(1950)=17 hours 42 minutes 42 seconds, Dec=-28°59'. Total
observing time was 6 minutes. A linear fit has been subtracted from
the baseline. The broad emission between channels 830 and 1200 is
the galactic center molecular ring. Absorption from foreground spiral
arms can be seen at channels 1035 and 1067.

El

0

illO	 -50	 0	 50	 100
Velocity (km/c)

Figure 3. AST/RO J=2-1 spectrum of the nearby Hll region Orion A at
R.A.(1950)=5 hours 32 minutes 47 seconds, Dec=-5 0 24.5'. Total
observing time was 6 minutes. A linear fit has been subtracted from
the baseline. Broad line wings from the high-velocity outflow source
can be seen at velocities between -50 km s- 1 and +60 km -1

National Science Foundation under Cooperative Agreement
OPP 89-20223.
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Automatic geophysical observatories

Studying the polar ionosphere and magnetosphere with
automatic geophysical observatories: The U.S. program

in Antarctica
T.J. ROSENBERG, Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742-2431

J.H. DOOLITTLE, Lockheed Palo Alto Research Laboratory, Palo Alto, California 94304

T
he vast antarctic plateau, comprising much of East
Antarctica, is situated at very high geomagnetic latitudes.

In fact, the geomagnetic polar cap above 800 lies entirely on
the continent. By contrast, the region above 80° magnetic lati-
tude in the Northern Hemisphere lies mainly in the Arctic
Ocean. Consequently, it is practical only in Antarctica to set
up multiple, spaced ground-based facilities to provide near-
global coverage of the polar upper atmosphere at such high
geomagnetic latitudes.

Continued progress in understanding the Sun's influence
on the structure and dynamics of the Earth's upper atmos-
phere will depend on knowledge of the electrodynamics of
the polar cap region and the key role that this region plays in
coupling the solar wind with the Earth's magnetosphere, ion-
osphere, and thermosphere (see figure 1 for the key regions of
the geospace environment). Measurements that are critically
needed include the electric field convection pattern across

osEATh

SOLAR
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BOW SHOCK

Figure 1. Regions of geospace.

the polar cap and the response of the atmosphere to the many
forms of high-latitude wave and particle-energy inputs.

The approach to this problem by countries operating in
the Antarctic has been to install radar facilities at several
coastal stations (Halley, soon to be followed by Syowa and
Sanae) that provide large and overlapping fields of view of the
polar cap ionosphere, coupled with the deployment of a net-
work of spaced observatories beneath this canopy. The practi-
cal limitations of supporting additional manned observing
stations at very high geomagnetic latitudes led to the develop-
ment of unmanned automatic geophysical observatories
(AGOs). The U.S. AGO program is complemented at lower
geomagnetic latitudes by AGOs operated by the United King-
dom and Japan.

The AGOs (see back cover) provide power and data acqui-
sition as a host to the instruments in a room temperature she!-
ter. They are powered by propane-fueled thermoelectric gener-

ators that use no moving parts and
can run for a full year between ser-
vicing. The AGOs were designed,
built, and installed at the field sites
by Lockheed Palo Alto Research
Laboratory.

The AGO science program is
called the polar experiment net-
work for geophysical upper-
atmosphere investigations (PEN-
GUIN) and is the product of a
team of U.S. and Japanese investi-
gators with long experience in suc-
cessfully conducting ionospheric
and magnetospheric research in
Antarctica. The network, when
completed, will consist of a suite
of instruments (optical and
radiowave auroral imagers, mag-
netometers, and narrow- and
wide-band radio receivers) placed
at six AGO locations on the polar
plateau. The instruments, their

LOBE REGION
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designated AGO sites, the responsible princi-
pal investigators, and institutions are given in I Table 1. AGO science program
table 1. Descriptions of experimental tech-
niques and the identification of other collabo-
rating scientists and institutions are con-
tained in subsequent papers in this issue

	

(Detrick and Lutz; Detrick and Rosenberg;	Imaging riometer P1-P6
	Doolittle and Mende; Fukunishi, Taguchi, and	Fluxgate
	Lanzerotti; man, Brown, and Yarbrough;	magnetometer
	Rosenberg and Detrick; Shafer et al.; Weather-	Search-coil
	wax, LaBelle, and Trimpi; Wolfe et al.; Antarc-	magnetometer

tic Journal, in this issue). All-sky auroral
	AGOs have been deployed to sites	imager
	labeled in figure 2 as P2 (December 1992), P1,	ELFNLF radio
	and P4 (both January 1994). Three additional	receiver

AGOs have been staged at McMurdo Station
LF/HF radio	for deployment to sites P3, P5, and P6 to	receiver

complete the network over the next couple of
Meteorologyseasons. Table 2 lists the geographic and geo-

magnetic coordinates of the present and
planned (in italics) AGO sites. For reference,

P1-P6

P1-P6

P1-P6

P1-P5

P1, P2,
P4

P1-P6

University of Maryland

AT&T Bell Laboratories

Tohoku University

Lockheed Research Laboratory

Stanford University

Dartmouth College

Lockheed Research Laboratory

T.J. Rosenberg

L.J. Lanzerotti

H. Fukunishi

S.B. Mende

U.S. man

J. LaBelle

J.H. Doolittle

the locations of British and Japanese AGOs
are also shown in figure 2 and table 2. The
U.S. AGO sites were chosen to form an array
(P2, SP, P1, P6) along the geomagnetic merid-
ian that includes South Pole Station and
stretches from the latitude of the polar cusp
(approximately 70° geomagnetic latitude
under highly disturbed conditions) to the
pole of the dipole magnetic field (P6) located
in the vicinity of Dome C. A second meridion-
al array (P3, P4, P6) is situated about 1.6
hours earlier in magnetic local time to allow
comparative observations to distinguish
between temporal and spatial effects in the
polar cap. AGOs at sites P1, P4, and P5,
together with manned stations Casey,
Dumont D'Urville, and McMurdo provide a
longitudinally spaced array at 800 geomag-
netic latitude to give coverage in the polar
cap over the full 24-hour range of magnetic
local time.

The AGOs are designed to be deployed
and serviced by ski-equipped LC-130 Her-
cules airplanes. Experience gained in 1992 at
P2 with a very rough landing surface has
rccA th,'o,-.f A, TI C XT	t.-..-.+.,.

U.S. AGO NETWORK

1avy aIILa1LI.. Figure 2. Map of Antarctica showing the U.S. AGO network in the context of the geomag-flight squadron VXE-6 for the safety of the air- netic coordinate system whose pole is located at P6 near Dome C. Two meridional arrays
plane. A new logistical approach was tried in are formed: one (P2, P1, P6) includes South Pole station and the other (P3, P4, P6)is dis-
1993 in which an advance team was put into placed from the first by about 1.6 hours in magnetic local time. A longitudinal array at
each site by a smaller Twin-Otter airplane to about 800 magnetic latitude is formed by AGOs at P1, P4, P5 and the manned stations
prepare a smooth ski-way for the Hercules. Casey, Dumont D'Urville, and McMurdo.

Ski-way grooming is accomplished in 3-4
days by dragging a small snow plane behind a snowmobile.
Although this technique worked well at P1 and P2, the colder
conditions at the higher altitude P4 site resulted in a groomed
ski-way that was too soft to allow the LC-130 to gain adequate
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speed for takeoff, and open-field aircraft operations were nec-
essary, despite the hazard presented by the sastrugi. A recent
logistics evaluation of the still higher P5 site has led VXE-6 to
conclude that support of that site may exceed the capabilities



18.600E
18.600E
43.100E
40.1 0°E
80.00°F

Table 2. AGO sites. (Boldface indicates future sites.)

Zite	Year	Geographic	Geographic	Magnetii
latitude	longitude	latitude

P2	1992	85.670S	46.38©W	70.00°S
P1	1994	83.860S	129.61°E	80.00°S
P4	1994	82.010S	96.760E	80.00°S
P3	1995	82.500S	30.00°E	72.500S
P5	1996	75.700S	89.200E	80.00°S

of the rest of the 1993 data, then in further compar-
isons as the PENGUIN network is fully established.

We wish to thank members of the 1992 and 1993
AGO field crews, M.A. Anderson, E.W. Paschal, W.J.
Trabucco, M.L. Trimpi, and A.T. Weatherwax. This
work was supported by National Science Foundation
grants OPP 89-18689 and OPP 93-17621 and contract
OPP 88-14294.
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P6	1995	74.100S	128.800E	90.00°S	0.00
SP	1956	90.0°S	0.00	74.200S	18.60
Bi	1992	77.500S	23.40°W	63.690S	28.99
B2	1995	80.750S	20.40°W	66.530S	28.53
B3	1996	81.500S	3.00°E	68.880S	35.81

B4	1997	78.00°S	3.00°E	66.570S	40.25
11	1991	-70.0°S	-39.50E	-68.0°S	-74.00F

of the airplane. Alternate sites at lower elevations are being
considered for P5.

Data have been returned from the first year of AGO oper-
ations at site P2. Observations were obtained by all instru-
ments until 1 June 1993 when a fault in an optical disk drive
led to a shutdown of the station. The following series of
papers describe some of the initial results obtained from P2
during the interval 23-31 May 1993 selected for preliminary
review. In some instances, the data are compared with simul-
taneous observations from South Pole Station. The 1993 data
from AGO site P2 represent the first opportunity to make
comparisons between observations made at South Pole Sta-
tion and an adjacent location, allowing the temporal and spa-
tial continuity or dissimilarity of polar cap phenomena to be
studied. The preliminary evaluation of this first week of AGO
data clearly shows the promise of a rich prospect for the coor-
dinated investigations to follow, first through the examination
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Coordinated auroral observations at South Pole Station
and AGO-P2

JOHN H. DOOLITTLE and STEPHEN B. MENDE, Space Science Laboratory, Lockheed Palo Alto Research Laboratory, Palo Alto,
California 94304

Onuroral
tarctica offers some distinct advantages for conducting

 research when compared to the high latitudes in
the Northern Hemisphere. The larger offset between the mag-
netic and geographic poles (approximately 16 0 in the South-
ern Hemisphere vs. approximately 10° in the Northern Hemi-
sphere) results in the winter polar darkness extending over a
larger region of high magnetic latitude. This allows the aurora
to be monitored around the clock for diurnal motions and for
responses to activity in the geomagnetic and interplanetary
magnetic fields.

Amundsen-Scott South Pole Station is located at a mag-
netic latitude of about 74.2 0 , a location that places it inside the
polar cap during magnetic nighttime (that is, when the Sun is
located in the direction of the magnetic pole) where field lines
map to the magnetospheric tail. During magnetic midday,
South Pole Station is situated under the magnetospheric cusp
where the field lines are believed to open to the interplanetary
magnetic field.

Rairden and Mende (1989) summarized the behavior of
the cusp aurora based on 630.0-nanometer (nm) O('D2)
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Figure 1. All-sky images looking up from South Pole (top) and AGO-P2 (bottom) at 04:00 UT
on 27 May 1993 with 630.0 nm on the left and 427.8 nm on the right. A night-side 630.0-nm
double arc is shown in the polar cap between South Pole Station and AGO-P2.

observations. Since the austral winter of 1989, we have been
using a novel dual channel all-sky camera that permits simul-
taneous observations of both 630.0-nm O('D2) and 427.8-nm
N2-'- auroral emissions to separate the hard and soft precipita-
tion. The system records the local space, time, and energy
morphology of auroral precipitation.

We have investigated the optical signature of impulsive
magnetic events that were interpreted as the ground-based
signature of "flux transfer events." Our observations have
shown that these impulsive events take place on the inner side
of the polar cusp (Mende et al. 1990), and therefore, if they are
to be interpreted as the flux transfer events, then they must be
the signature of the initial phase of the event and not the con-
vective phase as it had been interpreted earlier.

A new phenomenon recently identified in the all-sky
images (Doolittle and Mende in preparation) is an apparent
suppression of background emissions at 427.8 nm occurring
in correspondence to the simultaneous

South Pole Station and poleward of AGO-P2 with no apparent
signature in the 427.8-nm channel. Concurrent observations
of auroral absorption to the 38.2-megahertz cosmic back-
ground in radio noise were also made at the two sites by an
imaging riometer (see Rosenberg and Detrick, Antarctic Jour-
nal, in this issue).

A convenient way of surveying all-sky camera data is to
form a keogram in which meridional scans are shown as a
function of time of day. Separate keograms can be made for
each wavelength and for their intensity ratios. Figure 2 shows
24-hour 630.0-nm keograms for South Pole Station and AGO-
P2 for 27 May 1993. The latitude scales on the left of each
keogram show that magnetic poleward is toward the top and
equatorward is toward the bottom. Assuming an emission
altitude of 220 km, the all-sky camera can see more than 8° in
latitude on either side of the station. For South Pole Station
and AGO-P2, which are separated by only 4.3 0 in latitude, sig-

enhancement of 630.0 nm associated with
plasma patches drifting across the polar
cap. The drifting patches are believed to be
formed on the dayside through photoioniza-
tion or auroral precipitation. The drift
motion is antisunward as they pass over the
South Pole. The 427.8-nm background is
presumed to be caused by polar cap rain of
soft electrons. The mechanism for suppres-
sion in 427.8-nm intensity correlated with
the passage of the plasma patches is not well
understood and is a subject for the ongoing
investigations.

The network of six automatic geophysi-
cal observatories (AGOs) being installed on
the antarctic plateau will provide much
greater spatial coverage of the high-latitude
aurora. Neighboring observing sites in the
network have adjoining fields of view of the
ionosphere at aurora! heights [100-250 kilo-
meters (km)]. The installation in December
1992 of AGO-P2 (85°40'S 46°23'W) at a mag-
netic latitude of about 700 is providing the
first opportunities to make auroral observa-
tions in coordination with those being made
at the South Pole. A low-power version of
the South Pole all-sky camera has been
developed for use in the AGOs.

The value of coordinated simultaneous
all-sky imaging from adjacent sites can be
seen by examining data obtained at AGO-P2
and South Pole Station. Figure 1 shows
simultaneous all-sky images taken at 04:00
universal time (UT) near local magnetic
midnight on 27 May 1993 at South Pole Sta-
tion and at AGO-P2. Conditions were dis-
turbed following a magnetic storm, and
both sites were deep within the polar cap. A
630.0-nm double arc is seen equatorward of
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Figure 2. Keograms for South Pole Station (top) and AGO-P2 (bottom)
for 27 May 1993. These meridian scans show the 630.0-nm auroral
emissions over the latitudinal extent of the images as a function of
time. On the magnetic meridian shared by South Pole Station and
AGO-P2, local magnetic midnight is at about 03:30 UT and local mag-
netic midday is at about 15:30 UT. The keogram shows that the auro-
ral oval is located well equatorward of AGO-P2 on the nightside and
slightly poleward of South Pole Station on the dayside. Keograms pro-
vide for easy identification of events such as a substorm expansion
seen at about 15:30 and plasma patches or arc features drifting
across the polar cap such as seen at about 04:00.

nificant overlap exists between the two meridional fields of
view.

The keograms in figure 2 show a typical diurnal position-
ing of the auroral oval under disturbed magnetic conditions.
The oval is equatorward of AGO-P2 at local magnetic mid-
night (03:30 UT), whereas at midday (15:30 UT) the oval (and
cusp) is slightly poleward of South Pole Station. Keograms
provide for easy identification of events such as a substorm
expansion seen at about 15:30 UT and plasma patches or arc
features drifting across the polar cap such as seen at about
04:00 UT. As a survey tool, the keogram allows quick assess-
ment of the optical data before examining the all-sky images
to discern the spatial morphology of the aurora! features.

Figure 3. Geographic projections of the 04:00 UT 27 May 1993 630.0-
nm all-sky images from South Pole and AGO-P2 onto a plane at 220-
km altitude. A 250-km rectilinear grid is superimposed on the images.
The projections give a down-looking (spacecraft) perspective of the
aurora suitable for display as a mosaic on a map of Antarctica show-
ing the 500-km radius fields of view of all stations in the AGO network
(see, for example, figure 2 of the companion paper by Rosenberg and
Doolittle, Antarctic Journal, in this issue).

Another data analysis tool that can be used to interpret
the auroral images is geographic projection. The all-sky
images show inherently better spatial resolution near the
zenith and less toward the horizon. To make comparisons of
features seen from adjacent observing sites, the images can
be mapped onto a plane at a representative altitude so that
distances are shown in rectilinear coordinates. Figure 3 shows
geographic projections to the 220-km altitude plane of the
simultaneous 630.0-nm all-sky images from South Pole and
AGO-P2 at 04:00 UT when the double arc of figure 1 lies
between the two sites. The projections are reversed with
respect to the up-looking perspective of the all-sky images to
give a down-looking (spacecraft) perspective of the aurora. A
250-km grid is superimposed on the mapped images. The
adjacent observations of figure 3 can be seen in the context of
the mosaic of all-sky images to be provided by the full AGO
network (including South Pole Station) by projecting the
images onto a map of Antarctica where all-sky fields of view
for each of the sites are shown (for example, figure 2 of the
companion paper by Rosenberg and Doolittle, Antarctic Jour-
nal, in this issue). By January 1994, AGOs 1, 2, and 4 had been
installed. The network is planned for completion with deploy-
ments of AGOs 3, 5, and 6 by 1996.

We wish to thank the 1993 winter crew of South Pole Sta-
tion and the AGO deployment team. This work was supported
by National Science Foundation grant OPP 91-18838 and by
OPP 89-18689 under subcontract Z444905 from the University
of Maryland.
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Coordinated auroral absorption observations at
South Pole Station and AGO-P2

T.J. ROSENBERG and D.L. DETRICK, Institute for Physical Science and Technology, University of Maryland, College Park,
Maryland 20742-2431

A
described  in Rosenberg and Doolittle (Antarctic Journal,

n  this issue), the combination of automatic geophysical
observatories (AGO5) and manned stations in Antarctica is
intended to facilitate studies of the polar upper atmosphere.
In particular, simultaneous observations with essentially sim-
ilar instrumentation at all sites will enable the separation of
spatial and temporal effects and will provide the means to fol-
low the evolution, progression, and decay of geophysical phe-
nomena over great distances. The first opportunity to carry
out such investigations involves the use of data from AGO-P2
and South Pole Station.

Doolittle and Mende (Antarctic Journal, in this issue) pre-
sented simultaneous all-sky images of Sun-aligned polar cap
arcs evident in the 630.0-nanometer (nm) emission of atomic
oxygen. The absence of 427.8-nm emission from ionized mol-
ecular nitrogen indicates that this auroral feature is due to the
precipitation of electrons with less than 1 kilo electronvolt
energy. South Pole Station and P2 were situated inside the
polar cap near magnetic midnight at the time. A time
sequence of all-sky images showed that the arcs were drifting
anti-Sunward, moving equatorward across the fields of view
of first the South Pole and then the AGO.

Concurrent observations made with an imaging riometer
at each site show substantial localized absorption of the 38.2-
megahertz (MHz) cosmic-noise background in association
with the polar cap arcs. Absorption images presented in figure
1 for South Pole Station (left) show a coherent feature that
enters the South Pole field of view at about 0358:20 universal
time (UT) near the poleward edge and progresses equator-
ward, eventually leaving the field of view at the equatorward
edge around 0403 UT, all the while remaining in the western
sector. The absorption images for P2 (figure 1, right) show
that a coherent feature, also confined to the western sector,
enters the P2 field of view near its poleward edge at about
0403 UT and similarly progresses equatorward, eventually
leaving the field of view at 0407 UT. Details of the time history
of the absorption at South Pole Station (figure 2) and at P2

(figure 3) clearly show the equatorward- drifting features in
the western sectors of the fields of view.

The overall fields of view of the imaging riometers at
South Pole Station (49-beam system) and at P2 (16-beam sys-
tem) are approximately the same, although the spatial resolu-
tions differ [compare the P2 ionospheric projection pattern in
Detrick and Lutz (Antarctic Journal, in this issue) with the
South Pole pattern in Detrick and Rosenberg (1988, 1990)].
Using these projection patterns and assuming an effective
height for the absorption layer, one can obtain the drift
speeds of the arcs as they transit the respective fields of view.
In the present instance, however, an average drift speed,
independent of the altitude of the absorption, can be
obtained because the feature has been tracked between South
Pole Station and P2. Thus, from figures 2 and 3 and using the
times of absorption peaks, we obtain a time of 330 seconds for
the features to move between South Pole Station and P2, a
distance of 480 kilometers (km). This is equivalent to a drift
speed of about 1.5 kilometers per second (km sec-1).

We can now estimate the height of the absorbing layer at
South Pole Station and at P2, assuming that this speed also
applies to the drift of the feature across the South Pole Station
and P2 fields of view. We will skip the details of the calcula-
tions and simply note that we obtained a height of 205 km for
the absorbing layer near South Pole Station and 130 km for
the height of the absorbing layer near P2. A plausible explana-
tion for the decrease of the layer height is that the precipita-
tion associated with the Sun-aligned arc hardens with
decreasing latitude as the features drift across the polar cap
toward the auroral oval.

The heights obtained for the absorbing layers are in the F
region and upper-E region, in both cases well above the alti-
tude typically associated with auroral absorption (90 km, in
the D region). Previous work (Stauning 1984; Rosenberg et al.
1993; Wang et al. 1994) has established that F- and E-region
absorption can predominate under suitable circumstances. It
is interesting to note that the absence of any appreciable
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emission of 427.8-nm auroral light at either South Pole Sta-
tion or P2 in this event is consistent with these estimates of
absorption height.

The analysis presented here and in Doolittle and Mende
(Antarctic Journal, in this issue) of a Sun-aligned arc observed
at two locations using different imaging techniques offers a
glimpse of how the data from multiple, spaced instruments in
the AGO/manned station framework will help to clarify the
interpretation of polar upper atmosphere phenomena.

We wish to thank the 1993 winter crew of South Pole Sta-
tion and the AGO deployment team. This work was supported
by National Science Foundation grants OPP 89-18689 and
OPP 91-19753.
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The 16-beam phased-array radiowave imager for studies of
cosmic noise absorption at U.S. AGO sites

D.L. DETRICK and L.F. LUTZ, Institute for Physical Science and Technology, University of Maryland, College Park,
Maryland 20742-2431

A
significant improvement in the riometer technique for
examining cosmic noise absorption was made with the

installation of a 49-beam phased array riometer system at
South Pole Station, Antarctica (invariant latitude -74°) in
January 1988 (Detrick and Rosenberg 1988, 1990). Since this
initial deployment, the University of Maryland has installed
identical 49-beam systems at Sondre Stromfjord, Greenland
(geographic 67°N 306.28°E, invariant latitude +74°), and
Iqaluit, Northwest Territories, Canada (geographic 67°N
306.280E, invariant latitude +74 0). The use of antenna arrays
producing multiple narrow beams is necessary to examine
the spatial scale of regions of energetic electron precipita-
tion that are coincident with cosmic radio noise absorption
activity and to resolve time development from spatial
motion.

This 64-element, phased-array system, however, requires
considerable effort in the field installation and a large record-
ed data capacity—on the order of 1 megabyte per day. When
the spatial and time resolutions can be compromised, a
smaller array makes the construction and installation of the
system much easier and imposes less burden on the data-
acquisition facilities. We will discuss some of the general fea-
tures of a 16-beam imaging riometer that differ from those of
the larger system. Primary design constraints included the
requirement for rapid and simple field installation, as well as
low-power operation and low data-sampling rate.

Design features of the 16-beam IRIS (imaging riometer
for ionospheric studies) system are shown in table 1. This sys-
tem is used in conjunction with the network of automatic
geophysical observatories (AGOs), which are being installed
on the antarctic plateau (Rosenberg and Doolittle, Antarctic
Journal, in this issue). The operating frequency and physical
details of the antenna design are the same as the 64-element
phased array. Like the 49-beam IRIS, the 16-beam system
uses the Butler matrix for beamforming. As described by Det-
rick and Rosenberg (1990), the 49-beam phasing matrix pro-
duces beaming in two dimensions by physically orienting

Table I. 16-beam PENGUIN IRIS features

•	38.2-megahertz operating frequency

•	16-antenna phased array

•	Circularly polarized dipole (turnstile)

•	16-beam Butler matrix phasing

•	27-degree full -3-decibel beamwidth

•	200-square-kilometer ionospheric viewing area

•	45-kilometer beam projection dimension

•	12-second image scan, all 16 beams

•	Dual riometers
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perpendicular arrays of Butler matrices. The 16-beam system
accomplishes the orthogonal connections between the matri-
ces on a flat surface, since many fewer electrical paths exist
between the matrices. As shown schematically in figure 1, the
complete phasing matrix comprises eight identical 4-port
Butler matrices. All eight matrices are contained on a single
(multilayer) circuit board. Four of the matrices are used to
connect the 16 antennas to the circuit; these are labeled
"input ports" in figure 1. The same output port number from
each of these four matrices is input to another 4-port matrix
to provide the steering-phase increments in the perpendicu-
lar direction for that set of ports; for example, the left-most
ports from all the matrices in the top row in figure 1 feed into
the same matrix in the lower row. Successive sets of the
remaining output ports from the antenna matrices provide
the inputs for the other three 4-port matrices. The 16 final
output ports are switched one at a time into one of two riome-
ters; the switching is performed so that each riometer samples
all the output ports, but one riometer samples the outputs
eight ports ahead of the other. The switching is made every
750 milliseconds (msec), so all the ports are sampled by each
riometer in 12 seconds. The sampling of the outputs by one
riometer ahead of the other results in a complete scan of the
radio sky by the pair of riometers at a 6-second rate, instead of
12. The Butler matrix is constructed on a 7-layer printed cir-
cuit board, using stripline circuitry for the traces intercon-
necting the hybrid components and measured lengths of
microstrip transmission line for the 45-degree phase shifts
(represented as circles in figure 1). Special care in the design
ensures that no phase error is introduced through the
stripline circuitry: the interconnection line lengths are
matched at critical points in the matrix. The total signal loss

through the matrix is less than about 2.5 decibels (dB). The
use of circuit board stripline for the phasing elements of the
matrix results in a system that requires no calibration or
adjustments.

The calculation of the antenna directivity, or voltage
reception pattern, for an array of antenna elements is a
straightforward superposition of the field amplitudes in the
radiation zone. The calculation of the directivity of the IRIS
phased-array antenna is described by Detrick and Rosenberg
(1990). The phasing increments formed in a Butler matrix are
multiples of 2rt1N, where N is the number of input ports; for
the 4-port Butler matrix, the steering-phase increment num-
bers [I j in equation 3 of Detrick and Rosenberg (1990) are
then -Y4, -V4, '4, and Y4].

The directivity patterns corresponding to the four output
ports of one 4-port Butler matrix are distributed symmetri-
cally about the zenith, with approximately 30 0 separation
between beam peaks and beamwidth on the order of 27°. The
largest sidelobe is about 11 dB below the peak of the zenithal
beam; the sidelobe azimuthal beamwidth is approximately
equal to that of the main beam but only about half that in
zenith angle. The attenuation of the beam peaks away from
zenith is due to the directivity pattern of the horizontal turn-
stile antenna. The ionospheric projection of the -3-dB locus
of all 16 beams from the 2-dimensional Butler matrix array,
to 90 kilometers altitude, is shown in figure 2. The dashed
circle in the center of the pattern is the projected beam pat-
tern of a broadbeam antenna. This projection takes into
account the curvature of the ionosphere. The angular width
of all the beams is nearly the same, although some widening

IRIS
Input Port	 Ionospheric

48 CD E F G H I J K L MN OP

Single Board 16-Beam Butler Matrix

Figure 1. Schematic diagram of the eight 4-port Butler matrices that
form the phasing system for the 16-beam imaging riometer. The
antenna connect to the input ports, and the output ports are switched
into the dual riometers. The square components represent quadrature
hybrid couplers, and the larger cycles represent 45 0 phase shifters.

Distance, km

Figure 2. The projection of the -3-dB contours of the 16 IRIS beams
onto the ionosphere at 90 kilometers altitude. The dashed circle in the
center of the image represents the viewing area of a conventional
broadbeam antenna. (km denotes kilometers.)
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Riometers
PIN diodesa

Altera EPLDb
Microcontroller

2	12 volts	80 milliamperes
16 (on)	5 volts,	3 milliamperes

	

-12 volts	(on)
1	5 volts	50 milliamperes
1	5 volts	100 milliamperes

2.0
0.25

0.25
0.5

away from the zenith occurs; the ionospheric length of
the projection is dependent on the zenith angle of the	Table 2. 16-Beam PENGUIN IRIS power budget
beam, as described in Detrick and Rosenberg (1990,
equation 4).	 ComponentQuantity	Voltage	Current 1C

The receiver's integration time constant is 20 msec;	I
after a 100-msec delay for settling, the signal is integrat-
ed for 550 msec. The receiver intermediate frequency
bandwidth of 200 kilohertz (KHz) then limits the sensi-
tivity of the IRIS riometer to approximately 0.02 dB. The
12-bit analog-to-digital-converter (ADC) produces 24
bytes of storage for one complete scan of the 16 beams
for each riometer. Including both the riometer data and
four housekeeping samples, data are recorded at a 5-Hz
rate, so that 432,000 bytes of mass storage are required
per day; the capacity required for 1 year is about 158
megabytes.

The power requirements for the antenna/phasing
system are minimal. The designed total electrical power
budget for the system is shown in table 2. In operation, the
system typically consumes about 4.8 watts, with occasion-
al increases to 6.7 watts when the internal heaters activate
to bring the interior temperature to the designed operating
temperature of -10°C.

The initial results from the first AGO deployment are
shown in an accompanying paper (Detrick and Rosenberg,
Antarctic Journal, in this issue).

We gratefully acknowledge the efforts of the AGO field
support crews, comprising J.H. Doolittle, M.A. Anderson, E.W.
Paschal, W.J. Trabucco, M.L. Trimpi, and A.T. Weatherwax, in
deploying and servicing the polar experiment network for
geophysical upper-atmosphere investigation (PENGUIN)
instruments in 1992 and 1993. This research was supported
by National Science Foundation grant OPP 89-18689.

	

Total electrical power:	3.0

	

DC-DC converter loss @ 76% efficiency:	1.0

	

Supplementary heaters:	3.0

	

Total power consumption:	7.0
watts
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Initial results from the PENGUIN imaging riometer at AGO-P2
D.L. DETRICK and T.J. ROSENBERG, Institute for Physical Science and Technology, University of Maryland, College Park,

Maryland 20742-2431

p
ENGUIN (the polar experiment network for geophysical
upper-atmosphere investigations) represents the science

programs associated with the automatic geophysical observa-
tories (AGOs) deployed on the antarctic plateau by the Lock-
heed Palo Alto Research Laboratory for the National Science
Foundation (Rosenberg and Doolittle, Antarctic Journal of the
U.S., in this issue). The first AGO was installed in December
1992 at geographic (invariant geomagnetic) coordinates
85.7°S 46.4°W (70.0°S 18.6°E, Mcllwain L-value approximately
8.5); this site, which has been designated P2, was the first of
six planned AGO installations to be deployed.

The PENGUIN program studies the upper atmosphere
using a variety of instruments that provide information for
the analysis and interpretation of phenomena that affect the

Earth's near-space environment. The PENGUIN upper
atmosphere observatory includes a 3-axis search-coil magne-
tometer (Tohoko University of Sendai, Japan), a 3-axis flux-
gate magnetometer (AT&T Bell Laboratories), a very-low-fre-
quency (VLF) radiowave receiver (Stanford University), a low-
frequency to high-frequency (LF-HF) radiowave scanner
(Dartmouth College), a 630/427.8-nanometer (nm) dual-
channel all-sky-camera (Lockheed), and a 16-beam imaging
riometer (University of Maryland).

The riometer (relative ionospheric opacity meter) is an
instrument that measures the opacity of the Earth's atmos-
phere to cosmic radio noise, which is used as a constant back-
ground against which small changes in the electron density of
the ionosphere can be examined. The ionospheric plasma
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attenuates HF radiowave energy that passes through it, so the
riometer operates at frequencies particularly susceptible to
this attenuation, in the range of 20 to 50 megahertz (MHz).

The electron-density changes that the riometer examines
are primarily due to the precipitation of energetic electrons
from the magnetosphere into the atmosphere. The riometer is
most sensitive to incident electrons that deposit energy at 55
kilometers (km) altitude; an electron needs energy on the
order of 1 million electronvolts (MeV) to reach this low in the
atmosphere. The sensitivity of the riometer, however, enables
it to measure the effects of electrons below 10 kiloelectronvolts
(keV) energy, corresponding to altitudes above 110 km. The
auroral precipitation events of most interest to riometry gen-
erally have electron energies in
the few tens of kiloelectronvolts,
so the most significant effects
occur near 90 km altitude.

The imaging riometer pro-I

L
vides good spatial and temporal 
resolution for examining aurora!	 I I I

precipitation events. It comple-
ments the optical all-sky-cam-
era and operates year-round
since it is not affected by sun-	 T jI II

light and cloud cover. The lower

was replenished, and Lockheed personnel retrieved the data
that had been recorded since the initial installation. To evalu-
ate the performance of the AGO/PENGUIN installation, all
PENGUIN experimenters were provided with data from 23 to
31 May 1993. This 9-day period was very quiet geomagmati-
cally until 27 May, when the magnetic activity began to
increase, peaking at a K level of 4+ on 28 May (see Mayaud
1980, for discussion of the derivation and significance of the
magnetic K, index). The largest event observed with the imag-
ing riometer occurred near 0200 UT (universal time) on 29
May, reaching a level of over 2.25 dB (decibels) absorption at
38.2 MHz. Although this was the largest absorption event in
the 9-day interval, absorption was measurable on every day in

spatial resolution permits it to
operate with higher time resolu-
tion than the all-sky-camera
without taxing the data record-
ing capability of the AGO.

The auroral optical emis-
sion at 427.8 nm is linearly pro-
portional to the energy deposi-
tion in the E-region ionosphere.
The electron density, and conse-
quently the riometer absorption,
varies with the square root of
the energy deposition, so that
these two measurements are
complementary. Recent obser-
vations of correlation between
630-nm emissions and drifting
F-region electron-density patch-
es have correlated as well with
measurement of riometer "ab-
sorption" in the absence of e-
mission at 427.8 nm, suggesting
that F-region processes may be
significant in riometer measure-
ments (Rosenberg et al. 1993;
Wang et al. 1994). With the pro-
liferation of AGO observatories
across the antarctic plateau,
these processes can be exam-
ined in greater detail.

During the 1993-1994 aus-
tral summer, the AGO at site P2
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Figure 1. Imaging riometer absorption record for the period 23 May to 31 May 1993. (IRIS denotes
imaging riometer for ionospheric studies; dB denotes decibels absorption; UT denotes universal time;
W denotes magnetic west; N denotes magnetic north.)
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the interval; the resolution of the PENGUIN imaging
riometer is about 0.05 dB.

Figure 1 shows the absorption activity for the entire
period in a sequence of time series plots. Each panel in
the figure shows the peak absorption over a region of the
ionosphere encompassed by 4 of the 16 beams in the
array. The four beams used for each panel are represent-
ed in the small box inside the panel; the orientation of the
box in magnetic coordinates is shown by the W (west)
and N (north; equatorward) symbols outside the box.
This type of plot is effective in summarizing activity over
a long period (9 days in this example) and can be used to
develop a sense of the spatial extent of the absorption.
Details about the time development of a particular event,
however, are lost in this presentation.

The value of the imaging riometer in resolving spa-
tial/temporal effects in auroral electron precipitation
events is shown well in figure 2, from 29 May 1993. This
20-minute plot shows the development of three distinct
precipitation events that represent the absorption spikes
near 0200 UT that were noted earlier in the discussion of figure
1. Each row of panels contains twelve 10-second images of the
absorption activity in the ionosphere; the time resolution of
the PENGUIN imaging riometer for ionospheric studies (IRIS)
(Detrick and Lutz, Antarctic Journal of the U.S., in this issue) is
6 seconds. The orientation of the images is from the perspec-
tive of an observer looking up at the ionosphere from below.
The UT time to the left of each row of images identifies the
starting time of the data in the leftmost panel, and time
advances by 10-second increments for each successive image
to the right.

The first event in this sequence appeared on the equator-
ward horizon (about 1',° in latitude equatorward of P2, since
these events are likely to be due to D- and E-region iono-
spheric absorption), just before 0147 UT. The activity begins
somewhat eastward of magnetic north on the horizon, then
the event moves rapidly from eastward/equatorward to the
westward/poleward, moving beyond the poleward horizon by
0150 UT. In the space of 3 minutes or so, the ionospheric sig-
nature of the electron precipitation event has moved a dis-
tance of some 250-300 km, corresponding to a speed of about
1,500 m per second.

The second event behaved similarly, although it attained
a larger absorption level and moved at about half the speed of
the earlier event. The third event in the sequence developed
from the eastward/poleward corner of the field of view and
moved rapidly equatorward, covering almost the entire field
of view from about 0200 to just after 0201 UT, before it reced-

UT
	IRIS, Day 149, 29 Nay, 1993
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ed westward and disappeared off the poleward horizon by
0203 UT.

Analysis of the riometer data in conjunction with the other
PENGUIN instruments will be valuable for understanding the
physical processes that occur in the terrestrial magnetosphere.

We gratefully acknowledge the efforts of the AGO field
support crews, comprising J.H. Doolittle, M.A. Anderson, E.W.
Paschal, W.J. Trabucco, M.L. Trimpi, and A.T. Weatherwax, in
deploying and servicing the PENGUIN instruments in 1992
and 1993. This research was supported by National Science
Foundation grant OPP 89-18689.
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Figure 2. Absorption images of three rapidly moving events on 29 May
1993. (dB denotes decibels absorption; UT denotes universal time.)
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Initial results from the PENGUIN ELF/VLF receiver at AGO-P2
U.S. INAN, A.D. BROWN, and I. YARBROUGH, Space, Telecommunications and Radioscience Laboratory, Stanford University,

Stanford, California 94305

T
he subject of electrodynamic coupling of upper atmos-
pheric regions and quantitative understanding of the

energy transport between the magnetosphere and the iono-
sphere constitute important objectives of the polar experi-
ment network for geophysical upper-atmosphere investiga-
tions (PENGUIN) program (Rosenberg and Doolittle, Antarc-
tic Journal, in this issue). Particle precipitation driven by
extra-low-frequency/very-low-frequency (ELF /VLF) waves
constitutes a significant form of energy deposition. Electro-
magnetic and electrostatic waves also play an important role
in the transport and acceleration of magnetospheric and ion-
ospheric plasmas. Both acceleration and precipitation of par-
ticles can result from a variety of physically different
wave-particle interaction processes. Accordingly, measure-
ments of ELF! VLF waves at multiple stations provide a pow-
erful means of remotely sensing magnetospheric processes.
In the context of the PENGUIN program, the ELV/VLF mea-
surements complement other observations primarily targeted
at documenting the spatial and temporal distributions of pre-
cipitation activity via optical and riometer measurements and
the measurement of magnetic activity (fluxgate magnetome-
ter) and ultra-low-frequency (ULF) magnetic pulsations
(search coil) (see accompanying papers in this chapter).

An important aspect of ELF/VLF measurements on the
ground is the fact that magnetospheric- origin waves that pen-
etrate the lower ionosphere may propagate to long distances
in the Earth-ionosphere waveguide and be detectable at dis-
tances of many hundreds kilometers from their points of
entry. Thus, simultaneous multiple-site measurements are
necessary to determine the spatial extent of ionospheric and
magnetospheric regions within which the wave activity
resides. During 1993, with only one automatic geophysical
observatory (AGO) deployed at P2, the simultaneous meas-
urements at South Pole provided a two-station configuration
with which we can begin to investigate such issues. In view of
the complexity and variety of magnetospheric ELF/VLF phe-
nomena and the limited data-recording capabilities of the
AGO5, wideband ELF/VLF data recorded at South Pole is
expected to be crucially important (for the determination of
the nature of the waves and their spectral distribution) even
when all six of the planned AGOs are deployed. In this con-
nection, it is important to note that in 1993 and 1994, the
wideband ELF/VLF data from the AGO sites are limited to a 6-
second snapshot taken every hour of a 2-kilohertz (kHz) seg-
ment of the spectrum, whereas at South Pole, synoptic
recordings of the entire 300-hertz (Hz) to 30-kHz band are
made for a 1-minute duration at 15-minute intervals and a
continuous dual-channel recording is made of the 300-Hz to
20-kHz band for a selected 3-hour period.

The event that we illustrate in this article was recog-
nized by viewing summary plots of narrowband ELF/VLF

channels [also referred to as hiss filters (Shafer et al., Antarc-
tic Journal, in this issue)] of data recorded at P2 for the 9-day
period of 23-31 May 1993, for which AGO-P2 data were
made available to the PENGUIN investigators. On 25 May
1993, very intense and relatively short duration (0310-0325
universal time) wave activity was observed in all channels,
during an otherwise extremely quiet period. The wave inten-
sities observed were among the highest recorded at P2 dur-
ing the 9-day period. The nature of the activity is illustrated
in figure 1, where the 1-2-, 2-4-, and 30-40-kHz channel
outputs are shown. Also presented for comparison is the
1-2-kHz signal amplitude recorded at South Pole. From fig-
ure 1, we can see that the 1-2- and 2-4-kHz (middle two
panels) are very similar even in fine structure, indicating
that the waves involved are probably broadband (hisslike)
and extend in frequency over at least the 1-4-kHz range. The
fact that the 30-40-kHz channel also registers the event indi-
cates that the waves are likely to be auroral hiss, typically
associated with auroral activity and typically extending to
many tens of kilohertz in frequency.

It is interesting also to compare the 1-2-kHz channels
from P2 and South Pole (lower two panels). We note that the
wave activity at South Pole peaks at a somewhat later time
(approximately 5 minutes later) than at P2. Such a circum-
stance could result from the source region (i.e., the iono-
spheric entry point of the waves) moving poleward in time, as
is sometimes observed with streaming auroras and westward
traveling surges. Preliminary imaging riometer data from P2
and South Pole (not shown but examined, courtesy of D. Det-
rick of University of Maryland) show an intense absorption
event observed at P2 during 0313-0318 universal time; the
event appeared to move in a poleward/westward direction,
consistent with the above hypothesis of a moving-source
region. During the same period, the imaging riometer at
South Pole recorded no activity, indicating that the phenome-
na was highly localized in space (and nearly overhead P2) as
well as being of short duration. Closer examination of the data
in figure 1 indicates that the absolute signal level measured at
P2 were almost twice as large as those at South Pole [e.g., the
peak intensity is approximately 40 microvolts per meter
(V/m) at P2 vs. approximately 20 tV/m at South Pole], con-
sistent with the source region being closer to P2.

Further insight into the wave phenomena is provided in
figure 2, where synoptic wideband data recorded at South
Pole is shown in the lowest panel. The concatenated 1-minute
segments taken every 5-minutes well illustrate the temporally
limited nature of the phenomena as well as its frequency
spectra. The latter is fully consistent with that inferred above
from figure 1 in that the wave activity has all the characteris-
tics of typical auroral hiss extending to higher frequencies and
having a structureless spectrum. Also shown for comparison
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Figure 1. Narrowband ELFNLF data recorded at P2 during 0300-0330
universal time (UT) on 25 May 1993. The top three panels show
30-40-, 2-4-, and 1-2-kHz channel outputs, respectively, in the form
of raw 1-Hz data samples. The bottom panel shows 1-2-kHz channel
outputs recorded at South Pole. Both South Pole and P2 data are fully
calibrated with the ordinate values corresponding to microvolts per
meter (tV/m). (N-S denotes north-south.)

are the 2-4-kHz channel outputs recorded at P2 and South
Pole. Once again, we see that the wave activity reaches its
peak approximately 5 minutes later at South Pole than at P2
and that the absolute intensities of the waves are nearly twice
as large at P2 than at South Pole.

For the case shown in figures 1 and 2, the wave activity
lasts for a relatively short time and happens to occur outside
the hourly 6-second snapshot periods recorded at P2. In
many other cases, such as one illustrated in Shafer et al.
(Antarctic Journal, in this issue), the activity rises and falls
over a period of hours and is captured adequately by the
broadband snapshot system. For future measurements,
shorter duration snapshots (e.g., 2-second instead of 6-sec-
ond) taken more often (e.g., every 15-minutes instead of every
hour) will be used for better coverage.

Although time has not permitted us to undertake a
detailed study, we can expect to learn more about the nature
of this phenomena and about the spatial extent of the iono-
spheric regions by examination of data from other PENGUIN
sensors, especially the all-sky camera (Doolittle and Mende,
Antarctic Journal, in this issue). Also, data from the low-fre-
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Figure 2. Wideband (0-20-kHz) spectra from South Pole are shown in
the lowest panel in the form of concatenated 1-minute synoptic
recordings made at 5-minute intervals. The horizontal line at approxi-
mately 9 kHz is a timing/reference signal. The gaps between the suc-
cessive 1-minute segments represent 4-minute periods. The top and
middle panels show signal amplitudes in the 2-4-kHz band recorded
respectively at P2 and at South Pole. The sharp peaks in the South
Pole data at 0305, 0310, 0335, and 0340 universal time (UT) are local
interference. Note that the South Pole system is more sensitive (noise
floor is approximately 10 l.tV/m vs. approximately 15 tV/m at P2); this
is simply due to the larger antenna (an IGY antenna 30-foot high trian-
gle with a 50-foot base rather than a 1.70.7-square-meter loop at P2)
used at South Pole. (dB denotes decibel. N-S denotes north-south.)

quency/middle-frequency/high-frequency receiver (Weather-
wax, LaBelle, and Trimpi, Antarctic Journal, in this issue)
would enable us to determine the highest frequency extent of
the hiss. We expect to undertake such collaborative investiga-
tions in the very near future.

We are grateful for the efforts of the AGO field-support
crews, consisting of J.H. Doolittle, E.W. Paschal, M.A. Ander-
son, W.J. Trabucco, M.L. Trimpi, and A.T. Weatherwax who
deployed and serviced the AGO/PENGUIN instruments dur-
ing the 1992-1993 and 1993-1994 austral summers. This work
was supported by National Science Foundation grant OPP 89-
18689 under subcontract Z444901-D from the University of
Maryland. We also thank T.J. Rosenberg for this leadership of
the PENGUIN team.
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A programmable and low-power ELF! VLF receiver for
automatic geophysical observatories

D.C. SHAFER, A.D. BROWN, W.J. TRABUCCO, and U.S. INAN, Space, Telecommunications and Radioscience Laboratory,
Stanford University, Stanford, California 94305

M
easurements of electromagnetic waves in the extreme-
ly-low-freqency and very-low-frequency (ELF/VLF)

ranges [300 hertz (Hz) to 30 kilohertz (kHz)] have been carried
out from various antarctic stations for the past 30 years.
Waves in this frequency range play an important role in the
acceleration, transport, and loss of ionospheric and magneto-
spheric plasmas, and their measurement provides a means of
remotely sensing physical processes that occur in near-Earth
space. Low-resolution data on overall ELF/VLF activity usual-
ly consist of the recordings of the detected-signal amplitude
in selected bandwidths (channels), sampled relatively slowly
(e.g., approximately 10 Hz). Since a diverse range of different
types of waves are commonly observed, however, including
discrete emissions such as chorus, steady, and structureless
emissions (e.g., hiss and other signals originating in lightning
discharges), wideband measurements of the signal waveform
are necessary to identify the nature of the waves. At manned
stations, such recordings are most compactly made in analog
form (more recently also using video or digital-audio systems)
on magnetic tape, which typically accommodates up to 30-
kHz bandwidth in real-time.

The ELF/VLF receiver systems that have been used in
Antarctica for the past 30 years have been based on highly
optimized and robust designs, using large loop antennas (the
most common IGY antenna is a 9-meter high triangular loop
with a 15-meter base) to achieve high sensitivity (Paschal
1988). In view of the extremely low power and limited data-
recording resources of the automatic geophysical observato-
ries (AGOs), however, a completely new ELF/VLF receiver sys-
tem and data-recording scheme needed to be designed for
use with the AGOs. As part of the Stanford University partici-
pation in the polar experiment network for geophysical
upper-atmosphere investigations (PENGUIN) program, a
fully digital and programmable low-power ELF/VLF receiver
system has been designed and built. In this article, we
describe the basic properties of this new system and show
sample data acquired at P2, Antarctica.

The Stanford University ELF/VLF receiver consists of one
digital broadband snapshot (BBS) system, four narrowband
channels referred to as hiss filters, and three additional nar-
rowband channels tuned to the frequencies of powerful VLF
transmitters (NAA/24.0-kHz at Cutler, Maine; NPM/23.4-kHz

in Lualualei, Hawaii; and NLK/24.8-kHz at Jim Creek, Wash-
ington). The seven channels and the BBS share a common
power system and line receiver, and the narrowband chan-
nels each have separate detector/ integrators in a common
module. A separate dual-channel low-noise preamplifier unit
is deployed outside near the sensors, which consist of two
1. 7x  1.7-square-meter square-loop antennas deployed in
orthogonal (magnetic north-south and east-west) configura-
tion. The preamplifier is buried in the snow in its enclosure
and is designed to operate at temperatures as low as -55°C.

Being much smaller in size than the ELF/VLF wave-
lengths, the loop antennas respond to the rate of change with
time of the magnetic field of an incoming electromagnetic
wave. The wideband voltage induced at the loop terminals is
boosted by the preamplifier and transmitted along a 150-
meter cable to the receiver in the AGO. The two channels of
the line amplifier distribute these signals to the various
broadband and narrowband receiver modules. The narrow-
band receivers connect to the detector/ integrator unit, which
outputs voltages representing signal level for each channel.

The BBS consists of a single-board computer (SBC) bus-
card cage, two custom circuit boards, an embedded V-40 SBC,
front panel liquid crystal display and pushbuttons, and an RS-
232 serial communications port. The microcomputer pro-
gram is stored on EPROM and can be replaced annually as
requirements (frequency range, snapshot times, north-south
or east-west channels, or goniometer mode) change. The
wideband signals from the line receiver are sampled at 25 kHz
with 12-bit resolution; the processor can sample/record the
north-south or the east-west channel or simulate a goniome-
ter. In the first deployments (1993, 1994), the BBS was pro-
grammed to record 6 seconds of north-south data every hour,
covering the time period XX05:30-36, which is in the middle
of the established synoptic recording minute. The sampled
signal is processed further by downshifting the frequency
spectrum (presently programmed to be down to 3 kHz), gen-
erating a complex signal (in-phase and quadrature compo-
nents). This complex signal is passed through a low-pass FIR
filter with a corner frequency of 2 kHz. Next, the samples are
decimated in time (by a factor of 10, resulting in a data rate of
2.5 kHz) and then serially communicated (RS-232) to the AGO
data processing unit. The stored information is sufficient to
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reconstruct the original signal filtered through a 2-4 kHz
bandpass filter.

The system has two sets of narrowband receivers: those
tuned to the frequencies of operational VLF transmitters and
the hiss filters, which provide a summary of magnetospheric
wave activity in selected channels in the 1-30-kHz range as
shown in figure 1. The transmitter channels (located in indi-
vidual modules) are designed to measure signals from power-
ful VLF transmitters in North America, to deduce the charac-
teristics of the Earth-ionosphere waveguide along or near
their paths of propagation to the AGO sites. These channels
measure predetermined frequencies and use passive (RLC)
filters to achieve low-power operation and 3-decibel (dB) fil-
ter bandwidths of 500 Hz with sharp edges (6-pole elliptic fil-
ters) to eliminate other transmitter signals nearby. The wide-
band signal from the line receiver is mixed with an appropri-
ate local oscillator signal to shift the spectra so that the trans-
mitter frequency is centered around 3 kHz and then passed
through a bandpass filter. The hiss filters (all located in a sin-
gle module) do not use any mixing; rather, these channels
simply amplify and pass the signal through a bandpass filter.
All of the narrowband receivers can have their gains modified
through knobs on the front panel. Two of the hiss filters cover
the same frequency range (1-2 kHz) with two different anten-
nas (north-south and east-west) to allow the extraction of
direction of arrival information during postprocessing.

The outputs of both types of narrow-
band units are fed into the detector/integra-
tor unit. Each detector-integrator channel
rectifies the incoming signal and passes it
through a lowpass filter. The filter is designed
to have a slower risetime than falitime to
minimize the effects of impulsive radio
atmospherics originating in lightning dis-
charges. The final signal changes slowly
enough to be sampled at 1 Hz.

The power supply of the ELF/VLF receiv-
er unit is fairly complex. It converts the 27-
volt (v) direct-current input into +5-v, ±12-v,
and ±15-v lines that are distributed through-
out the system. Because the analog/digital
sampling and processing by the SBC con-
sumes significant (approximately 5 watts)
power, an important feature of the BBS sys-
tem is its use of battery power. The three

Figure 2. Sample data recorded by Stanford Univer-
sity ELFNLF receiver system at P2, Antarctica. The
top panels show the outputs of three narrowband
hiss filters for the 8-hour period. The second panel
from the bottom shows the hourly 6-second broad-
band snapshots in concatenated fashion. Each snap-
shot starts at XX05:30. The snapshot at 1305:30 was
only 3 seconds long due to a data recording gap.
The lowest panel shows an expanded display of the
snapshot starting at 1205:30 UT. The various data
products allow the determination of the long
timescale evolution of the phenomena as well as its
detailed characteristics. (N-S denotes north-south.)

Detector-
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I	IT0AGODPU

2 Meter
Square
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Preampl.-.... LineI	I Receiver

Broadband Snapshot

Analog	Digital	V-40	RS
Interface	Board	Micro-	Serial

Comm.

Figure 1. Block diagram description of the Stanford University
ELFNLF receiver system. (N/S denotes north/south; E/W denotes
east/west.)
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sealed gelled lead acid batteries are slowly charged during the
times when the BBS system is idle (i.e., for about 1 hour in
presently programmed configuration of taking 6-second
snapshots every hour) and fully used during the snapshot
period (currently 6 seconds), providing the necessary power
for the BBS. The preamplifier system draws less than 300 mu-
liwatts, which is provided over the 150-meter cable that trans-
mits the signal from the antennas to the AGO. The entire
ELF/VLF receiver unit is designed to run on approximately 7
watts of continuous power. To the degree possible, CMOS
technology was used in all electronics to achieve the goal of
low-power operation as required by the limited AGO power
resources.

The sensitivity of the ELF /VLF receiver system is 1.89x10
' i.V m- 1 Hz- V1 and is determined by the relatively small loop
antenna used to provide ruggedness and ease of deployment
(compared to IGY-type loops).

Typical data from the ELF/VLF receiver system is shown
in figure 2. Data acquired at P2, Antarctica, during an 8-hour
period between 1000-1800 universal time (UT) on 28 May
1993 is shown, illustrating both the hiss filters and broadband
snapshot data. The lower narrowband channels (1-2- and
2-4-kHz) show an increase in activity starting shortly before

1100 UT and lasting until just before 1700 UT. The 30-40-kHz
channel shows no activity during this same period. The
broadband snapshot data show the activity to be limited to
frequencies less than 2.5 kHz, and the expanded record (low-
est panel) indicates that the signal consists of a superposition
of many discrete chorus elements. The latter aspect is not eas-
ily visible on the black-and-white spectrogram but was con-
firmed on a color version of figure 2, which has better resolu-
tion.

We are grateful for the efforts of the AGO field support
crews consisting of J.H. Doolittle, E.W. Paschal, M.A. Ander-
son, W.J. Trabucco, M.L. Trimpi, and A.T. Weatherwax who
deployed and serviced the AGO/ PENGUIN instruments during
the 1992-1993 and 1993-1994 austral summers. This work was
supported by National Science Foundation grant OPP 89-
18689 under subcontract Z444901-D from the University of
Maryland. We also thank T.J. Rosenberg for his leadership of
the PENGUIN team.
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Auroral radio emissions observed at AG0-P2
A.T. WEATHERWAX, J. LABELLE, and M.L. TRIMPI, Department of Physics and Astronomy, Dartmouth College, Hanover,

New Hampshire 03755

T
he automatic geophysical observatories (AGOs) on the
antarctic polar plateau provide an excellent platform

from which to study high-latitude ionospheric processes. In
particular, the AGOs provide an exceptionally quiet electro-
magnetic environment for the operation of radio receivers in
the low-frequency/medium-frequency/high-frequency
(LF/MF/HF) bands, as documented in a companion paper
(Weatherwax, LaBelle, and Trimpi, Antarctic Journal, in this
issue). During the 1992-1993 austral summer, this type of
radio receiver was incorporated into the first of six proposed
AGOs (AGO-P2). A list of the experiments aboard AGO-P2
(85.7°N 313.6°E, L 8.3) is given in the table. Preliminary data
taken from only 1 week of operation at AGO-P2 have already
proved to be interesting.

Narrowband emissions at frequencies near twice the ion -
ospheric electron cyclotron frequency (2fce) have been
observed by the LF/MF/HF radio receiver located at AGO-P2.
The emissions appear similar in frequency, intensity, and
temporal structure to auroral roar events previously observed
at Northern Hemisphere observing sites (Kellogg and Monson
1979; Weatherwax et al. 1993).

Block A in the figure shows an example of a 2fce auroral
roar event detected by the LF/MF/HF receiver on 28 May
1993. The horizontal axis panel represents universal time

(UT), and the vertical axis represents frequency. The loga -
rithm of the intensity of the received signals is represented by
a 16-level grayscale, with white pixels corresponding to 5x109
volts per meter per root hertz (V/rn Hz) or less, and black
pixels corresponding to at least 5x10- 8 V/rn Hz. Each fre-
quency sweep [50 kilohertz (kHz) to 4,850 kHz] takes 10 sec-
onds. An interference line at 2,400 kHz appears as a black hor-
izontal line, and a calibration signal appears as a striped verti-
cal line right after 0516 UT. Between 0530 UT and 0600 UT, a
2f ,e auroral roar event appears between 2,450 and 2,650 kHz.
Using the International Geomagnetic Reference Field (IGRF)
model, this frequency range maps to an altitude range

Experiments atAGO-P2

All-sky camera	 Lockheed Research Laboratory
Imaging riometer	 University of Maryland
LF/MF/HF receiver	 Dartmouth College
VLF receiver	 Stanford University
Search-coil magnetometer	Tohoku University
Fluxgate magnetometer	AT&T Bell Laboratories
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between 240 and 412 kilometers, assum-
ing generation at 2fce

All-sky camera, riometer, very-low-
frequency (VLF), and fluxgate magne-
tometer data are shown in the other pan-
els of the figure; search coil magnetome-
ter data were not available at the time of
this publication. All-sky camera images
depicted in block A of the figure show that
the 2fce roar event is associated with a
general enhancement in optical auroral
activity at 4,278 Angstroms. These obser-
vations parallel those made by Kellogg
and Monson (1979) and Weatherwax et al.
(1993) in the northern hemisphere.

Riometer and VLF data are shown in
blocks B and C of the figure, respectively.
A correlation was observed between the
commencement of the roar event near
0530 UT and a burst of riometer absorp-
tion and VLF emissions at the highest
VLF channel (30-40 kHz). A second weak-
er absorption starting at 0533 UT is asso-
ciated with the most intense HF waves,
however. Deviations in the vertical com-
ponent of the measured geomagnetic
field during the roar event are depicted in
block D of the figure. The magnetometer
data suggest that the commencement of
the auroral roar coincides with the pas-
sage of a current overhead. This observa-
tion contrasts with those made at Two
Rivers, Alaska, where more usually a cor-
relation existed between the end of roar
emissions and the commencement of
magnetometer fluctuations and riometer
absorption. The fact that the LF/MF/HF receiver, riometer,
and magnetometer are co-located at AGO-P2 but are separat-
ed by at least 46 kilometers in Alaska could account for such
differences.

The AGO-based LF/MF/HF receivers should yield the
most sensitive measurements to date in this frequency range.
The possibility to compare simultaneous measurements at
spatially separated AGO sites also will enable the temporal
and spatial effects of natural LF/MF/HF radio emissions to be
studied. Finally, since each AGO will consist of a core group of
synchronized geophysical experiments, correlations between
data sets that are exactly co-located can be investigated.

This research was supported by National Science Foun-
dation grant OPP 93-17621 to Dartmouth College.
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A comparison of electromagnetic noise at ground-based radio
observing sites

A.T. WEATHERWAX, J. LABELLE, and M.L. TRIMPI, Department of Physics and Astronomy, Dartmouth College, Hanover,
New Hampshire 03755

S
atellite and rocket experiments show that the Earth's
high-latitude ionosphere is a copious source of radio

emissions, including auroral kilometric radiation (AKR),
which is an intense upward-propagating primarily X-mode
emission, and auroral hiss, which is a whistler-mode emis-
sion. Historically, systematic monitoring of natural auroral
radio emissions at ground-level focused on the very-low-fre-
quency band [3-30 kilohertz (kHz)], in which auroral hiss is
commonly observed. The low-frequency (LF), medium-fre-
quency (MF), and high-frequency (HF) bands [0.03-30
megahertz (MHz)] received relatively little attention until
recently. Perhaps the main reason for the paucity of meas-
urements in the LF-HF frequency range is that since the
beginning of the radio age, these frequencies have been
popular for manmade signals. They can be efficiently trans-
mitted with modest-sized antennas; they can easily carry
audio information; and, at least at night, they reflect effi-
ciently from the ionosphere and, hence, can propagate long
distances over the horizon. It is hard to find a site today that
is radio quiet at 100 kHz to 10 MHz, and as a result, natural
emissions at LF-HF frequencies are difficult to detect
beneath the manmade background.

Although sporadic reports of ground-based LF-HF radio
emissions from aurora have appeared during the past 4
decades, (reviews by Ellyett 1969; LaBelle 1989; LaBelle and
Weatherwax 1993), only in the last few years has a concerted
effort been made to monitor radio emissions systematically in
the frequency range between 100 kHz and 5 MHz on the
ground. Dartmouth College has operated six radio receiving
systems in the high-latitude regions at specific locations given
in the table. Two sites are located in Alaska, and four sites are
located in Antarctica. Essentially identical instrumentation is
employed at all six sites, including a vertical magnetic loop
antenna 10 square meters in area and a superheterodyne
receiver with 10-kHz bandwidth and 70-decibel dynamic

Observing sites

Circle Hot Springs, Alaska	65.5 0 N	215.30E	66.O©N
Two Rivers, Alaska	64.90N	213.1°E	64.90N
South Pole, Antarctica	90.0°S	NA	74.30S

AGO-Pi, Antarctica	83.90S	129.60E	80.0°S
AGO-P2, Antarctica	85.70S	313.60E	69.70S
AGO-P4, Antarctica	82.0°S	95.80E	84.30S

range. The azimuthal orientation of the antenna varies from
site to site, as does the method of archiving the data. Further-
more, at the Two Rivers, Alaska, site, notch filters are used to
reduce the effects of local transmitters.

The figure shows five spectra from each of the observing
sites listed in the table. The vertical axis represents power
spectral density in volts per meter per root hertz (V/rn Hz),
and the horizontal axis represents frequency. The automatic
geophysical observatory (AGO) data were taken during the
1993-1994 austral summer when AGO-P2 was serviced, and
when AGO-Pi and -P4 were deployed. Since data were avail-
able only during the summer (sunlit ionosphere) at AGO-Pi
and AGO-P4, comparisons are made for daytime data only.

Overall, the three electromagnetically quietest sites are
AGO-Pi, -P2, and -P4; AGO-Pi is the noisiest of the three AGO
sites. In contrast, the noisiest site overall is at Amund-
sen-Scott South Pole Station. South Pole data were obtained
during the busy summer season, however, when electromag-
netic interference would be at its highest. Nonetheless, it does
represent the noisiest of the four antarctic locations studied
during the 1993-1994 austral summer. At some selected fre-
quencies, the level at Circle Hot Springs is lower than at AGO-
P1, -P2, and -P4.

Numerous transmitters are evident in the data taken at
both Two Rivers and Circle Hot Springs, especially in the North
American AM broadcast band (535-1605 kHz). Local transmit-
ters from Fairbanks, Alaska, continue to be a pervasive feature
in the Two Rivers data set even though notch filters are used to
reduce many of the stronger signals. The spectra shown at both
these Alaska sites were recorded during the day, so interference
from distant AM and short-wave transmitters is at a minimum
since absorption of radiowaves in the lower ionosphere is at a
maximum. Nighttime ionospheric conditions increase the
noise level since many more distant transmitters are received.

The primary scientific motivation for these experiments is
to observe natural radio emissions in the LF-HF band with the
greatest sensitivity possible. We hope to confirm and extend
previous observations, determine the global nature of LF-HF
emissions, and test theoretical models that predict radiation
observable on the ground. From preliminary noise surveys at
each of our observing sites, it appears that the unmanned AGOs
provide excellent platforms for achieving these scientific objec-
tives, especially for the types of emissions that occur at high-lat-
itudes. Since the U.S. AGOs are not being deployed below 690
geomagnetic latitude, the Northern Hemisphere stations con-
tinue to serve as effective monitors of auroral radio signals at
auroral zone latitudes.

This research was supported by grant National Science
Foundation OPP 93-17621 to Dartmouth College.
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Spectra taken at the six radio observing sites.

Simultaneous enhancement of Pci, Pc4, Pc5 hydromagnetic
waves at AGO-P2, Antarctica

A. WOLFE, L.J. LANZEROTTI, and C.G. MACLENNAN, AT&TBell Laboratories, Murray Hill, New Jersey 07974
R.L. ARNOLDY, Institute for the Study of the Earth, Oceans, and Space, University of New Hampshire, Durham,

New Hampshire 03824

*Also at: Department of Physics, New York City Technical College, City University of New York, Brooklyn, New York 11201.

S
imultaneous observations of several narrow-banded
magnetic fluctuations in the hydromagnetic wave band

are reported from the new automatic geophysical observato-
ry (AGO) site P2 near the auroral zone in the Antarctic.
These magnetic pulsations are found in the Pci [approxi-
mately 1 hertz (Hz)], Pc4 (approximately 100-second peri-
od), and Pc5 (approximately 300-second period) bands.
These observations, recorded on the ground during very
quiet geomagnetic conditions (daily sum geomagnetic activ-
ity index Kp=3-), may be the first reported pulsations
extending across a broad band of the Pc frequency regime.

An early report of coincident Pc5 and Pc1-2 waves by
Barfield and McPherron (1972) was obtained from measure-
ments on the geosynchronous ATS1 satellite during magnet-
ic storm conditions.

Harmonically related hydromagnetic waves in the magne-
tosphere [Pc3 (10-45-second period) and Pc4 (45-150-second
period) bands] have been reported by Takahashi and McPher-
ron (1982) from the ATS6 spacecraft in geostationary orbit.
Engebretson et al. (1986) reported measuring harmonically
structured ultra-low-frequency emissions from the near equa-
torial, elliptical orbit AMPTE CCE satellite in the outer magne-
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tosphere (drift-shell parameter L approximately 8). Alpert et al.
(1993) studied a large amplitude Pc2 (approximately 8-second
period) event, originally reported by Lanzerotti et al. (1986)
from a ground-based magnetometer at low geomagnetic lati-
tude (L approximately 2.9), together with enhancements of
several frequencies in the Pc2 and Pc3 bands. They attributed
all of the wave enhancements to an excitation of the oscillatory
background electromagnetic environment of the magneto-
sphere in response to a sudden change in magnetospheric
plasma conditions. While this event occurred during local
night conditions, sudden changes in the dayside magneto-
sphere plasma could occur through impulses produced at the
magnetopause boundary. For a long time, researchers have
known that dayside sudden impulses are able to produce mag-
netopause motions and geomagnetic pulsations with 5- to 10-
minute periods (Pc5 band; Saito and Matsushita 1967; Ander-
son, Binsack, and Fairfield 1968; Kaufmann and Konradi
1969). Recently, Sibeck et al. (1989) discussed such long-peri-
od Pc5 oscillations observed in South Pole and in AMPTE CCE
data and noted that these results can be explained by a series
of upstream solar wind dynamic pressure pulses. Additionally,
Arnoldy et al. (1988) reported Pci activity associated with mag-
netic impulse events (Pc5 regime), and Olson and Lee (1983)
discussed the production of Pci-frequency waves by sudden
impulses.

In 1992, a U.S. initiative to deploy a complement of upper
atmosphere instruments at AGOs was begun in the Antarctic.
One of the goals of this National Science Foundation program
includes the study of the electromagnetic environment from a
longitudinal array of stations in the southern polar cap (invari-
ant latitude A=80 0) as well as from latitudinal-spaced chains
beginning near the auroral zone and extending to higher lati-
tudes near the magnetic pole. We report here on a sample of
data recorded from the first of six stations to be established,
AGO-P2 (invariant latitude = 700, invariant longitude = 18.6°E)
located near the auroral zone. In particular, this article reports
on magnetic field observations recorded during 1800 to 2200
universal time (UT) (local time LT=UT-4 hours) on 25 May
1993; additional articles in this issue report on other AGO-P2
events observed during the initial 1 week campaign 23-31 May
1993. Fluxgate magnetometer measurements in the geomag-
netic south-north (H), west-east (D), and vertical (Z; positive
upward) components were sampled at 1-second intervals by
the AGO data system. The sensor system was provided by
AT&T Bell Laboratories. Search-coil magnetic-field measure-
ments were also made in the H, D, and Z components and
were sampled at 0.5-second intervals. The search-coil system
was provided by Tohoku University, Sendai, Japan.

Long-period, Pc5-band magnetic variations are evident
in the fluxgate time records of figure 1. These variations have
periods between about 5 to 10 minutes throughout the 4-hour
interval during local afternoon and are especially enhanced
during hours 19 and 20. Smaller amplitude, shorter period
Pc4 waves are also seen from 1800-2200 UT. Figure 2 shows
an example of simultaneous Pci activity recorded by the H-
component search-coil magnetometer during the half-hour
interval 1830-1900 UT (see Fukunishi, Taguchi, and Lanzerot-

ti, Antarctic Journal, this issue, for details). These enhanced
wave packets are especially evident.

Initial power spectral analyses were carried out on the
fluxgate H-component data to clarify the frequencies of the
dominant pulsations and trace their evolution throughout the
4-hour time interval. A sample half-hour spectrum
(1930-2000 UT) is shown in figure 3. This figure identifies sev-
eral spectral peaks labeled 1 to 6 and having periods of
approximately T 1 =357 seconds, 12=208 seconds, 13=156 sec-
onds, T4=122 seconds, T 5=87 seconds, and 16=77 seconds. A
narrowly spaced double peak is also shown in the approxi-
mate range 45<T7<47 seconds. From additional spectral
analyses (not shown here), we found that most of the Pc4
band variations persist with little variation in frequency
throughout the 4-hour interval whereas the Pc5 wave periods
are seen to vary between about 333 to 740 seconds.

Preliminary analyses indicate that these observations
from Pci to Pc5 frequencies are consistent with a response
that might be expected from sudden impulses to the dayside
magnetopause. Theoretical calculations by Alpert et al.
(1993, figure 8) illustrated simultaneous enhancements in
several narrow frequency bands that might occur in
response to variously shaped impulse functions. Our pre-
sent results in figure 3 show a striking resemblance to the
impulse response model. We plan to examine further the
nature of these pulsations by analyzing simultaneous data
recorded at other locations in the Antarctic (South Pole and
McMurdo Stations) as well as from recording stations in the
Northern Hemisphere.

This work was supported in part by a National Science
Foundation grant to the University of Maryland (OPP 89-
18689) subcontracted to New York City Technical College/City
University of New York and the University of New Hampshire.
We would like to thank H. Fukunishi of Tohoko University for

Local Time
1400	 1500	 1600	 1700	 1800

1800	1900	2000	2100	2200
25 May 1993, UT

Figure 1. Magnetic field traces (three orthogonal components) from
the fluxgate magnetometer installed at the AGO-P2 site. The 4 hours
shown for 25 May 1993 correspond to an interval of giant "pulsation"
activity with wave period of between 5 and 10 minutes. (nT denotes
nanoteslas.)
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Figure 2. Magnetic field trace (south-north component) from the search coil magnetometer installed at the AGO-P2 site. Intervals of enhanced
activity in the Pci -Pc2 band (1-10-second period) are observed in the 30-minute interval during the giant pulsation activity.
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Figure 3. Power spectra of the H-component (south-north) fluxgate
magnetometer trace for the interval 1930-2000 UT. The peak corre-
sponding to the giant pulsation is evident, as are a number of higher
frequency wave components, marked with numbers. (Hz denotes
hertz; (nT)2/Hz denotes square nanoteslas per hertz.)

providing the search-coil magnetometer. We also thank T.J.
Rosenberg of the University of Maryland and the entire Polar
Experimental Network for Geophysical Upper Atmosphere
Investigations team for their collaboration.
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Pc 1-2 pulsations observed by a search-coil magnetometer
at AGO-P2

H. FUKUNISHI and M. TAGUCHI, Department ofAstrophysics and Geophysics, Tohoku University, Aramaki-Aoba,
Sendai 980-77, Japan

L.J. LANZEROTTI, AT&TBe11 Laboratories, Murray Hill, New Jersey 07974

T
he automatic geophysical observatories (AGOs) have been
developed by the Lockheed Palo Alto Research Laboratory

under contract from the National Science Foundation to pro-
vide unattended platforms on the antarctic continent. The
polar experiment network for geophysical upper-atmosphere
investigations (PENGUIN) project with T.J. Rosenberg as
principal investigator aims at comprehensive investigations
of the polar upper atmosphere and ionosphere at high geo-
magnetic latitudes using AGO5. This project consists of a core
suite of instruments at each of six specified AGO locations:
• an optical auroral imager,
• a radiowave absorption imager,
• a ring core fluxgate magnetometer,
• a search-coil magnetometer,
• an extremely-low-frequency/very-low-frequency

(ELF/VLF) receiver system, and
• a low-frequency/high-frequency (LF/HF) receiver system.
The first AGO for the PENGUIN was deployed at site P2 (geo-
graphic latitude 85°40'S longitude 46°23'E; geomagnetic lati-
tude -70.0°S longitude, 18.6°E; L-value, 8.5; altitude, 1,860
meters) in December 1992. The PENGUIN data at P2 were
continuously recorded on an optical disk until the end of May
1993 when the data-acquisition system suffered a failure. The
recorded data were recovered in December 1993.

The purpose of the AGO search-coil magnetometer
experiment is to study the generation and propagation mech-
anisms of high-latitude magnetic variations in the frequency
range of 0.001-1.0 hertz (Hz). This article presents a prelimi-
nary analysis of the search-coil data, focusing on the frequen-
cy range of 0.1-1.0 Hz.

AGO-P2 Search Coil May 25 1993 Total Day 145

UT	 è	1011 12 1314 15 16 17 18 1'902122'324

The three components of magnetic field variations
(north-south, east-west, and zenith components) are meas-
ured by three independent search coils, which are buried at a
depth of 1 meter (m) from the snow surface with a distance of
at least 5 m between sensors. The frequency response is linear
from approximately 0.00 1 Hz to 2 Hz. The dynamic range is
±1.6 picoteslas (pT) to ±3.2 nanoteslas (nT) at 1 Hz and ±160
pT to ±320 nT at 0.01 Hz. The output signals of the three
search coils are sampled simultaneously at 0.5-second inter-
vals with a 12-bit analog-to-digital converter; this amounts to
total data storage of about 500 megabytes per year.

Figure 1 shows the wave forms of magnetic field varia-
tions observed by the search-coil magnetometer at P2 on 25
May 1993. This day is extremely quiet geomagnetically, with
the 3-hour geomagnetic activity Kp index values of 0 to 1- and
the daily Kp sum of 3-. Figure 1A shows waveforms through-
out the day, whereas figure lB shows higher time resolution
waveforms for the time interval of 1800-1900 universal time
(UT). Comparing these wave forms with simultaneous magne-
tograms obtained from the fiuxgate magnetometer observa-
tions at P2 (Wolfe et al., Antarctic Journal, in this issue), it is
found that the two irregular magnetic pulsation trains begin-
ning at 0150 UT and 0315 UT, respectively, (figure 1A) are
associated with occurrences of small magnetospheric sub-
storms with negative variations of approximately 100 nT in the
H component. The high time-resolution wave forms in figure
lB show occurrences of Pc 1-2 pulsations superimposed on
Pc5 pulsations with a period of approximately 420 seconds.

The occurrences of Pc 1-2 pulsations in the frequency
range of 0.1-1 Hz are easily identified on dynamic spectra.

AGO-P2 Search Coil May 25 1993 Total Day 145

UT 1800	1810	1820	1830	1840	1850	1900

UT 0 i	 è	1011 121314151617181902h1 22324	UT 1800	1810	1820	1830	1840	1850	1900

UT	I	4	è ' é	101112131415161718192021222324	ca 6
UT 1800	1810	1820	1830	1840	1850	1900

(a)	 (b)

Figure 1. Wave forms of magnetic pulsations observed by a search coil magnetometer at AGO-P2 on 25 May 1993. A. X-, Y-, and Z- component
wave forms for the time interval 0000-2400 UT. B. Same as A except for the time interval 1800-1900 UT.
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Figure 2A shows the dynamic spectra of the X, Y, and Z com-
ponents throughout the day of 25 May 1993, whereas figure
2B presents a high time-resolution display for the time inter-
val between 1500 and 2100 UT. Nonperiodic Pci pulsations
are found in the time intervals of 0730-1000 UT, 1540-1630
UT, and 1900-1930 UT, whereas Pci pulsations with a period-
icity of approximately 600 seconds are found in the time
interval of 1720-1930 UT. A comparison between the wave
forms in figure lB and the dynamic spectra in figure 2B shows
that the Pci intensity enhancement after 1811 UT coincides
with the onset of Pc5 hydromagnetic wave activity.

In contrast to the foregoing wave observations during a
very quiet interval, on most geomagnetically active days, the
higher frequency Pci activity becomes low, and wave activity
in the Pc3 band (10-45-second periods) becomes high. A typi-
cal example, observed on 29 May 1993, is shown in figure 3.
The sum of Kp on this day is 17+. Figure 3A shows the wave
forms of the X, Y, and Z components, whereas figure 3B shows
the dynamic spectra of the X component for the two frequen-
cy bands 0-1.0 Hz and 0-0.2 Hz. It is apparent that Pc 3 pulsa-
tions with a frequency of approximately 0.03 Hz (T equals
approximately 30 seconds) occurred principally in the morn-
ing hours before local noon (1600 UT), whereas weak,
unstructured Pci pulsations (approximately 0.3-0.6 Hz)
occurred in the afternoon hours after 1700 UT.

Continuous periodic variations in the magnetic field in
the period ranges of 0.2-5 seconds and 5-10 seconds were
classified into Pci and Pc2 pulsations, respectively, by the
International Association of Geomagnetism and Aeronomy in
1963, although the relationship of the classification to generat-
ing sources remains a topic of active research and discussion.
By using 3035 Pc1-2 pulsation events observed in the frequen-
cy range 0.1-2.0 Hz at Syowa station (geomagnetic latitude -
66.20; approximately 40 lower than the geomagnetic latitude of
AGO site P2) located in the southern auroral zone, Fukunishi
et al. (1981) classified Pc1-2 pulsations into eight subtypes

based on their spectral structures: hydromagnetic (HM)
whistler, periodic HM emission, HM chorus, HM emission
bursts, intervals of pulsations with decreasing periods (IPDP),
morning IPDP, Pc1-2 band, and irregular HM emission. Sim-
plifying this, Pci pulsations in the auroral zone can be classi-
fied into periodic Pci, nonperiodic Pci, and IPDP. Using data
obtained from a search-coil magnetometer network covering
the invariant latitude range of 60°-70° in Canada, Hayashi et
al. (1981) showed that the source region of periodic Pci pulsa-
tions follows a region corresponding to the averaged plasma-
pause location, whereas the source region of nonperiodic Pci
pulsations seems to correspond to detached plasma regions.

On the other hand, in the cusp and polar cap region, par-
ticular types of pulsations are observed in the Pc 1-2 frequency
range (Troitskaya, Bolshakova, and Matveeva 1980; Morris et
al. 1982; Morris and Cole 1991). These are intervals of pulsa-
tions with rising periods (IPRP), Pclb ("b" for burst) and
unstructured Pc 1-2 pulsations. Arnoldy, Engebretson, and
Cahill (1988) showed that Pclb or Pcl-2 bursts can occur
superimposed on larger scale magnetic variations, magnetic
impulse events (MIEs), that can be a signature of flux transfer
events (FTEs).

Pc1-2 pulsations were also observed at high latitudes by
the polar-orbiting Viking satellite (Erlandson et al. 1990, 1992)
and the AMPTE CCE spacecraft in an equatorial orbit with
magnetic latitude in the range ±16°, apogee at 8.8 Earth radii
and perigee at 1,000 kilometers (Anderson, Erlandson, and
Zanetti 1992). Anderson et al. (1992) showed that the early
afternoon outer magnetosphere at L>7 is the dominant site
for ion cyclotron waves in the Pc 1-2 frequency range and that
the secondary high occurrence region is found at L>8 near
dawn, magnetic local time 0300-0900.

In the foregoing data samples, we have shown several
examples of Pcl-2 magnetic pulsations observed at AGO-P2.
To investigate the generation and propagation mechanisms of
these pulsations, it will be necessary to compare these data
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Figure 2. Dynamic spectra of magnetic pulsations observed at AGO-P2 on 25 May 1993. A. X-, Y-, and Z- component dynamic spectra for the
frequency range 0-1.0 Hz and the time interval 0000-2400 UT. B. Same as A except for the time interval 1500-2100 UT.
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Figure 3. Wave forms and dynamic spectra of magnetic pulsations observed at AGO-P2 on 29 May 1993. A. X-, Y-, and Z- component wave
forms for the time interval 0000-2400 UT. B. X-component spectra displayed for the two frequency bands, 0-1.0 Hz and 0-0.2 Hz, and the time
interval 0000-2400 UT.

with similar data observed at other stations. Comparisons of
the P2 data with data from South Pole Station (approximately
40 poleward of AGO-P2 on the same magnetic meridian) and
with particle data from polar-orbiting satellites such as Ake-
bono and DMSP are in progress and will be reported elsewhere.
The present results have shown that the occurrence features of
the Pc 1-2 pulsations at P2 depend strongly on magnetic activi-
ty level. This tendency suggests that AGO-P2 observed periodic
and nonperiodic waves related to the plasmapause on quiet
days and waves related to the cusp and cleft on disturbed days.

We thank T.J. Rosenberg for his management and leader-
ship as principal investigator of the PENGUIN project. We
also express thanks to M.J. Engebretson, C.G. Maclennan, R.L.
Arnoldy, A. Wolfe, M. Sugiura, T. Araki, N. Sato, H. Yamagishi,
and K. Hayashi for their assistance as members of the search-
coil experiment. We wish to thank T. Sakanoi for his efforts on
data processing. We are grateful to J. Doolittle for his arrange-
ments for the environmental test at Lockheed Palo Alto
Research Laboratory and at McMurdo Station in Antarctica.
We wish to thank the U.S. Antarctic Expedition team for the
deployment of the first AGO into P2.
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Environmental research

Movement of fuel spills in the Ross Ice Shelf
MARK A. TUMEO and MARTY K. LARSON, Environmental Technology Laboratory, Department of Civil Engineering, University of

Alaska, Fairbanks, Alaska 99775

W
i lliams Field provides logistical support to McMurdo
Station in Antarctica and manages large amounts of

fuel for their cargo planes. Numerous spills have occurred at
this site with little recovery or remediation of the spilled fuel.
From 1980 to 1989, approximately 380,000 liters (L) leaked
during documented fuel spills-197,600 L of that total came
from one spill alone, in October of 1989, when fuel leaked
onto the ice at Williams Field. An additional 20 spills of
unknown quantities have also occurred at McMurdo Station
and Williams Field. Although recent improvements in equip-
ment and procedures in Antarctica have significantly reduced
the accidental release of fuel and all but eliminated the risk of
a large fuel spill, the potential for small releases still exists.

The open literature contains virtually no publications on
the movement and fate of spilled fuel on ice shelves. To track
the movement of fuel spills in ice more accurately and to estab -
lish the basis for remediation methods should a small release
occur, the National Science Foundation funded a 3-year study
by researchers at the Environmental Technology Laboratory!
University of Alaska at Fairbanks. During the second field sea-
son of the project (1993-1994 austral summer), the research
team was in Antarctica immediately following a small acciden-
tal fuel spill on the ice shelf near Williams Field. This spill
served as the basis for an intensive study and provided signifi-
cant information on the movement of fuel in the ice shelf.

The spill, which happened on 3 December 1993, came
from a flexible pipeline midway between McMurdo Station
and Williams Field, on the Ross Ice Shelf. A fuel-line-connec-
tion failure released an estimated 11,400 L of JP-8 on the ice.
Because the fuel that spilled was originally above 0°C, heat
transferred into the ice and created two cone-shaped holes
approximately 2 meters (m) in diameter and 4 to 5 in
No remediation efforts were taken, and the site was marked
"off limits.

Cores were taken from five holes drilled by the Polar Ice
Coring Office using a 10.16-centimeter drill. The holes were
located in a spiral pattern from the spill epicenter. The figure
shows the pattern and location of the five corings. Samples
were taken from these cores at regular intervals of 1.5 in
less at particular points of interest such as at the top or bot-
tom of the holes. The coring device was swabbed with butyl
acetate each time before drilling to prevent cross contamina-
tion from the core barrel.

Temperature and density readings were taken at regular
intervals from each hole. A standard snow/ice temperature-
density kit was used at the site. Samples for laboratory analy-
sis were cut from the ice cores with a hand saw that was
swabbed with acetone between uses. The samples were
stored in individual, double plastic bags and kept frozen until
returned to the lab.

In the laboratory, samples were allowed to melt at 4°C.
Each melted sample was transferred to an IChem® jar with a
Teflon-lined lid and stored in a refrigerator. To prepare it for
analysis by gas chromatography, each liquid sample was
extracted with three successive washes of 10 milliliters (mL) of
methyl chloride in a separatory funnel. The organic layer
(lower layer in separatory funnel) was drained into a 40 ml,
glass vial with a Teflon-lined lid.

Samples were analyzed for nonvolatile hydrocarbons
using a gas chromatograph. A total extractable petroleum
hydrocarbon value was obtained by integrating the entire
response curve. A standard curve was developed using known
dilutions of JP-8 extracted under the same procedures as the
samples. This method relies on the assumption that the mix-
ture of nonvolatile hydrocarbons remains relatively constant
between aged and nonaged fuels—a good assumption, given
the fact that the biodegradation of the fuel, if it occurs at all, is
slow. All analyses were conducted at the Crary Laboratory at
McMurdo Station.

Cores were taken to approximately 18 in all five sites.
Salt water was encountered at approximately 16.5 in all
holes. Sampling had to be terminated at 18 in the
cores became too saturated with salt water. When the cores
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Contamination found at spill site with depth. (Total petro-
leum hydrocarbons is in milligrams per liter of melted ice;
- denotes no sample collected at that depth; nd denotes no
contaminant detected.)

move downward through the ice, then spread outward to the
distances where contamination was found. In this way, a
maximum rate of movement for the spill can be estimated.
The formulas used for this calculation are

16.5m
Vver	T	 (1)

i'er

	

nd	nd	nd

	

nd	nd	-

	

nd	nd	nd

	

2	nd	-

	

nd	nd	nd

	

nd	nd	-

	

nd	nd	nd

	

nd	nd	-

	

nd	nd	nd

	

13.7	4	27,260	nd

	

15.2	10	488	12

	

15.8	4,780	13,910

	

16.2	-	18,153

	

16.5	62,302	65,527	5

	

16.8	41,574	-	15,258	29,327	nd

	

17.1	29,966	32,275	-	-	nd

	

17.4	-	17,129	74,556	5,769	nd

	

17.7	199	37	-	-	-

	

18.3	-	5	13	39	-

	

18.6	-	-	-	754	-

are completely saturated, the salt-water/ice mixture forms a
"slush" that does not remain in the core barrel when the bar-
rel is removed from the hole, so it is not possible to extract a
core for sampling. The contamination profiles with depth for
the five holes are given in the table.

The most significant finding is that almost all of the fuel
had moved through the 16.5 m of snow/ice during the 1
month since the spill and spread out over 10 m horizontally.
The fifth hole was drilled 19.2 m away from the spill site as a
blank and showed no signs of contamination. Three of the
holes (at distances of 2.4, 4.8, and 9.6 m from the spill)
showed almost no contamination until the salt-water table,
whereas one hole (located 1.2 m from the spill) exhibited large
concentrations all the way down. This suggests that the fuel
traveled almost straight down through the ice with little hori-
zontal dispersion until it reached the point where the pores of
the ice sheet were filled with salt water. At that point, the fuel
then spread horizontally. Temperature and density in the
ranges experienced in the ice sheet appear to have little effect
in altering the direction of fuel movement.

By dividing the distance traveled by the time elapsed, we
determined that the leading edge of the plume moved verti-
cally at a minimum of 0.4 m per day. The leading edge, how-
ever, had to move much more quickly than this to allow time
for the plume to spread horizontally. If we assume that the
permeability in the ice that is not saturated with salt water is
approximately equal in all directions (isotropic), we can esti-
mate the minimum amount of time required for the plume to

19.2m
Vhor 
	

(2)
Thor

where Tver is the time of travel from the surface to the salt-
water table, and Thor is calculated by

Thor = 46days - Tver	 (3)

where 46 days is the total elapsed time from the spill event
(3 December 1993) until the drilling of hole 5, 19.2 m away
from the spill site. To estimate the rate of movement (gross
permeability), first select an assumed value for Tver and cal-
culate a vertical rate. Tver is then used to calculate Thor and a
horizontal rate. This process is repeated until the horizontal
and vertical permeabilities are approximately equal. Using
this method, a maximum permeability of approximately 0.8
m per day is found.

The data collected indicate that fuel spilled on an ice
shelf will travel almost straight down from the spill site with
very little horizontal dispersion until a confining layer of
salt-water-saturated ice is encountered. At that point, the
fuel will move horizontally, spreading out on top of the salt-
water-saturated layer. The fuel appears to move rather

rapidly, with an estimated maximum rate of 0.8 m per day,
assuming isotropic conditions.

The rapid movement of the fuel downward with little to
no horizontal dispersion means that recovering spilled fuel
may be possible if actions are initiated rapidly after the spill.
If a spill-response team were equipped with a drilling rig
and a pump, the fuel could possibly be pumped out of the
ice column, through one or several drill holes, before it
spreads out at the salt-water level. Given the relatively high
permeability of the ice as indicated by the data collected,
this procedure could be relatively efficient. The
fuel/ice/saltwater slurry appears pumpable. The pumping
action should draw the fuel, along with the salt water, to the
pump. The fuel and salt water could then be separated. The
window of opportunity for such a remediation/recovery
operation, however, would be small. In just a few days, the
fuel would probably be too dispersed horizontally to allow
for an effective recovery.

We would like to acknowledge the dedicated work and
contributions made to this research by the members of the
University of Alaska at Fairbanks antarctic research team,
Mark Cummings, Vivek Mehta, and Amy Wolk, and by Timo-
thy Tilsworth and Cindy Thomas, past members of the team.
We would also like to acknowledge the Polar Ice Coring Office
for their valuable assistance in drilling cores at the spill site.
Without their expertise and dedication, none of this work
could have been conducted. This work was conducted under
a National Science Foundation grant OPP 91-19559.
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Assessment of the presence of oil-degrading microbes at
McMurdo Station

MARK A. TuME0 and AMY E. WOLK, Environmental Technology Laboratory, Department of Civil Engineering, University of
Alaska, Fairbanks, Alaska 99775

M
cMurdo Station, situated next to Winter Quarters Bay,
consists of more than 100 structures, including a fuel-

storage and transfer system. The existing fuel-storage system
includes 18 above-ground steel storage tanks located in three
tank farms, referred to as Hut Point Tank Farm, Tank Farm 1,
and Tank Farm 2. A schematic of the location of the tank
farms in relation to major features of McMurdo Station is
shown in figure 1.

McMurdo Station has had numerous reported and sus-
pected fuel releases. Leaky pipelines and spills have plagued
the three fuel storage sites in the past. Before the 1992-1993
austral summer field season, accidental fuel releases were not
well-documented. Some spills were documented by station
personnel in an incident report, but a significant number of
fuel releases can be corroborated only by hearsay or, in some
instances, by observable evidence.

Station personnel report that during the 1984-1985 sea-
son, a major spill released at least 273,600 liters (L) of diesel
fuel arctic (DFA) from tank M-1 located in Tank Farm 1. The
embankment immediately west of tank D- 1 is heavily stained,
and our preliminary sampling confirmed that the staining is
from spilled fuel. Interviews with station personnel indicated
that at least three significant releases have occurred at Tank
Farm 2:
• approximately 76,000-114,000 L of fuel leaked from tank J-

1 sometime in 1980;
• another 114,000 L was released from an unidentified tank

in 1981-1982; and
• between 266,000 and 532,000 L was released from tank J-2

when it collapsed in 1984-1985.
Although no major spills have been reported at Hut Point, a
chronic pipeline leakage problem is reported at that site.

\	Tank
Hut Point	

(	
0	\L,m 1Tank

Farm	 0
0 0

0	
00 

Winter
Quarters

Bay

Crary

McMurdo	
\Sound	 Chalet

Observation
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Figure 1. McMurdo Station tank farm schematic.

Since 1992, the National Science Foundation has made
significant strides to improve this situation. Formal spill
reporting is now required, and an emergency spill-response
team at McMurdo Station manages response and clean-up
activities. Repair and replacement of fuel tanks have
decreased the probability of tank failure; lined containment
basins are being constructed around all large tanks; and sig-
nificant changes in protocol for fuel handling and transfer
have been instituted. These improvements have resulted in a
significant decrease in accidental releases.

Past fuel releases into soils at McMurdo Station, Antarcti-
ca, have raised questions about the presence of oil-degrading
microbes at the contaminated sites. Populations of oil
degraders, commonly of the genus Pseudomonas, often show
up in tests after soils have been contaminated with fuel (Song
and Bartha 1990). If such microbial populations are present, it
may be possible to design a remediation program for some of
the contaminated soils at McMurdo using these microbes.
Bioremediation of oil spill sites in Antarctica would not be
possible if the microorganisms are not present, however,
because it would be a violation of the Antarctic Treaty to
import nonindigenous species.

To determine whether more detailed studies on the
potential biodegradation of fuel spills are warranted, it is first
necessary to confirm the existence of a microbial consortium
with the capability to degrade petroleum hydrocarbons. Few
studies have been published on the microbiology of McMur-
do Station. The literature does contain, however, articles on
microbial studies in the Arctic (Atlas et al. 1976; Sexstone and
Atlas 1977; Atlas 1986). These studies indicate that microor-
ganisms play a role in mediating the impact of oil spills in the
Arctic, where harsh environmental conditions not unlike
those found at McMurdo Station prevail. For example, Sex-
stone and Atlas (1977) found that oil-degrading microorgan-
isms were present in soils from Barrow, Alaska. With the addi-
tion of crude oil to these soils, total numbers of hydrocarbon-
degrading microorganisms increased.

These data support the theory that due to the abundance
of fuel released at McMurdo Station, some form of organism
has found its niche and is utilizing this readily available car-
bon source.

Because of the long history of spills at Tank Farms 1 and
2, these sites were chosen for the assessment study. Contami-
nation at these sites was verified through preliminary soil
samples taken at the two tank farms and tested for total
extractable (nonvolatile) petroleum hydrocarbons using gas
chromatography. Preliminary samples were collected approx-
imately 5 centimeters below the surface. Results of the pre-
liminary sampling program are shown in the table. Compos-
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Results of preliminary soil sampling. (Concentrations
are in micrograms of contaminant per kilogram ofsoil.)

TPH	1,000	47,000	1,400,000	920,000

ite samples from Tank Farm 1, west of tank D-1 and D-2 on
the embankment next to the road, and from Tank Farm 2
between tank J-1 and J-2 were collected in plastic zip-closing
bags. A control sample was collected near the Crary Laborato-
ry Complex in an area with no known contamination.

Samples were collected by first removing the top 2-5 cen-
timeters of soil, then collecting approximately 50 to 100 grams
of soil from the site. Three samples were collected and com-
bined at each site to make one composite sample. Duplicate
composite samples were collected at each site. All sampling
instruments were cleaned with distilled water, alcohol, and
again with distilled water between samples, to prevent cross
contamination.

The sheen screen most probable number (MPN) method
developed by Brown and Braddock (1990) was used to enu-
merate oil-degrading bacteria. A five-tube MPN was conduct-
ed using sterile 24-well microtiter plates. Initial inoculants
were made by mixing 10 grams of the soil with 90 milliliters
(mL) of sterile Bushnell-Haas broth. Five 100-microliter (&L)
aliquots of the inoculant were serially diluted into the 24 wells.
Following the inoculation, a sheen of sterile Prudhoe Bay
crude oil was applied to each well. A simultaneous experiment
was conducted using the same inoculating procedure, but
instead of using crude oil as a carbon source, we applied ster-
ile JP-8 fuel tinted with Sudan Black dye to help us see the
sheen created. We applied JP-8 fuel to account for the possible
specificity of the microbe niche, because JP-8 is the primary
contaminant of the study sites. Each set of plates was done in
triplicate for quality control. Plates were incubated at room
temperature for 3 weeks. After 3 weeks, wells were scored as
positive when oil or fuel emulsification was clearly indicated
by disruption of the sheen.

Oil degraders were found only at the Tank Farm 2 site.
Both the crude oil and the JP-8 sheened plates gave positive
results (see figure 2). The crude oil sheen test showed a great
deal of variability with an average of 6AX103 microbes per
gram of sediment (wet). The JP-8 sheen-test average was
5.6x 102 microbes per gram of sediment (wet) but showed lit-
tle deviation (less than 10 microbes/gram). The reproducibili -
ty of the JP-8 sheen test may indicate that the consortium of
microbes was better suited to the JP-8 fuel. These results
agree with the Sexstone and Atlas (1977) study. In that study,
MPN procedures for mesophilic (30 C) oil utilizers showed
average microbial populations of between 102 to 104 microbes
per gram of wet soil.

Neither the Hut Point Tank Farm nor the Tank Farm 1
plates indicated the presence of any oil-degrading microbes.

One possible reason for this apparent absence of microbes is
that the tank farms have significantly different microbial envi-
ronments. Tank Farm 2 is considerably more protected from
sea-salt spray, and sea-salt spray could possibly have a steril-
izing effect. Both Hut Point Tank Farm and Tank Farm 1 are
located near the bay and show signs of sea-salt in the form of
scattered white patches on the soil surface.

A second reason for the apparent absence of oil-degrad-
ing microbes could be that the populations at Tank Farm 1, if
they exist, may be significantly smaller than those at Tank
Farm 2. Preliminary sampling at the site (see table) shows that
the contamination levels at Tank Farm 1 are significantly
lower than those at Tank Farm 2. Tank Farm 2 is a more
recent spill site. Lower levels of contamination at the older
spill site may indicate that natural attenuation has already
occurred. Oil degraders may have been missed at Tank Farm
1 because the MPN method used may not have been sensitive
enough to pick up a small population of degraders. Sexstone
and Atlas (1977) compared two enumeration methods: a plate
count and an MPN procedure. Numbers of oil utilizers enu-
merated by plate counts and MPNs did not show significant
correlation. The study showed that many MPN tubes that did
not read positive through visible disruption of an oil-sheen
layer did have sizable microbial populations, which could be
seen only microscopically, covering the oil layer. They
believed that the use of the MPN procedure, in their case,
underestimated the numbers of oil utilizers. Additional stud-
ies should be conducted to verify the absence of oil-degrading
populations at Tank Farm 1.

A third reason that we were able to find oil-degrading
microbes at Tank Farm 2 may be that the soil there had
recently been disturbed during construction of a new fuel
storage tank, possibly providing oxygen for the microbes and
increasing population levels.

The main objective of this study was to determine
whether oil-degrading microbes were present at McMurdo.
The data conclusively prove that indigenous oil-degrading
microbe populations are present at McMurdo Station. Given
this fact, further study is needed to determine under what
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Figure 2. Example sheen screen plate from Tank Farm 2.
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conditions these populations could be enhanced to promote
natural attenuation of existing fuel contamination in soil
around the station.

We would like to acknowledge the dedicated work and
contributions made to this research by the members of the
University of Alaska at Fairbanks antarctic research team—
Mark Cummings, Vivek Mehta, and Marty Larson—and by
Timothy Tilsworth and Cindy Thomas, past members of the
team. We would also like to acknowledge Joan Braddock of
the Institute of Arctic Biology at the University of Alaska at
Fairbanks for her valuable assistance on the Sheen Screen
procedure. This work was conducted under a National Sci-
ence Foundation grant OPP 91-19559.
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Age range
Mean age
Had spouse/partner
Had children
Antarctic station:a

McMurdo
Palmer
South Pole
Field camp
On ship

Seasons:a
Summer
Winter
Winter fly_mb

Number of times in
Antarctic:

Once
Twice
Three times or more

Mean time length
in Antarctic (months)

	

34(94%)	13(93%)

	

5(14%)	0(0%)

	

13(36%)	3(21%)

	

18(50%)	7(50%)

	

9(25%)	4(28%)

	

9(25%)	3(21%)

8(100%)
0(0%)
3(36%)

3(38%)
2(25%)
3(38%)

21-52
36.1
6(43%)
4(29%)

14(100%)
1(7%)
2(14%)
1(7%)
0(0%)

13(93%)
5(36%)
7(50%)

8(57%)
3(21%)
3(21%)

20-57	20-49	23-38
33.7	34.0	28.9
21(69%)	12(86%)	3(36%)
10(27%)	4(20%)	2(25%)

29(80%)	7(50%)	8(100%)
5(14%)	7(28%)	0(0%)
3(8%)	1(7%)	0(0%)
6(17%)	3(21%)	2(25%)
4(11%)	4(29%)	0(0%)

aTotal is more than 100% because some women were at more than one station or
came for a combination of seasons.
bRefers to the first flights in at the end of the winter.

Sociological and psychological studies

Women in the Antarctic: Constructive risk-taking and
social consequences

JESSICA F. MORRIS, JACQUELINE S. WEINSTOCK, and ESTHER D. ROTHBLUM, University of Vermont, Department of Psychology,
Burlington, Vermont 05405

W
omen currently constitute approximately 15 percent of
the U.S. antarctic population. As the number of women

in the Antarctic increases, there is a need to examine wom-
en's experiences as well as those of men. Our study obtained
information from women who had recently returned from the
Antarctic. Semistructured interviews were conducted with
women scientists and staff, military personnel, and civilian
contractors.

Women who seek antarctic duty are engaging in nontra-
ditional behavior for most women. The first goal of this study
was to investigate risk-taking among this group of women.
Second, the study examined the social consequences of risk-
taking for women. Women are socialized to
value social relationships, and the research on
risk avoidance has indicated that what is fearful	Table 1.
about risk-taking is the anticipated negative
interpersonal consequences (for example, fear
of rejection) rather than career- or work-related

T17T&consequences of seeking new experiences at a
considerable distance from their social networks
(Rothblum 1990; Solomon and Rothblum 1986).

Thirty-six women who had been in the
Antarctic during the 1990-1991 and/or the
1991-1992 austral seasons participated in the
study. Fourteen women had been in the Antarc-
tic for scientific research (serving as, for exam-
ple, principal investigators, laboratory assis-
tants, or student assistants). Eight participants
were women military personnel. Fourteen
women were in the Antarctic as employees of
Antarctic Support Associates (ASA). Demograph-
ic information about the participants is present-
ed in table 1.

A semistructured, open-ended interview
format was developed. Questions focused on the
following components:
• Risk-taking. Participants were asked whether

any aspect of going to the Antarctic felt risky
and what kinds of risks they took while in the
Antarctic. Five other questions were consid-
ered relevant to risk-taking: (1) what motiva-
tions they had for going to the Antarctic

(what led up to the women going to the Antarctic; how
they ended up going); (2) whether they viewed going to the
Antarctic as an adventure; (3) what they felt they gained
from going to the Antarctic; (4) what they felt they gave up
by going to the Antarctic; and (5) whether they would go
back.
Social supports. Participants were asked about people's
reactions when they found out that the women were going
to the Antarctic. We focused on how family, friends, and
coworkers reacted, how supportive they were, and whether
their reaction was surprising to the women. The purpose of
this category was to determine whether the social conse-

Demographic information about women in the Antarctic
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25%
11%
14%
33%
14%
25%
25%
72%

36%
0%
8%

17%
30%
17%
17%
11%
11%
6%
6%

22%

3%
80%

33%
30%
11%
11%
8%

14%
19%
30%

8%

42%
11%
11%
6%
3%
6%

22%
11%
20%
8%

21%
7%

14%
21%
21%
29%
43%
78%

43%
0%
7%

14%
36%
28%
14%
0%

21%
7%
0%

14%

7%
93%

36%
28%

7%
21%
14%
7%

21%
42%
14%

64%
14%
14%
0%
0%
0%
0%
0%

43%
7%

12%
38%
12%
50%
12%
25%
12%
38%

38%
25%
12%
0%

25%
0%

12%
0%

12%
12%
12%
12%

0%
75%

38%
12%
0%
0%
0%

38%
38%
25%
12%

62%
25%
0%
0%

12%
0%

12%
0%
0%
0%

36%
0%

14%
36%

7%
21%
14%
78%

21%
14%
7%

28%
28%
14%
21%
20%

0%
0%
7%

36%

0%
71%

28%
28%
21%

7%
7%
7%
7%

21%
0%

7%
0%

14%
14%
0%

14%
50%
28%
28%
14%

	

quences of making the decision to go to the Antarctic were	dents (scientists, Navy women, ASA women, and total respon-
positive or negative,	 dents) who indicated all of the subthemes and major themes

	

Frequencies of responses to all major interview ques-	related to risk-taking and social support.

	

tions, broken down by themes and subthemes, are presented	The results of our study imply that women compared the

	

in table 2. Thus, table 2 contains the percentages of respon-	antarctic experience to even more nontraditional and often

Table 2. Percentage of women who responded to themes of risk-taking and social support

Perceptions of risk before going to the Antarctic
Mentioned only factors that were not risks
Not a risk: Total
Not a risk because:

Exciting
Didn't know what to expect
Interpersonal supports
Other reasons
Knew people in similar situations
Had been in similar situation

Mentioned only factors that were risks
Was a risk: Total
Was a risk because:

Leaving family/home
Lack of communication with home
Negative reactions of others
Other people in the Antarctic
Travel to or in the Antarctic
Weather in the Antarctic
Practical concerns
Work/leaving stable job
Fear of dying
Medical reasons
Fear of the unknown
Negative emotions, loss of control

Perceptions of risk while in the Antarctic
Nothing was a risk
Some aspects were a risk
Was a risk because:

Exploring/taking trips
Travel to or in the Antarctic
Relationships
Work
Health
Risk happened to other people

Knew the risks and avoided them
Antarctic program focused on safety
Should have been more worried beforehand

Motivation for going to the Antarctic
Work advancement
Part of the job
Get out of current job
Get out of relationship
Improving current relationship
Children grown up
Doing something exciting, extraordinary
Grabbed the opportunity, said yes at once
Knew someone, had connections to antarctic job
Was hesitant, needed encouragement

Risk-taking

25%	21%	50%	14%
69%	57%	75%	78%
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riskier situations ("It's not like climbing Mt. Everest"). The
study also indicates that women who go to the Antarctic use
denial both as a way of avoiding thinking about risks before-
hand and as a means of coping with emotional distress in the
Antarctic.

What is suggested by the interviews of the women in this
sample is that their experiences and behavior do not easily fit
into traditional concepts of women's relationships (Jordan et
al. 1991). Given the socialization of women to subordinate
parts of themselves for the sake of relationships, our study
indicates two possibilities. On one hand, the women in this
study are able to overcome (or may never have been shaped
by) this socialization. On the other hand, the women in this
study may have developed growth-enhancing relationships

that support women's constructive risk-taking. Further
research is needed to focus on the relationship experiences of
risk-taking women.

Much of the research on risk-taking has focused on
dangerous or unhealthy behaviors (destructive risk-taking)
among men (for example, parachute jumping, rifle shoot-
ing). The purpose of many of these studies was to find ways
to increase safety and health (and thus decrease risk-tak-
ing) of participants. There has been little research on risk-
taking that does not have dangerous consequences (con-
structive risk-taking), particularly with female samples.
Given the prevalence of fear of failure among women, an
understanding of constructive risk-taking would have
important implications for cli.iical interventions of fear of

Table 2. Percentage of women who responded to themes of risk-taking and social support,
continued

19%
67%

6%
11%

The antarctic experience as an adventure
Was an adventure
Was not an adventure, mixed reaction
Adventurous person:

Travel arena
Interpersonal arena
Other arenas

Not an adventurous person
Other people regard me as adventurous

Gained by going to the Antarctic
Personality changes, personal growth
Specific skills, job/career skills
Having an "experience"
Friendships, people

Lost, gave up, by going to the Antarctic
Nothing was lost
Work, career, school
Family and friends
Romantic relationships
Living a normal life
Other, trivial

Would go back
Would go back:

Interpersonal reasons
Noninterpersonal or no specific reason

Would not go back:
Interpersonal reasons
Noninterpersonal or no specific reason

	

50%	75%	93%

	

50%	25%	7%

	

28%	12%	28%

	

0%	0%	21%

	

7%	24%	36%

	

57%	50%	21%

	

14%	12%	7%

	

57%	75%	71%

	

57%	38%	28%

	

78%	12%	64%

	

50%	62%	21%

	

43%	24%	21%

	

64%	12%	57%

	

21%	38%	21%

	

21%	24%	7%

	

14%	0%	28%

	

21%	12%	21%

	

28%	12%	14%

	

64%	50%	78%

	

0%	25%	0%

	

7%	12%	14%

75%
28%

25%
8%

22%
39%
11%

67%
42%
58%
42%

30%
50%
25%
17%
17%
19%

Social consequences

Family positive
	 75%

	
78%
	

88%
	

57%
Family negative or ambivalent

	 50%
	

36%
	

50%
	

50%
Friends positive
	 25%

	
21%
	

0%
	

43%
Friends negative or ambivalent

	 30%
	

21%
	

24%
	

43%
Coworkers positive
	 17%

	
7%
	

12%
	

28%
Coworkers negative
	 11%

	
7%
	

12%
	

14%
Didn't have friends; friends not important

	
0%
	

0%
	

25%
	

7%
Not surprised by the reaction of others

	 44%
	

64%
	

50%
	

21%
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failure, as well as for prevention of avoidance behaviors in
young girls.

This article was also presented at the 101st Annual Con-
vention of the American Psychological Association at Toron-
to, Ontario, Canada, August, 1993.

This study was supported by a National Science Founda-
tion Women's Career Advancement Award to Rothblum,
grant number OPP 91-17621. Address correspondence to Jes-
sica F. Morris at Department of Psychology, John Dewey Hall,
University of Vermont, Burlington, VT 05405.
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The folk psychology of the winter experience in Antarctica
MARK A. CRAVALHo, Department of Family and Preventive Medicine, University of California, San Diego, La Jolla,

California 92093-0807

()
ne of the prominant features of the "microculture" that
characterizes the winter community of McMurdo is a

distinctive lexicon used to describe daily life there. Some of
the lexicon is richly figurative. For instance, American per-
sonnel in Antarctica often employ a term, "toast," to refer to
comportment and mentation resulting from distress experi-
enced during the winter. This metaphor was frequently
encountered during fieldwork conducted in McMurdo in late
winter 1992.

The term "toast" is generally employed to denote a state
associated with exhaustion, insomnia, and irritability as a
result of spending the winter—"wintering-over"—in Antarcti-
ca. There is also a frequent association with the "antarctic
stare," the phenomenon of cognitive impairment or lack of
concentration considered to be one of the symptoms of the
"winter-over syndrome" (Strange and Youngman 1971). Indi-
viduals designated by fellow crew members as "toast" are fre-
quently described as "burnt out," tired, easily provoked,
humorless, and rarely engaged in social interaction. "Toast"
refers to a state which is understood to be both somatic and
affective, as well as social, but although these symptoms may
be experienced throughout the year in any environment, they
are defined by the crew as evidence of toast only when they
occur during the austral winter.

A number of observations about the metaphor's social
and psychological functions may be made. First, it spatially
and temporally bounds what in other contexts might be
regarded as pathological or antisocial behavior essential to a
person's character. It, thus, substitutes a minor category of
deviance for a major one. In this manner, it evades serious
stigmatization either of one's fellow crew members or one's
self. Second, related to this first function, it provides a means
of protecting one's performance from criticism when the
metaphor is strategically deployed as an excuse for one's less-

than-superlative performance. Reference to a crew member
being toasted late in the winter season is often used as a ratio-
nale for substandard performance. Third, although at least
one winter crew member argued that depression among the
crew was due to suggestion during predeployment lectures
that depressed mood was inevitable during the winter, in light
of empirical investigations of defense mechanisms, a contrary
interpretation might be made. Anticipation of hardship has
been found to be an effective defense against distress (Ezekiel
1968; Vaillant 1977, 1993). This suggests that knowledge of a
folk idiom of distress such as "toast" would shield one from
some of the distress likely to occur during the austral winter.
Fourth, the humor apparent in the use of the metaphor
makes light of the condition it marks. Humor is also regarded
as evidence of use of mature ego defense mechanisms. Final-
ly, the metaphor seems to mark and distance the winter per-
sonnel from the newcomers, as do other elements of the folk
lexicon. This kind of clique formation and maintenance is a
salient feature of social interaction at McMurdo (Palinkas
1989, pp. 240-241.)

This work was supported by National Science Founda-
tion grant OPP 90-19131.
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Voices at the bottom of the world: Community identity
in McMurdo

JULIA LYNN OFFEN, Departments ofAnthropology and Family and Preventive Medicine, University of California, San Diego, La
Jolla, California 92093-0101

A n analysis of the internal newspapers published in
rxMcMurdo Station during the 1991-1992 season reveals a
complex, dynamic discourse about the McMurdo collective
and what it means to be a member of this community. As an
"artificial grouping" with a relatively short history and tran-
sient membership, formed under government auspices with
both military and civilian personnel and set down on the edge
of Antarctica's icy frontier, McMurdo is nonetheless con-
structed and represented as a self-conscious "community" by
its members. By this, I mean that McMurdo effectively oper-
ates as a successful "ideological community," in which the
members have a conscious, elaborated understanding of
themselves as a group and to which individual members feel
an emotional connection and investment. Amid current pop-
ular and academic concerns over "loss of community,"—lack
of moral coherence and connectedness in modern social
groups (Bellah et al. 1985; Taylor 1989; Gergen 1991)—such an
understanding of how these McMurdo residents actually craft
and negotiate a group identity is particularly valuable. I argue
that constructions of community ideology or ideologies are
created and expressed as discourse within the public arena, in
this case between and among the diverse group members and
their leadership.

The internally published McMurdo newspapers—official,
semiofficial, and underground—speak to and about the
group, providing an ideal forum for this dialogue about com-
munity values and meanings. Published by the U.S. Navy dur-
ing the summer season when authority and regulations are
more in evidence, The Antarctica Sun Times represents the
voice of authority. This newspaper provides top-down infor-
mation to minimize subgroup conflict and encourage respon-
sible individual behavior. Official information is portrayed as
the necessary ingredient for community success, in the sense
of cooperative teamwork to get the job done. The winter sea-
son's officially approved Dark Star reflects the same values of
fortitude, responsibility, and hard work, yet from the general
community's, rather than from the leadership's, perspective.
This semiofficial civilian paper stresses the value of commu-
nity over adherence to regulations, presenting information
with humor to ease adaptation to the difficult physical and
social environment of Antarctica in order to serve individual
and community harmony. The anonymous underground
newspapers of 1992, The Quick Brown and The Shadow (later
called Pro Choice) round out the winter dialogue about the
community, providing a truly unregulated forum for addi-
tional voices from the group. These satirical newspapers pri-
marily point up apparent contradictions or ambiguities in
official community goals and practices but also challenge any
individual or subgroup within McMurdo seen as violating the

assumed common goals of a strong work ethic and responsi-
ble, positive treatment of others.

McMurdo is clearly a self-conscious community, in that
station personnel and leadership publicly represent them-
selves in the papers (and in interviews*) as a unit—cohesive or
otherwise—and spend a great deal of time concerning them-
selves with how best to be a unified community. The overrid-
ing ideology present in all the narratives holds that they
should be a united collective: in the official military voice,
working responsibly together to fulfill its dictates of a func-
tioning occupational organization; in the semiofficial voices,
coming together as responsible individuals united in their
values of hard work and fortitude; and in the underground
voices, what should be a harmonious community of common
interests and values unfortunately marred by lack of consider-
ation and divisive self-interests that can and should be left
aside. The visions and style vary, but ultimately the values and
content converge to both reflect and create the common
experiences of life in McMurdo—the McMurdo "community
identity." Particularly since the speakers themselves change
from year to year, not only production but reproduction of
McMurdo's culture occurs as an ongoing process, in large
part in the context of the discourse.

It is the interaction of the different perspectives, and the
attention placed upon this experience of community, that
actually create a feeling of community identity for the McMur-
do residents. McMurdo is many different, potentially compet-
ing, conceptions of community at once—a planned logistics
center, an idealized science town, a misfit collection of fac-
tions, an imagined frontier existence, and a group of individu-
als living in a cold place. But it is still generally experienced as
a coherent, stable unity by its members. The experiences of life
in Antarctica and the dynamic collective identity—the com-
munity—that is imagined out of them are created and
expressed in the public narratives produced, performed, and
negotiated within the collective.

This work was supported by National Science Foundation
grant OPP 90-19131.
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GETTING NSF INFORMATION AND PUBLICATIONS
The National Science Foundation (NSF) has several ways for the public to receive information
and publications. Electronic or printed copies of the NSF telephone directory, abstracts of
awards made since 1989, and many NSF publications are available as described below. To
access information electronically, there is no cost to you except for possible phone and Internet
access charges. Choose the method of access that matches your computer and network tools. For
general information about Internet access and Internet tools, please contact your local computer
support organization.

WORLD WIDE WEB:
NSF HOME PAGE
The World Wide Web (WWW) system
makes it possible to view text material
as well as graphics, video, and sound.
You will need special software (a "web
browser") to access the NSF Home
Page. The URL (Uniform Resource
Locator) is http://www.nsf.gov/.

INTERNET GOPHER
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