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

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

In accordance with Federal statues and regulations and NSF

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

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

Cover. The fossilized remanents of trees in the Transantarctic
Mountains near the Beardmore Glacier record a time more
than 200 million years ago when the climate in Antarctica
was warm enough to support forests. The three photographs
on the cover show the following:

Top: A silicified Triassic tree trunk in growth position
in the upper Gordon Valley, near Mount Falla (84°11'10"S
164°54'28"E), central Transantarctic Mountains. (Scale equals
15 centimeters)

Lower left: A silicified Permian tree trunk in growth position

on Mount Achernar, near the Law Glacier (84°22'23"S
164°37'56"E), in the central Transantarctic Mountains.

Lower right: A silicified Triassic tree trunk in growth posi-
tion in the upper Gordon Valley, central Transantarctic Moun-
tains (Distance from ground level to the top of the trunk is
about 1 meter.)

Geologists Edith L. Taylor, Ruben Cüneo, and Thomas N.
Taylor from Ohio State University discuss these ancient for-
ests in a paper beginning on page 23 of this issue. (All
photographs taken by N.R. Cuneo and TN. Taylor.)

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

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

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

The Antarctic Treaty, which provides the legal framework for
the area south of 60S latitude, reserves the region for peace-
ful purposes and encourages international cooperation in sci-
entific research. The United States cooperates with treaty
nations in research and logistics. By Presidential directive,
the National Science Foundation is responsible for budgeting
and managing U.S. activities in Antarctica. This effort in-
cludes the United States Antarctic Research Program, station
and research ship operations, Coast Guard icebreaker oper-
ations, and the U.S. Navy's Operation Deep Freeze.
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U.S antarctic activities, 1990-1991
Highlights of research and field activities

During its more than 30-year history, the U.S. Antarctic Pro-
gram has grown and changed significantly, but as has been
true in the past, each austral summer season is marked by
events that were unique to that season. The 1990-1991 austral
summer season was distinctive not only for scientific advances
and discoveries but also for special logistic and support oper-
ations.

The results of investigations conducted during the austral
summer season affirmed the importance of antarctic research
to understanding global change in ecosystems, the atmosphere,
climate, ice cover, or oceanic systems. Some of these investi-
gations resulted in observations that give scientists insight into
how the global environment is changing; some provided a rec-
ord of changes that have occurred. By understanding what is
happening and what has happened, scientists can begin to
predict what may occur in the future.

At McMurdo Station, researchers, measuring changes in the
stratosphere above Antarctica, observed for the second consec-
utive year record-setting losses in stratospheric ozone. Begin-
ning in August 1990, a team from the University of Wyoming
worked for over 80 days, launching 44 instrumented balloons
to altitudes as high as 35 kilometers (22 miles) above the Earth's
surface. Each balloon payload carried instruments to measure
temperature, humidity, atmospheric pressure, ozone abun-
dance, and atmospheric phenomena in the region of the strat-
osphere where the depletion traditionally has occurred. Ac-
cording to their analysis, the total amount of ozone above Ross
Island decreased rapidly in August, slowed slightly in Septem-
ber, and reached a low of 144 Dobson units on 9 October. Their
sensors also showed that in some regions, particularly between
15 and 175 kilometers (9.3 and 10.9 miles) altitude, ozone was
absent completely. These observations were corroborated by
data from the National Aeronautics and Space Administration's
satelliteborne total ozone mapping spectrometer (TOMS). The
TOMS data showed that the total amount of ozone in some
regions of the antarctic stratosphere plummeted in August and
September and reached a near-record low in early October.

Near the Beardmore Glacier, just 400 kilometers (250 miles)
from the geographic South Pole, geologists from Ohio State
University, University of Nebraska, and Australia's University
of New England unearthed evidence that Antarctica may have
had a temperate climate as recently as 3 million years ago. They
found fossil leaves, delicately preserved in rocks, of a tree com-
monly known as the southern beech tree (Nothofagus). This
discovery, combined with several other fossils finds since the
early 1980s, affirmed their belief that the massive antarctic ice
sheet has a much more dynamic and less stable history than
previously believed. The new evidence supports the theory that
the ice sheet has not been static for the last 15 million years.
Rather, it has been waxing and waning in response to climate
change and probably has caused major fluctuations in world-
wide sea level. Comparable fossil records from the Arctic sug-
gest that the warming and subsequent cooling occurred on a
global scale during this period.

Fossil leaves were not the only important discovery during
the 1990-1991 austral summer. While studying ancient volcanic
rocks atop Mount Kirkpatrick—a windswept 4,572-meter
(15,000-foot) peak about 640 kilometers (400 miles) from the
South Pole—geologists from Ohio State and Texas Christian

universities spotted the fossilized remains of two species of
dinosaurs in 200-million-year-old rock. The discovery of these
remains, the oldest yet found in Antarctica, represents the
southernmost discovery of dinosaurs. The two geologists
quickly contacted Augustana College paleontologists, working
at a site nearby, to remove the fossils from the rock in which
they were embedded. They recovered the skull, a 0.6-meter-
long (2-foot-long) shoulder blade, and 0.6- to 1-meter-long, 15-
centimeter-diameter (2- to 3-foot-long, 6-inch diameter) limb
bones that they believe belonged to a plant-eating dinosaur,
measuring about 8 meters (25 feet). They also excavated a 4-
centimeter-long (1.5-inch-long) tooth that may have belonged
to a carnivorous dinosaur.

While geologists focused their attention on the evolution of
the southern continent, a group of astronomers and astrophysi-
cists concentrated their efforts on launching a 29-million-cubic-
foot balloon from the Ross Ice Shelf near Williams Field,
McMurdo Station's ice shelf skiway. The balloon, which rose to
an altitude of more than 39,624 meters (130,000 feet), carried a
solar-powered gondola that housed instruments, weighing
1,701 kilograms (3,750 pounds), for four experiments—two
from the University of California at Berkeley, one from the
University of Washington, and one collaborative effort between
U.S. and Japanese investigators. Successfully launched on 20
December 1990, the balloon circumnavigated the continent at
78°S, traveling more than 6,440 kilometers (4,000 miles), in 9
days. On 29 December over a site on the ice shelf about 100
kilometers (62 miles) from McMurdo Station, engineers trig-
gered the release of the gondola from the football-stadium-
sized balloon. The gondola gently floated to the ice surface on
its parachute, where personnel transported by two U.S. Navy
UH-1N helicopters retrieved the payload and returned it to the
waiting science teams. Antarctica was selected as the site for
this launch because austral summer conditions are well suited
for solar-powered, balloonborne research. The exposure to 24-
hour solar heat keeps gas temperatures inside the balloon sta-
ble; as a result the balloon maintains a constant altitude. Con-
stant observations can be made because Southern Hemisphere
celestial bodies remain above the horizon. Circumpolar winds
carry the balloon along a selected course and return it with its
valuable equipment and data to the launch site. Most impor-
tantly, balloons can be substituted for more expensive, low-
orbit satellites and provide scientists with an alternative—a so-
called "poor man's satellite."

Perhaps, one of the most controversial announcements in
antarctic science came in March 1991 when two geologists, one
from the University of California at Davis and the other from
the University of Texas at Austin, announced that they believed
that Antarctica and North America were once joined. Based on
geological evidence acquired from Antarctica during previous
field seasons and a computer model, they determined that the
Pacific regions of Antarctica and North America could have
been joined more than 500 million years ago. Earlier, geologists
found evidence that Antarctica, Australia, India, and Madagas-
car were once attached. Now, the two U.S. geologists believe
that sediments found in the Transantarctic Mountains and
southern Australia match similar sediments found in the U.S.
Rocky Mountains. Their computer reconstruction suggested
that a billion-year-old North American rock formation called
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the Grenville Belt matched well with a similar billion-year-old
formation in East Antarctica. The Grenville Belt, which is char-
acterized by rocks that crystalized deep within the Earth's
crust, appears to have extended from Quebec through the Ad-
irondack Mountains, west through Texas, southern Arizona
and northern Mexico, then swept through Queen Maud Land,
and continued through Madagascar and eastern India. Also,
older metamorphic rocks from central Arizona resemble those
found in the Shackleton Mountains.

During austral summer, more than 450 researchers con-
ducted 111 projects at the three U.S. stations (McMurdo,
Amundsen-Scott South Pole, and Palmer), aboard ships, at re-
mote sites, and with antarctic programs of other nations. These
projects, which were supported by the National Science Foun -
dation (NSF), were conducted by leading scientists from uni-
versities and colleges, private organizations, and Federal agen-
cies. The National Science Foundation manages this program
under a directive by the President, who specifies a program
"maintained at a level providing an active and influential pres-
ence in Antarctica designed to support the range of U.S. ant-
arctic interests." (For budget information, see the table that
accompanies this article.)

Science is the principal expression of this policy, but the U.S.
Antarctic Program encompasses more than the research con-
ducted in Antarctica. In the United States, researchers analyze
samples and other data collected during previous austral sum-
mers. Civilian contractors and other Federal organizations, in-
cluding the U.S. Navy, Air Force, and Coast Guard, provide
logistic support for the science program and related operations
in Antarctica. To increase public understanding of the U.S.
program's objectives, of the Antarctic Treaty, and of Antarc-
tica's role in global processes, NSF also brings artists and writ-
ers to the southern continent; to encourage the growth of the
U.S. science community, the agency sponsors programs for
undergraduates who work with science teams in the field.

Support operations during 1990-1991 emphasized not only
the complexities and dangers of working in Antarctica but also
the continuing growth of cooperative efforts among Antarctic
Treaty nations. Despite safety precautions, work in Antarctica
continues to be hazardous. No single event during 1990-1991
emphasized this fact more than a Thanksgiving eve accident 44
kilometers (27 miles) from McMurdo Station. On 21 November,
two employees of NSF's support contractor were transporting
11,340 kilograms (25,000 pounds) of dynamite, destined for a
seismic investigation on the Ross Ice Shelf, on a D-8 bulldozer
across the ice shelf. Traveling over an area used previously by
D-8s, the 41,000-kilogram (90,000-pound) bulldozer suddenly
broke through a snow-bridged crevasse, plunging 15 meters (50
feet) down into the crevasse before its blade halted its descent.
The men, trapped in the D-8, watched for more than 3 hours
as the sled with the explosives hung precariously above them.
Within an hour of the accident, the U.S./New Zealand search-
and-rescue (SAR) team was organized and transported to the
site by helicopter. Finally, the SAR team leader was lowered
into the crevasse and attached rescue harnesses to the two men.
All three were successfully hoisted to safety, and the men were
flown immediately to McMurdo Station for minor medical treat-
ment. During the next 2 weeks, U.S. Antarctic Program (USAP)
contractor employees, U.S. Navy personnel, and New Zealand-
ers from Scott Base worked together to retrieve the dynamite.
Although this effort was successful, they were unable to re-
cover the vehicle.

Although the United States and the former Soviet Union have
cooperated in many antarctic research projects over the last 30

years, the 1990-1991 season marked a new era in such coop-
erative efforts. In late January and early February 1991, U.S.
and Russian personnel worked together to ensure the contin-
ued operation of the Russian high-plateau station Vostok in the
face of unexpected non-availability of Russian airplanes. USAP
ski-equipped airplanes transported 22 wintering personnel and
13 tons of cargo to the station from McMurdo Station and re-
trieved the resident station crew. In return, the Russian ship
Professor Viese carried 22 U.S. antarctic personnel, along with
the returning Russian winter crew and cargo, to Christchurch,
New Zealand. U.S. scientists collaborating with Soviet investi-
gators also received about 1,000 meters of ice core obtained
from the east antarctic ice sheet near Vostok.

The increased interest in the Ross Sea region, as well as the
continued growth of cooperation among Antarctic Treaty na-
tions supporting field programs, was apparent in November
1990 as airplanes of five countries joined U.S. airplanes on the
sea-ice runway near McMurdo Station. A Russian 11-18 airplane
supported U.S. and Russian scientists making aerial surveys.
An Italian C-130 transported cargo, destined for the Italian
station at Terra Nova Bay, from Christchurch, New Zealand, to
McMurdo Station. The cargo was later moved to the Italian
station via chartered helicopters, which also support a U.S.
geology camp near the Beardmore Glacier. Two German Dor-
nier 228s supported U.S. and German researchers, doing aerial
magnetic surveys to learn more about the breakup of Gond-
wana. Finally, a Canadian Twin Otter, leased by the U.S. pro-
gram, supported geophysical studies in Marie Byrd Land, as
well as other projects, and New Zealand C-130s transported
U.S. and New Zealand personnel and cargo between McMurdo
Station and Christchurch.

Another event heralding the growing interest in the Ross Sea
region was the opening of the new International Antarctic Cen-
ter (IAC) in Christchurch, New Zealand, in September 1990.
The first tenants of the center were USAP and the New Zealand
antarctic program, both of which moved from older facilities in
Christchurch. The United States had leased several buildings
in a complex near the new facility, but these buildings could no
longer meet the needs of the program. IAC, located near the
Christchurch International Airport, provides not only modern
facilities for offices, passenger processing, and storage for cold-
weather clothing but also includes a cultural and information
center and global communication and database services. As the
pressure of rapidly changing political, economic, and environ-
mental factors alters the way in which scientific research is
conducted in Antarctica, countries supporting research pro-
grams are searching for safer, more cost-effective ways to op-
erate. The new center is a step toward that goal. By bringing
together established national programs that operate in the Ross
Sea area and providing state-of-the-art technology for opera-
tional support, the center enables the participating nations to
more efficiently plan and conduct research and operations.

The effect of increased environmental awareness throughout
the international antarctic community was also apparent during
1990 and 1991. The U.S. program began its second year of a 5-
year initiative to improve safety, environmental protection, and
health conditions at U.S. facilities in Antarctica. At Palmer Sta-
tion, contract employees finished removing buildings and other
items from the site of Old Palmer Station and an old British
Antarctic Survey station nearby. Consultants, specializing in
fuel spill clean-up and spill prevention, developed a spill re-
sponse contingency plan for the Palmer area and participated
with other U.S. personnel and with Argentine personnel in a
spill-containment exercise.
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At Stonington Island, an island south of Palmer Station near
the Antarctic Peninsula, a joint USAP/National Park Service
team surveyed the abandoned U.S. station East Base. This sta-
tion, the oldest remaining U.S. government research station,
was built in 1940 and declared an historic monument by the
Antarctic Treaty Consultative Parties in 1989. The intent of the
March 1991 visit was to document items of archaeologic and
historic value still present at the site and to prepare for clean-
up efforts during the 1991-1992 austral summer.

At McMurdo Station, open burning at the Fortress Rocks
landfill was halted in February 1991. The 1-acre landfill near
McMurdo Station was used to dispose of solid and liquid waste
generated from construction and other activities. During the
1990-1991 austral summer, environmental experts discovered
insulation materials containing asbestos at the landfill, and the
need to dispose of this material properly accelerated NSF's
plans to stop open burning. A temporary incinerator was built
and tested during the austral winter. Other clean-up activities
included the removal of surface debris from the landfill and
other areas, identification and removal of old waste barrels, and
completion of a submerged wastewater discharge line. Between
McMurdo Station and Williams Field, the U.S. ice shelf skiway
near McMurdo Station, the old fuel-transport line was replaced
with a "dry break" fuel hose that will improve the way fuel is
handled and, consequently, decrease the possibility of fuel
spills.

The events and projects described above are highlights and
represent only part of the total U.S. Antarctic Program. The 147
papers that follow this introduction reflect the scope of the U.S.
program, as well as the changes and advances in USAP. The
papers, prepared by program participants, describe field work

during 1990-1991, studies of data gained earlier, and activities
of support organizations in the field and in the United States.
In some cases investigators have chosen not to submit reports
so that data analysis could be completed. As concise results are
available, they will be published in the standard scientific jour-
nals. These brief reports published in the Antarctic Journal, how-
ever, provide an overview of the field season and make initial
results available to other investigators and interested non-par-
ticipants. The assistance of the principal investigators and proj-
ect directors is gratefully acknowledged.

U.S. Antarctic Program fiscal 1991 budget
(Millions of dollars)

Activity	 Actual costs

U.S. Antarctic Research Program a	$ 19.09
Operations and science supportb	$ 81.03
U.S. antarctic logistics supporta	$ 7495

Total fiscal 1991 appropriations	 $175.07

a The U.S. Antarctic Research Program includes the biology and medi-
cine, oceans and climate, geology, glaciology, astronomy and upper
atmosphere, and information programs supported by the National Sci-
ence Foundation's Division of Polar Programs.

b Operations and science support includes major construction and main-
tenance at the three U.S. antarctic stations and direct support to science
projects.
U.S. antarctic logistics support funding covers support provided by the
U.S. Naval Support Force Antarctica and other Department of Defense
organizations.
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Terrestrial geology and geophysics

Beardmore Project, 1990-1991

D.H. ELLIOT

Byrd Polar Research Center
and

Department of Geological Sciences
Ohio State University
Columbus, Ohio 43210

M. DARRAH

Antarctic Support Associates
Englewood, Colorado 80112

During the 1985-1986 field season Beardmore South camp
(figure) was the center for a major helicopter-supported pro-
gram of geological research in the central Transantarctic Moun-
tains (Elliot, Splettstoesser, and Waldrip 1986). At the end of
that field season, all structures except the one plywood building
were removed. Until the 1990-1991 season, the only research
conducted in the area was the search for meteorites (Cassidy
1987, 1989), with the field parties being set down in the field by
LC-130 at the site of the camp and using the building on occa-
sion while awaiting pull-out at the end of the season.

The camp was reopened on 10 November 1990 by Antarctic
Support Associates (ASA) employees who prepared the camp
for science support operations in the 1990-1991 season. The
first science groups arrived on 18 November, and others fol-
lowed in late November. These groups operated out of Beard-
more South using ski-doos and tent camps until mid-Decem-
ber. Helicopter support, provided by Helicopters New Zealand,
started on 16 December 1990 and terminated on 14 January 1991.
All science groups were back in McMurdo by 19 January 1991.

Science activities. The results of the 1985-1986 field season
provided the impetus for submission of a set of proposals for
further fieldwork in the Beardmore Glacier region, and for the
request that, should the proposals be approved, limited heli-
copter support also be provided. The proposals were funded
for fieldwork in the 1990-1991 season, and 1 month of heli-
copter support was approved.

The science effort concentrated on aspects of the Gondwana
sequence, structural evolution of the Transantarctic Mountains,
and Late Cenozoic paleoclimate. Field investigations resulted
in the acquisition of much new data, and a number of signifi-
cant paleontological discoveries were made, including well-pre-
served leaves from the Sirius Formation deposits on the Do-
minion Range, and reptile (dinosaur) remains from the Falla
Formation at Mount Kirkpatrick. Important collections were
made of Jurassic silicified plant-bearing sedimentary beds at
Kenyon Peaks and Storm Peak; in addition further collections
were made of the silicified coal balls of Permian age at Skaar
Ridge and Triassic age at Fremouw Peak, and investigations

were conducted on the Triassic fossil "forest" at Gordon Valley.
Detailed sedimentologic investigations of the vertebrate-bear-
ing beds in the Fremouw and Falla Formations were conducted
to provide taphonomic data. Detailed sedimentologic and pa-
leocurrent data were also gathered for those parts of the se-
quence containing the vertebrate remains. The root horizons
that abound in the Fremouw Formation were studied from the
perspective of paleosol formation. The paleovolcanology of the
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silicic tuffaceous beds in the Falla, basaltic pyroclastics in the
Prebble, and flood basalts of the Kirkpatrick Basalt was studied
with the objective of understanding the processes involved and
the tectonic setting within which the magmas were erupted.
The structural evolution of the Beardmore region was investi-
gated with emphasis on distinguishing and documenting those
structures related to the Mesozoic rifting and Gondwanaland
break-up and those associated with the more recent Cenozoic
uplift of the Transantarctic Mountains. In the 1985-1986 season,
the Upper Cenozoic (approximately 2.5-million-year-old) gla -
cially related deposits of the Sirius Formation yielded new fossil
data that had great paleoclimatic significance: that study was
extended and discoveries, both corroborating and new, were
made this season. Investigations were conducted on the micro-
meteorites in the ice and ice-marginal deposits at the Lewis
Cliffs, and the moraine adjacent to the Law Glacier was exten-
sively sampled for clasts that would indicate possible rock types
exposed beneath the east antarctic ice sheet. Finally, although
not strictly part of the helicopter supported operations, the
search for meteorites continued in the Lewis Cliffs region and
near Goodwin Nunataks. Individual project results are re-
ported elsewhere in this issue.

A total of 29 scientists, representing eight projects including
the meteorite group, operated in the Beardmore region during
the 1990-1991 field season.

Helicopter operations. Two Squirrel helicopters, owned and op-
erated by Helicopters New Zealand, provided logistic support
for the science program. A total of 294 hours was flown in the
30 days of operations at the camp. Of that number of hours,
approximately 3 hours were devoted to recovery of an auto-
matic weather station that had been deployed at the head of
the Beardmore Glacier in the 1985-1986 field season but which
had not functioned since austral spring 1986. Approximately 3
hours were used for the recovery of a fuel drop on the Lowery
Glacier, north of the Bowden Névé, that had been made in
support of the SERIS (Seismic Experiment Ross Ice Shelf) proj-
ect and on recovery of one of their radio repeaters from near
Mount Christchurch. A little over 5 hours were accumulated in
support of a possible recovery of the HU-1N helicopter that
unfortunately had crashed on Flat Top south of the Beardmore
Glacier near the end of the 1985-1986 field season. The transit
from and return to McMurdo station accounted for 17 hours of
flight time. The remaining 266 hours were devoted to direct
support of earth-science research.

Helicopter operations were under the direction of Jim Wil-
son, Chief Pilot for Helicopters New Zealand, who was sup-
ported by two pilots and a mechanic. The helicopters arrived
at Beardmore South late on 15 December 1990, after a 650-
kilometer flight from McMurdo that included a refueling stop
at Beaumont Bay. Fuel was placed by LC-130 at the Mill Glacier
ice runway, and this greatly facilitated operations in the Do-
minion Range. Unfortunately, weather severely affected heli-
copter operations. Three separate meteorological systems
brought northerly winds and relatively warm moist air from the
Ross Ice Shelf across the Bowden Névé and Beardmore South
camp, leading to ground fog. Five days were entirely lost due
to such conditions, and on another 4 days, flying was severely
curtailed (3 hours or less of flying each day). On the remaining
21 days, 267 hours were flown with the maximum on any one
day being nearly 26 hours.

Camp operations. In contrast to the 1985-1986 Beardmore
camp, this field season's camp support was much reduced.
Camp staff personnel numbered five: a camp manager, cook,
mechanic, weatherman, and corpsman, the latter two being
members of Naval Support Force Antarctica. This staff pro-
vided support for the science projects of the Beardmore pro-
gram and the helicopter operations including the aircrew. In
addition, support was provided for a GANOVEX Doernier and
three aircrew who assisted another U.S. Antarctic Program
project in the Miller Range. The camp population varied in the
course of the season because most science groups spent time
out in remote field camps. The camp population attained a
maximum of 31 and averaged 20.

Camp facilities were also limited. The head module from the
1985-1986 season was reconfigured by an ASA construction
crew. Most of the work entailed removal of pre-existing walls,
ductwork, plumbing, and other structural features to give a
more open floor plan. Skylights, windows, and snowdormers
were added. When completed, the building had a kitchen, din-
ing area that doubled as science office space, pantry, office, and
a shower. All this was achieved using a minimum of extra
materials because most of the lumber was recycled into use
from the old building. An eight-section Jamesway served as
berthing for the camp staff and aircrews. All science parties
used Scott tents. Two outhouses were placed on site. A 3.6-
meter by 3.6-meter prefabricated shack housed the 12-kilowatt
generator. Two helicopter pads were installed for the Squirrel
helicopters and a 75,700-liter bladder provided fuel storage. A
3,000-meter skiway for LC-130 aircraft was laid out and regu-
larly groomed; after use of a ski-plane to smooth out the last
few bumps the aircraft loading (ACL) was raised to 8,889 kilo-
grams.

At the end of the field season, all camp materials and cargo
were returned to McMurdo Station. The only building remain-
ing on site is the galley structure. Some food, fuel, and ski-doo
parts were cached at the site in anticipation of two upcoming
field projects in the 1991-1992 season. The building may also
serve as an emergency shelter since it contains food, fuel (mo-
gas and JP-8), a Preway heater and a Coleman stove. During
the 5 years before this recent field season, the snow had drifted
to roof level but the windscoop made access fairly easy. A 1.2-
meter high roof hatch was added to ensure easy access for
future field parties in the area.

Support for D.H. Elliot was provided by National Science
Foundation grant DPP 89-17348 to the Ohio State University.
M. Darrah is an employee of Antarctic Support Associates.
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The primary objectives for the field program in the Queen
Alexandra Range, central Transantarctic Mountains (figure),
were to investigate the paleovolcanology of the silicic and ba-
saltic pyroclastic rocks and lavas in the upper Falla Formation,
the Prebble Formation, and the Kirkpatrick Basalt; to establish
the tectonic setting in which these volcanic rocks were erupted;
and to collect samples of basalts and associated secondary min-
erals for chemical and isotopic analysis.

The type section of the Falla Formation, at Mount Falla (Bar-
rett, Elliot, and Lindsay 1986), consists of a lower 282-meter-
thick sandstone-carbonaceous shale sequence overlain by a 248-
meter-thick dominantly volcaniclastic unit that can be divided
into three lithofacies (Larsen 1988). The basic subdivision into
nonvolcanic and volcanic units is clear at all other visited local-
ities, but the total stratigraphic thickness is considerably less
elsewhere.

Sections were studied and collected at Mount Kirkpatrick,
Mount Falla, Lindsay Peak, and on a ridge northeast of Tempest
Peak. On the ridge northeast of Tempest Peak, the section is
disturbed by diabase intrusion and the upper tuff sequence is
truncated by a fault. At Mount Kirkpatrick, the Falla sequence
on the north-facing lower slope of spot height 4,020 is cut by
faults that preclude establishing either a true stratigraphic
thickness or a complete stratigraphic section. The only other
localities where complete sections might be present could not
be reached this season.

Regionally, the Falla varies greatly in thickness and lithology.
Furthermore, the threefold subdivision of the upper volcani-
clastic part of the type section is not typical of the formation as
a whole. Tuffaceous beds occur in sections dominated by fluvial
deposition, and massive quartzose sandstone beds occur
within dominantly volcanic parts of the sequence. The quart-
zose sandstones include coarse quartz-rich beds that show pe-
trologic and textural evidence of local derivation.

Vertebrate remains were found in the upper volcaniclastic
part of the Falla at Mount Kirkpatrick; the fossil bones were
identified by William Hammer as dinosaur remains.

The Prebble Formation (Barrett, Elliot, and Lindsay 1986; Lar-
sen 1988) was studied at Mount Falla, Kenyon Peaks, Lindsay
Peak, and Mount Kirkpatrick. The deposits show abundant evi-
dence of a phreatomagmatic origin, involving interaction be-
tween rising basalt magma and groundwater at shallow levels
beneath the surface. Much of the unit consists of lahars that
were produced directly from "wet" eruptions. In addition to
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the pyroclastic deposits, intrusive breccias were identified at
Mount Falla, Mount Marshall, and at the ridge northeast of
Tempest Peak where the Falla section was measured.

The volcanic neck at Kenyon Peaks was examined in detail
and additional data were acquired on the nature of the vent-
filling breccia and the relations with the bedded pyroclastic
rocks in the vicinity. At this locality, three separate pyroclastic
sequences were identified that show evidence of a combined
phreatomagmatic and Strombolian origin; none of these ap-
pears to be related directly to the volcanic neck.

The Kirkpatrick Basalt was examined at Mount Falla, Storm
Peak, Kenyon Peaks, Mount Marshall, and Mount Kirkpatrick.
Thick flows near the base of the sequence show lateral transi-
tions to massive accumulations of flow lobes and local devel-
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opment of basal hyaloclastite. Hyaloclastite is also present at
the top of two flows, possibly due to rafting. Data on cooling
directions, based on "blind tips" on fracture surfaces (DeGraff,
Long, and Aydin 1989), suggest that the very thick (as much
as 135 meters) glassy flows primarily cooled from the upper
surface downward, in some cases to within 1 to 3 meters of the
base. The effects of shallow-level emplacement of diabase are
well displayed at Lindsay Peak, Mount Kirkpatrick, and Mount
Marshall. Evidence of interaction with water or water-saturated
sediment is quite widespread. Samples were collected for in-
vestigation of low-temperature alteration of primary iron ox-
ides, for isotopic analyses of secondary minerals, and for geo-
chemical and isotopic analyses of the basalt lavas themselves.
A new conchostracan-bearing locality was discovered in the
upper interbed in the basalt sequence at Storm Peak. Sills were
examined and collected at Mount Falla, Mount Marshall, Tem-
pest Peak, and Dawson Peak.

In the course of these investigations, data were also gathered
that support the hypothesis (Elliot 1991) that the volcanic rocks
were erupted in a rift setting. Monoclinal warping was associ-
ated with the volcanic activity at Mount Falla and Lindsay Peak.
In addition, at Lindsay Peak evidence also exists for large-scale
slumping of upper Falla and Prebble rocks onto a surface cut
across Falla sandstones.

Despite problems caused by adverse weather conditions,
which curtailed the scope of the program, progress has been
made in understanding the paleovolcanology of the extrusive
rocks and their tectono-magmatic setting.

After the termination of helicopter operations at Beardmore,
a few days were spent at Carapace Nunatak examining the
Carapace Sandstone and the Mawson Formation, which are the
equivalents of the Prebble Formation. The overlying Kirkpatrick
Basalt was also examined. Broad similarities with the Beard-

more succession are obvious, but, of course, many differences
exist in detail. We interpret the dipping sequence of lavas on
the north face as a toreva block, and in fact, other toreva blocks
were identified in the Queen Alexandra Range. The Basement
Sill of the Ferrar Dolerite near Pearse Valley was examined and
sampled and a brief visit was made to Coombs Hills to examine
the Mawson Formation.

We wish to thank the helicopter crews of Helicopters New
Zealand and the ASA and Navy personnel for their excellent
support. This project is funded by National Science Foundation
grants DPP 89-17348 and DPP 89-15429.
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We conducted geologic field work in the Nimrod Glacier re-
gion of the central Transantarctic Mountains during 1990-1991,

to continue study of basement metamorphic rocks of the Pre-
cambrian Nimrod Group. Our field party operated from a base
camp in the southern Miller Range (83°30'S 157°30'E). We also
conducted brief field operations in the upper Nimrod Glacier
area with support from a ski-equipped Dornier 228 aircraft,
provided in cooperation with the German GANOVEX-VI pro-
gram, to investigate structural relations within rocks of the
Beardmore Group. The principal goal of the project is to im-
prove understanding of the tectonic evolution of the high-grade
basement complex with respect to development of the east ant-
arctic cratonal margin. Our work this season focused on field
relations between various lithotectonic units, documentation of
mega- and mesoscopic structures, and collection of samples for
petrologic study, thermobarometric analysis, kinematic and
fabric analysis, and uranium-lead geochronometric investiga-
tion.

In the southern Miller Range, mappable rock units of the
Nimrod Group include orthogneiss, layered schists (including
pelitic schist, mica schist, amphibolite, quartzite, and quart-
zofeldspathic schist), marble and calc-silicate gneiss, and lay-
ered gneiss. These lithologic units generally correspond to for-
mations designated by Grindley McGregor, and Walcott (1964),
although i ntra formational variation is characteristic. Nimrod
Group rocks contain L-S-type ductile deformation fabrics con-

4	
ANTARCTIC JOURNAL



sisting of a foliation and a ubiquitous, penetrative mineral elon-
gation lineation, indicating that they were pervasively de-
formed as in other parts of the Miller Range. In general,
mylonitic foliation dips moderately southwest and gently
plunging mylonitic lineation trends northwest-southeast (figure
1). Mylonitic foliation is generally parallel to compositional lay-
ering when viewed normal to lineation, but it cross-cuts folded
layering when viewed down the plunge of lineation. Axes of
meso- and megascopic folds are coaxial with the elongation
lineation. Asymmetric tectonite fabrics within the motion plane
consistently record a top-to-the-southeast sense of displace-
ment. These Nimrod tectonite fabrics are now documented
throughout the Miller and Geologists Ranges, indicating a re-
gional kinematic consistency. Although there is evidence of
multiple generations of folds, including refolded folds of layer-
ing, and rootless isoclines, it is difficult to assess the record of
deformation prior to ductile tectonism because the L-S tectonite
fabrics are pervasive.

Pelitic schists marked by strong L-S tectonite fabrics contain
sillimanite and/or kyanite. Kyanite and other minerals form a
pervasive elongation lineation, suggesting relatively high syn-
kinematic pressures. Rounded to lozenge-shaped, tectonic
blocks of amphibolite and garnet-pyroxene rocks are common
in the deformed sequence, and several tens of blocks ranging
up to approximately 25 meters in the longest exposed dimen-
sion were mapped.

Figure 1. Lower-hemisphere stereonet projection of fabric ele-
ments within Nimrod Group tectonites of the southern Miller
Range. Mylonitic fabric elements include a mesoscopic foliation
(S, filled circles) and mineral elongation lineation (L, crosses).
a-axes (large open circle) is 3140 , 170.

Several large-scale folds (wavelength 0.5-1.0 kilometer) occur
in the Gerard Bluffs area, as mapped by Grindley (1972), which
have axes colinear with elongation lineation. These folds are
best displayed at the contact between interlayered metasedi-
mentary schists and meta-carbonates, and layered quartzofeld-
spathic gneisses. The transition between these two major rock
sequences occurs over a structural distance of approximately 5
meters, and no discernable changes were observed in the in-
tensity, orientation, or asymmetry of fabrics across this litho-
logic break. This contact may be one of the most important
geologic boundaries within the Nimrod Group basement com-
plex, although the nature of the contact is difficult to assess
due to the strong ductile fabric overprint. The contact may rep-
resent a conformable or nonconformable sedimentary contact
that pre-dates ductile deformation, a thrust contact that pre-
dates ductile deformation, or a tectonic contact that resulted
from regional top-to-the-southeast ductile flow.

In several areas of the southern Miller Range, there is evi-
dence of syn-kinematic magmatism. At least three distinct or-
thogneiss units, ranging from granitic to tonalitic composition,
are characterized by relict igneous features (such as mafic en-
claves, coarse feldspar megacrysts, and abundant aplo-granite
to pegmatite veins that show varying degrees of shape modi-
fication) and mylonitic textures dominated by linear fabrics.
One of these is equivalent to the Aurora Formation of Grindley
et al. (1964). The orthogneisses are lineated and foliated, and
their contacts are coplanar with regional foliation. Ductile fab-
rics are homogeneous at the scale of an outcrop; the intensity
of the fabric varies spatially, although the orientation and asym-
metry of fabrics remain generally uniform. On the basis of
these features, we conclude that the orthogneisses represent
sill-like magmatic bodies that were intruded during penetrative
ductile deformation.

Common within both the orthogneisses and other schist and
gneiss units are pegmatitic dikes containing quartz + K-feld-
spar + biotite ± garnet ± tourmaline. Pegmatitic dikes show
a textural range from unmodified igneous textures to strong
L-S tectonite fabrics concordant to wall-rock fabrics. Locally
such dikes show progressive stages of folding and boudinage
(figure 2). These features indicate that the pegmatite dikes, as
well as the orthogneiss protoliths, were intruded throughout
and after the period of ductile tectonism. A preliminary lead-
lead radiometric age from one of the orthogneiss units of ap-
proximately 1.7 billion years (discussed by Goodge et al. 1991)
provides a maximum age constraint for this deformation. Initial
uranium-lead ages from several of these variably deformed ig-
neous units (Walker and Goodge 1991) indicate the deformation
may be as young as 540-520 million years.

In the Cobham Range and Kon-Tiki Nunatak areas (82°30'S
160°E), layered metasedimentary rocks of the Cobham Forma-
tion, consisting of mica schist, massive quartzite, and impure
carbonate, conformably underlie monotonous bedded quartz-
ite, greywacke and slate of the Goldie Formation. The top of
the Cobham Formation is represented by the top of the highest
of several thick (20 meters) gray metacarbonates (Laird, Man-
sergh, and Chappell 1971). The transition between these units
is sharp, and the stratigraphic succession probably reflects a
marine facies transition.

Beardmore Group rocks are regionally metamorphosed to
the biotite zone of the greenschist facies. Layer-parallel meta-
morphic foliation is pronounced in biotite-rich layers, and the
rocks lack L-S tectonite fabrics characteristic of the Nimrod
Group. As exemplified at Kon-Tiki Nunatak (figure 3), the
rocks contain a steep, east-dipping penetrative cleavage that is
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Figure 2. Sketch of folded, sheared, and boudinaged pegmatitic
dikes intruded into deformed Nimrod gneisses. Gneissic layering
(Si) shown by line traces. At least two sets of generally syn-kine-
matic dikes occur: strongly folded and boudinaged dikes (P 1 ) that
are concordant with S 1 but at a high angle to mylonitic foliation
(52), and semicontinuous dikes (P 2) that are parallel to S2 and that
crosscut the first set of dikes. Both sets of dikes contain well-
developed shear fabrics. (m denotes meter.)

axial-planar to north-trending, west-vergent meso- and mega -
scopic asymmetric folds. Two types of lineations are present:
L 1 is a slickenside-type lineation on foliation surfaces that is
perpendicular to fold axes, and L 2 is a gently plunging bedding-
cleavage intersection lineation that is colinear with mesoscopic
folds. Locally the rocks contain west-dipping en echelon tension
gashes. The orientation and character of these features indi-
cates that the rocks were deformed by west-directed flexural-
slip folding at relatively shallow crustal levels. Beardmore
Group rocks thus exhibit shallow-level, west-vergent struc-
tures, in contrast with Nimrod Group tectonites, which record
pervasive deep-level, southeast-vergent ductile flow.

In contrast to Stump, Korsch, and Edgerton (1991), we inter-
pret the structural features of the Goldie and Cobham forma-
tions as a product of Ross orogenesis. Despite remaining tem-
poral uncertainties, a transpresssional tectonic model of
deformation along the Late Proterozoic to early Paleozoic Ross
orogen, as suggested by Goodge et al. (1991), may explain the
disparate structural styles and kinematics exhibited by rocks of
the Nimrod and Beardmore groups.
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Figure 3. Geologic map and cross-section of Kon-Tiki Nunatak.
Note large-scale, west-vergent asymmetric synform, and tight, up-
right folds within eastern limb. Cleavage is uniformly steep and
east-dipping. L1 slickenside lineations trend east-west and formed
during flexural-slip folding. L2 bedding-cleavage intersection lin-
eations trend north-south, parallel to mesoscopic folds. (km de-
notes kilometer.)

We thank both the LC-130 crews of the U.S. Navy VXE-6
squadron who assisted us and Michael Roberts for his contri-
butions to the field party. We also acknowledge generous sup-
port by Detlef Damaske and the 1990-1991 German GANOVEX-
VI program, which provided use of one of their research air-
craft. Friederich Schwude, Heiner Bredhorst, and Gisbert Ernst
conducted extraordinary flight operations. This work was sup-
ported by National Science Foundation grant DPP 88-16807
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Permian and Triassic paleosols
from the Beardmore Glacier

region, Antarctica
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The study of fossil soils provides information about ancient
climates and general environmental conditions during deposi-
tion of ancient rock units. To gain such information, Permian
and Triassic paleosols (fossil soil horizons) were identified, de-
scribed, and collected from outcrops in the Beardmore Glacier
region, Antarctica. The units examined in this study include
the Permian Buckley Formation and the Triassic Fremouw For-
mation. The depositional environment for each of these for-
mations includes fluvial channels and overbank floodplains
(Barrett, Elliot, and Lindsay 1986; Isbell 1990). Weakly to mod-
erately developed paleosols are found in the floodplain sedi-
ments that were deposited on the margins of the ancient river
systems.

Field work was accomplished during the 1990-1991 field sea-
son, with logistical support from the U.S. Navy VXE-6 Squad-
ron and Helicopters New Zealand, Ltd. Daily operations were
conducted from the Beardmore base camp on the Bowden
Névé, and from smaller remote camps in the Queen Elizabeth
Range. Field identification of Triassic paleosols relied heavily
on the presence of rooted horizons (Retallack 1990). At one
Permian locality, we observed weak soil profile development in
addition to heavy rooting, which also indicates the presence of
an ancient soil. During the field operations, 70 samples were
collected from 13 measured sections at five localities (figure 1).
Seven sections were measured from the middle Fremouw For-
mation, four were measured in the upper Fremouw Formation,
one section included the Buckley and the lower Fremouw for-
mations, and one section was measured in the upper Buckley
Formation. Multiple sections were measured at several of the
localities, allowing description of both lateral and vertical vari-
ations in the paleosols.

Weakly developed inceptisols (Retallack 1990) are common in
the gray-green mudstones that were deposited on the flood-
plains of the Permian and Triassic river systems. Crevasse
splays, channel migration, and overbank flooding each contrib-
uted pulses of coarser sediment to the floodplain, resulting in
frequent burial of immature floodplain soils. Subsequently,
new soils developed on the new land substrate, resulting in
stacked successions of buried soils. A typical stratigraphic
succession containing paleosols (figure 2) illustrates the influ-
ence of channel systems on the floodplain deposits of the Fre-
mouw Formation. Sixty-centimeter-thick to 2-meter-thick sand
bodies with erosional bases were deposited by channel sys-
tems, and thinner sand beds are the result of crevasse splays
or flooding events (Isbell and Mcdonald, Antarctic Journal, this
issue). Paleosols from the Beardmore Glacier area are weakly
developed as a result of their proximity to fluvial channels and
frequent rapid burial of the developing soils.
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Figure 1. Location of the study area and paleosol sections that
were measured, collected, and described during the 1990-1991
field season. (km denotes kilometer. MAR denotes Mount Acker-
nay locality. GVA, GVB, and GVC are Gordon Valley localities. WLG
denotes Wahl Glacier locality. MKP is a measured section on
Mount Kirkpatrick.)

Permian and Triassic paleosols examined in this study are
generally thin, homogeneous, and poorly developed; therefore,
the effects of soil-forming processes appear to have been rela-
tively uniform during that time. Possible controls on paleosol
development are sedimentation rate, type of vegetation pre-
sent, sediment (substrate) grain size and composition, climate,
and water-table level. Root patterns within the paleosols may
provide information about the role of each of these factors in
paleosol development. Roots are oriented both vertically and
horizontally, and range in size from 10 centimeters long and 2
centimeters thick to 0.5 centimeters long and 2 millimeters
thick. Most roots are 2 to 4 centimeters long, and 3 to 5 milli-
meters thick. Additional work may help to determine which of
the controls on soil-forming processes have contributed to the
root patterns that were observed in the Beardmore Glacier area.

Smaller scale structures are also visible in some heavily
rooted samples. Scanning electron microscope microanalysis
shows small carbonized fragments 0.1 to 0.3 millimeters thick
which branch laterally from mineralized vertical roots that are
2 to 3 centimeters in diameter (figure 3). These fragments are
interpreted to be compressed root hairs. Enigmatic crushed
tubules of smaller size also have been observed and may pro-
vide further information about soil-forming processes during
Permian and Triassic time. Additional information about micro-
morphology of the soils will also be gathered from thin section
petrography.

In summary, the paleosols that were observed in the Beard-
more Glacier area are relatively well exposed but poorly devel-
oped. Widespread lateral and vertical exposures within single
extensive outcrops hold excellent promise for further detailed
study of lateral and temporal variation in paleosol develop-
ment. The poor development of Permian and Triassic soils is
probably due to rapid sediment supply and also may have been
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Triassic Paleosols
Gordon Valley, Antarctica

Shale: Green-gray mottled with dark
red, carbonaceous

Sandstone: Fine to medium grain,
trough cross beds, erosional
base

Slitston.: Light green-gray mottled
with red-gray, vertical roots 2-4
cm. in diameter abundant at
base, relict bedding becomes
more common toward top

Shale: Dark gray to green-gray,
slightly silty, blocky, trace
silicified plant debris, trace fine
(<2 mm. diameter) horizontal
and vertical roots

Shale: Red-gray mottled with light
gray, blocky

Shale: Dark gray, slightly silty,
carbonaceous

Shale: Red-gray with mottles of light
gray, fine horizontal roots

Slltston: Green-gray, rippled at
base, fines upward, relict
bedding and vertical roots
common throughout, roots are
<3 mm. diameter

Interbedded fins grained
sandstone and sandy
slitatone: rippled

Sandstone: Fine to medium grain,
trough cross beds, erosional
base

Shale: Light gray to green-gray, 10-
15% vertical and horizontal roots
<3 mm. in diameter, slightly silty

15 m.

14 m.

13 m.

nm

10 m.

9

8

7 m.

Figure 3. Scanning electron microscope photograph of small-scale
root development in Triassic paleosols. Vertical root at the top of
the photograph (highlighted with dashed line) is 1 centimeter in
diameter, mineralized, and perpendicular to bedding. Horizontal
root hairs 0.1 to 0.3 millimeter in diameter project outward from the
vertical root (see arrows), are carbonized, and lay parallel to the
bedding surface. (mm denotes millimeter.)

Collinson and William Hammer for their cooperation with this
project.
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Figure 2. Typical paleosol section from the Triassic Fremouw For-
mation in the Beardmore Glacier region. Vertical roots appear to
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Jurassic fault and dike patterns
in the Beardmore Glacier area,

central Transantarctic Mountains
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Extensive Jurassic magmatism preceded fragmentation of the
Gondwana supercontinent (Cox 1978; Dalziel etal. 1987). Active
rifting during magmatism is well documented in Africa and
South America whereas, in Antarctica, the presence of a rift
system has been inferred from the apparent linear distribution
of intrusive and extrusive rocks of the Ferrar Supergroup (Elliot
1975; Kyle, Elliot, and Sutter 1981; Elliot 1991) and from geo-
physical data in West Antarctica (e.g., Jankowski, Drewry, and
Behrendt, 1983; Cooper, Davey, and Hinz 1991; Garrett 1991).
Structural mapping in the Beardmore Glacier area in the 1990-
1991 season demonstrated the widespread occurrence of Jur-
assic normal faulting and established the trends of Jurassic Fer-
rar dolerite dikes in the region. The orientation patterns of
Jurassic faults and dikes in the Beardmore area correspond
closely with those mapped in the 1989-1990 season in southern
Victoria Land (Wilson 1990). This demonstrates that a region-
ally consistent Jurassic extensional strain regime extended over
approximately 1,000 kilometers strike length in the Trans-
antarctic Mountains.

The field party, including Peter Braddock, Barry Muller, and
Terry Wilson, was deployed to the Beardmore South Camp on
19 November 1990. One month was spent traversing the area
by skidoo, examining localities in the Queen Alexandra Range
at Montgomery Glacier, Tillite Glacier, and around Prebble Gla-
cier, in the Colbert Hills at Coalsack Bluff and Mount Sirius,
and in the Painted Cliffs at Dawson Peak and Mount Picciotto.
The following month consisted of field work supported by Heli-
copters New Zealand. Localities visited during this period ex-
tended from The Gateway area and the Moore Mountains in
the north, to the Marshall Mountains, Buckley Island, and the
Dominion Range in the south. The helicopter support made it
possible to document the orientation patterns of faults and do-
lerite dikes along an approximately 225-kilometer transect
across the Transantarctic Mountains and to visit many other-
wise inaccessible exposures around the Beardmore Glacier. The
party left Beardmore South Camp for McMurdo on 19 January
1991.

Thin Ferrar dolerite dikes cutting Beacon strata are common
in the Beardmore region but are widely scattered throughout
the area and do not form closely spaced dike swarms. The dikes
are typically 20-300 centimeters thick and have a minimum
total strike continuity of tens or hundreds of meters. In detail,
individual dikes consist of a series of en echelon segments. This
geometric form is typical of dikes that form as tensile hydraulic
fractures (Pollard, Segall, and Delaney 1982). There is consid-
erable dispersion in the Ferrar dike trends in the Beardmore
area, but two well-defined dike sets with subperpendicular
north-northwest and east-northeast trends occur consistently
throughout the region (figure 1). Abutting relations between

north-northwest and east-northeast dikes, where the dikes join
and merge at T-junctions without crosscutting (figure 2), doc-
ument contemporaneous emplacement of these subperpendi-
cular dike sets.

Striated mesoscopic fault planes are also prevalent through-
out the Beardmore region. Offset of Beacon strata demonstrates
that nearly all faults have normal displacement. Most faults
measured in the study have displacement magnitudes of a few
meters or less, but some faults in the area have offsets ranging
up to hundreds of meters (Barrett and Elliot 1973; Elliot, Barrett,
and Mayewski 1974; Collinson and Elliot 1984). Other relatively
large-displacement normal faults are inferred from the pres-
ence of regionally developed, northeast-trending monoclines
(Barrett and Elliot 1973) that are interpreted as extensional
drape folds formed above faults cutting the crystalline base-
ment beneath the Beacon sequence. Mesoscopic normal faults
in the Beardmore area have northwest and northeast trends,
and are commonly developed in conjugate sets (figure 3). The
data for the whole area indicate that two subperpendicular sets
of conjugate normal faults are developed in the region, al-
though the complete conjugate pattern is not apparent in all of
the subarea plots (figure 3). The subperpendicular northwest
and northeast trends are also evident in the large-displacement
faults mapped on stratigraphic grounds (Barrett and Elliot
1973), demonstrating that the mesoscopic faults mirror the ge-
ometry of the larger, regional structures and, thus, can be used
to infer the large-scale displacement patterns in the area.

Relations between both the northwest and northeast fault
sets and Ferrar dike planes indicates that the faults are of Jur-
assic age. The occurrence of offset strata across dikes, of
striated planes along and adjacent to dike margins, and of
striated fault planes extending beyond dike terminations indi-
cate that faulting predated or was synchronous with dike em-
placement. The presence of clastic material, remobilized by
fluids driven by the thermal effects of dolerite intrusion, along
segments of mesoscopic normal fault planes indicates that the
faults formed prior to or during dike emplacement. Both vol-
canic breccias and dikes occupy portions of faults associated
with the regional monoclines, indicating that the monoclines
are of Jurassic age. Normal faults cutting dolerite and Kirkpa-
trick Basalt are common, indicating that some faulting contin-
ued after magmatic activity ceased.

The Jurassic structural trends in the Beardmore Glacier area
are nearly identical to the Jurassic trends documented previ-
ously in southern Victoria Land (Wilson 1990), demonstrating
a regionally consistent pattern of extensional strain during Fer-
rar magmatism. The subperpendicular trends of the contem-
poraneous Jurassic faults and dikes in both areas indicate that
they formed in a triaxial strain field in which extension oc-
curred in both northeast-southwest and northwest-southeast
horizontal directions, and shortening occurred in the vertical
direction. This documents Jurassic extension both perpendic-
ular and parallel to the present trend of the Transantarctic
Mountains. The principal extension direction is not directly
resolved from the mesoscopic fault and dike data. The north-
west orientation of the mountains and the offshore basins of
the Ross embayment suggests that this structural trend may
have originated during Jurassic rifting in response to dominant
northeast-southwest extensional strain. If, however, the north-
east-trending monoclines near Beardmore Glacier mark the ma-
jor fault trend in that area, the dominant extension direction
would have been northwest-southeast, perpendicular to the
regional trend. This may indicate that the northeast-trending
Jurassic rift structures formed on en echelon array along the
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Figure 1. Orientation patterns of Ferrar dolerite dike planes in the Beardmore Glacier area of the central Transantarctic Mountains (location
shown by box on inset map). Lower hemisphere equal area projections show poles to Ferrar dike planes contoured by the Kamb method
and great circles indicating average dike orientations. On the geologic sketch map of the study area, black denotes exposed basement
rocks beneath the Kukri unconformity surface and stipple denotes Beacon and Ferrar Supergroup rocks. The boxes indicate subareas
where data for each stereoplot were collected. (TG denotes Tillite Glacier. DP denotes Dawson Peak and Mount Picciotto. MS denotes
Mount Sirius. MB denotes the Marshall Mountains and Buckley Island. DR denotes the Dominion Range. PG denotes Prebble Glacier km
denotes kilometer.)
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Figure 2. North-northwest trending dike abutting and joining east-
northeast trending dike without crosscutting it (arrow) at Barnes
Peak, indicating that the subperpendicular dikes formed contem-
poraneously. The dikes are approximately 2 meters thick.

length of the northwest-trending Ferrar magmatic belt or, al-
ternatively, that the northwest trend of the Ferrar belt is the
product of preferential exposure along the structural trend as-
sociated with the Cenozoic uplift of the present Transantarctic
Mountains.

This research was supported by National Science Foundation
grant DPP 88-16932.
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During the austral summer of 1990-1991, we collected data
from exposures of the Permian Buckley Formation in the Beard-
more Glacier region at Clarkson Peak, Mount Picciotto, Mount
Achernar, Mount Bowers, and Willey Point (figure 1). Data
consist of detailed vertical logs, maps of lithofacies and sedi-
ment-body geometries, and paleocurrent orientations. We took
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Figure 1. Location map showing sites with Permian strata visited
during the 1990-1991 field season in the Beardmore Glacier area.
(km denotes kilometer.)

extensive photo mosaics from helicopter fly-bys at these sites,
as well as at Mount Miller, Painted Cliffs, Mount Ropar, Lewis
Cliffs, Mount Dickerson, Barnes Peak, Bingley Glacier, Mount
Donaldson, Mount Deakin, Kinsey Peak, and Mount Mills.
These photos aided in the three-dimensional reconstruction of
sedimentary bodies and stratigraphic packages. Rock samples
collected for petrographic analysis are stored at the Byrd Polar
Research Center and at the British Antarctic Survey. Coal, car-
bonaceous shale, and samples containing fossil plants were for-
warded to E.L. Taylor, T.N. Taylor, and N.R. Cñneo for paleo-
botanical and palynological analyses. Interpretations made in
this paper include data collected during the 1985-1986 field
season (Isbell 1990) and data reported by Barrett (1968).

Sedimentologic and stratigraphic analyses of the Buckley For-
mation in the Beardmore Glacier region, support the hypoth-
esis that the Permian strata were deposited within a foreland
basin associated with the Gondwanide orogeny. Results sug-
gest that tectonic loading along the paleo-Pacific margin of Ant-
arctica controlled basin formation and sediment deposition.

The Buckley Formation in the Beardmore Glacier region, is
approximately 750 meters thick and consists of interstratified
fluvial sandstone, siltstone, mudstone, and coal. Sandstone in
the lower member of the Buckley Formation is quartzo-feld-
spathic, and upper-member sandstone is volcaniclastic.

The Buckley members define two major depositional se-
quences. Disconformities bound each sequence along the cra-
tonic margin of the basin (figure 2). These disconformities are
recognized within measured sections by abrupt upward stra-
tigraphic changes in sandstone composition, facies, and paleo-
current orientations and, at some sites, by well-developed in-
traformational conglomerates at the base of sandstone bodies.
Basinward, these surfaces become conformable and are marked
by an abrupt shift in depositional patterns toward the orogenic
belt. Using data based on fluvial architecture, the large-scale
distribution of sandstone bodies within fine-grained sedi-
ments, and their mutual relationship (Allen 1978; Collinson
1986), we identify three major geographically distributed facies
patterns within the basin:
• a thick succession of overlapping sandstone bodies along the

orogenic basin margin,
• thick interstratified mudstone and sandstone along the basin

axis, and
• a thin succession of overlapping sandstone bodies along the

cratonic basin margin.
Upward within each depositional sequence, the orogenic-mar-
gin sandstone expands basinward and the axial mudstone/
sandstone and cratonic-margin sandstone are displaced toward
the craton.

Facies analysis reveals the occurrence of braided-stream de-
posits along basin margins. These grade basinward into low-
sinuosity, single-channel, and meandering-stream lithofacies.
Both braided- and meandering-stream lithofacies occur along
the basin axis. Paleocurrent analysis suggests the rivers flowed
transversely across basin margins and longitudinally down the
topographic basin axis. Upward within each depositional se-
quence, the position of the longitudinal drainage axis shifted
cratonward concurrent with displacement of depositional pat-
terns within the basin.

Modeling by Heller, Angevine, and Paola (1988) and Flemings
and Jordan (1989, 1990) have produced foreland-basin deposi-
tional packages similar to those in the Beardmore Glacier area.
Flemings and Jordan (1990) suggested that abrupt shifts in dep-
ositional patterns toward the orogenic belt occur during the
onset of thrust loading on an elastic lithosphere. Rapid subsi-
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Figure 2. Diagrammatic interpretation of the Permian basin fill in the Beardmore Glacier area. Cross-section is east-west with the cratonic
basin margin located along the present Polar Plateau side of the central Transantarctic Mountains.

dence during thrusting traps coarse-grained sediment next to
the orogenic belt (cf. Blair and Bilodeau 1988; Heller et al. 1988;
Paola 1988). Later, as subsidence decreases, progradation of a
clastic wedge with cratonward displacement of depositional
patterns occurs.

Combined paleocurrent, lithofacies, and petrologic analyses
of the Permian Buckley Formation suggest that tectonic loading
controlled the deposition of major fluvial sequences. The se-
quences suggest that two loading events occurred during the
Permian.

National Science Foundation grant DPP 89-17413 and the Brit-
ish Antarctic Survey provided financial support for this re-
search. Antarctic Support Associates, Helicopters New Zea-
land Ltd., U.S. Navy Squadron VXE-6, and the National
Science Foundation provided logistic support.
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During the austral summer of 1990-1991, we examined the
Triassic Fremouw Formation at the Gordon Valley vertebrate
sites in the Queen Alexandra Range (figure 1). Work was done
in conjunction with paleontologist from Augustana College and
geologists from Ohio State University. The main task of our
work was to place the fossiliferous horizons into a sedimento-
logical context.

The vertebrate sites are located along the north side of Gor-
don Valley. Exposed rocks consist of the middle (90 meters) and
upper (80 meters) members of the Fremouw Formation and
thin dolerite sills of the Jurassic Ferrar Group (cf. Barrett and
Elliot 1973; Barrett, Elliot, and Lindsay 1986; Collinson and Is-
bell 1986). The middle Fremouw member contains a vertebrate
trackway (Macdonald, Isbell, and Hammer, Antarctic Journal,
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Figure 1. Location map showing the location of measured section
GV-2 along the north side of Gordon Valley. Stippled areas are
exposed rock or moraine.

this issue), and the vertebrate bone-bearing beds occur in the
upper Fremouw member (Hammer, Collinson, and Ryan 1990).

The Fremouw Formation is 600 to 700 meters thick in the
Beardmore Glacier area and consists of interstratified sand-
stone and mudstone. Thin volcaniclastic sandstone and thick
mudstone beds characterize the middle member. The upper
member consists predominantly of volcaniclastic sandstone
with quartzose sandstone occurring at the base (Barrett et al.
1986; Hammer et al. 1990). Barrett et al. (1986) interpreted the
Fremouw Formation as deposits of low-sinuosity alluvial
streams.

We measured a detailed stratigraphic section of 167 meters
on the north-facing side of the ridge bounding the north side
of Gordon Valley (see Macdonald et al., Antarctic Journal, this
issue). Middle and upper Fremouw members constitute this
section. The middle member of the Fremouw Formation is dom-
inated by greenish-gray siltstone, very fine sandstone, and silty
mudstone, with subordinate laminated, gray mudstone, and
rare black shale containing Neocalamites (figure 2). Abundant,
branching, white, hairline tubes penetrate many of these de-
posits. These tubes represent altered rootlets and suggest the
presence of numerous paleosol horizons (Homer and Krissek,
Antarctic Journal, this issue). Interbedded with these fine-
grained deposits are 1- to 4-meter-thick, medium- to coarse-
grained, lenticular sandstones. These are cross-bedded, with
sharp, commonly erosive, pebbly bases. In the direction of
paleocurrent indicators, foreset-like beds occur, which grade
laterally into fine-grained sediments. Commonly, multiple fore-
set beds are present, and individual foresets are draped by fine-
grained deposits. Channel-form cross-bedded sandstone bod-
ies 0.5 to 2 meters thick and 10 to 40 meters wide also occur.
We interpret the middle Fremouw member at this site as a
fluvial overbank deposit, with crevasse-splay and crevasse-
channel sandstones. The vertebrate trackway horizon occurs at
a stratigraphic height of 67 meters, in the middle member.
Macdonald et al. (Antarctic Journal, this issue) describes the en-
vironmental setting of this bed.

The upper member of the Fremouw Formation is predomi-
nantly a very coarse-to pebbly granular-grained, quartzose
sandstone (figure 3). Sandstone bodies are 7 to 20 meters thick
and contain the following:

Figure 2. Fine-grained and sandstone deposits of the middle mem-
ber of the Fremouw Formation at Gordon Valley. Photo shows part
of section GV-2 from approximately 40 to 80 meters above the
base. Person for scale (arrow).
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• abundant large-scale trough cross-beds,
• down-current descending planar-tabular cross-beds (cf.

Haszeldine 1983),
• sandstone-filled channel-form scours,
• low paleocurrent variability, and
• no obvious large-scale lateral-accretion bedding.
Paleocurrent orientations are toward the north. Four sandstone
bodies constitute the upper member at this site. These sand-
stones are interstratified with fine-grained sandstone, siltstone,
and silty mudstone similar to the fine-grained part of the mid-
die member. We interpret the upper member as a series of
stacked fluvial channels deposited by low-sinuosity braided
streams.

The main vertebrate bone-bearing bed lies at 161 meters
above the base of the section and is contained within a multi-
storied sandstone containing three amalgamated erosional-
based sandstone bodies. The bone bed is a matrix supported
intraclast conglomerate, 0 to 1 meter thick. Conglomerate clasts
consist of rounded siltstone blocks. Vertebrate bones are con-

tamed within the sandstone matrix of the conglomerate. We
interpret the conglomerate and bones as a basal channel lag.
Krissek and Homer (Antarctic Journal, this issue) provide a more
detailed description and an alternative interpretation of the
conglomerate bone bed.

Rock samples are stored at the British Antarctic Survey and
the Byrd Polar Research Center.

The Antarctic Support Associates staff at Beardmore South
Camp, Helicopters New Zealand Ltd. and U.S. Navy Squadron
VXE-6 provided logistic support for this work. This research is
supported by National Science Foundation grant DPP 89-17413
and by the British Antarctic Survey.
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In the central Transantarctic Mountains, the Fremouw For-
mation forms a lower to middle Triassic sequence of sandstones
and siltstones/mudstones that were deposited in fluvial chan-
nels and associated overbank environments (Barrett, Elliot, and
Lindsay 1986; Collinson and Isbell 1986; Isbell and MacDonald,

Antarctic Journal, this issue). At several localities in the central
Transantarctic Mountains, the lower Fremouw Formation has
yielded vertebrate fossils of the Lystrosaurus biostratigraphic
zone (Colbert 1982; Hammer and Cosgriff 1981; Hammer et al.
1986; Hammer 1989). Late in the 1985-1986 field season, how-
ever, an additional bone-bearing horizon was discovered in the
basal portion of the upper Fremouw Formation at Gordon Val-
ley (Hammer et al. 1986); specimens recovered from that hori-
zon were subsequently identified as characteristic of the late
Early Triassic Cynognathus zone or slightly younger (Hammer,
Ryan, and DeFauw 1987; Hammer 1988; Hammer, Collinson,
and Ryan 1990).

Because the Gordon Valley locality was not adequately col-
lected in 1985-1986, and because it is the only known occur-
rence of the Cynognathus fauna in Antarctica, this locality was
visited by a team of vertebrate paleontologists for further col-
lecting during the 1990-1991 field season (see Hammer et al.,
Antarctic Journal, this issue for details). At the same time, we
spent approximately 2 weeks (19 December 1990 to 1 January
1991) examining the depositional setting of the bone-bearing
horizon in detail, to evaluate the effects of transport and dep-
osition on the vertebrate fauna recovered at this site.

Because of its position at the base of the upper Fremouw
Formation, the Gordon Valley vertebrate horizon is located at
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Figure 1. Bone-bearing conglomerate (center of photograph) overlying discontinuous, trough cross-stratified sandstone (white zone to left
of top of Jacobs staff) and greenish-gray siltstone (lower right corner of photograph) in the upper Fremouw Formation at Gordon Valley.
Staff is 1.5 meters long.
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the transition from the mudstone-dominated middle Fremouw
Formation to the sandstone-dominated upper Fremouw For-
mation. The local stratigraphic section at the Gordon Valley site
reflects this lithologic change, with the bone-bearing horizon
underlain by a greenish-gray siltstone to sandy siltstone; this
fine-grained facies contains moderate amounts of simple root
traces, similar to those that have been described elsewhere as
common to abundant in the Fremouw Formation (Barrett et al.
1986; Homer and Krissek, Antarctic Journal, this issue). The
siltstone is overlain discontinuously by thin, trough cross-strat-
ified medium sands that fill low-relief channel-forms. A thin,
matrix-supported, siltstone-cobble conglomerate blankets both
the discontinuous sands and the intervening siltstones above a
sharp, slightly irregular contact that shows no evidence of
large-scale scouring (figure 1). Clasts in the conglomerate are
predominantly rounded, and composed of greenish-gray silt-
stone that is lithologically identical to the underlying siltstone
(figure 2). The conglomerate is overlain gradationally by a thick
sequence of white, medium-grained, trough cross-stratified
sandstones, which are characteristic of the upper Fremouw
Formation (Barrett et al. 1986; Collinson and Isbell 1986; Isbell
and MacDonald, Antarctic Journal, this issue).

Vertebrate bones and wood are dispersed throughout the
lower sandstones and the conglomerate, but are significantly

more abundant in the latter lithology. Elongate bones and wood
within the conglomerate show no preferred orientation,
whereas the cross-bedding in the sands indicates the northwes-
terly paleoflow characteristic of the Fremouw Formation (Bar-
rett et al. 1986; Collinson and Isbell 1986; Isbell and MacDonald,
Antarctic Journal, this issue).

The composition, fabric, texture, and sheet-form geometry
of the bone-bearing conglomerate, the characteristics of its
basal contact, and the absence of preferred orientation of its
elongate clasts all indicate rapid deposition by a large, unchan-
nelized, high viscosity, low-to-moderate velocity flow (i.e., a
relatively fluid debris flow). This large flow spread laterally
from an unidentified large channel across a floodplain that
contained low-relief channels, transporting bones, wood, and
clasts of floodplain siltstones from further upstream. This mul-
tistage transport history accounts for the mixed nature of the
vertebrate fauna described by Hammer (1988).

This research was supported by National Science Foundation
grant DPP 88-17023 (W.R. Hammer, Augustana College)
through a subcontract to J.W. Collinson (Ohio State University).
We acknowledge their assistance in involving us in this project.
We also acknowledge the logistical assistance of VXE-6, and of
the Antarctic Services Associates and Helicopters New Zealand
personnel at the Beardmore South camp.
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Figure 2. View of large siltstone clasts, partially clast-supported, in vertebrate bone-bearing conglomerate of upper Fremouw Formation
at Gordon Valley. Shading on staff is at 10-centimeter intervals.
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Since the first discovery of Triassic fossil tetrapods at Graph-
ite Peak in 1967 (Barrett, Baillie, and Colbert 1968), six expedi-
tions have searched for terrestrial vertebrate remains in the
Transantarctic Mountains (Hammer, Collinson, and Ryan 1990;
Hammer, Ryan, and DeFauw 1987). Until the 1985-1986 season,
only the lower Fremouw Formation of the Central Transantarc-
tic Mountains near the Beardmore and Shackleton Glaciers had
yielded fossils of this type (Colbert 1982; Hammer and Cosgriff
1981). During the 1985-1986 austral summer, a new, younger
fauna of vertebrates was found in the upper Fremouw Forma -
tion of the Gordon Valley (Beardmore Glacier region). A third
assemblage of even younger terrestrial animals was recently
discovered in the Falla Formation on Mount Kirkpatrick near
the Beardmore Glacier in 1990-1991. This new collection, which

includes dinosaur material, represents only the third terrestrial
vertebrate fauna known from the Transantarctic Mountains and
the antarctic mainland.

Because the upper Fremouw Formation vertebrates were
found near the end of the 1985-1986 field season, a field party
of six (including the four authors of this paper) returned to the
Gordon Valley during the 1990-1991 season to finish excavation
of the remaining fossils and, in conjunction with a sedimento-
logical team from Ohio State University, investigate the taphon-
omic and paleoecological setting of the upper Fremouw. During
the first month of the 1990-1991 season over 100 specimens
were collected from two sites in the Gordon Valley, the original
locality excavated during the 1985-1986 season and a new one
about 8 kilometers away at the same stratigraphic level. Ta-
phonomic conditions have left these specimens largely scat-
tered and fragmentary, however, excellent additional material
from taxa collected in 1985-1986 (see Hammer 1990) was re-
covered. Fossils representing new taxa from these sites include
cranial and postcranial material of smaller temnospondyls and
therapsids, including at least one small dicynodont. Taphon-
omic data were taken at the localities and maps showing bone
orientations on the bedding plane surfaces were made in the
field.

The Falla Formation vertebrates were first discovered late in
December 1990, by a team of petrologists headed by David
Elliot of Ohio State University and Richard Hanson of Texas
Christian University. The fossils were mainly concentrated in
one small area of siltstone exposure on Mount Kirkpatrick at
about 4,500 meters above sea level. Of the over 50 bones col-
lected, only 3 were not from this single concentration. The
bones are very well preserved, large, and include much of the
skeleton of one dinosaur and, perhaps, portions of a second.
At least one of the three isolated postcranial bones is from yet
another smaller animal. A "Megalosaurus" type theropod
tooth was found among the initial bones removed. Since most
of the fossils are still largely encased in rock, the number and
type of animals represented is not entirely certain at this point.

1991 REVIEW	 19



From what can be seen, however, it is apparent that the collec-
tion contains at least the top portion of a skull, over 20 verte-
brae, numerous ribs, portions of at least eight limb bones in-
cluding a humerus and part of a femur, one side of a shoulder
girdle, part of a pelvis and a number of pes elements. Excava-
tion of the large fossils was accomplished with the aid of a
gasoline-powered impact hammer/drill (see figure). In total,
over 1,800 kilograms of fossil-bearing rock was removed from
the site.

Researchers use a gasoline-powered impact drill/hammer to ex-
cavate dinosaur fossils at the Mount Kirkpatrick site.

This research is supported by National Science Foundation
grant DPP 88-17023 and the Augustana Research Foundation.
Special thanks go to our colleagues David Elliot (Ohio State
University) and Richard Hansen (Texas Christian University)
for their discovery of the dinosaur site, and Larry Krissek (Ohio
State) and Tim Homer (Ohio State University) for their sedi-
mentological work. We would also like to acknowledge the ex-
cellent logistical support given by the Beardmore South Camp
staff and Helicopters New Zealand.
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During the 1990-1991 field season, a party of geologists from
the British Antarctic Survey, Ohio State University, and Augus-
tana College, discovered a Triassic vertebrate trackway in the
Gordon Valley area of the Queen Alexandra Range (figure 1).
This is the first Mesozoic vertebrate trackway to be found in
Antarctica. The only other known vertebrate trace fossils are
Oligocene-Miocene bird tracks, reported from the South Shet-
land Islands (Covacevich and Rich 1982).

The trackway horizon occurs in a 167-meter-thick section of
the middle and upper (basal part) members of the Fremouw
Formation exposed along the north side of Gordon Valley (fig-
ure 2; cf. Barrett and Elliot 1973; Barrett, Elliot, and Lindsay
1986). A vertebrate bone bed was found near the top of this
section in the 1985-1986 season (Hammer et al. 1986; Hammer,
Ryan, and DeFauw 1987; Hammer, Collinson, and Ryan 1990).

The trackways are at a stratigraphic height of 67 meters, in
the middle Fremouw member. They occur on the top surface
of a 65-centimeter-thick composite bed, which appears to be a
silicified paleosol. The upper part of the bed comprises a 10-
centimeter massive layer with rootlets, overlain by a rubbly,
nodular unit, which is in turn overlain by 2 centimeters of
stylolitized chert, 5 centimeters of structureless siliceous mud-
stone, and 1 centimeter of laminated siliceous mudstone. These
sedimentary rocks resemble a soil profile, which could either
be a silicified calcrete (see examples in Collinson 1986) or an
unusual style of silcrete. The structureless and laminated units
at the top of the profile were probably deposited in an ephem-
eral lake.
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Figure 1. Location map showing the trackway site (arrow) on the
north side of Gordon Valley. Stippled areas are exposed rock or
moraine.

The tracks occur on the top surface of the laminated unit.
They depress the bedding plane by 0.1-0.5 centimeter. Three
different types are recognized (figure 3):
• Type 1: These are the most common. Individual prints are

1.5-2 centimeters long, hemi-ovoid to triangular in outline.
The two long sides are unequal in length, with smooth sharp
outlines. The short side is straight-crenulate, displaying 1-4
cusps depending on the depth. One print has a long tail,
deepening toward the most acute apex of the print. This is
probably the mark of a foot being scuffed through the mud.
Prints are 4-8 centimeters apart, and alternate about an un-
marked center line, defining a trackway 2-2.5 centimeters
wide. The trackways are straight at the scale of the exposure,
and the longest set of prints found imply a repeat of about
25 centimeters.

• Type 2: Several examples of this type were found. Individual
prints are depressed, with five toes. Toes all face within an
arc of about 130° and are deeply divided. Individual prints
are 3-4 centimeters long and appear to be paired 10-20 cen-
timeters apart with toes on opposite feet pointing out and
forward of an (unmarked) center line.

• Type 3: This type is represented by a single print 7 centi-
meters wide by 8 centimeters long. The print is poorly pre-
served with at least three toes. These are less deeply divided
than those of type 2, and appear to be broader and more
forward-facing.
Tail marks are not associated with any of the types mentioned

above, but smooth-edged, straight to gently curved indenta-
tions, 0.3-0.5 centimeters wide and up to 10 centimeters long,
are common. They tend to be in groups with a near-random
orientation.

The tracks were probably made in soft mud on the site of a
ephemeral pool. Variability of individual prints within any one
type is a result of the depth of impression; this is a function of
the consistency of the mud, the weight of the animal and the
length of time that it stood in that spot. It would appear that
the animal that made the type 1 tracks was small, narrow-

Figure 2. Section through the Fremouw Formation at Gordon Valley
showing the level of the trackway and of the main bone bed. The
lowest 50 meters of unit A have been omitted for clarity. They are
similar to the facies shown from 50-90 meters. (m denotes meter.)

bodied, and moving purposefully. The type 2 animal was
larger, heavier, and/or slower-moving.

Identification of the animals which made the trackway will
require careful matching with vertebrate remains from the Fre-
mouw Formation. This work is underway, but preliminary ex-
amination suggests that the type 2 tracks may have been made
by the mammallike reptile Lystrosaurus. This could be impor-
tant, as the bone bed at Gordon Valley is probably in or above

1991 REVIEW	 21



the Cynognathus zone (Hammer et al. 1990). If the trackway did
contain Lystrosaurus prints, the boundary between the Lystro-
saurus and Cynognathus zones would lie in the 67-161-meter
interval on the section. Continued work will assist the Triassic
fossil zonation in the central Transantarctic Mountains.

This research is supported by National Science Foundation
grants DPP 89-17413 and DPP 88-17023, and by the British Ant-
arctic Survey.
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Figure 3. Photographs of the vertebrate tracks. Scales are in cen-
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During the 1990-1991 lick! cason, [vo lossil lorests were
studied and wood specimens collected in the vicinity of tim
Beardmore Glacier. Both forests include silica permineralizo-
tions of trunks preserved in growth position; the stands were
analyzed using the point-quarter centered method.

The Permian forest occurs on Mount Achernar, near the Law
Glacier (84°22'23"S 164°37'56"E) and is within the Upper Buck-
ley Formation. The site is about 20 x 12 meters in size and
includes 15 rooted stumps. These range from 9 to 18 centimeters
in diameter; the tallest specimen is approximately 20 centime-
ters in height, possibly reaching 5-6 meters in life. The stumps
are separated 1.95 meters on average (1 tree per 3.8 square
meters), suggesting a very dense forest.

An analysis of ring structure in the Mount Achernar wood
reveals that distinct growth rings are present. These are narrow
(generally 4.5 millimeters wide), although occasional, very
much larger rings (about 11.4 millimeters) are present. The
rings consist primarily of earlywood with a small proportion of
latewood. A maximum of 7 growth rings have been counted in
one specimen, indicating a short life span for the entire stand.
The bedding plane that includes the trunks is dominated (56
percent) by a Glossopteris leaf-litter; Vertebraria roots are also
present. It is probable that the trunks and compression fossils
were produced from the same type of plant. These plants were
growing on floodplains with well-developed soils and were part
of a braided fluvial system.

The second forest occurs in the upper Gordon Valley, near
Mount Falla (84°11'10"S 164°54'28"E). This site is within the
upper part of the Fremouw Formation and is believed to be
Middle Triassic in age. There are many more rooted stumps
preserved at this site (approximately 100 on two levels) than at
the Permian site. The forest covers an area of approximately
128 x 30.5 meters. The trees are also larger than those at Mount
Achernar, ranging from 13 to 61 centimeters in diameter (fig-
ure). The tallest trunk is about 60 centimeters high and prob-
ably exceeded 20 meters in life. The stumps are separated 6.23
meters on average (1 tree per 38 square meters or 258 trees per
hectare), forming part of a relatively open, mature forest. Each
tree covered 0.075 square meters per hectare 19.31 square
meters total trunk cover per hectare. A Dicroidium leaf-litter,
probably produced by the same plants as the stumps, covers
50 percent of the bedding plane in which the trunks occur. This
forest grew on the levee of a braided river system where the
soils were sandy and not very well-developed. Slighty smaller
growth rings suggest a more mature forest than at the Permian
site (largest trunk = 86 rings). Growth rings are currently being

Silicified Triassic tree trunk in growth position in the upper Gordon
Valley, central Transantarctic Mountains. Distance from ground
level to top of trunk is approximately 1 meter.

analyzed utilizing standard dendrochronology techniques
(Cook and Kairiukstis 1990, also outlined in Jefferson 1982).

Although growth rings in fossil wood have been described
from other sites in Antarctica (e.g. Francis 1986; Taylor 1989,
pp. 109-113), there has been only one other report of a fossil
forest preserved in growth position (Jefferson 1982). This ma-
terial occurred on Livingston Island in Lower Cretaceous rocks.
The ring structure exhibited by the in situ wood from the central
Transantarctic Mountains is typical of that described from high
latitudes today, as well as fossil material collected from high
paleolatitudes (e.g., Spicer and Parrish 1990). It is also compa-
rable to that from other sites in the Transantarctic Mountains
(e.g., wood from the permineralized peat deposits on Skaar
Ridge (Permian) and Fremouw Peak (Triassic)) (Taylor 1989), as
well as with Jefferson's data from Alexander Island.

The importance of trees preserved in growth position is that
not only can the ring structure be analyzed using standard
dendrochronology techniques (e.g., Cook and Kairiukstis
1990), but forest density can also be calculated, as Jefferson
(1982) illustrated on Livingston Island (Antarctic Peninsula).
This density provides data on the productivity of the forests
(Creber 1990, pp. 37-41) which can be compared with that
known from other forests, both living and fossil.
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This work was supported in part by National Science Foun-
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This paper reports on field work on the granitic and meta-
morphic basement rocks of the Transantarctic Mountains dur-
ing the 1990-1991 austral summer. It supplements previous
reports in Antarctic Journal (see Borg and DePaolo 1990).

Geologic mapping and sampling of granitic and metamorphic
rocks were carried out in the Horlick Mountains (including the
Wisconsin Range, the Ohio Range, Long Hills, Metavolcanic
Mountain, and Minna Spur) and the Whitmore Mountains dur-
ing the 1990-1991 austral summer. This was accomplished with
a combination of Twin Otter support and ground traverses. In
early December, a tent camp, including several fuel drums for
Twin Otter operations, was placed by LC-130 about 4 kilometers
north of Metavolcanic Mountain on the east side of the upper
Reedy Glacier (figure) for later occupancy. The field party and
geologic field equipment were staged at the Corridor Aerogeo-
physics of the Southeastern Ross Transect Zone (CASERTZ)
camp (figure) for Twin Otter operations. An additional fuel
cache was established in the northwestern Horlick Mountains
by the Twin Otter crew prior to beginning science support. The
Twin Otter was used in a close-support role for reconnaissance
geologic mapping and sampling directly from the CASERTZ
camp. Although the CASERTZ camp was approximately 1 hour
flight time from the nearest outcrop, it provided access to a
large segment of the Transantarctic Mountains, from the upper
Reedy Glacier to the Whitmore Mountains. In a close-support
role, the Twin Otter proved to be ideal for our purposes, pro-
viding a large operational area with the ability to land within
walking distance of outcrops. About 1,600 kilograms of rock
was collected representing all the basement lithologies (79 sam-
ples from 46 localities).

Our work follows up on reconnaissance studies done in the
Horlick Mountains by J. Murtaugh and G. Faure in the late

1960's (Murtaugh 1969; Faure, Murtaugh, and Montigny 1968).
Our goal is to characterize the crystalline basement rocks in
terms of their neodymium, strontium, and oxygen isotopic
compositions and to delineate crustal provinces (see Borg and
DePaolo 1990; Borg, DePaolo, and Smith 1990).

The basement in the Horlick Mountains region is composed
of granitic and metamorphic rocks (see Murtaugh 1969). The
metamorphic rocks include both metasedimentary and metaig-
neous lithologies. At Spear Nunatak in the upper Reedy Glacier
area, the metasedimentary rocks are represented by complexly
folded amphibolite-grade banded gneisses and schists. This
unit is lithologically similar to the Miller Formation in the upper
Nimrod Glacier region. In the lower Reedy Glacier area, meta-
sedimentary rocks are represented by greenschist facies gray-
wacke-shale sequences, probably equivalent to the LaGorce
Formation. Metaigneous rocks are represented by dacitic por-
phyritic volcanic rocks, probably Wyatt Formation, exposed at
Metavolcanic Mountain, in the Mims Spur region, and in the
Long Hills. Granitic rocks that have intruded these metamor-
phic rocks range from granite to granodiorite and include de-
formed and undeformed lithologies. The deformed lithologies
are associated with well-developed shear zones, and there is
no compelling field evidence to suggest that any of these gran-
ites are significantly older than the undeformed lithologies. All
of the granites in the Horlick Mountains are probably associ-
ated with the Cambro-Ordovician Ross Orogeny.

Analytical work is underway to characterize the granites and
metamorphic units. This will allow us to trace basement prov-
inces delineated in the Nimrod-Shackleton Glaciers region to-
ward the southeast in the Transantarctic Mountains.

We would like to thank National Science Foundation Polar
Operations, Kenn Borek Air Ltd., VXE-6, and Antarctic Sup-
port Associates, Inc., for their efforts in support of our field
work. Special thanks go to Henry Perk, Jim Pearce, and Doug
Gaunt of Kenn Borek Air Ltd., and to Kevin Killilea (manager
of the CASERTZ camp) and Rick Campbell (field party liaison)
of Antarctic Support Associates. This research was supported
by National Science Foundation grant DPP 88-16925.
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High-titanium basalt
and dolerite clasts from the

Elephant and Reckling moraines
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Clasts of basalt and dolerite comprise 89 percent of the Ele-
phant Moraine (unofficial name, 76°17'S 157°20'E) and 43 per-
cent of the Reckling Moraine (unofficial name, 76°15'S 158°40'E)
(Faure et al. in press). Faure, Kallstrom, and Mensing (1984)
reported that two dolerite clasts from the Elephant Moraine
have an average initial strontium-87/strontium-86 ratio of
0.7099 ± 0. 0001, which is characteristic of the Ferrar Dolerite
and the Kirkpatrick Basalt in the Transantarctic Mountains.

Ten specimens of basalt and dolerite from the Elephant and
Reckling moraines were analyzed for major-element concentra -
tions (X-Ray Assay Laboratories). Two of the samples from the
Reckling Moraine have elevated concentrations of titanium ox-
ide (1.10 and 1.42 percent) compared to an average of 0.70 ± 0.12
percent for the other eight samples. The high-titanium basalts,
labeled A and B in the figure, also have elevated concentrations
of ferric oxide, silica (not shown), and phosphate (not shown),
whereas their concentrations of aluminum oxide, calcium ox-
ide, and magnesium oxide (not shown) are anomalously low.
These differences in the chemical compositions of basalt and
dolerite clasts are the same as the differences in composition
reported for two suites of basalt on Pain Mesa in the Mesa
Range of northern Victoria Land by Mensing et al. (1991, in
preparation) and by Mensing (1987). High-titanium dolerite
was also reported by Kyle, Pankhurst, and Bowman (1983) from
the summit of Gorgon Peak in the Griffin Nunatak (75°55'S
158°20'E) about 40 kilometers northwest of the Reckling Mo-
raine. The presence of high-titanium basalt and dolerite in
southern Victoria Land is significant because similar rocks in
northern Victoria Land contain isotopic and chemical evidence
of a thermal overprint of Cretaceous age.

The occurrence of a Cretaceous thermal event in northern
Victoria Land is supported by potassium-argon dates (90 to 120
million years) of altered lava flows from the Litell Rocks north
of the Mesa Range (Kreuzer et al. 1981). In addition, Delisle
and Fromm (1989) reported a Cretaceous paleomagnetic pole
position for a sill on Roberts Butte in northern Victoria Land
that agrees well with a pole position determined for rocks from
the Litell Rocks. Therefore, Delisle and Fromm (1989) con-
cluded, in agreement with Mensing (1987), that these rocks
had either formed during the Cretaceous period or they had
been altered by a thermal event of that age.

Thermal activity of Cretaceous age in northern Victoria Land
is consistent with the plate-tectonic model of Antarctica pro-
posed by Schmidt and Rowley (1986). In this model, Marie Byrd
Land of West Antarctica was contiguous with northern Victoria
Land in pre-late Jurassic time. In middle to late Mesozoic time,
Marie Byrd Land was the scene of large-scale magmatic activity
resulting in the intrusion of granitic batholiths (Boudette, Mar-
vin, and Hedge 1966; Halpern 1971, 1972). Therefore, if Marie
Byrd Land was located adjacent to northern Victoria Land in
late Jurassic to Cretaceous time, a thermal event, or even vol-
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Histogram of titanium oxide (Ti0 2), ferric oxide (Fe 203) (total iron),
aluminum oxide (Al203), and calcium oxide (CaO) of basalt and
dolerite clasts from the Elephant and Reckling moraines. The
clasts labeled A and B from the Reckling Moraine are enriched in
titanium oxide and ferric oxide but depleted in aluminum oxide and
calcium oxide compared to the majority of clasts from the mo-
raines. Clasts A and B, therefore, have the same chemical char-
acteristics as the anomalous sill on Gorgon Peak, Griffin Nunatak,
studied by Kyle et al. (1983).

canic activity, may also have dccurred in northern Victoria
Land, as postulated by Mensing (1987) and Delisle and Fromm
(1989).

The results of this study suggest, therefore, that a thermal
overprint of Cretaceous age may also be detectable in the basalt
and dolerites of southern Victoria Land.

This study was supported by Ohio State University at Marion
Research Grant Program and by National Science Foundation
grant DPP 87-16088.
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Short-term variations
in the rate of eolian processes,

southern Victoria Land,
Antarctica

MICHAEL C. MALIN*

Department of Geology
Arizona State University

Tempe, Arizona 85287-1404

In the absence of contemporary fluvial and other geological
and biological processes capable of removing weathered mate-
rial from rock surfaces, eolian abrasion acts as an important
limit on the rate and magnitude of erosion in the antarctic cold
desert. As noted in previous Antarctic Journal of the U.S. prog-
ress reports from this study, the amount of abrasion depends
on sediment supply, wind speeds and turbulence, and the het-
erogeneity of target materials. Earlier reports were based on
single-year observations at the 11 test sites scattered through-
out the ice-free valleys and transantarctic ranges in southern
Victoria Land (figure; Malin 1985, 1988). Only one site had more
than a single year of observation. In addition to providing spe-
cific numerical values for short-term abrasion, Malin (1988) con-
cluded, first, that abrasion rates determined from single-year

*Current address: Malin Space Science Systems, San Diego, California 92121

observations were probably not representative of long-term av-
erages, although they indicated in general the order of magni-
tude of abrasion, and, second, that field values were nearly two
orders of magnitude lower than laboratory measurements, re-
flecting primarily the differences between duration and cumu-
lative exposures for the two types of studies.

Samples deployed during the austral summer of 1983-1984
were retrieved during the austral summer of 1988-1989, after
exposure for approximately 5 years. The 5-year sample suite
includes three different materials (basalt, dolerite, and non-
welded volcanic tuff) arrayed at five different heights above the
surface (nominally 7, 14, 21, 35, and 70 centimeters) facing four
orthogonal directions (oriented true north, east, south, and
west) at 10 sites, plus two materials (dolerite and tuff) at five
heights and facing four directions from site 11, on the "blue
ice" adjacent to the Allan Hills. Sand collectors deployed
throughout the experiment, facing the same directions and col-
lecting at the same heights, were also sampled; the results of
analysis of these specimens will not be reported here.

Because the 5-year exposure included the effects that oc-
curred during the single-year exposure, two computations were
made to assess the magnitude of the longer term average abra-
sion. First, the 5-year exposures were divided by 5, weighting
the first year equally with subsequent years. Second, the single-
year results were subtracted from the 5-year results, and the
resulting value for the 4 years was then divided by 4, to separate
effects of the first year's abrasion from that which occurred in
later years.

On average, a minimum of 67 to 75 percent of abrasion meas-
ured after 5 years occurred during the first year of the study.
At some sites and in some directions, all the abrasion (to the
ability to measure mass changes) occurred during that single
year, while at other locations and in other directions the first
year's mass loss was less than the average of the remaining
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Computer simulated view of ice-free valleys of southern Victoria Land, Antarctica, showing locations of 9 of 11 test sites from an altitude
of approximately 15,000 meters over Marble Point, looking west. Wright Valley is in the center of the image, the Victoria Valleys are to the
right (north).

years' mass loss. Despite the philosophical problems inherent
in averaging such wildly variable data, it appears, averaging all
heights, all directions, and all materials, that an order of mag-
nitude more abrasion occurred during 1984 than in each of the
subsequent 4 years. This result is not surprising, because other
factors (for example, the condition of the target racks and sand
collectors, the failures of automated weather stations, and so
forth) had indicated that the winter of 1984 had been anoma-
lous. In addition, simultaneous collection of sediment is con-
sistent with this view; it indicates that significantly more ma-
terial was in motion during 1984 than in subsequent years. The
mass of sediment collected, the susceptibility of the target ma-
terials known from both laboratory and field studies, and the
magnitude of abrasion also suggest that sediment transport
velocities were much higher in 1984 than in the subsequent 4
years.

Two sedimentological factors appear to play important roles
in determining where abrasion occurs: the availability of loose,
wind-transportable debris and the small-scale configuration of
the surface. As noted in earlier studies (Malin 1984, 1985, 1986,
1988), surfaces mostly or partly covered with loose, wind-trans-
portable material show the most abrasion: site 1, in the Victoria
Valley dunes, and site 7, on the northern flank of central Wright

Valley east of Bull Pass and a few hundred meters above the
Onyx River floodplain, experienced abrasion that was factors
of .2 to 5 greater than other areas. Site 6 (lower Wright Valley
near Lake Brownworth) and site 9 (upper Taylor Valley on Bon-
ney Riegel above Lake Bonney), however, also show significant
abrasion, and yet have much less freely mobile sediment. Sur-
face configuration at these two sites probably contributes indi-
rectly to enhanced abrasion in two ways. First, sand saltating
across rock-strewn, armored surfaces attains greater kinetic
energy (primarily because of higher rebound heights), and even
a small amount is more effective in abrading. Second, coarse
sand and gravel are often the only wind-transportable particles
exposed on such surfaces (owing to previous exportation of
finer fractions), which require higher winds to move and, once
in motion, have greater kinetic energy owing to both larger
mass and higher velocities of transport.

The 5-year study confirms the conclusion based upon the
single-year results that indicated that abrasion of rock targets
was occurring at site 11, despite the fact that the moving sedi-
ment there was particulate ice. Although abrasion at the Allan
Hills site was the lowest of any site during 1984, the average
over 5 years, despite occasional burial by drifted snow, was
comparable to that at site 5 (eastern Asgard Range), site 8
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(North Fork, Upper Wright Valley), site 10 (Cirque 4, Asgard
Range), and site 3 (northern Bull Pass). The average amount of
abrasion at site 11 (dolerite approximately 0.001 grams per
square centimeter per year and nonwelded tuff approximately
0.01 grams per square centimeter per year or about 3 microm-
eters and 80 micrometers, respectively) is a factor of 5 to 10 less
than the estimate in Maim (1988) based on the single-year mea-
surement and is consistent with codicils attached to that pre-
vious estimate. Despite a fivefold increase in exposure, such
small values remain near the limit of experimental uncertainty;
longer exposures presently underway should continue to re-
duce this uncertainty.

In many environments, chemical and biochemical weather-
ing of rocks is limited by the ability of the weathered materials
to be removed and transported away from the rock. Although
slow in comparison to other environments, removal of weath-
ered material from antarctic rocks in areas subjected to wind-
transport of loose sediment appears to be sufficiently rapid to
continually replenish fresh surfaces for further weathering. In
other areas, however, this is not the case, and weathering prod-
ucts and silica and iron-oxide deposition "choke-off" weather-
ing. The rates and amounts of abrasion determined in this
study may be combined with numerical and analytical studies
of chemical activity to further constrain rates of geomorphic
modification in Antarctica.

I am indebted to many people for their help with this re-
search. Dean B. Eppler prepared the materials for, and partic-
ipated in, deployment of the test equipment during the 1983-
1984 field season. Michael A. Ravine assisted in recovery of the
equipment during the 1988-1989 season. Diana Michna per-
formed the pre- and postdeployment measurements. I am es-
pecially indebted to numerous VXE-6 helicopter pilots and crew
chiefs who enthusiastically supported this effort without sub-
stantially adding to the abrasion of the test targets. This work
was supported under National Science Foundation grants DPP
82-06391 and DPP 87-16505.
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volcanic outcrops
in the Kukri Hills,

southern Victoria Land
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Late Cenozoic volcanic rocks are exposed in several locations
in Taylor and Wright Valleys, southern Victoria Land (Haskell
et al. 1965; Armstrong 1978; Wright and Kyle 1989; Wilch et al.
1989). The outcrops are small relative to the nearby volcanic
rocks comprising Ross Island, Mount Discovery and Mount
Morning, with cones typically less than 250 meters in size and
total thicknesses less than 60 meters. They are important, how-

ever, because they are stratigraphically related to glacial de-
posits, and thus the chronology of volcanic rocks helps define
the history of glaciation in the region (Denton, Armstrong, and
Stuiver 1971).

During the 1990-1991 field season, we visited the western
end of the Kukri Hills, between Taylor and Ferrar valleys, and
documented the existence of two previously unreported vol -
canic outcrops. The two locations, referred to informally here
as Haskell Ridge and Kukri Cone (see figures 1, 2, and 3), have
the highest altitude and are among the largest outcrops of vol-
canic rocks in the McMurdo Dry Valley region.

Haskell Ridge is an elongate feature consisting of scoria and
lava flows, approximately 500 meters in length, and located just
west of the Borns glacier Névé at approximately 1,920 meters
elevation. At the center of the ridge is a circular bowl-shaped
depression, 130 meters in diameter, that is inferred to be a
volcanic cone. The rocks are pyroxene and olivine phyric, and
contain crustal xenoliths of dolerite and sandstone.

Kukri Cone is a distinctive volcanic cone between the Borns
and Calkin glaciers, approximately 500 meters in diameter, at
approximately 2,000 meters elevation. Only the northeastern

1620E
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110	 :i9 Exposed Bedrock	 Snow and Ice

Figure 1. Location map of the Kukri Hills, southern Victoria Land, showing the location of Haskell Ridge and Kukri Cone relative to the
Taylor and Ferrar glaciers. The locations of other volcanic rocks in this region can be found in Wright and Kyle (1989) and Wilch et al.
(1989). (km denotes kilometer.)
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Figure 2. This oblique view, facing northwest, shows the dark volcanic rocks of Haskell ridge, which rest unconformably on the lighter
Beacon sandstone. The clouds in background cover upper Taylor Valley, and the steep topography in foreground inclines to Ferrar Glacier.

crater rim was visited, which consists of sparsely phyric, brown
oxidized scoria and volcanic spatter. Crustal xenoliths also are
present within the volcanic rocks. Kukri Cone is the largest
volcanic cone among the volcanic deposits of Taylor and Wright
Valley.

Basement rocks, which are inferred to be glacial erratics
based on size, lithology, and surface texture, relative to the
observed crustal xenoliths, both overlie, and occur within, re-
worked volcanic material at the edges of both outcrops. The
erratics may correspond to a glacial margin that postdates the
volcanic rocks, or they may represent the remains of a drift
sheet that predates the volcanics and now resides on top be-
cause of the periglacial processes. An attempted evaluation of
the stratigraphy by excavation in loosely consolidated volcanic
debris at the western edge of Haskell Ridge was unsuccessful
because of near-surface ice cement. Further studies of these
two sites, coupled with geochronology, may provide important
information about the glacial history of the region.

This work was supported by National Science Foundation
grant DPP 88-17406. We thank G. Denton and T. Wilch for
advice and an introduction to the volcanics of the region, Bar-
bara Haskell for crucial assistance, and the excellent support of
the pilots and crew of the U.S. Navy VXE-6, without whose
help these locations could not have been visited.
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Figure 3. An oblique view, facing northeast, of Kukri Cone, the circular crater at the center of photograph. The Taylor and Rhone glaciers
are barely visible in the upper left corner of the frame. Dark rocks in foreground and background are Ferrar dolerite.

Geology and chemistry
of the Early Paleozoic dike-swarms

in southern Victoria Land

BAIQING Wu and JONATHAN H. BERG

Department of Geology
Northern Illinois University

DeKaib, Illinois 60115

Several thousand dikes crop out extensively in the Precam-
brian and Early Paleozoic metamorphic basement rocks and the
granitic plutons of Granite Harbor Intrusives in southern Vic-
toria Land. Field relationships and isotopic ages (440-510 mil-
lion years) of these dikes (Angino, Turner, and Zeller 1962;
Jones and Faure 1967) suggest that the dikes were emplaced in
the late stages of the Ross Orogeny. Most of these dikes have
northeast strike orientations parallel to the trend of the Trans-
antarctic Mountains, and some others show northwest trends.
The dikes are typically 0.5-3 meters wide, with some up to 10
meters. These dikes consist of a variety of rock types including
lamprophyres, malchites, microdiorites, porphyrites, porphy-

ries, and microgranites. Lamprophyre and malchite dikes are
often cut by porphyrite and porphyry dikes.

Among these dikes, lamprophyre is the most abundant and
important rock type, representing the only. mantle-derived
mafic magmatism of the Ross Orogeny in this region. The lam-
prophyre dikes also show regional distribution. In the Royal
Society Range, the southern part of the study area, lampro-
phyres consist of a variety of ultramafic, alkaline, and caic-
alkaline rock types including aillikite, camptonite, spessartite,
and vogesite; whereas in the Dry Valleys and the Granite Har-
bor area, the northern part of the study area, the lamprophyres
are all calc-alkaline, mainly spessartites.

Most of the dikes are quite fresh, some with minor to mod-
erate alteration. All of the lamprophyres have typical panidi-
omorphic textures, many with globular structures (carbonatitic
or felsic composition), but mineralogy varies with different rock
types. The ultramafic lamprophyres contain phenocrysts of
phlogopite and diopside; the alkaline lamprophyres have diop-
side and kaersutite/titanium-pargasite. Diopside phenocrysts
are typically strongly zoned. In calc-alkaline lamprophyres,
hornblende/hastingsite is the most common phenocryst; augite/
diopside, phlogopite/biotite, and olivine also occur as pheno-
crysts in some dikes. Carbonate, apatite, and iron-titanium
oxides occur in all rock types and are very common in ultra-
mafic and alkaline lamprophyres. Malchites have phenocrysts
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of hornblende, plagioclase, and biotite. Some lamprophyre
dikes contain an abundance of crustal xenoliths, including gar-
net granulites and garnet anorthosites from the deep crust and
macrocrysts of diopside, garnet, hornblende, and phlogopite.
Further study of these crustal xenoliths should provide valuable
information on the late- or post-Ross Orogenic crust in this
region.

Both the ultramafic and alkaline lamprophyres have high
abundances of compatible elements, with magnesium numbers

70 percent: nickel 190 parts per million, cobalt 63 parts
per million, chromium 550 parts per million, and scandium

31 parts per million. They are also extremely enriched in
large-ion-lithophile elements, high-field-strength elements,
and light-rare-earth elements, with barium 4,200 parts per
million, strontium 1,800 parts per million, niobium 65 parts
per million, and cerium c195 parts per million. These chemical
features imply that these rocks may represent primary melts
derived from low-degree partial melting of enriched mantle
sources, likely metasomatized peridotites, and have undergone
little or no differentiation from crystal fractionation and crustal
contamination. The calc-alkaline lamprophyres have a large
range of chemical composition with silica equal to 46-57 weight
percent and magnesium number equal to 45-72 percent, which,
shown by their chemistry and petrology, is probably produced
by a combination of crystal fractionation of diopside and horn-
blende and crustal assimilation. Their most primitive compo-
sitions, with magnesium number of c72 percent, nickel 210
parts per million, cobalt 75 parts per million, chromium

670 parts per million, and scandium 34 parts per million,
are likely primary magmas derived from mantle sources. These

rocks are also highly enriched in large-ion-lithophile elements
and light-rare-earth elements, with rubidium 180 parts per
million, barium 1,500 parts per million, and cerium 130
parts per million, but display relatively strong depletion of
high-field-strength elements, which is the characteristic of
magmas generated above a subduction zone, suggesting in-
volvement of subducted-slab derived components in the gen-
eration of calc-alkaline lamprophyric magmas. The chemistry
of these lamprophyres strongly suggests the existence of a sub-
duction process and metasomatized mantle below southern
Victoria Land during the Ross Orogeny. Other rock types in-
cluding malchites, microdiorites, porphyrites, and porphyries
have a composition range of silica equal to 55-71 weight percent
and magnesium number equal to 25-50 percent. Their com-
positions show continuing trends from caic-alkaline lampro-
phyres, implying strong genetic relations.

We would like to thank Richard J . Moscati for assistance in
field work and members of the VXE-6 squadron for helicopter
support. This research was supported by National Science
Foundation grant DPP 88-16988.
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Seismic investigation
of the boundary between
East and West Antarctica
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The Transantarctic Mountain front constitutes the boundary
between East and West Antarctica. The continental crust of East
Antarctica (on which the Transantarctic Mountains are located)
is probably thick and tectonically stable (e.g., Stern and ten

*Current address: U.S. Geological Survey, Branch of Atlantic Marine Geol -
ogy, Woods Hole, Massachusetts 02540.

Brink 1989). The adjacent West Antarctica is, on the other hand,
underlain by a thin continental crust resulting from episodic
extension (rifting) in the past approximately 70 million years
(Cooper, Davey, and Behrendt 1987). Thrusting and folding,
which characterize mountain ranges of similar size such as the
Andes and the Rocky Mountains, are not observed in the Trans-
antarctic Mountains. The building of the Transantarctic Moun-
tain range was accompanied by extension and a gentle asym-
metric tilt of strata toward the polar plateau. Thus, the
Transantarctic Mountains are probably the most striking global
example of a different category of mountains, the rift-shoulder
mountains (e.g., Stern and ten Brink 1989).

Stanford University and the Geology and Geophysics Divi-
sion of the Department of Scientific and Industrial Research
(DSIR) of New Zealand carried out the Seismic Experiment Ross
Ice Shelf (SERIS) during austral summer 1990-1991 across the
Transantarctic Mountain front at latitudes 82°-83° S. The ex-
periment included a 134-kilometer-long seismic reflection pro-
file and a 96-kilometer-long coincident wide-angle reflection/
refraction profile. Gravity and relative elevation (using baro-
metric pressure) were measured along the entire profile. The
primary purpose was to image the transition from the rift sys-
tem to its uplifted shoulder to gain insight into the processes
of crustal rifting and rift-shoulder mountain building. Because
it was the first large-scale, modern multichannel seismic ex-
periment in the remote interior of Antarctica, SERIS had a sec-
ond purpose: to test different seismic acquisition techniques
and the logistical support that will be involved in future seismic
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exploration of the continent. The geological research of Antarc-
tica heavily depends upon seismic and other remote-sensing
techniques because of the paucity of rock exposures.

The scientific objective required that the seismic profile cross
the Transantarctic Mountain front. Unlike most other antarctic
experiments, seismic experiments involve land traverse by large
vehicles. Only one glacier along the 1,500-kilometer-Iong central
Transantarctic Mountains, the Skelton, had been previously
traversed by heavy vehicles, but the orientation and the location
of this glacier were, scientifically, not suitable. After extensive
inquiry and two reconnaissance flights, the Robb and Lowery
glaciers, two interconnected glaciers 80 kilometers north of the
Beardmore Glacier, were selected (figure 1). These glaciers of-
fered moderate topographic slope and were relatively free of
crevasses and were sheltered from wind. The profile extended
from the Ross Ice Shelf to a distance of 40-50 kilometers into
the mountains and terminated against the 4,350-meter-high
Markham Plateau where geological markers indicate a 4-6 kil-
ometers of uplift. The experiment sampled two antarctic acqui-
sition environments: grounded glacial ice overlying crystalline
basement and floating ice shelf (200-500 meters thick) overlying
both water and sediments.

The seismic sources for the reflection experiment were 5- and
75-kilogram explosive charges placed at 200-meter intervals at
the bottom of 17- to 18-meter-deep holes in the ice. Shot holes
were drilled in the ice by a hose ejecting hot (80 °C) water at
high pressure. An improved nozzle design saved physical la -
bor. Although the drilling rate, three to five holes per hour,
was fast relative to similar operations on soil-covered land, it
was, nevertheless, slower than the rate of acquisition. Several
test shots of blasting cord were also fired. Using blasting cord
as a potential sound source may save fuel and manpower for
drilling, eliminate shot preparation, and increase the acquisi-
tion rate. Preliminary comparison with down-hole shots indi-
cates, at least, good energy returns from shallow (2-3 seconds)
depth.

Two receiving systems were compared during the experi-
ment. A conventional seismic cable with 48 groups of geophone
strings at 50-meter intervals was used over 51 kilometers out of
the 134-kilometer-long profile, mostly on the glaciers. The re-
mainder of the profile (83 kilometers, on the ice shelf) was
recorded using a 1.5-kilometer-long, 60-channel experimental
snow streamer borrowed from Norsk-Hydro. Two shots, lo-
cated 0.2 and 1.8 kilometers ahead of the streamer location,
were shot into each streamer location to achieve an effective 3-
kilometer-long receiving array of 120 groups of geophone
strings at 25-meter group intervals. The streamer was towed
by an over-snow vehicle which also housed the seismic record-
ing unit.

Seismic field records from the two systems were found to
have similar noise levels despite the fact that the geophones
connected to the conventional cable were buried whereas the
geophones dragged by the streamer lay on the surface. Some
streamer-geophone groups became considerably noisier, how-
ever, above wind speeds of 5-6 knots (2.5-3 meters/second).
In all other respects, the streamer proved superior to a conven-
tional cable—the rate of acquisition was doubled, manpower
was cut by half, and there were considerable savings in vehi-
cles, sleds, and fuel usages.

The wide-angle reflection/refraction experiment consisted of
four deployments of a 23-25-kilometer-long receiving array,
with 162 channels and a geophone group interval of 100-300
meters. Two of the deployments were situated mostly over gla-
ciers of the Transantarctic Mountains whereas the other two
were on the Ross Ice Shelf. Independent recording instruments,
cables and geophones all borrowed from Incorporated Research
Institutions for Seismology, constituted most of the receiving
array.

Shots for each deployment were detonated at each end of the
receiving array and farther away from the array with a maxi-
mum shot-receiver offset of 90 kilometers on the ice shelf and
51 kilometers on the glacier. Shot sizes ranged (with offset)
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Figure 1. Location of the SERIS profile across the eastern edge of the Transantarctic Mountains and on the Ross Ice Shelf. Three logistical
camps, Kilo, Lima, and Mike are marked. (km denotes kilometer.)
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between 100 and 400 kilograms and the charges were placed at
the bottom of 20-meter-deep holes. Data were recorded on the
internal RAM of each unit and were transferred to a portable
hard disk immediately following shooting. Preliminary proc-
essing was carried out in the field on a workstation.

Preliminary stack section from the ice shelf (see figure 1 for
location) shows sub-seafloor sedimentary layers which dip east
and away from the mountains (figure 2). Similar east-dipping
sedimentary strata are seen in marine seismic sections from
the Ross Sea close to the mountain front. The dipping strata in
the Ross Sea were interpreted to be the result of the uplift of
the mountains (Cooper et al. 1987). Wide-angle reflection data
suggests that the Robb and Lowery glaciers are grounded and
are directly underlain by crystalline basement (e.g., figure 3).
The data further show a band of high reflectivity starting at a
travel time of 6.5 seconds under the boundary between the Ross
embayment and the Transantarctic Mountains and dipping to
a travel time of 10 seconds at the western end of the profile (see
figure 1 for location). The zone of high reflectivity is interpreted
as the crust-mantle interface. Using an average seismic velocity
for crustal rocks of 6 kilometers per second, we determined
that the crust-mantle boundary dips from 20 to 30 kilometers
under the mountain front. It should be emphasized that these
are only partial results. Analysis of the seismic data is currently
underway at the U.S. Geological Survey, Stanford University,
and the DSIR, New Zealand.
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for their invaluable help and good spirits.
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The Phillips, Fosdick, and Chester Mountains are located in
the northern Ford Ranges of western Marie Byrd Land. They
trend east-west and are separated by about 15-20 kilometers
(figure 1). Plutonic rocks crop out in the Phillips and Chester
Mountains while the Fosdick Mountains comprise high-grade
metamorphic rocks. The Ford granodiorite is a Devonian-Car-
boniferous granodiorite-tonalite found in the Phillips and
Chester Mountains and the Denfield Mountains immediately
to the south; the Byrd Coast granite is a Cretaceous epizonal
granite which is ubiquitous throughout the Ford Ranges (Wade,
Cathey, and Oldham 1977a, 1977b, 1978). The Fosdick meta-
morphic complex comprises migmatized paragneiss and or-
thogneiss found in the Fosdick Mountains (Wilbanks 1972). We
conducted field studies during the 1989-1990 and 1990-1991
austral summers in these ranges. The field studies included
mapping, structural measurements, and sampling for isotopic,
paleomagnetic, and petrological investigations (Project FORCE;
Ford Ranges Crustal Exploration). (See also Kimbrough et al.
1990.) The field team included the authors and mountaineers
Alasdair Cain and Steve Tucker for 1989-1990 and John Roberts
and Terry Schmidt for 1990-1991.

The Phillips, Fosdick, and Chester Mountains form one or
more south-dipping tilted blocks. The north face of the Fosdick
Mountains is defined by spectacular cliffs up to 500 meters
high. A subhorizontal geomorphic surface seen in the Phillips
(Mount Paige) and the eastern Fosdick Mountains, may be the
Late Cretaceous/Early Tertiary erosion surface described
throughout Marie Byrd Land by LeMasurier and Rex (1983).
Our field mapping resulted in revisions to the maps of Wade,
Cathey, and Oldham (1977a, 1978). In the Phillips Mountains,
outcrops at 145°W are Ford granodiorite not Byrd Coast granite,
and Herrmann Nunatak is Ford granodiorite not Byrd Coast
granite. In the Fosdick Mountains, some outcrops mapped as
Fosdick metamorphic rocks in the east are Cenozoic volcanics.
A transitional plutonic-metamorphic rock unit (Neptune-Grif-
fiths transitional rocks) has been defined for rocks exposed on
Neptune and Griffith Nunataks and on the south side of Mount
Richardson. It comprises foliated hornblende-biotite tonalite or
granodiorite (Ford granodiorite?) with metamorphic enclaves.
It is interpreted to represent the transition between the Fosdick
Complex and the Ford granodiorite of the Chester Mountains.

Fosdick metamorphic complex. The Fosdick Mountains provide
an opportunity for direct observation of the deeper levels of
continental crust in this segment of Marie Byrd Land. The Fos-
dick metamorphic complex consists primarily of a variety of
interlayered migmatitic orthogneisses and paragneiss. The
complex is subdivided into three structural-lithologic assem-
blages:
• predominantly metapelitic gneisses with a steep 5, and

strong crenulation imposed by development of subhorizontal
S2 (Avers assemblage);

• predominantly granitoid orthogneisses, well layered in S,
with subsidiary layers of paragneiss (Bird Bluff assemblage);
and

• transitional metamorphic/plutonic rocks (Neptune-Griffiths
transitional rocks).

We interpret that the protolith for the paragneiss component of
the Fosdick metamorphic complex was a relatively homogene-
ous graywacke-argillite, probably correlative with the Cambro-
Ordovician Swanson Formation (Bradshaw, Andrews and Field
1983), intruded by granodiorite plutons (Devonian-Carbonifer-
ous Ford granodiorite?). The mixed orthogneiss and paragneiss
of the northern part of the complex pass southward, structur-
ally upward, into mostly granodioritic orthogneiss. Biotite, sil-
limanite, garnet, cordierite, quartz and potassium-feldspar are
present in pelitic gneisses throughout the range. Petrologic ob-
servations indicate a clockwise pressure-temperature path with
an episode of near-isothermic decompression at the time of
migmatization. Leucogranitic neosome bodies range from
homotropic and crosscutting to gneissic and concordant, dem-
onstrating that migmatization and the development of penetra-
tive gneissic foliation were coeval. Peak metamorphic condi-
tions are estimated at 4-5 kilobars and 725-800 °C. Preliminary
uranium-lead data indicate that migmatization occurred during
Mesozoic time, overprinting older metamorphic events. Argon-
40/argon-39 cooling studies show evidence of rapid exhumation
of the Fosdick Mountains in Late Cretaceous time.

The Fosdick Mountains constitute a large-scale deformation
zone. Older, steeply dipping gneissic foliation is preserved in
low-strain, highly crenulated zones in the north-central part of
the range. Straight gneisses in much of the rest of complex are
interpreted to be transposed from this older foliation. This
younger foliation dips predominantly south to southeast. Mig-
matization was accompanied and followed by intrusion of mafic
dikes. Advanced partial melting led to the formation of block
gneiss, in which lenses of paleosome and boudinaged dikes
were engulfed in a matrix of massive granitic neosome. Block
gneiss emplacement was largely post-kinematic. Retrograde
pegmatites and extensional veins trend east-southeast, consis-
tent with north-northeast extension during initial cooling of the
complex.

The deformation of the metamorphic complex was largely a
flattening, as indicated by the lack of a well-defined lineation
and the highly variable orientation of syn-metamorphic mafic
dikes. One discrete, high-strain zone, about 50 meters wide
and dipping to the south is located on the southeast ridge of
Mount Richardson; shear indicators show top-to-the-west shear
in this zone. Major plastic deformation was synchronous with
peak metamorphic conditions. Progressive overprinting by
lower temperature deformation features, typical of mid-crustal
ductile deformation zones, is not observed.

Plutonic and hypabyssal rocks. Ford granodiorite outcrops south
of the Fosdick Mountains in the Chester Mountains consist of
granodiorite plutons (approximately 353 million years old,
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Figure 1. Revised geologic map of the northern Ford Ranges showing routes of the Ford Ranges Crustal Exploration (FORCE) project trail
parties during the 1990-1991 austral field season.

based on uranium-lead zircon studies) with pendants of upper
greenschist facies metasedimentary rocks. Uranium-lead dis-
cordia on zircons show an inherited age of 1,300 million years
suggesting Precambrian contributions to source magmas. A
similar tonalite to granodiorite plutonic complex crops out in
the western Phillips Mountains north of the Fosdick Moun-
tains; these are correlated with Ford granodiorite. Most of the
Phillips Mountains, the eastern Fosdick Mountains, and iso-
lated nunataks east of the Chester Mountains comprise epi-
zonal biotite granite (approximately 103 million years old, based
on uranium-lead zircon studies) correlated with the Byrd Coast
granite. Both Ford granodiorite and Byrd Coast granite are
intruded by mafic dikes. Argon-40/argon-39 age spectra on
hornblende from a dike in the Chester Mountains are complex
but indicate an Early Cretaceous age. Undeformed biotite-mus-
covite granite intrudes the Fosdick metamorphic complex west
of Mount Avers. Two-mica granites also intrude the Ford grano-
diorite in the Chester Mountains and the Neptune-Griffiths
transitional rocks at Neptune Nunataks. Uranium-lead zircon
studies from the Neptune granite suggest a Permian age.

Lithologic gradation from mixed migmatite (Fosdick meta-
morphic complex) to granodioritic orthogneiss (Neptune-Grif-
fiths transitional rocks) to unfoliated granodiorite (Ford grano-
diorite) between the northern Fosdick and Chester Mountains
suggests that the Fosdick complex originated in a sub-bathol-
ithic domain related to the Ford granodiorite (figure 2). Ura-
nium-lead isotopic data indicating Mesozoic metamorphism
suggests migmatization was coeval with the intrusion of Byrd
Coast granites. Chemical data from Byrd Coast granite
(Weaver, Bradshaw, and Adams 1991) preclude derivation of
these plutons from anatectic melts derived from migmatite
complexes like the Fosdick metamorphic complex. Heating as-
sociated with the plutonism may have resulted in minor mid-
crustal melting without generating discrete magma bodies. De-
formation of the complex probably reflects some combination
of flattening to accommodate pluton intrusion and large-scale
deep-crustal flow related to initial breakup of Gondwanaland.

Volcanic rocks. Cenozoic volcanic centers (with a potassium-
argon age of 39 to 3.4 million years (LeMasurier and Rex 1982))
crop out along an east-west trend in the eastern Fosdick Moun-
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tains. Fault control of their distribution by unexposed, range-
bounding, master normal faults is suspected. The volcanic cen-
ters are the only outcrops of young basaltic rocks in the entire
Ford Ranges, and they lie along the axis of the Fosdick meta-
morphic complex. Inclusions of ultramafic rocks in basaltic
rocks are common. At several vent complexes inclusions of the
Fosdick metamorphic complex are also present. An approxi-
mately 200-meter section of basalt pahoehoe flows is exposed
at Mount Perkins in the east portion of the Fosdick Mountains.
This section is unconformably capped by tephra. The spatial
association of young basalts with high-grade rocks uplifted
from middle crust depths may correspond with a zone of thin,
extended crust. A local bouguer gravity high follows the trend
of the Fosdick Mountains and supports this interpretation
(Beitzel 1972). All the volcanic rocks are apparently ice-
sculpted. At Bird Bluff (figure 1) volcanic rocks drape down the
front of the Fosdick range; between Mount Avers and Mount
Lockhart, a dissected cinder cone is found on the Balchen valley
floor at the base of the cliffs. These observations suggest that
volcanism and block faulting were simultaneous. Younger nor-
mal faults cutting the volcanic rocks are oriented northwest-
southeast (photogeologic interpretation), and may represent a
change in strain orientation in Late Tertiary or Quaternary
time.

Gondwanaland and Cenozoic rifting. Paleomagnetic studies in
progress on all pre-Cenozoic rock types suggest a predominant
Cretaceous steep normal (up) direction; the Ford granodiorite
was apparently remagnetized at the time of Byrd Coast granite
intrusion. At sites in the Chester Mountains, this direction is
pointing southward at inclinations of - 50° to —70°. This is
interpreted to be the result of postmagnetization southward
tilting. Directions from mafic dikes are both steep and tilted
suggesting that tilting was occurring during dike injection. Nor-
mal polarity magnetizations indicate that tilting took place dur-
ing the Cretaceous long normal period. Preliminary determi-
nations of anisotropy of magnetic susceptibility show that the
Fosdick metamorphic complex lacks a strong linear fabric, but
where it is present, it trends north-northeast parallel to the
final strain episode.

The geomorphology is consistent with the idea that the Phil-
lips, Fosdick, and Chester Mountains are fault blocks with
steep northern sides. These mountains, along with the rest of
the Ford Ranges, evidently have undergone basin-and-range
style tectonics. This has been associated with either or both
Gondwanaland rifting (Bradshaw 1991; Tulloch and Kimbrough
1989), or Cenozoic extension in the Ross embayment (Cooper,
Davey and Behrendt 1987) and uplift of the Transantarctic

Figure 2. Representative geological column for the Fosdick Moun-
tains and the Chester Mountains showing the transition from
mixed migmatitic gneisses of the Fosdick metamorphic complex
into the Ford granodiorite. Patterns corresponding to rock types
are labeled on the figure. Predominantly metasedimentary crenu-
lated gneisses of the Avers assemblage are shown passing up-
ward into predominantly "straight" orthogneisses of the Bird Bluff
assemblage. These in turn pass into very heterogeneous lenticular
gneisses containing blocks and lenses of dioritic to monzogranitic
composition within leucocratic neosome (Neptune-Griffiths tran-
sitional rocks). The actual contacts are not exposed, so this rep-
resentation of the boundary between the Fosdick complex and
overlying Ford granodiorite is highly interpretive. (m denotes
meter.)
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Mountains (Behrendt and Cooper 1991). The Phillips and Fos-
dick Mountains trend subparallel to the Transantarctic Moun-
tains (as viewed in polar grid projection), as do other mountains
of the Ford Ranges. Furthermore, the individual ranges trend
oblique to the passive continental margin here, so their forma-
tion may have followed Gondwanaland rifting. A residual bou-
guer gravity anomaly low of at least -50 milligals (Beitzel 1972)
follows the Balchen Glacier which separates the Phillips and
Fosdick Mountains, suggesting that the glacier is flowing
through a graben between these mountains. Clasts of the
Swanson Formation, which crops out to the south, are found
in moraines in the Fosdick range. Glacial striae have been found
on the range tops showing transport from southeast-to-north-
west in the past oblique to present east-to-west transport. Be-
cause the west antarctic ice sheet is probably no older than
Oligocene (Bartek et al. 1991), this may indicate redirection of
glacial flow by Oligocene or later block faulting. Fault-controlled
volcanism also indicates significant tectonic events during Cen-
ozoic time. Cretaceous cooling ages, however, point out that
major tectonic unroofing preceded Cenozoic faulting. Topog-
raphy resulting from Gondwanaland rifting in Cretaceous time
was largely reduced to a Late Cretaceous/Early Tertiary erosion
surface; the present ranges were most likely formed by Oligo-
cene and younger extension tectonics.

This research was supported by National Science Foundation
grant DPP 88-17615. Contribution number 072-20CS of the In-
stitute for Crustal Studies.

References

Bartek, L.R., P.R. Vail, J.B. Anderson, PA. Emmet, and S. Wu. 1991.
Effect of Cenozoic ice sheet fluctuation in Antarctica on the strati-
graphic signature of the Neogene. Journal of Geophysical Research, 96,
6753-6778.

Behrendt, J.C., and A. Cooper. 1991. Evidence of rapid Cenozoic uplift
of the shoulder escarpment of the Cenozoic West Antarctic rift sys-
tem and a speculation on possible climate forcing. Geology, 19, 315-
319.

Beitzel, J. E. 1972. Geophysical investigations in Marie Byrd Land, Antarctica.
(Doctoral thesis, University of Wisconsin, Madison, Wisconsin.)

Bradshaw, J.D. 1991. Cretaceous dispersion of Gondwana: Continental
and oceanic spreading in the southwest Pacific—Antarctic sector. In
M.R.A. Thomson, J.A. Crame, and J.W. Thomson (Eds.), Geological
evolution of Antarctica. Cambridge: Cambridge University Press.

Bradshaw, J.D., RB. Andrews, and B.D. Field. 1983. Swanson Forma-
tion and related rocks of Marie Byrd Land and a comparison with
the Robertson Bay Group of Northern Victoria Land. In R.L. Oliver,
PR. James, and J.B. Jago (Eds.), Antarctic earth science. Cambridge:
Cambridge University Press.

Bradshaw, J.D., I.W.D. Dalziel, V. DiVernere, S.B. Mukasa, R.B. Pank-
hurst, B.C. Storey, and S.D. Weaver. In press. The southern rim of
the Pacific: New work on the pre-Cenozoic rocks of Marie Byrd Land.
In the proceedings of the Sixth Symposium on Antarctic Earth Sci-
ences, Ranzan-Machi, Japan, September 1991.

Cooper, A.K., F.J. Davey, and J.C. Behrendt. 1987 Seismic stratigraphy
and structure of the Victoria Land Basin, Western Ross Sea, Antarc-
tica. In A.K. Cooper and EJ. Davey (Eds.), The antarctic continental
margin: Geology and geophysics of the western Ross Sea. (Earth Science
Series 5b.) Houston, Tex.: Circum-Pacific Council for Energy and
Mineral Resource.

Kimbrough, D.L., B.PLuyendyk, S.M. Richard, and C.H Smith. 1990.
Geology of metamorphic rocks and granitoids; Ford Ranges of west-
ern Marie Byrd Land. Antarctic Journal of the U.S., 25(5), 3-5.

LeMasurier, WE., and D.C. Rex. 1982. Volcanic record of Cenozoic
glacial history in Marie Byrd Land and western Ellsworth Land: Re-
vised chronology and evolution of tectonic factors. In C. Craddock
(Ed.), Antarctic geoscience. Madison: University of Wisconsin Press.

LeMasurier, WE., and D.C. Rex. 1983. Rates of uplift and the scale of
ice level instabilities recorded by volcanic rocks in Marie Byrd Land,
West Antarctica. In R.L. Oliver, PR. James, J.B. Jago (Eds.), Antarctic
earth science. Cambridge: Cambridge University Press.

Tulloch, A.J., and D.L. Kimbrough. 1989. The Paparoa metamorphic
core complex, Westland-Nelson, New Zealand: Cretaceous extension
associated with fragmentation of the Pacific Margin of Gondwana.
Tectonics, 8, 1217-1234.

Wade, EA., C.A. Cathey, and J. B. Oldham. 1977a. Reconnaissance geo-
logic map of the Guest Peninsula quadrangle, Marie Byrd Land, Antarctica,
1:250,000. (U.S. Antarctic Research Program Map, A-7) Reston, Vir-
ginia: U.S. Geological Survey

Wade, EA., C.A. Cathey, and J.B. Oldham. 1977b. Reconnaissance geo-
logic map of the Boyd Glacier quadrangle, Marie Byrd Land, Antarctica, 1:
250,000. (U.S. Antarctic Research Program Map, A-6.) Reston, Vir-
ginia: U.S. Geological Survey.

Wade, EA., C. Cathey, and J. B. Oldham. 1978. Reconnaissance geologic
map of the Gutenko Nunataks quadrangle, Marie Byrd Land, Antarctica,
1:250,000. (U.S. Antarctic Research Program Map, A-il.) Reston,
Virginia: U.S. Geological Survey.

Weaver, S.D., J.D. Bradshaw, and C.J. Adams. 1991. Granitoids of the
Ford Ranges, Marie Byrd Land, Antarctica. In M.R.A. Thomson, J.A.
Crame, J.W. Thomson (Eds.), Geological Evolution of Antarctica. Cam-
bridge: Cambridge University Press.

Wilbanks, J.R. 1972. Geology of the Fosdick Mountains, Marie Byrd
Land. In R.J. Adie (Ed.), Antarctic geology and geophysics. Oslo: Univer-
sitetsforlaget.

40	 ANTARCTIC JOURNAL



720

73°

74°

750

Plutonic rocks
of the English Coast

and northern Behrendt Mountains,
eastern Ellsworth Land,

Antarctica

WALT VENNUM

Department of Geology
Sonoma State University

Rohuert Park, California 94928

PETER D. ROWLEY

U.S. Geological Survey
Denver; Colorado 80225

THOMAS S. LAUDON

Department of Geology
University of Wisconsin at Oshkosh

Oshkosh, Wisconsin 54901

The previously unexplored English Coast (figure 1) was
mapped in reconnaissance style by a seven-person U.S. Geo-
logical Survey party in December 1984 and January 1985. Dur-
ing that time, a visit to the northern Behrendt Mountains, about
150 kilometers east of the English Coast, was also made to
complete mapping undertaken there during the 1977-1978
(Rowley et al. 1983) and 1965-1966 (Laudon et al. 1970) austral
summers.

The geology and tectonic setting of the English Coast have
been described by Rowley et al. (1991). Sedimentary rocks,
Tertiary volcanic rocks, and fossil plants of the English Coast
have been described by Laudon et al. (1987), O'Neill and Thom-
son (1985), and Gee (1989), respectively. This paper discusses
plutonic rocks exposed in the English Coast and northern Behr-
endt Mountains.

Three small stocks of felsic plutonic rocks crop out in the
English Coast. The southwest FitzGerald Bluffs and north
FitzGerald Bluffs plutons are separated from each other by a
1-kilometer-wide quartzite roof pendant. The composite south-
west FitzGerald Bluffs pluton consists of two phases: an older
fine grained (<1 millimeter) sheared and hydrothermally al-
tered granodiorite and a younger crosscutting slightly less
mafic equigranular to porphyritic granite. A six-point rubid-
ium-strontium whole-rock isochron derived from both plutonic
phases and crosscutting aplite and porphyritic dikes yielded an
age of 113.3 ± 4 million years (Pankhurst and Rowley 1991). The
north Fitzgerald Bluffs pluton consists of a single phase of equi-
granular to porphyritic rock that ranges between granodiorite
and granite. A four-point rubidium-strontium isochron derived
only from plutonic samples yielded an age of 128.3 ± 5.3 million
years (Pankhurst and Rowley 1991). The Mount Harry stock is
composed of fresh fine- to medium-grained (1-5 millimeters)
quartz monzonite exposed over an area of only 50-meter di-
ameter. Rocks of the Mount Harry pluton vary texturally from
a porphyritic interior to a chilled margin but have too small a
range of rubidium-strontium ratios to be dated using that tech-

nique (Pankhurst and Rowley 1991). Unpublished paleomag-
netic data (Kellogg personal communication) are most compat-
ible with a Middle to Late Jurassic age for the Mount Harry
stock.

A composite batholith of felsic rocks and a small gabbroic
stock were mapped in the northern Behrendt Mountains. The
composite Mount Caywood batholith is largely coarse-grained
(>5 millimeter), equigranular to porphyritic granodiorite and
quartz monzonite. It is locally crosscut by medium-grained,
shallowly dipping sheets of biotite alaskite as much as 20 me-
ters thick that contain abundant irregularly shaped masses of
pegmatite and aplite. Pockets in these pegmatites contain dou-
bly terminated smoky quartz crystals weighing as much as 4
kilograms. Rubidium-strontium whole-rock and mineral iso-
chrons of 101 ± 5 million years and 100 ± 2 million years were
determined from granodiorite at two localities within the
Mount Caywood batholith (Halpern 1967). The Thomson Sum-
mit pluton, which has an exposed diameter of about 1 kilom-
eter, consists entirely of strongly altered hornblende gabbro. It
is one of the most mafic plutons known from eastern Ellsworth
Land or the southern Antarctic Peninsula (Vennum and Rowley

800w	75°W

0	40	80 KILOMETERS

Figure 1. Sketch map showing major geographic features of the
English Coast. Hachures indicate edges of ice shelves. Stippled
pattern indicates rock exposures that are surrounded by snow and
ice. Figure is from Rowley, Kellogg, and Vennum (1985).
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1986). Although this pluton has not been isotopically dated, it
is probably middle Cretaceous like the Mount Caywood bath-
olith and most other plutons in this area (Pankhurst and Rowley
1991).

Geochemical data from the five plutons described above are
listed in the table. Modes, norms, and additional trace-element
and rare-earth element data may be obtained from Walter Ven-
num upon request. When plotted on a Harker silica-variation
diagram, these analyses show decreases in aluminum oxide
(Al20 3), ferric oxide (Fe 20,), ferrous oxide (FeO), calcium oxide
(CaO), magnesium oxide (MgO), and manganese oxide (MnO)
and slight increases in sodium oxide (Na 20) and potassium
oxide (K20) with increasing Si0 2 . On ternary alkali - magne-
sium - (iron + manganese) and K2O - Na20 - CaO dia-
grams, these analyses follow a calc-alkaline differentiation
trend. This suite of plutonic rocks makes the transition from
diopside normative to corundum normative at approximately
67 percent silica (Si02). On a plot of parts per million niobium
versus parts per million yttrium, all analyses fall in the vol-
canic-arc category (Pearce, Harris, and Tindle 1984), and on a

spidergram of selected trace-element abundances normalized
relative to ocean-ridge granite, the pattern produced by these
analyses is virtually identical to Pearce et al. (1984) volcanic-arc
granite pattern. A plot of weight percent CaO versus parts per
million yttrium constructed from these analyses suggests that
hornblende, apatite, and sphene are the major minerals effect-
ing fractional crystallization of this suite of plutonic rocks (Lam-
bert and Holland 1974). Figure 2 is a plot of rare-earth element
abundances in analyzed samples from the English Coast and
northern Behrendt Mountains. Geochemical behavior of the
rare-earth elements in these analyzed samples is virtually iden-
tical to that described by Vennum and Rowley (1986) for plu-
tonic rocks of the southern Antarctic Peninsula and by Saun-
ders, Weaver, and Tarney (1982) for plutonic rocks of the
northern Antarctic Peninsula.

Plutonic rocks described in this paper have similar geochem -
ical, isotopic, and mineralogical characteristics as 1-type grani-
toids from southeastern Australia and possess both typical calc-
alkaline geochemical trends and a compositional range similar
to the high alumina, caic-alkaline, basalt-andesite-rhyolite suite

Geochemical data from plutonic rocks of the English Coast
and northern Behrendt Mountains, eastern Ellsworth Land

Rock type 
	

Gb	Grd	Qm	Gr	Grd	Qm	Grd	Grd	Grd	Gr	Gr	Al	Ap	Ap

Sample number	Th520b Ro515h V201	V2021 Ke213 V201 m V223 V219a V200a D189 V202a V219b V200b V202f

Plutonb	 I	SFB	H	NFB	SFB	H	C	C	NFB	SFB	NFB	C	NFB	SFB

43.3
19.7
4.29
7.75
6.63

13.1
1.75
0.45
0.84
0.26

0.21

1.98

0.07
<0.01

100.3

120
<10
<10
685

17

45

48
1.9
1.0

Silica
Aluminum oxide
Ferric oxide
Ferrous oxide
Magnesium oxide

Calcium oxide
Sodium oxide
Potassium oxide
Titanium oxide
Phosphorus pentoxide

Manganese oxide
Structural

water (H2O)
Adsorbed

water (H20-)
Carbon dioxide

Total

Barium
Niobium
Rubidium
Strontium
Yttrium

Zirconium

Y.14REEc
CeN/YbN
Eu/Eud

65.9	66.4
15.5	15.4
2.05	2.04
2.13	2.18
1.77	1.50

4.32	3.79
3.29	3.64
3.05	2.81
0.59	0.55
0.16	0.16

0.08	0.08

0.61	0.90

0.10	0.07
0.02 <0.01

99.6	99.5

640	720
12	13

104	79
355	345

17	17

175	180

124	126
6.9	6.0
0.8	0.8

67.8	67.8	68.2	69.3	70.5	72.0	72.6	75.6	76.5	76.8	76.9
15.0	16.0	15.0	14.8	14.2	14.0	14.3	13.0	13.2	12.3	12.8
2.07	1.60	1.59	0.95	0.89	1.38	0.82	0.44	0.37	0.42	0.24
1.84	1.44	1.80	1.70	1.75	1.13	0.81	0.33	0.28	0.24	0.17
1.43	1.06	1.20	0.81	0.85	0.69	0.54	0.24	0.11	<0.10	0.10
3.97	4.04	3.21	2.99	2.75	2.71	2.23	1.25	1.03	0.70	0.48
3.38	3.71	3.33	2.89	2.72	3.43	3.42	3.39	3.64	3.28	3.83
2.94	2.74	3.65	4.45	4.54	3.05	4.22	4.44	4.48	4.70	4.63
0.52	0.47	0.51	0.29	0.29	0.38	0.25	0.13	0.06	0.10	0.07
0.16	0.13	0.13	0.14	0.13	0.11	0.05 <0.05 <0.05 <0.05 <0.05
0.07	0.06	0.09	0.06	0.06	0.07	0.03	0.03 <0.02 <0.02	0.03

0.39	0.40	0.61	0.44	0.48	0.62	0.15	0.28	0.18	0.11	0.17

0.10	0.10	0.16	0.08	0.11	0.10	0.09	0.13	0.09	0.07	0.04
0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

99.7	99.6	99.5	98.9	99.3	99.7	99.5	99.3	100.0	98.9	99.5
780	920	790	880	910	770	720	560	21	330	130

10	12	13	<10	<10	12	14	16	15	18	20
85	73	93	199	200	81	118	150	208	117	178

380	475	330	380	340	323	255	130	59	60	26
24	10	17	24	16	21	15	14	21	34	10

174	250	180	115	110	210	120	75	55	100	50
nae	122	124	na	101	154	171	102	49	113	50
na	8.4	6.4	na	3.8	6.4	7.8	5.0	0.9	2.0	2.9
na	1.0	0.8	na	0.7	0.7	0.7	0.5	0.3	0.3	0.3

a Rock types: Al, alaskite; Ap, aplite; Gb, gabbro; Gr, granite; Grd, granodiorite; Qm, quartz monzonite. Rock names from Streckeisen (1976).
b Pluton name: C, Mount Caywood; NFB, north FitzGerald; SFB, southwest FitzGerald; H, Mount Harry; T, Thomson Summit.

REE denotes rare-earth element.
Rapid-rock major element analyses by methods described in U.S. Geological Survey bulletin 1144-A (Shapiro and Brannock 1962) and supplemented
by atomic absorption. Trace elements determined by X-ray fluorescence; rare-earth elements by plasma emission spectrometry.
na denotes not analyzed.
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ward extension of the Lassiter Coast Intrusive Suite. We also
conclude that the granitic rocks exposed throughout the entire
southern Antarctic Peninsula and eastern Ellsworth Land rep-
resent a consanguineous suite of magmas formed in a mag-
matic arc that developed in response to subduction of the Pa-
cific Ocean plate along the western edge of the southern
Antarctic Peninsula.

In addition to the authors, the field party included Karl S.
Kellogg, David J . Lidke, and J . Michael O'Neill of the U.S.
Geological Survey and exchange scientist Janet W. Thomson of
the British Antarctic Survey. The party was placed in the field
by LC-130 Hercules aircraft of the U.S. Navy's Antarctic Devel-
opment Squadron Six on 11 December 1984 and was evacuated
on 5 February 1985. This research was supported by National
Science Foundation grant DPP 83-18183 to the U.S. Geological
Survey. A previous version of this manuscript benefitted from
a review by Karl S. Kellogg.
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Eocene terrestrial
palynology of

Seymour Island

ROSEMARY A. ASKIN

Department of Earth Sciences
University of California

Riverside, California 92521

Terrestrial palynofloras preserved on Seymour Island reflect
a shift to Nothofagus-dominated vegetation during the early
Eocene in the northern Antarctic Peninsula region. In contrast,
the preceding late Cretaceous and Paleocene palynofloras are
dominated by podocarpaceous conifers, especially Phyllocladi-
dites mawsonii, and Nothofagidites pollen are diverse but usually

a minor part of the flora (Askin 1990). Conifers remain an im-
portant part of the Eocene vegetation; however, they are often
a subdominant part of the palynoflora or match Not hofagidites
pollen in abundance.

Eocene strata on Seymour Island are included in the La Mes-
eta Formation, a complex array of deltaic marine, lenticular
sandy sediments grouped into seven members (Telm 1 to 7,
Sadler 1988). The basal part is probably upper Lower Eocene
(Harwood 1988; Wrenn and Hart 1988; summarized in Askin et
al. 1991), and the main part of the formation is Middle and
Upper Eocene (e.g., Zinsmeister and Camacho 1982; Wrenn
and Hart 1988). Current palynological research concentrates on
terrestrial palynomorphs (spores and pollen from land plants)
in about 500 samples from sections around the meseta. Marine
dinoflagellate cyst assemblages from the middle and upper part
of the formation were described by Wrenn and Hart (1988).

Nothofagidites pollen are particularly prominent in the lower
part of the La Meseta Formation and include common Not hofag-
idites matauraensis (Couper) Hekel (brassii group) and N. saraen-
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sis Menéndez and Caccavari (fusca group; synonomy and com-
parisons discussed in Dettmann et al. 1990), infrequent N.
asperus (Cookson) Romero (menziesii group), rare N. cf. spinosus
(Couper) Mildenhall and Pocknall (brassii group), and various
other species (figure). Not hofagidites pollen, including N. saraen-
sis, are also common in lower Eocene samples from King
George Island, South Shetland Islands (Torres and Meon 1990).

Besides Nothofagus and conifers, the Seymour Island Eocene
floras are rich in Proteaceae, similar to the Campanian to Pa-
leocene succession. Many of the proteaceous species, and other
angiosperm species that evolved during the late Cretaceous,
continued through into the Eocene; however, a variety of an-
giosperm taxa make their first appearances in the Eocene. In
this epoch, the last land connections between Antarctica and
South America were probably severed. Active immigration or
emmigration to or from Antarctica would still be possible dur-
ing the Eocene for species with relatively rapid dispersal ca-

pabilities but only during low sea-level stands, although dis-
persal might also be possible for species whose seeds could
survive oceanic (or bird) transport. Mapping of occurrences of
plant taxa on Seymour Island, South Shetland Islands, and
southern South America may help elucidate the Paleogene pa-
leogeography of this region, especially scrutiny of taxa such as
Nothofagus that probably would have required continuous land
connections over a relatively long time for dispersal.

This work is supported by National Science Foundation grant
DPP 90-19378.
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Photomicrographs of Nothofagidites pollen from the lower La Meseta Formation, Seymour Island. Magnification x 1250 (bar is equivalent
to 10 microns). 1. Nothofagidites waipawaensis (Couper) Fasola, sample A3-04/microslide 1; 2. Nothofagidites cf. spinosus (Couper) Mit-
denhall & Pocknall, C1-15/1; 3. Nothofagidites cf. SpifloSUS, C2-07/11; 4. Nothofagidites asperus (Cookson) Romero, A3-04/1; 5. Not hofagidites
saraensis Menéndez & Caccavari, C2-01/1; 6. Nothofagidites matauraensis (Couper) Hekel, A3-04/1; 7. Nothofagidites dorotensis Romero,
B5-08/1.
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Geological fieldwork
on Deception Island

and King George Island,
South Shetland Islands

RANDALL A. KELLER

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

On 6 January 1991, the Fourth Polish Geodynamical Expedi -
tion to West Antarctica departed Montevideo, Uruguay aboard
the ocean-going tug Neptunia (Polish Ship Salvage Company,
Gdynia). By kind invitation of Aleksander Guterch (Institute of
Geophysics, Polish Academy of Sciences, Warsaw) and Krzysz-
tof Birkenmajer (Institute of Geological Sciences, Polish Acad-
emy of Sciences, KrakOw), I was able to participate in that
expedition.

The expedition spent 6 weeks in the Bransfield Strait and
South Shetland Islands conducting geophysical surveys and
geological fieldwork at various locations. I was a member of a
geological field party that spent 17 days on Deception Island,
a large volcano in the Bransfield Strait (figure). All of Deception
Island is thought to be less than 700,000 years old, and many
areas are still warm from volcanic eruptions as recent as 1970
(Smellie 1988). Professor Birkenmajer mapped the geology of
the island while I collected samples of volcanic rocks for geo-
chemical and petrological analyses (see Keller, Fisk, and White,
Antarctic Journal, this issue).

Our field party then moved to the area of Lions Rump on
King George Island (figure) for 14 days. This area contains
exposures of glacial sediments interbedded with volcanic arc
rocks of Tertiary age and has been the subject of intense geo-
logical study (e.g., Porebski and Gradzinski 1987; Birkenmajer,
Soliani, and Kawashita 1989). I sampled some of the volcanic
arc rocks for geochemical analyses and comparison to our sam-
ples from the younger volcanoes (such as Deception Island)
associated with extension in the Bransfield Strait (see Keller,
Fisk, and White, Antarctic Journal, this issue).
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Geography and bathymetry of the Bransfield Strait region. Land
areas are shaded. Bathymetry contoured in kilometers (km). Lo-
cations of 1990-1991 geological fieldwork described in this article
are Deception Island and Lions Rump on King George Island.

This work was supported by a Fulbright Research Fellowship
from the U.S. Information Agency, and National Science Foun-
dation grant DPP 88-17126 to M.R. Fisk.
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Sea-level fluctuations
and the evolution

of a Middle Cambrian
carbonate ramp in the Neptune Range

K.R. EVANS and A.J. ROWELL

Department of Geology
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Museum of Invertebrate Paleontology
University of Kansas

Lawrence, Kansas 66045

M.N. REES

University of Nevada
Las Vegas, Nevada 89154

Field investigations of the Nelson Limestone during the aus-
tral summer of 1989-1990 and subsequent laboratory results
document in some detail the first record of relative sea-level
changes known from Middle Cambrian rocks along the antarc-
tic sector of Gondwanaland. In three stratigraphic sections in
the Neptune Range (figure 1), we recognize sequence strati-
graphic elements that include a lower sequence boundary, a
terrigenous valley-fill succession, and three parasequences. Al-
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Figure 1. Map of Neptune Range showing locations of measured
stratigraphic sections. MD, ridge extending northwest from Mount
Dover; NP, Nelson Peak area along southern face of hill 1,650 me-
ters; and MV, ridge bounding south side of Miller Valley. Put-in
location indicated by star (based on Schmidt and Ford (1969) with
corrections in location from the U.S. Geological Survey 1:250,000
reconnaissance series maps of Antarctica).

though the application of sequence stratigraphy toward quan-
tifying global sea-level change (Vail, Hardenbol, and Todd 1977;
Posamentier and Vail 1988) remains controversial (Miall, 1986),
the implication for nearly synchronous development of bound-
ing surfaces, sequence or parasequence boundaries, provides a
means for intrabasinal chronostratigraphic correlation of strata.
In the Nelson Limestone, these correlations show that the ini-
tial carbonate ramp evolved into a rimmed, distally steepened
ramp or platform.

Following deformation, uplift, and erosion of strata in the
Patuxent Formation, which at its type locality were deposited
as continental slope turbidites (Schmidt et al. 1964), the basal
part of the Nelson Limestone accumulated as a nonmarine,
terrigenous, valley-fill succession. Thickness of this succession
varies widely, reflecting paleotopographic relief of up to 90 me-
ters developed on the underlying formation; a relatively uni-
form thickness of the overlying marine sandstone suggests that
virtually all of the erosional expression was filled or beveled by
mid to late Middle Cambrian time.

The greater part of the Nelson Limestone was deposited dur-
ing three pulses of relative sea-level rise that are marked by
parasequence boundaries. The lower parasequence (figure 2A)
everywhere consists of a thin interval of fine- to very-fine-
grained, quartz-rich, burrowed sindstone, which is overlain by
a thick (approximately 100 meters) succession of carbonate
rocks. Rare cross-bedded lenses of intraclastic carbonate grain-
stone in the sandstone strata may reflect onshore storm depo-
sition or perhaps incomplete reworking of transgressive car-
bonate sediments. The overlying dark, mud-rich, burrowed
carbonates have yielded the Nelsonia schesis fauna indicating a
mid to late Middle Cambrian age (Palmer and Gatehouse 1972).
The fauna also confirms that open marine conditions prevailed
early in the depositional history of the Nelson Limestone.

Lithofacies at the top of the lower parasequence differ signif-
icantly from section to section. On Mount Dover ridge (MD in
figure 1), oncoid-rich and stromatolitic peloidal grainstones
show that shallow marine conditions existed locally. Episodi-
cally, these sediments were exposed subaerially as indicated by
pendant cements (figure 3A and B). In the Nelson Peak area
(NP in figure 1), equivalent strata were deposited as alternating
bedded slumps and burrowed carbonate mudstones (figure
3C). Slump beds contain plastically deformed laminated mud-
stone and wackestone clasts in a mudstone matrix. Burrowed
interbeds may represent either reworking of slumped strata or
bioturbation of beds that accumulated slowly as background
sedimentation between slump events. On south Miller Valley
ridge, an abrupt change in bedding thickness is the principal
indicator of marine flooding that preceded deposition of the
middle parasequence.

Relative rise of sea level marking the base of the middle
parasequence (figure 2B) is expressed by a return to deposition
of dark, muddy carbonates in all measured sections. Upward
shallowing generated an increase in diversity of lithofacies
through this parasequence as in the lower one. This diversity
reflects the relative onshore-offshore position of measured sec-
tions on the carbonate platform. In the Nelson Peak and Mount
Dover sections, thick, white, massively bedded, unfossiliferous
peloidal grainstones, which appear to have been exposed epi-
sodically, formed in lagoonal and back-shoal settings. Seaward,
the shoal is represented by cross-bedded, oncoid-rich peloidal
grainstones that crop out in the south Miller Valley ridge sec-
tion.

The deepest incursion of marine waters occurred during dep-
osition of the upper parasequence (figure 2C). Offshore shales
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Figure 2. Sequence of stratigraphic elements and development of
the carbonate ramp during deposition of the Nelson Limestone.
Locations MV, NP and MD are shown below vignettes. Vertical
exaggeration increases toward the left. A. Establishment of the
carbonate ramp in the lower parasequence followed deposition of
a nonmarine terrigenous valley-fill succession (VF) above the
lower sequence boundary (SB). Parasequence boundary shown as
bold, non-wavy line. Exposure of carbonates and offshore slump-
ing, shown diagrammatically, highlight initial progradation. B. The
carbonate ramp developed into a rimmed ramp or platform during
the middle parasequence. Lagoonal carbonates were exposed lo-
cally, at right, as a carbonate sand shoal was established seaward,
at left. Lower parasequence and valley-fill succession indicated
by hatched pattern. C. Flooding during the upper parasequence
brought a return of open marine conditions. Top of the parase-
quence has been removed by faulting (f) or erosional truncation.

overlie the shallow-water carbonates of the middle para-
sequence on south Miller Valley ridge, where trilobites are com-
mon above the shale beds in carbonate packstones. Higher in
the section, a thick succession of oncoid-rich peloidal grain-

Figure 3. A variety of carbonate fabrics developed at the top of the
lower parasequence. A. Photograph of polished slab of oncoid-
rich peloidal grainstone from Mount Dover section showing large-
scale pendant cements (P), sample DR89.22. Note reoriented fab-
ric in cortices of some oncoids. Bar is 10 millimeters. B. Photo-
micrograph of small-scale radial pendant cement (P) from slightly
higher in the same section, sample DR89.23C. Bar is approximately
0.25 millimeters. C. Contorted and plastically deformed laminated
mudstone clasts in bedded slump in the Nelson Peak section. Ice
axe is 0.70 centimeters.

stones indicates that a carbonate shoal eventually was re-estab-
lished. The section at Mount Dover also shows increasing influ-
ence of terrigenous clastics and deeper water. It contains rocks
with abundant oncoids in mud-rich matrix. In both sections,
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rare interbedded sandstones provide useful markers for corre-
lation.

The stacking pattern of parasequences and local expression
of subparasequence boundary facies in the Nelson Limestone
indicate that following its incipient development, the carbonate
ramp became oversteepened; slumping marks a fundamental
change in depositional style from predominantly aggradation
to progradation. Slumps in the Nelson Peak section are consis-
tent with and probably related to the exposure, loss of accom-
modation space, and inferred progradation of sediments from
the Mount Dover area, a distance of some 10 kilometers. During
deposition of the middle parasequence, shoal conditions ulti-
mately were established farther seaward. Landward, the accu-
mulation of back-shoal and restricted lagoonal sediments indi-
cates that the offshore carbonate sands formed a ramp or
platform-rimming barrier that inhibited open circulation. Fol-
lowing drowning at the commencement of the upper parase-
quence, the sand shoal was re-established in this marginal po-
sition; however, there is no evidence for restricted circulation
behind it.

This research was made possible by National Science Foun-
dation grants DPP 87-15768 and DPP 87-44459, to the University
of Kansas and University of Nevada, Las Vegas, respectively.
The authors gratefully appreciate the field acumen and unwav-
ering support of Peter Braddock, New Zealand educator and
mountaineer.
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The Thala Hills (67°40'S 46°E) are underlain by granulite-
facies metamorphic and plutonic rocks of the Proterozoic Ray-
ner complex. On the basis of geochronologic data obtained
throughout the Rayner complex, including the Thala Hills,
Black et al., (1987) concluded that the complex is a product of
crustal formation about 1,800-2,000 million years ago, that is,
mid-Proterozoic. Melting of this crust about 1,500 million years
ago produced felsic intrusive rocks that were subsequently de-
formed and metamorphosed into orthogneiss, one body of
which is exposed in the Thala Hills. Major deformation and
granulite-facies metamorphism is dated at about 960 million
years. Later events include felsic magmatism and associated
retrograde metamorphism in the amphibolite facies and, sub-
sequently, a low-grade retrograde event. Recalculation of
Grew's (1978) data using a decay constant X = 1.42 x 10"a' and
assigning errors of 2 percent in rubidium-87/strontium-86 and
0.0005 in strontium-87/strontium-86 yields a rubidium-stron-
tium isochron age of 1,006:t39 million years (the mean square
of weighted deviates is 1.4) for the orthogneiss from samples
collected in the Thala Hills from east of Mount Vechernyaya to
McMahon Island, a total distance of 10 kilometers. On the other
hand, Black et al., (1987) obtained a 1,425 million-year upper
intercept age on a uranium-lead concordia diagram for zircon
from one site on Mount Vechernyaya. In reference to the later
events, Black et al., (1987) dated the felsic plutonism at about
770 million years and the low-grade retrograde event at 540
million years, whereas Grew (1978) reported younger ages,
500-550 million years and 400-500 million years, respectively.

This paper concerns the age of a charnockitic gneiss intruded
by the orthogneiss in the Thala Hills (Grew 1978). When the
icebreaker Shirase called at Molodezhnaya Station 14-17 Feb-
ruary 1988, geologists of the 29th Japanese Antarctic Research
Expedition (JARE-29) carried out a brief survey of Mount Vech-
ernyaya (see Makimoto, Asami, and Grew 1989). Several sam-
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pies for geochronological studies were collected at Grew's
(1978) locality for sample 106Z. In this paper, we report data
obtained on one of these samples, number EG88021503 (abbre-
viated to 1503 in the text).

Sample 1503 is yellow-brown and layering is indistinct except
for a few biotitic seams. Grain size is mostly 1-2 millimeters,
and it rarely reaches 6 millimeters. In general, perthitic potas-
sium feldspar is dominant over plagioclase, which locally is
myrmekitic. Other major minerals in 1503 are quartz and hy-
persthene, whereas biotite, garnet, zircon, monazite, apatite,
opaque minerals and secondary carbonate are found mostly in
trace amounts. Hypersthene is partially replaced by a brownish
material.

The data on zircons separated from 1503 (table 1) are highly
discordant and are so tightly clustered that no meaningful line
can be fitted to them; however, combining the 1503 data with
Grew and Manton's (1981) data on 106Z results in a chord with
upper and lower intercepts of 1,525 (+ 241/- 197) million years
and 464 (+567-77) million years, respectively (figure). Sur-
prisingly, the upper intercept is not significantly older than the
better constrained 1,425 (+ 28/- 27) million years upper inter-
cept age reported by Black et al., (1987) for the orthogneiss
that intrudes rocks such as 1503. Potassium feldspar separated
from 1503 contains lead (Pb) for which the measured isotope
ratios are 206 Pb/ 204 Pb = 19.073, 207 Pb/204 Pb = 15.959, and
208Pb204Pb = 40.374. Such values indicate redistribution of lead
in the rock after crystallization at 1.5 billion years. The high
207Pb/204Pb ratio indicates the presence of a component of Ar-
chean lead.

Assuming an initial ratio of 0.715, Grew (1978) calculated an
rubidium-strontium age of 2.19 ± 0.16 billion years for sample
106Z, whereas recalculation with bulk-earth parameters gives
a uniform reservoir age (TUR) of 2.38 billion years. TUR for 1503
is 3.80 billion years, and its model depleted-mantle samarium-
neodymium age (TDM ) is 2.11 billion years (table 2). Rubidium-
strontium isotope data on the whole rock 1503 and on feldspars
separated from it (table 2) are scattered about a line with a
slope corresponding to 485 million years and an initial stron-
tium ratio of 0.828. The 485 million-year age is consistent with
the lower intercept age of 464 million years on the concordia

,'---

- - - -

.8	1.0	1.2	1.4	1.6
207Pb/235U

Concordia plot for uranium-lead (U-Pb) isotopic data from zircon
extracted from charnockitic gneiss (sample EG88021503) from
Mount Vechernyaya, Thala Hills. Intercepts are 1,525(+241/-197)
million years and 464(+561-77) million years. Mean square of
weighted deviates is 20.

plot. These ages probably date the event that Grew (1978) re-
ferred to as secondary mineralization and Black et al. (1987) as
greenschist-facies metamorphism; this event followed felsic
plutonic activity. The high initial ratio indicates considerable
history prior to 485 million years, which is also evident in the
model ages of 2.11-3.80 billion years. The 0.184 billion-year
biotite age dates the time of its final thermal closure.

Our new data confirm the evidence of Black et al. (1987) in
the Rayner Complex for a major event 1,500 million years ago
and for crust formation at some earlier time. Our data suggest,
however, a somewhat earlier date for crust formation at Mount
Vechernyaya, namely 2.11 billion years (IDM age) as compared
to the 1.8-2.0 billion years inferred for the Rayner Complex as
a whole by Black et al. (1987). Additionally, our lead data mdi-
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Table 1. Uranium and lead isotope composition of zircon
from charnockitic gneiss from Mount Vechernyaya, Thala Hills

Uranium
(U)

(ppma)
Lead
(Pb)	 204 P	 207 P	 208 P	*207pb	 *206pb

(ppm)	206 P	 206 P	 206 P	 235U
Fraction
(mesh)

100-120
140-170
170-200
200-230
230-270

All fractions

Sample EG88021503
85.25	0.000034	0.06955
91.40	0.000049	0.07124
85.02	0.000036	0.07215
83.99	0.000037	0.07264
82.16	0.000042	0.07178

Sample 106Zb

209	0.000080	0.07819

	

0.07392	0.9097	0.09953

	

0.07827	1.0228	0.1052

	

0.08803	0.9750	0.09872

	

0.08748	0.9913	0.09969

	

0.08748	0.9906	0.1009

	

1.02239	1.436	0.1332

ANTARCTIC JOURNAL

907.1
878.5
866.4
843.9
815.8

847

8 Parts per million.
b Data from Grew and Manton (1981).
c Zircons were not separated into different size fractions.
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Table 2. Rubidium-strontium and samarium-neodymium isotopic compositions
and ages of the charnockitic gneiss EG88021503 from Mount Vechernyaya, Thala Hills

Rubidium	 Strontium
(Rb)	 (Sr)	 87 R	 87S 

(ppm a)	 ( ppm)	 865r	 865r

376	 44.76	 24.72	 0.89256(2)c
382	 168.7	 8.309	 0.87965(5)

81.8	 89.7	 2.671	 0.84442(2)
a	 9	 3.369	 0.85442(4)

Fraction

Biotite
Potassium - feldspar
Whole rock
Plagioclase + quartz

Age 

0.184 d

2.BO(TUR)e

Samarium	 Neodymium

	

(Sm)	 (Nd)

	

(ppm)	 (ppm)

Whole rock	 4.91	 28.9

a ppm denotes parts per million.
b In billions of years.

Standard errors are given in parentheses.
I Calculated assuming an initial 875r/865r ratio of 0.828.

TUR denotes uniform reservoir age.
TOM denotes depleted-mantle samarium-neodymium age.
Dashes indicate not measured or not calculated.

147Sm	 143 N
144 N
	 144 Nd

0.1027
	

0.51149(1)

Age" (TDM)t

2.11

cate the presence of an Archean component in the Mount Vech-
ernyaya gneiss. In reference to the 1,006±39 million year event
reported by Grew (1978), we note that whole-rock rubidium-
strontium data on 1503 and 106Z lie on a two-point "isochron"
with an age of 1.2 billion years and an initial strontium ratio of
0.797. If valid, this "isochron" would imply that strontium was
homogenized over distances of the order of a few meters during
the Late Proterozoic event reported by Grew (1978).

We thank other members of JARE-29 for their kind support
during the field work and members of the Soviet Antarctic
Expedition for their hospitality during our stay in the Molod-
ezhnaya Station area. This work was supported by National
Science Foundation grants DPP 86-13241 and DPP 88-15863.

References

Black, L.P., S.L. Harley, S.S. Sun, and M.T. McCulloch. 1987 The Ray-
ner complex of East Antarctica: Complex isotopic systematics within
a Proterozoic mobile belt. Journal of Metamorphic Geology, 5(1), 1-26.

Grew, E.S. 1978. Precambrian basement at Molodezhnaya Station, East
Antarctica. Geological Society of America Bulletin, 89(6), 801-813.

Grew, ES., and WI. Manton. 1981. Geochronologic studies in East
Antarctica: Ages of rocks at Reinbolt Hills and Molodezhnaya Station.
Antarctic Journal of the U.S., 16(5), 5-7.

Makimoto, H., M. Asami, and E.S. Grew. 1989. Note on the geology
of the Proterozoic Rayner complex at Mt. Vechernyaya near Molod-
ezhnaya Station, Enderby Land (abstract). Proceedings of the NIPR
symposium on Antarctic Geosciences, Tokyo, 3, 148.

1991 REVIEW	 51



Meteorite studies_________________________

Antarctic search for meteorites
1990-1991 field season

WILLIAM A. CASSIDY and JOHN W SCHUTT
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The Antarctic Search for Meteorites Project (ANSMET)
fielded two teams during the 1990-1991 austral summer.

A four-person team worked in the Allan Hills/David Glacier
region from 30 November 1990 to 21 January 1991. Initially, the
team members were John Schutt, Sue Ivison, Suzanne Traub-
Metlay, and Peter Wasilewski. After the first 2 weeks in the
field, Miriam Jackson was able to join the party and relieve Sue
Ivison, who had been standing in for her. We spent several
days in organization at the helicopter put-in point on the Allan
Hills "Main Icefield* (76°43'S 159°40'E); during this time six
meteorite specimens were recovered. We then traveled 70 kil-
ometers southwest to the Allan Hills "Far Western Icefield.*
We used a Magnavox MX-1502 Geoceiver there to collect posi-
tion data at two stations on the ice whose coordinates had been
measured earlier (Cassidy et al. 1983). These data will give
some sense of ice flow vectors during the 1983-1990 interval.
While at the "Far Western Icefield," we revisited some of the
areas searched in previous seasons and recovered nine new
meteorite specimens. We then made a traverse 100 kilometers
northward to Elephant Moraine (76°11'S 157°10'E). During the
1987-1988 season, reconnaissance and systematic searches in a
15-square-kilometer area of exposed ice approximately 20 kil-
ometers to the west of Elephant Moraine had resulted in recov-
ery of 185 meteorite specimens (Huss et al. 1988). The field
personnel at that time had informally referred to the area as
the "Texas Bowl "* Because the meteorite occurrence there may
be continuous with the Elephant Moraine concentration, how-
ever, the official names for the Texas Bowl meteorites will be
Elephant Moraine (followed by a 5-digit number). During the
1990-1991 season, we systematically searched this entire area,
recovering 1,024 specimens, establishing the Elephant Moraine/
"Texas Bowl Icefield" as one of the densest occurrences of ant-
arctic meteorites and meteorite fragments yet described.

In addition to the meteorites, we collected ice samples for
oxygen-isotope and other measurements and dust band sam-
ples for particle characterization and possible age determina-
tions.

*The designations "Main Icefield," "Far Western Icefield," and "Texas
Bowl Icefield" are not official names, but the features are distinct geo-
graphic units.

As reported earlier (Cassidy 1989), our systematic meteorite
recovery program at the Lewis Cliff Ice Tongue has been com-
pleted, but our interest in this site continues as we seek to
understand the reasons for the high concentration of meteorites
discovered on this relatively small patch of antarctic ice. Ac-
cordingly, our second team was put in at the Beardmore South
Camp by LC-130 on 4 December 1990. Team members were
William Cassidy, Mario Burger, Robert Walker, and Ghislaine
Crozaz. On 6 December, we traveled to the Lewis Cliff ice
tongue and camped next to Gunter Faure's party, which had
arrived the day before. Formal meteorite searches were not
planned here, but Eric Hagen of the Gunter Faure group found
a carbonaceous chondrite, which we collected.

In earlier field seasons, we had noted a color change in the
ice of the upper Lewis Cliff ice tongue. The generally blue ice
became yellowish in hue across this color change and the
boundary, if such it is, seemed to extend in a south-north di-
rection along the south-to-north moving ice tongue. We had
sampled ice across this apparent boundary, at first serially at
10-meter intervals, and in a subsequent season at 1-meter in-
tervals. Oxygen-18 analyses of these samples by Pieter Grootes
(1990, personal commununication) indicated a sudden
(<1-meter) transition involving an oxygen-18 difference across
this color change. To him, this represents the possibility of two
different sources for the ice found at the Lewis Cliff ice tongue,
and it is easy to see why such an interpretation would have a
significant impact on our model of the accumulation mecha-
nism. This season, for the same purpose, we took a continuous
horizontal channel sample across a similar transition by chain
sawing. We also took a continuous horizontal chain-saw sample
across a 3.6-4-meter segment of blue ice that included two dust
bands. This will be used as laboratory stock in a variety of
experiments to test for variations that may be detectable along
this apparent time-stratigraphic sequence.

Ghislaine Crozaz had to return early to resume her teaching
commitments, and left the field on 28 December. On 29 Decem-
ber, the remaining three members of the field party carried out
a traverse to a new campsite adjacent to the Queen Alexandra
Range at 84°34'S 162°35'E. We carried out systematic searches
between this point and the Goodwin Nunataks (84°38'S
161°31'E), recovering 88 meteorites and meteorite fragments.

Meteorite recoveries by both field parties are reviewed by
location and tentative field classification in the table.

During the field season, we took delivery of two Magellan
handheld global positioning system satellite positioning de-
vices. We found that 10 sequential readings in their isolated
operation mode provided field locations within about 10 meters
in geographic coordinates. This is marginally sufficient for our
mapping purposes, and we plan to use such devices in future
field seasons. We expect, however, that simultaneous operation
of two such devices, with one stationed at a fixed reference
point, will give us a precision within 5 meters for each point
mapped, and this is the operational mode we expect to adopt.
We expect that use of these devices in our meteorite-stranding
surface-mapping program will have another very important
dividend in the greatly increased efficiency with which we can
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Meteorites recovered during the 1990-1991 field season

NOTE: The classification by type is tentative.

	

Ordinary	Carbonaceous Stony
Icefield	chondrite	Achondrite	chondrite	chondrite Totals

Allan Hills
"Main Icefield"	5	1	0	0	6

Allan Hills
"Far Western
Icefield"	 8	0	1	0	9

Elephant Moraine!
"Texas Bowl"	974	7	43	3	1,027

Lewis Cliff ice
tongue	 0	0	1	0	1

Queen Alexandra
range	 88	0	0	0	88

Totals	 1,075	8	45	3	1,131

operate: the location of each specimen can be determined in
about the same length of time it takes to write a field description
of the specimen, assign a field number, and package it for
storage. The mapping can be done simultaneously with these
operations and that will result in a great saving in our most
precious commodity—namely, field time.

Meteorite location maps now have been produced for the
following meteorite stranding surfaces: the Allan Hills icefields,
Elephant Moraine icefield, and the Lewis Cliff ice tongue.

These, as well as a preliminary version of the Elephant Mo-
raine/"Texas Bowl" stranding surface are available through the
Lunar and Planetary Institute (Schutt, Fessler, and Cassidy,
1989) as a part of the Antarctic Meteorite Location and Mapping
Project (AMLAMP). AMLAMP is supported by the Lunar and
Planetary Institute and the Meteorite Working Group.

We are grateful to Robert Walker, Washington University, St.
Louis, Missouri, for loan of the global positioning system
equipment and to Robert Bindschadler, Goddard Space Flight
Center, Greenbelt, Maryland, for loan of the geoceiver appa-
ratus. This research was supported by National Science Foun-
dation grant DPP 88-17083.
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Natural thermoluminescence
of meteorites and paleoice
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Lewis Cliff blue ice field
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Approximately 6,000 meteorite fragments have been col-
lected on the antarctic continent by U.S. teams (Schutt 1990).
Virtually all finds have been on blue ice fields adjacent to moun-
tain ranges (Score and Lindstrom 1990). This large collection,
unbiased by regional sampling efficiencies, which strongly af-
fect the nonantarctic collection, provides a unique opportunity
to study both the meteorites themselves (Palme 1986) and the
large-scale interactions of ice and mountains, interactions that
have resulted in their concentration and exposure (Annexstad
1986). Our laboratory has been measuring the natural ther-
moluminescence levels of many of these meteorites as part of
our effort to identify those that have undergone unusual ther-

mal or radiation histories and to identify "pairings" (i.e., frag-
ments that are actually part of a single meteorite). This article
reports on our detailed analysis of the largely complete collec-
tion from the Lewis Cliff ice field and relates our data to pos-
sible paleoice movements at this site.

Natural thermoluminescence levels in meteorites are a func-
tion of the number of electrons in metastable traps in a crystal
lattice, which, in turn, is determined by the mineralogy of the
meteorite, the amount of ionizing radiation to which it has been
exposed, and the effective temperature over the recent history
of the meteorite (the last few million years in the case of the
cold antarctic climate). Natural thermoluminescence levels are
very high in space but decrease with time on Earth because of
the higher temperatures and lower incidence of cosmic-ray ex-
posure. The decay is a second-order process; the decrease is a
factor of about 2.5 in 1 million years for storage temperatures
close to 0°C (McKeever 1982; Hasan, Haq, and Sears 1987). Most
meteorites have natural thermolu mine scence levels of 30,000-
100,000 rad, depending on their period on Earth. Samples with
extremely long terrestrial histories may decay to levels less than
30,000 rad. Samples with natural thermolu mine scence greater
than 100,000 rad not only have fallen recently but also must
have been exposed to unusually high radiation doses in space.
Some meteorites with extremely low natural thermolumines-
cence levels (less than 5,000 rad) may have been reheated,
either by close passage to the Sun or recent (within approxi-
mately 100,000 years) shock events in space (see McKeever and
Sears 1980; Melcher 1981; Benoit, Sears, and McKeever 1991).
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A very small number of samples that exhibit low natural ther-
moluminescence levels may be the result of sampling too close
to the heat-altered surface of the meteorite produced during
atmospheric passage, although every effort is made to avoid
this during sampling.

To date, we have measured the natural thermoluminescence
levels of more than 700 antarctic meteorites, including 302 from
the Lewis Cliff site (84°16'S 161°25'E), collected during the 1985-
1986, 1986-1987, and 1987-1988 field seasons. The data are
summarized in Score and Lindstrom (1990) and Lindstrom
(1990). The Lewis Cliff site is a 2.3-kilometer wide, 8-kilometer
long, north-south tongue of ice, divided into an upper and
lower tongue by a step approximately halfway along its length.
Many meteorites were also collected from a gully to the east of
the tongue called "Meteorite Moraine.*

Our data, in conjunction with petrographic descriptions and
classifications (Score and Lindstrom 1990) and geographic data,
indicate that the 302 samples we have measured represent a

*Meteori te Moraine" is not an official name.

maximum of 259 distinct meteorites (i.e., our data show that
70 of the samples can be combined as 27 individual meteorites
which fragmented after Earth impact, in addition to 232 sam-
ples which do not appear to be so "paired"). We stress that our
pairing criteria are highly conservative and that there is almost
certainly a large amount of unrecognized pairing in our data.

Figure 1 shows our data for the meteorites from the ice
tongue as a north-south profile with data for "Meteorite Mo-
raine" included for comparison. The meteorites from the upper
tongue show a broad range of natural thermoluminescence but
appear to converge on a low thermoluminescence value of ap-
proximately 20,000 rad in its northernmost portion. The lower
tongue shows a fairly tight cluster at relatively high (approxi-
mately 60,000 rad) natural thermoluminescence levels, a find-
ing that is similar to the data from "Meteorite Moraine." These
trends are independent of pairing, as shown by the variety of
meteorite types and classes. There are also some indications
that meteorites on the west side of the lower tongue (nearest
the cliff) have lower natural thermoluminescence levels than
those to the east. This trend is, however, poorly developed and
is not as apparent in the upper tongue data.

We interpret these data in terms of terrestrial age differences
in the meteorites from the various portions of the tongue. Our
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data suggest that the meteorites from the upper tongue have,
in general, fairly large terrestrial ages and that their ages get
progressively older and more homogeneous as the step be-
tween the lower and upper tongue is approached. The meteo-
rites from the lower tongue, however, have uniformly low ter-
restrial ages (i.e., having high natural thermoluminescence
levels, 50,000-80,000 rad); their ages are similar to those of the
meteorites from "Meteorite Moraine."

We suggest that the meteorites from the lower tongue and
"Meteorite Moraine" are fairly young and were accumulated at
about the same time. Fireman (1990) has determined a ura-
nium-series age for tephra bands in the lower tongue as ap-
proximately 25,000 years. We also suggest that the upper and
lower portions of the tongue are "decoupled" (figure 2) and
that the upper tongue is composed of older ice overriding the
younger lower tongue. This small-scale application of the Whil-

lans-Cassidy model for meteorite accumulation (Whillans and
Cassidy 1983) would also explain the trends observed in the
upper tongue, where older ice horizons (and meteorites) are
exposed as the boundary between the upper and lower tongues
is approached. Further integration of field observations and
additional laboratory work will be needed to develop these
ideas.

We are grateful to William Cassidy, Robbie Score, Marilyn
Lindstrom, and the Antarctic Meteorite Working Group for
their contributions to this work. This study was supported by
National Science Foundation grant DPP 86-13998 and National
Aeronautics and Space Administration grant NAG 9-81 (natural
thermoluminescence).

Figure 2. Hypothetical north-south cross-sections of the ice of the
Lewis Cliff ice tongue. The thermoluminescence data suggest that
either (A) older ice is being exposed by preferential ice sublimation
on the upper tongue or (B) the upper tongues may be "decoupled"
with the older upper tongue overriding the younger lower tongue.
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Meteorite studies:
Terrestrial and extraterrestrial

applications, 1991

MICHAEL E. LIPSCHUTZ

Department of Chemistry
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West Lafayette, Indiana 47907

Since 1969, recovery teams from Japan, the United States,
and most recently, a consortium of European countries have
recovered about 14,400 meteorite fragments from Antarctica.
These derive from an estimated 3,600 ± 1,800 distinct impacts
on the ice sheet, a number at least comparable to recoveries
from the rest of the Earth over all time. Less than 1,000 of the
antarctic samples have had more than cursory examination,
and only a very few have been studied in great detail. Never-
theless, sufficient information is available to demonstrate that
the antarctic meteorite population differs significantly in many
ways from nonantarctic falls, as proposed originally by Den-
nison, Lingner, and Lipschutz (1986). As part of a group of 10
papers (summarized by Koeberl and Cassidy 1991) studying
this topic, Lipschutz and Samuels (1991) examined previously
published trace-element data for ordinary, i.e., H (or high-iron)
and L (or low-iron) groups of chondrites by standard and newly
developed multivariate statistical techniques. Lipschutz and
Samuels (1991) demonstrated the significance of the composi-
tional difference for each group of antarctic and nonantarctic
meteorites beyond any reasonable doubt. They argued that the
cause was a preterrestrial difference in average chondritic ther-
mal history, the conclusion also reached by the summary of
Koeberl and Cassidy (1991).

Petrochemical data obtained by Sack, Azeredo, and Lip-
schutz (1991) using electron probe microanalysis indicate that
two antarctic olivine-rich diogenites from the howardite-
eucrite-diogenite (HED) association of achondritic meteorites,
provide the key to understanding the formation of the HED
parent body-4 Vesta or some other rare V-type asteroid. These
ancient basaltic mantle samples indicate an origin by partial
melting and apparently eliminate the possibility for significant
fractional crystallization during formation and evolution of the
parent body.

Most of the research carried out by my group to date has
involved radiochemical neutron activation analysis and atomic
absorption spectroscopy to determine part-per-million to part-
per-trillion levels of 12 to 15 trace elements in each sample
studied. These elements are important because of their chal-
cophile, lithophile, and siderophile geochemistry and espe-
cially because most are labile (i.e., highly responsive to thermal
processes), a state that usually accompanies geochemical or
cosmochemical fractionation. Hence, in their absolute contents
and relative abundance trends, these elements can record var-
ious fractionation events, both preterrestrial and terrestrial,
during residence in and/or on the ice sheet. During the past
year, the results of radiochemical neutron activation analysis
studies of antarctic and nonantarctic eucrites (Paul and Lip-
schutz 1990a; cf., Lipschutz 1991a) and four antarctic carbona-
ceous chondrites (Paul and Lipschutz 1990b) have been pub-
lished. As noted by Lipschutz (1991a), the results of Paul and
Lipschutz (1990b) are of such interest as to warrant studies of

additional antarctic carbonaceous chondrites. Data for 39 of
these meteorites are now in hand and indicate that the genetic
picture previously developed from studies of nonantarctic sam-
ples is seriously flawed. In particular, observations that labile
element contents were quantized (indicating a two-component
mixing model), have given way to an essentially continuous
compositional distribution (indicating that carbonaceous chon-
drites are random samples of matter hydrated preterrestrially
to different extents). Further, these results (to be presented at
the 54th Annual Meteoritical Society Meeting)—like those for
all antarctic lunar meteorites studied to date (Lindstrom et al.,
1991a, 1991b)—demonstrate the absence of any identifiable al-
teration due to weathering during the meteorites' residence in
Antarctica. If any meteorites would be expected to exhibit such
effects, these should. Hence, compositions of antarctic meteo-
rites yield unique genetic information and are changing, in a
fundamental way, our previous view of bodies in the inner solar
system (Lipschutz 1991b). Information about the nature of the
Moon deduced from lunar meteorites is sometimes at variance
with that obtained from Apollo samples. Whether this reflects
a biased population of lunar meteorites or of sampling during
the Apollo missions remains to be determined (Lindstrom et
al., 1991a, 1991b).

An analytical capability new to our research group is accel-
erator mass spectrometry and during the past year we contin-
ued (Lipschutz 1991a) to develop an accelerator mass spectrom-
etry facility at Purdue University, primarily to measure the
cosmogenic radionuclides shown in the table. We have pro-
gressed according to schedule and our first results, for chlorine-
36 in samples of the crater-forming Canyon Diablo meteorite,
are in hand (Elmore et al., in preparation). This dedicated fa-
cility is intended to become a national accelerator mass spec-
trometry facility for the earth and planetary science commu-
nities. If progress remains on schedule, within 1 year we plan
to be serving the communities' needs for tracer and dating
studies of meteorites and terrestrial antarctic (and nonantarctic)
rock and ice samples.

Cosmogenic radionuclides

Half-life
Isotope	 (in millions of years)

Beryllium-10	 1.6
Aluminum-26	 0.74
Chlorine-36	 0.30
Calcium-41	 0.10
Iodine-129	 16

This research was supported in part by National Science
Foundation grants DPP 87-15853 and EAR 89-16667 and Na-
tional Aeronautics and Space Administration grant NAG 9-48.
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Terrestrial ages
of antarctic meteorites

K. NisHlizuMi

Department of Chemistry
University of California, San Diego

La Jolla, California 92093-0317

P. SHARMA and P.W. KuBIK*

Nuclear Structure Research Laboratory
University of Rochester

Rochester New York 14627

We continue to study cosmogenic nuclides in antarctic me-
teorites. Through our measurement program on cosmogenic
nuclides in antarctic ice, Greenland ice, antarctic rocks, and
antarctic meteorites, we hope to understand meteorite accu-
mulation mechanisms as well as the history of both polar ice
sheets and climatic change. In addition, we are studying the
history of antarctic meteorites and cosmic rays. Our probes are
mainly the long-lived, cosmic-ray-produced radionuclides ber-
ylium-lO, aluminum-26, clorine-36, calcium-41, manganese-53,
and iodine-129. The major objective is to measure terrestrial
ages of meteorites based on chlorine-36 concentrations. Chlo-
rine-36 was determined using the University of Rochester tan-
dem accelerator. We, at the University of California, San Diego,
have developed a new dating method; we measure in situ pro-
duced berylium-10 and aluminum-26 in terrestrial quartz (Lal
and Arnold 1985). We have applied this technique to several

antarctic mountains and moraines to understand duration of
exposure above glaciers and erosion rates for the antarctic con-
tinent (Nishiizumi et al. 1986; Nishiizumi et al. 1991). We have
measured terrestrial ages of meteorites from 29 locations in
Antarctica although only one or two meteorites were measured
at many sites. We found stony meteorites with ages greater
than 200,000 years at seven locations (Allan Hills, Dominion
Range, Elephant Moraine, Lewis Cliff, MacAlpine Hills, Pecora
Escarpment, and Thiel Mountain). Four iron meteorites
(DRP7800I-9, 1LD83500, Lazarev, and Mount Wegener), which
were found on bedrock or in moraines, are all old (0.26-5 mil-
lion years).

The figure shows a histogram of terrestrial ages of Yamato,
Allan Hills, and other antarctic meteorites. Pairs of meteorites
are shown as one object plotted at the average age. Although
the total amount of data is nearly double, the general trend
remains the same as in the previous publication on this subject
(Nishiizumi, Elmore, and Kubik 1989).

There are four interesting points.
• Many of the Lewis Cliff meteorites are as old as the Allan

Hills (Main Icefield**) meteorites. Although we have meas-
ured only nine Lewis Cliff meteorites, five out of nine of
them have terrestrial ages greater than 200,000 years. No
clear correlation has been found between the terrestrial ages
and the locations of Lewis Cliff meteorites. Very old and
young meteorites were found on both the lower and upper
ice tongues of Lewis Cliff. Fireman (1988) measured the age
of one dust-containing ice sample from lower Lewis Cliff ice
tongue using a uranium-thorium dating method. The terres-
trial ages of Lewis Cliff meteorites, which we have measured,
are significantly longer than the age of this Lewis Cliff ice,
25,000 years. If we accept the young age for the Lewis Cliff
ice, then we must conclude either that ice from Law Glacier
must have flowed continuously into the Lewis Cliff ice tongue

*Present address: Inst it ut für Mittelenergiephysik,Eidgenossische Technische
Hochschule, Hon ggerherg, Zürich,Switzerland.

**The designation "Main Icefield" is not an official name, but the fea-
ture is a distinct geographic unit.
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for more than a few hundred thousand years or that the
young and old ice sheets were mixed together at the ice
tongue.

• The histogram of terrestrial ages of Elephant Moraine meteo-
rites shows a smooth exponential decrease with age. Thus
far, old meteorites have been found on the southwest side of
the moraine, and younger meteorites have been found in the
eastern and northern regions. According to Faure and Taylor
(1985), Elephant Moraine consists of pieces of bedrock that
were fairly recently transferred to the surface by upward ice
movement. We measured berylium-10—aluminum-26 surface
exposure ages of four moraine rocks using the University of
Pennsylvania accelerator. They are calculated to be about 100,
400, 10,000, and 62,000 years. Although all samples were
collected from the same area, their exposure ages are very
different. This is evidence for continuous production of Ele-
phant Moraine to this day. We conclude that the age of the
moraine is greater than 60,000 years.

• Only four meteorites (ALH84243, 85037, 85048, and 85123)
were collected on soil or on bedrock at Allan Hills. Three of
them have terrestrial ages of less than 100,000 years, but one
(ALH 85048) has a terrestrial age of 920,000 years. The rocky

outcrops located southeast of the Allan Hills Main Icefield
and the west side of Allan Hills were essentially ice free for
at least 1.4 to 2.5 million years based on in situ produced
cosmogenic nuclides, berylium-10, aluminum-26, and neon-
21 in quartz (Graf et al. 1991; Nishiizumi et al. 1991). We do
not yet understand the relationship between the terrestrial
ages and the history of the outcrops on which the meteorites
were found.

S ALH85118 was collected from a steeply sloping ice surface.
If the meteorite was recently exposed from inside the ice, the
age of the ice should be same as the terrestrial age of the
meteorite, 650,000 years. The meteorite age, however, is
much older than the measured age of ice of the Allan Hills
Main Icefield (approximately 100,000 years older) based on
uranium-thorium (Fireman 1988) and krypton-81 (Craig et
al. 1990) dating, and the age of ice at Allan Hills Cul de Sac***
(approximately 300,000 years) (Fireman 1988). Although
some trends were found for the Allan Hills Main Icefield,
both old and young meteorites were found there. The oldest
terrestrial ages of these meteorites are far older than the
measured age of the ice. If these meteorites fell on the snow
accumulation area and were transferred to the present loca-
tion by the currently accepted mechanism (Yanai 1978; Whil-
lans and Cassidy 1983), we cannot explain this discrepancy.
One possible explanation for this and other similar discrep-
ancies is that meteorites fell on the accumulation area but
stayed on the ice or snow for a long time due to a steady-
state balance between the snow accumulation and ablation
rates. Then climate changed, the snow accumulation rate
increased, and young and old meteorites were trapped in the
ice and moved to the area where they were currently found.
We will perform uranium-thorium dating of ice according to
the idea of Fireman and will also make further measurements
of terrestrial ages of meteorites and in situ surface exposure
age dating of rocks to investigate the history of meteorites
and ice.
This work involves a collaboration between the University of

California, San Diego (K. Nishiizumi and J.R. Arnold) and the
University of Rochester (P. Sharma and P.W. Kubik). The ber-
ylium-lO and aluminum-26 measurements in terrestrial quartz
were performed in collaboration with the University of Penn-
sylvania, Eidgenossische Technische Hochschule (Zurich), and
Lawrence Livermore National Laboratory accelerator groups.

This research was supported in part by National Science
Foundation grants DPP 89-16036, DPP 89-16236, and National
Aeronautics and Space Administration grant NAG 9-33.
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Glaciology and glacial geology

A shallow ice core
drilling project
at Byrd Station,

Antarctica

CHESTER C. LANGWAY, JR.

Ice Core Laboratory
Department of Geology

State University of New York
Buffalo, New York 14214

We obtained a new 164-meter deep, 10-centimeter diameter
ice core at the Byrd Station Surface Camp (NBY-89), West Ant-
arctica, in November 1989. In addition, we recovered two 25-
meter deep ice cores at 14-kilometer and 29-kilometer distances
upstream from the maincore, and at each drilling location, we
dug 2-meter deep pits.

A three-member team of engineers from the Polar Ice Coring
Office, University of Alaska, augered the cores. The science
field team consisted of seven members from the Ice Core Lab-
oratory, State University of New York at Buffalo, who arrived
in McMurdo on 5 November. Magnetic storms delayed the
team's transport to Byrd Station Surface Camp until 21 Novem-
ber. A total of 10 days was spent at Byrd Station and vicinity to
accomplish all research tasks and objectives.

One goal of the project was to investigate the surface and
near-surface layers using state-of-the-art ice-core study tech-
niques to overlap and extend to the surface paleoenvironmental
records obtained from the original deep core drilling completed
in 1968 (Ueda and Garfield 1969). All published studies made
on the original 2,164-meter deep ice core began with the refer-
ence horizon established 88.4 meters below the 1968 snow sur-
face. One of the top priorities of this project was to establish a
new surface reference horizon at Byrd Station and to correlate
the new chronology with the ice-core records from 1968 for
Byrd Station for several stratigraphic considerations.

The complete science plan included a detailed, integrated
series of physical/chemical property studies. In the field, the
core was measured continuously, and the measurements were
carefully recorded for stratigraphic features, bulk density, and
acidity. More than 3,000 samples were prepared and packaged
for stable isotope analyses. The 1-meter core tubes and associ-
ated samples were then crated for transport to the home labo-
ratory for further studies.

Many of the laboratory studies have been completed. The
status (at time this article was submitted) of the NBY-89 field
and laboratory study program, and the various investigators
associated with individual studies, is listed in the table. The
individual investigations not yet completed are identified as in
progress.

The analysis and cross-correlation of the continuous oxygen
isotope as well as the acidity measurements and intermittent
but continuous chemical stratigraphy data provide a refined
and detailed snow-accumulation chronology for the 164-meter

ice core for the past 1,360 years (Langway, Clausen, and Ham-
mer in preparation; Langway and Osada 1991). The megascopic
stratigraphy record over the profile identifies a bimodal, mul-
tiseasonal distribution of millimeter crust layers. Their fre-
quency is at a maximum (13 to 19 percent) in late summer/early
fall deposits, with a slightly lower level (10 to 12 percent) also
shown for late winter/early spring. A minimum number of
crust layers (about 5 percent) appear for late fall/early winter
periods. The nonlate summer/early fall crusts are attributed to
wind packing by storms (Langway and Shoji 1991).

The top 300 years of the 1,360 year chronology reflects clear
changes in the average concentration levels of isotopic oxygen,
methan sulfonate, and nonvolcanic excess sulfate (biogenic).
The stable isotope ratios show a warming trend; the methane-
sulfonate curve shows a deep negative dip in concentration
levels and the nonvolcanic portion of the excess sulfate concen-
tration slightly increases (Langway and Osada 1991). The excess
sulfate concentrations peaks, above an established general
background level, indicate past volcanic activity. This is verified
by high acidity (hydrogen ion) signals. The volcanic layer chro-
nology established for NBY-89 is stratigraphically connected
(figure) to the Byrd Station 1968 deep ice core (site located 1
kilometer away) in three ways:

N BY—main

H2SO4 Deposition

kg/km2
0	 25	 500-I

BS68
0	25

1259AD	 1259AD

b

I 2164m

Chemical stratigraphy of the volcanic events in the NBY-89 ice core
(A) correlated with the Byrd Station 1968 (B568) ice core (B) in
terms of the sulfuric acid (H2SO4) deposition flux. (kg/km 2 denotes
kilograms per square kilometer. m denotes meter.)
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Individual studies, investigators, affiliation, and
current status of science studies program for the NBV-89 ice core

Samplinga

C,I

C,I

C,I

C
C

C

C,I

Institute

State University of New
York at Buffalo

University of Copenhagen

University of Colorado

University of Bern

University of Rhode Island

Massachusetts
Institute of Technology

Investigator(s)

C.C. Lanway,
H. Shoji, and
co-workers

C.C. Langway,
K. Osada, and
co-workers

H. Clausen,
C. Hammer,
C.C. Langway,
and co-workers

W. Dansguard,
S. Johnsen, and
J. White

H. Oeschger

A. Neftal

B. Stauffer

U. Stigenthaler,
C.C. Langway,
and co-workers

M. Bender
and co-workers

I. Olmez,
(E. Fireman),
C.C. Langway,
and co-workers

Study

Physical stratigraphy
Structure
Physical properties
Mechanical properties

Chemical stratigraphy
Volcanic layers
Ionic concentration levels
Organic chemistry
Embedded solids

Acidity
Oxygen isotopes
p-activity levels
Dust

Deuterium

Carbon dioxide, methane,
and nitrous oxide

Hydrogen peroxide
(Staffelbach, Neftal, and Sigg
1991)

Beryllium-b

Carbon-13/carbon-12

Oxygen, argon, and nitrogen
isotopes in gas phase

Interlaboratory calibration of
selected elements using IC
and INAA for deep ice core
stratigraphy

INAA analyses of particulates

Trace metals

Status

Finished
Finished
Finished
In progress

Finished
Finished
Finished
In progress
In progress

Finished
Finished
Finished
In progress

In progress

In progress

Finished

In progress

In progress

In progress

In progress

In progress

In progress

a C denotes continuous; I denotes intermittent.

• by the prominent 1259 AD and other volcanic events (Ham-
mer, Clausen, and Langway 1985; Langway, Clausen, and
Hammer 1988);

• regionally with a new (1978) South Pole 111-meter deep core;
and

• globally with four other locations in Greenland.
This research was supported by National Science Foundation

grant DPP 88-17579. U.S. Navy personnel provided field sup-
port for the team at Byrd Station.
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Analysis of radar studies
on the Siple Coast

C.R. BENTLEY, R. RETZLAFF, N. LORD,
and A.N. NOVICK

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

In 1990, we continued to analyze radar data from field sea-
Sons in 1987-1988 at Downstream B camp on the ice plain of
ice stream B and in 1988-1989 at and around Upstream C camp
on ice stream C. Four papers on this work were presented at a

meeting of the American Geophysical Union in December. A
summary of our findings follows.

Bed deformation on the ice plain. A radar experiment was con-
ducted on the surface at Downstream B camp (DnB in the
figure) on the ice plain of ice stream B during the 1987-1988
field season to search for moving or changing diffraction pat-
terns in bottom reflections (Bentley and Novick 1990). The ice
sheet here is 830 meters thick; its surface lies only 20 meters
above buoyancy. Repeated profiles over a period of 8 days along
a 1-kilometer transect oriented at an angle of approximately 20
degrees to ice flow showed eight to ten strong diffraction fea-
tures. Because no motion of these diffractors relative to the ice
surface could be measured, we concluded that the differential
movement within the ice stream is less than 40 meters per year,
i.e., less than 7 percent of the movement associated with
Downstream B camp. This diffential-movement finding indi-
cates that deformation of the ice is not a major contributor to
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fast ice-stream movement across the ice plain. Analysis of the
character of the diffraction shows that the diffractor roughness
must be on the order of a few meters vertically with slopes on
the order of 10 percent and that the form of the diffracting
surface, i.e., the base of the ice, changes little during at least
10 meters of movement. These facts imply that the ice must be
deforming the bed to a depth of several meters.

Large bottom crevasse (?). Additional radar profiling during the
1987-1988 season at Downstream B camp on the ice plain of
ice stream B revealed a long, continuous diffractor above the
bed (Novick and Bentley 1990). Thirteen transects across the
feature show a nearly hyperbolic shape indicating an approxi-
mately linear diffractor oriented parallel to the direction of ice
movement. The diffractor is 60 meters above the bed on the
transect farthest upstream and grows higher until it is over 100
meters above the bed on the last transect 12 kilometers down-
stream from the first. This suggests that the feature is at least
24 kilometers long. The returns from the diffractor increase in
strength downstream. We believe the primary source of the
returns is the apex of a bottom crevasse. Small but consistent
deviations from the hyperbolic form and the fact that the am-
plitudes of the returns are stronger on one side of the feature
than the other indicate that there are also some returns from
at least one flank of the crevasse. These characteristics suggest
that the crevasse is not symmetrical about a vertical axial plane.

Surface and bed elevation maps from airborne radar sounding. Dur-
ing austral summer 1988-1989, 14,000 kilometers of airborne
radar data, consisting of six gridded blocks (figure) with line
spacing of 5 x 5 kilometers (block b), 10 x 10 kilometers (blocks
a and c), 5 x 20 kilometers (blocks 10 and 20), and 10 kilometers,
one way only (block e), were collected over the upstream por-
tions of ice streams A, B, and C and the intervening "ridges"
using a modified SPRI Mark IV 50-megahertz radar mounted
in a Twin Otter aircraft (Lord, Retzlaff, and Bentley 1990). Hor-
izontal and vertical positions were recorded respectively from
the inertial navigation system and pressure altimeter in the
aircraft. Ground control was provided by ties to Ohio State
University's satellite-surveyed ground stations. A linear drift
in the inertial navigation system was assumed and corrected
for; the drift rates were evaluated from the closure in position
at the end of each flight. Ice thicknesses were determined from
computer-picked arrival times of the surface and bottom reflec-
tions, and surface elevation was calculated from the aircraft's
recording radar altimeter. Crossover errors for surface elevation
were minimized in a least-squares sense by applying a height
correction to each flight line. Elevations were made absolute by
the ties to the ground stations. Residual crossover errors indi-
cate standard errors in surface elevation and ice thickness of 4

meters and 30 meters, respectively. The maps are generally
similar to pre-existing reconnaissance maps, but they show
much more detail.

Dating the shutdown of ice stream C. That same season, our
GSSI SIR-8 short-pulse radar system was deployed on five pro-
files across the buried shear margin of ice stream C (figure) to
detect the depth to buried surface crevasses (Retzlaff and Bent-
ley 1990). A density-versus-depth curve from a seismic short-
refraction experiment was used to calculate a curve of radio-
wave velocity versus depth that was in turn used to convert
radar-echo times to depth. After correcting the profiles for re-
gional variations in accumulation rate along ice stream C, we
found that there is no significant difference in the time of cre-
vasse burial at the four downstream locations (profiles 1-4). All
four profiles give a shutoff time for the ice stream of 130 ± 20
years ago. The profile farthest upstream (profile 5), however,
indicates an age of burial about half that of the other profiles.
This indicates more recent activity for the upstream end of ice
stream C; in fact, visible surface crevasses occur along one of
its margins. Variations in depth to buried crevasses within in-
dividual profiles were found to correlate with surface slope; we
believe that is because the slope affects the local accumulation
rate.

In a separate short-pulse radar experiment, a 700-meter-
square grid near Upstream C camp was profiled. To determine
the nature and orientation of the buried crevasses, individual
crevasses were correlated from line to line within the grid. A
primary set of buried subparallel crevasses oriented very nearly
along the axis of the ice stream was found. Whether the cre-
vasse orientation on this grid is representative of a more exten-
sive region is uncertain.

This work was supported by National Science Foundation
grant DPP 86-14011. This is contribution number 518 of the Uni-
versity of Wisconsin at Madison, Geophysical and Polar Re-
search Center.
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Analysis of seismic
and gravity studies
on the Siple Coast

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

In 1990, we continued to analyze seismic and gravity data
from the 1988-1989 field season at Upstream C camp on ice
stream C. (For location see the figure in Bentley, et al., Antarctic
Journal, this issue.) Three papers on this work were presented
at a meeting of the American Geophysical Union in December.
A summary of our findings follows.

Bed softness from phases of seismic reflections. The phases of
seismic compressional waves reflected off the bed of ice stream
C and ridge BC, recorded from high-resolution profiles shot in
1988-1989, indicate lateral changes in the basal boundary con-
dition (Atre and Bentley 1990). In a zone 20 kilometers wide
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under the ice stream, the reflection is mostly reversed in phase
(figure 1), a finding that indicates a bed with an acoustic imped-
ance less than that of the ice. The porosity of a water-saturated
sedimentary material would have to be nearly 40 percent to
yield an impedance less than that of the ice—this is appropriate
to a dilated till. On both sides lie zones that show no phase
reversal, a finding that implies an acoustic impedance higher
in the bed than in the ice. One of the latter zones, 15 kilometers
wide, is on the central, rough-bedded part of the ice stream;
the other extends from the former shear margin onto ridge BC.
The higher acoustic impedance implies a lower porosity (about
35 percent or less). This finding in turn suggests that the ma-
terial is lodged till. There is an abrupt change in the basal
boundary condition at the inner boundary of the former shear

margin as delineated by radar observations. The phase of the
reflected wave reverses over a distance of a few hundred me-
ters, from reversed on the ice-stream side to unreversed on the
ridge side. Within the 20-kilometer zone of phase reversal, a
few isolated regions have reflections that show no phase re-
versals or have very low amplitudes (the latter implies a near
match in acoustic impedance). These regions may be similar to
"sticky spots," i.e., sources of stress concentrations such as
those found by Whillans (1987) on ice stream B.

A serious difficulty arises with the explanation of reversals
and nonreversals in phase in terms of dilatancy (and presumed
deformability) of the bed when a similar analysis is made of
the reflections beneath ice stream B. There, nearly the entire
bed, including the spot where a dilated bed was first revealed

NO-PHASE-REVERSAL ZONE

F-1 PHASE-REVERSAL ZONE
0 Up  Camp

Ridge BC Camp

FORMER
SHEAR MARGIN

Axis of Ice stream C

Ridge BC

True South

0	10
Grid South	 Scale (km)

Figure 1. Diagrammatic map showing zones of phase reversal and no phase reversal in seismic reflections from the base of ice stream C.
The map runs from the central ice stream (left) across the shear margin (box at right center) onto ridge BC (right). Small elongated boxes
show locations of seismic profiles. Letter-number combinations are profile designators. (km denotes kilometer.)
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by seismic velocity measurements (Blankenship, et al., 1987),
shows no phase reversal, a finding that indicates a higher
acoustic impedance than in the ice, i.e., a lodged till by the
criterion applied on ice stream C. We do not yet have an expla-
nation for this paradoxical result.

Seismic anisotropy in the ice. There are many indications of
seismic anisotropy in the ice of ice stream C and ridge BC. The
velocity of compressional waves estimated from reflection and
refraction studies conducted during the 1988-1989 field season
varies from 3,754 to 3,884 meters per second (Anandakrishnan
et al. 1990). The maximum velocity from long refraction shoot-
ing is only 3,815 ± 5 meters per second, which is significantly
less than the value (3,850 meters per second) expected for iso-
tropic ice at -24 °C, the estimated temperature at the depth of
the velocity maximum (approximately 100 meters). The occur-
rence of shear-wave splitting from nearby microearthquakes
also shows that the ice is anisotropic. Wide-angle reflection
profiles reveal a change in compressional-wave velocity as a
function of angle of incidence, a change that can only be ex-
plained by strong anisotropy. Furthermore, the required crys-
talline fabric changes drastically from place to place (figure 2).
The fabric on ridge BC appears to be a simple distribution
within a vertical cone, as would be expected theoretically (Alley
1988). On ice stream C, the varying patterns are difficult to
explain in detail, but they probably arise as a result of complex
stress regimes associated with the abrupt cessation of rapid
movement (Alley personal communication).

Subglacial crustal structure. In January 1989, a reversed seismic
refraction profile 63 kilometers long was shot along a line from
Upstream C camp on ice stream C to ridge BC (Munson, An-
andakrishnan, and Bentley 1990). Explosive charges ranged in
size from 300 to 700 pounds. In addition, gravity measurements
were made at 1-kilometer intervals along the same 63-kilometer
line.

3950

ANGLE OF INCIDENCE (deg)

Figure 2. Examples of seismic wave velocity versus angle of inci-
dence for two different locations on ice stream C. The open circles
refer to a profile at x 34200 (see figure 1), the full circles to a profile
at x 3600. The repeated-hump character of the latter arises from
basal topography. (deg denotes degree. ms- 1 denotes meters per
second.)
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Figure 3. Crustal model derived from the forward modeling of seis-
mic and gravity data. The numbers in the left-hand column are P-
wave velocities in kilometers per second; those in the right-hand
column are densities in megagrams per cubic meter. The velocity
in parenthesis is assumed. (km denotes kilometer.)

Forward modeling of the seismic refraction and gravity pro-
files resulted in a three-layer model beneath the ice (figure 3).
In the top layer, the compressional-wave velocity is less than in
ice. Seismic reflection measurements indicate that the velocity
in this layer varies from 1.6 to 2.3 kilometers per second; these
are typical velocities for unconsolidated sediments. If we as-
sume that the velocity is 2.0 kilometers per second, then we
are led to the assumption that there is a layer about 100 meters
thick beneath the center of ice stream C. This layer thickens to
500 meters grid northeasterly toward the margin of ice stream
C. In an apparent graben beneath ridge BC, the layer is about
2.5 kilometers thick.

In layer 2, the velocity varies from 5.65 kilometers per second
at the top to 5.9 kilometers per second at the bottom. The
thickness of the layer decreases from 5 kilometers beneath ice
stream C to 2 kilometers beneath ridge BC. In the third and
deepest layer, velocity ranges, top to bottom, from 6.85 to 70
kilometers per second; the thickness, determined from wide-
angle reflections, is approximately 6 to 8 kilometers. Modeling
of the gravity anomalies revealed a full graben structure (ap-
proximately 10 kilometers wide and 2.5 kilometers deep) be-
neath ridge BC that may be a result of continental rifting.

This work was supported by National Science Foundation
grant DPP 86-14011. This is contribution number 519 of the
University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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Formation of ice-stream rafts
by recrystallization

RICHARD B. ALLEY

Earth System Science Center
and

Department of Geosciences
Pennsylvania State University

University Park, Pennsylvania 16802

Ice stream B, West Antarctica, contains rafts, which are
blocks of ice kilometers in size that look like inland ice but
move with the ice stream (Bindschadler et al. 1987; Shabtaie,
Whillans, and Bentley 1987; Whillans, Bolzan and Shabtaie
1987). Patterns of crevasses and velocities also suggest that
behavior may be quite different in regions of the ice stream
separated by short distances (Whillans et al. 1987). The ice
stream appears to be growing headward, with inland ice col-
lapsing into the ice stream (Shabtaie, et al. 1988), and it appears
likely that the rafts and irregular behavior are related to a dis-
continuous transition from inland to ice-stream conditions.

Key factors in ice streaming are basal lubrication and ice
softness. Raft formation might be related to an irregular onset
of basal lubrication, or to localized switches in ice softness.
Field and theoretical studies recently have concentrated on
basal lubrication of west antarctic ice streams (e.g., Engelhardt
et al. 1990), but not as much attention has been focused on ice
softness. On the other hand, because the rafts are visible at the
surface in ice 1,000 meters thick, ice conditions almost certainly
play a role in their formation, whether or not discontinuous
basal lubrication is important. In parallel with other groups
working in West Antarctica, first under the auspices of the Siple
Coast Project and now as the West Antarctic Ice Sheet Initiative,
I have begun theoretical studies to learn how important the
variations in ice softness might be and what studies might be
done to characterize these variations.

As reviewed by Alley (1988) and Budd and Jacka (1989), de-
formation of a crystal of ice is much easier parallel to its basal
plane than perpendicular to it. In a sample containing many
crystals, a stress component will cause rapid deformation if it
produces a large average resolved shear stress on the basal
planes of the grains (soft ice), and a stress component will cause
slow deformation if it produces a small average resolved shear
stress on the basal planes of the grains (hard ice). Softness is a
tensor property; a crystal that is soft to one component of a
stress tensor may be hard to a different component.

In addition, deformation of a polycrystalline sample causes
the basal planes to rotate relative to the external stress axes. In
the absence of externally applied rigid-body rotations, the basal
planes of grains rotate so that their normals, the c axes of the
grains, move away from tensional axes and toward compres-
sional axes. In the case of simple shear, the addition of a rigid-
body rotation causes c axes to cluster between the tensional
and compressional axes where the resolved shear stress on the
basal planes is a maximum.

For stress states without externally applied rigid-body rota-
tions, the c-axis rotations in response to deformation cause the
ice to become progressively harder if the stress field does not
change. This process is self-limiting, however. If stresses are
increased to continue the deformation, then strain energy is

stored in the sample (in the form of dislocation tangles,
subgrain boundaries, etc.). When the stored strain energy be-
comes large enough, new, strain-free grains form and grow into
the strained matrix in a process called recrystallization. Re-
crystallization occurs after small cumulative strains (typically 1
percent; Budd and Jacka, 1989) at sufficiently large stresses but
may not be initiated even after very large strains if the stress is
so low that diffusional processes prevent storage of strain en-
ergy (Alley in press).

In recrystallization, new grains are observed to nucleate at
orientations in which the resolved shear stresses on their basal
planes are high, making the ice softer. In addition, the removal
of dislocation tangles softens the ice. The onset of recrystalli-
zation typically increases the strain rate (softens the ice) by
three to ten times or more for constant stress and temperature
(Budd and Jacka 1989).

Work now in progress on samples from the Byrd Station,
West Antarctica, ice core, jointly with A.J. Cow of the U.S.
Army Cold Regions Research and Engineering Laboratory, in-
dicates that no recrystallization is occurring in at least the up-
per half of the core (Alley in press; Cow and others 1991), and
similar conditions are expected upglacier of ice stream B. Seis-
mically observed fabrics on ice stream B indicate, however, that
recrystallization is occurring there (Blankenship, Alley, and
Bentley 1989; Alley, Blankenship and Bentley 1989). Thus, as
ice flows from inland into the ice stream, the stresses and cu-
mulative strains become large enough to initiate recrystalliza-
tion and soften the ice significantly.

Longitudinal stresses and strain rates are known to vary
greatly from place to place in inland ice, in response to bedrock
topography or differential lubrication (Whillans and Johnsen
1983). As the head of an ice stream migrates into inland ice,
the large stretching stress of the ice stream is superimposed on
these variable stretching stresses forced by bedrock conditions
or basal lubrication. It then is likely that the stress threshold
needed to initiate recrystallization and soften the ice does not
migrate smoothly upglacier; rather, it probably jumps upglacier
over time from one region of high stress to another. The ice
bypassed by the jump then would be incorporated into the ice
stream while still behaving as inland ice, and would be a raft.

Although unproven, I hypothesize that raft formation will
occur whenever an ice stream grows into inland ice with sig-
nificant basal topography or spatially varying basal lubrication
(Alley 1990). This is a similar hypothesis to the stress-softening
model of Whillans, Boizan, and Shabtaie (1987), and both
models may contribute to the observed behavior. If my hypoth-
esis is correct, then during raft formation we should find an
inland-type c-axis fabric on the raft, surrounded by an ice-
stream-type recrystallization fabric.

This work was supported in part by National Science Foun-
dation grants DPP 88-22027 and DPP 89-15995.

References

Alley, R.B. 1988. Fabrics in polar ice sheets: Development and predic-
tion. Science, 240(4851), 493-495.

Alley, R.B. 1990. Flow-law hypotheses for ice-sheet modeling. (Ab-
stract.) EOS, 71(43), 1308.

Alley, R.B. In press. Flow-law hypotheses for ice-sheet modeling. Jour-
nal of Glaciology.

Alley, R.B., D.D. Blankenship, and C.R. Bentley. 1989. Fabric devel-
opment in ice sheets: Theory. (Abstract.) EQS. 70(15), 461.

66	
ANTARCTIC JOURNAL



Bindschadler, R.A., S.N. Stephenson, D.R. MacAyeal, and S. Shabtaie.
1987 Ice dynamics at the mouth of ice stream B, Antarctica. Journal

of Geophysical Research, 92(139), 8885-8894.
Blankenship, D.D., R.B. Alley, and C.R. Bentley. 1989. Fabric devel-

opment in ice sheets: Seismic anisotropy. (Abstract.) EOS, 70(15),
462.

Budd, W.F. and T.H. Jacka. 1989. A review of ice rheology for ice sheet
modelling. Cold Regions Science and Technology, 16, 107-144.

Engelhardt, H., N. Humphrey, B. Kamb, and M. Fahnestock. 1990.
Physical conditions at the base of a fast moving Antarctic ice stream.
Science, 248, 57-59.

Cow, A.J., R.B. Alley, and D. Meese. 1991. Ice-deformation processes
from mapping of c-axis fabrics. (Abstract.) EOS, 72(44), 150.

Shabtaie, S., I.M. Whillans, and C.R. Bentley. 1987 The morphology
of ice streams A. B, and C, West Antarctica, and their environs.
Journal of Geophysical Research, 92(139), 8865-8883.

Shabtaie, S., C.R. Bentley, R.A. Bindschadler, and D.R. MacAyeal.
1988. Mass-balance studies of ice streams A, B, and C, West Antarc-
tica, and possible surging behavior of ice stream B. Annals of Glaciol-
ogy, 11, 137-149.

Whillans, I.M., J. Bolzan, and S. Shabtaie. 1987 Velocity of ice streams
B and C, Antarctica. Journal of Geophysical Research, 92(139), 8895-8902.

Whillans, I.M., and S.J. Johnsen. 1983. Longitudinal variations in gla-
cial flow: Theory and test using data from the Byrd Station Strain
Network, Antarctica. Journal of Glaciology, 29(101), 78-97.

Glacial flow reorientation
in the southwestern
Fosdick Mountains,

Ford Ranges, Marie Byrd Land

STEPHEN M. RICHARD and BRUCE P. LUYENDYK

Institute for Crustal Studies
University of California

Santa Barbara, CA 93106-1100

The orientation of glacial striations on nunataks and clast
composition in tills in the southwestern Fosdick Mountains
region (76°30'S 145°W) indicate that during the most recent ice
high-stand when these nunataks were ice covered, the princi-
pal glacial flow direction was from southeast to northwest,
nearly perpendicular to the present drainage direction inferred
from the topography and flow features on the ice surface. The
Fosdick Mountains and the Phillips Mountains 15 kilometers to
the north, trend east to west and are separated by the Balchen
Glacier which now flows from east to west. The Crevasse Valley
Glacier, south of the Fosdick and Chester Mountains, now
flows from east-northeast to west-southwest. In the course of
studying bedrock geology in the Fosdick and Chester Moun-
tains region of Marie Byrd Land during the 1989-1990 and 1990-
1991 austral field seasons (Kimbrough et al. 1990), we measured
glacial striations on the relatively flat summit ridges of nuna-
taks between the Chester Mountains and Fosdick Mountains
and in the eastern Fosdick Mountains. These striae trend 115-
1200 on the nunataks between the Chester and Fosdick Moun-
tains and 150-160° on outcrops in the eastern Fosdick Moun-
tains. On the southern part of Bird Bluff, we observed roche
moutonée with long axes parallel to striae on the rock surfaces
and steep sides facing northwest, indicating that ice flow across
these outcrops was from southeast to northwest (figure).

Unconsolidated till and talus deposits were observed along
the base of steep cliffs all along the northern side of the Fosdick
Mountains. Typically these consist of cobbles to boulders of
rocks found in the adjacent outcrops. Till deposits that contain
clasts not locally derived mantle parts of Neptune Nunatak,
Mount Corey, and nunataks east and southeast of Bird Bluff
(figure). All of these deposits are characterized by subrounded
and tooled clasts of Swanson Formation and Bird Coast granite.

Clasts of the Swanson Formation are medium gray, slightly
cleaved, fine-grained sandstone or argillite. These sedimentary
rocks are thin to very-thin bedded, and the sandstones appear
to be quartzose. The Swanson Formation crops out widely
south of the Fosdick Mountains but nowhere to the north
(Wade, Cathey and Oldham 1977a, 1977b, 1977c, 1978; Wade
and Couch 1982; Adams 1986; Bradshaw et al. 1983, 1991).
Other locally derived clasts are present in all of these deposits.

In two places along the northern side of the Fosdick Moun-
tains till deposits with exotic clasts were found (figure). A cin-
der cone northeast of Mount Avers is mantled with colluvium
interpreted to include minor reworked till; this surficial deposit
consists mostly of cobbles and boulders of the underlying basalt
but includes about 10 percent rounded clasts of Fosdick gneiss
and Byrd Coast granite. In addition, the fine-grained matrix of
this deposit includes 10-20 percent of feldspathic grus, similar
to that observed on weathered surfaces of Byrd Coast granite.
The talus and till deposit in the wind scoop at the north end of
Mount Lockhart contains boulders of basalt with acicular,
glomerophyric plagioclase and sparse olivene. Although this
basalt resembles that found at the cinder cone northeast of
Mount Avers, numerous other basalt outcrops are found in the
eastern Fosdick Mountains (Wade, Cathey, and Oldham 1977b;
Kimbrough et al. 1990), and these boulders could have been
derived from up-glacier. The exotic clasts found in till deposits
on the north side of the Fosdick Mountains could have been
derived from rocks exposed along the Balchen glacier up slope
from their present location.

Colluvium consisting of weathered Byrd Coast granite that
mantles Mount Corey contains small angular fragments of bas-
alt, uniformly distributed over the north side of the nunatak.
These are interpreted as air-fall tephra derived from an erup-
tion at one of the volcanic centers in the Fosdick Mountains.
This interpretation requires that the most recent eruptions in
the Fosdick Mountains post-date ice-high stands during which
Mount Corey and nearby nunataks were ice-covered. Available
potassium-argon dates from volcanic rocks in the Fosdick
Mountains are as young as 3.4±0.3 million years at Mount
Perkins (LeMasurier and Rex 1982), providing a minimum ex-
posure age for Mount Corey if these are indeed the youngest
volcanic rocks.

Because Swanson Formation has not been observed to crop
out north of the Fosdick Mountains, the simplest explanation
of these observations is that when the outcrops where the stria-
tions are found were most recently under the ice, glacial flow
was to the northwest and carried clasts of Byrd Coast granite
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and Swanson Formation from regions to the south or southeast
where these rocks are presently abundant in outcrop. The pres-
ent ice surface in this area slopes to the west and west-south-
west, south of the Chester Mountains. Flow of the Balchen
Glacier north of the Fosdick Mountains and the Crevasse Valley
Glacier south of the Chester Mountains is to the west and
southwest. Mountain glaciers on the south flank of the Fosdick
range now flow south to southwest and have deposited lateral
moraines at the base of the range. This change in ice-flow
direction may have accompanied a decrease in ice thickness
which has exposed the striated nunataks. Alternatively, ice
flow direction was reoriented by uplift of the ranges above the
ice surface in Neogene time.

This work was supported in part by National Science Foun-
dation grant DPP 88-17615. Contribution of the Institute for
Crustal Studies 073-02UA.
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"Taylor lceDome* study:
Reconnaissance 1990-1991

P.M. GROOTES, E.J. STEIG, and C. MASSEY

Quaternary Isotope Laboratory, AK-60
University of Washington
Seattle, Washington 98195

"Taylor Dome" is a small ice dome (center above 2,450 meters
at about 77°40'S 158°00'E) separated from a ridge of the main
east antarctic ice sheet by a saddle at least 100 meters lower
(Drewry 1980). Flowline reconstruction by Drewry (1982) shows
this dome as a local center of outflow supplying ice to the
glaciers entering the McMurdo Dry Valleys of southern Victoria
Land from the west. Climatic changes have been recorded both
in the ice accumulating on "Taylor Dome" and in the glacial
geology in the McMurdo Dry Valleys. An ice core retrieved
from "Taylor Dome" thus offers the opportunity to compare
the ice-core record of past climatic and environmental changes
from an area of simple ice flow with the directly related geo-
logical record of past glaciations in the adjacent McMurdo Dry
Valleys (e.g., Denton et al. 1989; Stuiver et al. 1981).

From 29 November 1990 to 28 January 1991, two field parties
of three members each (Grootes, Steig, and Massey of the Qua-
ternary Isotope Laboratory and Balise, Morse, and Firestone of
the Geophysics Program of the University of Washington) car-
ried out a joint reconnaissance of "Taylor Dome" in preparation
for the selection of an ice-core drill site (see also Waddington
et al., Antarctic Journal, this issue).

The goals of the Quaternary Isotope Laboratory party were
to select a site (that is, to identify the area where the accumu-
lating snow best preserves an environmental record) and to
determine transfer functions (that is, to determine the relation-
ship between the properties of the accumulating snow and
environmental conditions).
• Site selection. Two qualities classify a preserved environmen-

tal record in the ice as suitable for study. First, the record
must represent an accumulation sufficiently sizeable and uni-

*Taylor Ice-Dome," also referred to as "Taylor Dome," is not listed in
the Gazeteer of the Antarctic as an official name, but it is a distinct geo-
graphic feature.

form that no years are missing in the record. Second, the
record must have a stratigraphy that is preserved through
the firnification process. To determine the suitability for ice-
core studies of different areas of "Taylor Dome," we dug 11
snow-pits across an 80 x 20-kilometer grid (figure 1). Ten pits
to about 2 meters were sampled in detail (1-centimeter inter-
vals) for istopic oxygen-18. Stratigraphy, temperature as a
function of depth, and hardness of the snow were recorded
in each pit. Microparticle samples were taken in two of the
pits, and chemistry samples and snow density were taken in
one. Detailed stratigraphy, isotope, chemistry, and micro-
particle samples as well as measurements of temperature,
density, and hardness of the snow were obtained on a 4.5-
meter pit near camp. Using a Polar Ice Coring Office hand-
auger system, two cores were drilled to about 11 meters to
measure for microparticles and methanesulfonic acid and
one core was drilled to about 19 meters to measure for iso-
topes near this pit.

Most pits show a predominantly horizontal layering with
occasional hard, wind-packed layers representing buried sas-
trugi (figure 2). A pattern of multiple thin layers and crusts
separated by thicker, more uniform snow layers probably
marks the seasonal pattern and suggests an annual accu-
mulation of about 10-centimeter water equivalent. The area
to the northeast of the crest of the dome, downwind for the
predominant (katabatic) winds, shows more and larger sas-
trugi at the surface and in the pit profiles. Because sastrugi
deposit locally over a short period and may consist largely of
reworked snow, this area is less suitable for an ice-core study.
Because our goal is to connect the "Taylor Dome" ice-core
record to the glacial geology of the McMurdo Dry Valleys,
the southwestern flank of the dome, which drains via The
Portal into the Skelton Glacier, is likewise less suitable for a
deep-drill site. Near the Lashly Mountains, "Taylor Dome"
ends abruptly with a distinct step in ice elevation. The crest
area between 20C and 30C (figure 1), away from this step
has been chosen as the most suitable drill area. A drill site
will be selected during the coming year based on detailed
radar studies of the bedrock topography.

• Transfer functions. Pale oenvironmental studies using ice
cores aim to reconstruct the past (local) atmospheric condi-
tions from the information contained in the ice. It is, thus,
essential to make detailed weather observations (Waddington
et al., Antarctic Journal, this volume) and to measure atmos-
pheric water vapor, frost/rime, and falling snow to determine
the relationships between those conditions and deposited
snow. An array of mylar-covered boards placed in the snow,
level with the snow surface, near bamboo poles marked with
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Figure 1. Map of "Taylor Dome" and its location relative to the Ross Ice Shelf and Ross Island (inset). The 1990-1991 bamboo-stake grid
) is oriented southeast to northwest along the axis of "Taylor Dome" as indicated by the regional surface contours (from Drewry (1982)

within grid from 1990-1991 survey, c.f. Waddington et al, Antarctic Journal, this issue). Snow pits localities are shown as: C properties
studied isotopes, temperature, stratigraphy, hardness, and diatoms; 0 same plus microparticles; 0 same plus microparticles, chemistry,
and snow density. Accumulation boards are indicated by V. N, C, S are the grid lines "north," "center," and "south," respectively, and 10
through 80 indicate distance of gridline from the zero gridpoint on bedrock at the Lashly Mountains.

a depth scale (figure 1) will provide readings of the accu-
mulation over the 1991 austral winter across the dome. Pit
studies repeated over the coming field seasons will provide
information on the changes in the snow during firnification.

We sampled fresh snowfall, frost, and rime on a nylon screen
over a plastic tray placed 1.5 meter above the snow. Snow was
also collected in a mylar covered basket at the top of a mast,
9.2 meters above the snow. Even with strong winds, little or no
reworked snow is expected to get into the basket. This set-up
will allow us to compare the isotopic signal of new snowfall
with that of reworked drifting snow.

Atmospheric water vapor was sampled daily from 24 Decem-
ber 1990 to 12 January 1991 by pumping air through a trap
cooled below -80 °C. The isotopic composition of the water
vapor will be compared with that of the snow and frost/rime
samples and with weather conditions. A similar set of samples
collected at the Greenland Ice Sheet Project 2 camp at the sum-
mit of the Greenland ice sheet during the summers of 1989 and
1990 showed an excellent correlation between the isotopic com-
position of atmospheric water vapor and that of snow, frost,
and rime. Large, rapid variations in isotopic composition dur-
ing the summer appear to correlate with changes in atmos-
pheric pressure and indicate the effect of air-mass history.

We thank VXE-6 and Antarctic Support Associates for the
excellent support. John Simonson of Antarctic Support Asso-
ciates contributed to the Geophysical Program survey work 17-
30 December 1990. This research was supported by National
Science Foundation grant DPP 89-15924.
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Figure 2. Snowpit stratigraphy at gridpoints 50N, 30C, and lOS (figure 1) across "McMurdo Dome." Pit lOS, located south of the dome in
the Portal, shows horizontal layering of fine grained firn with an increase in density continuous with depth. At the 30C locality layering is
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Glacier geophysical studies
for an ice core site
at "Taylor Dome*

E.D. WADDINGTON, D. MORSE, M.J. BALISE,

and J. FIRESTONE

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

Based on an airborne radio-echo-sounding survey at 10-15-
kilometer line spacing, Drewry (1982) identified a distinct top-
ographic dome centered at 77°40'S 15°00'E, above and west of

*"Taylor Dome" is not listed in the Gazetteer of the Antarctic as anofficial
name, but it is a distinct geographic feature.

the McMurdo Dry Valleys, McMurdo Sound area (figure 1).
"Taylor Dome" is a promising target for an ice-core paleocli-
mate study (Grootes, Steig, and Massey, Antarctic Journal, this
issue) because the record will be relatively simple to interpret
if all the ice originated locally. Such an ice core, taken to bed-
rock at 600-1,000 meters depth, could provide a climate record
for the McMurdo Dry Valleys area over the past 20,000 years or
more.

Our goals over the next 3 years are the following:
• to characterize the surface and bed topography and the ice

flow regime,
• to select a drill site, and
• to analyze the ice-flow and temperature data through models

to provide a time scale for the core, a paleotemperature and
paleoprecipitation record for the area, and ice flow-related
corrections and interpretations for time series in the ice core.

Three programs in 1990-1991 contributed to site characteri-
zation.
• Early in the field season, we installed an automatic weather

station (star in figure 1) to monitor air and snow tempera-
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Figure 1. Map of "Taylor Dome," showing regional surface con-
tours from Drewry (1982), the University of Washington 1990-1991
strain net (circles), Geoceiver locations (hexagons), weather sta-
tion (star), and 10  10-kilometer square (shaded) for detailed site
selection work. Dashed line A-B marks radio echo sounding profile
in figure 2. Inset map shows location relative to Ross Ice Shelf and
Ross Island (McMurdo).

tures, wind speed and direction, visible and infrared inso-
lation, and relative humidity. Typical diurnal variation was
10 °C, with maximum temperatures in the range —20 °C to
—15 T. The wind came predominantly from the southwest,
at 2-8 meters per second. The measured 10-meter-deep firn
temperature of —45°C should approximate the mean annual
air temperature at the site. Tthe automatic weather station
will continue to collect weather data for the duration of the
project.

• Surface topography has been established from the initial
strain-net survey (described below).

• Using ice-penetrating radar, we obtained bedrock topogra-
phy in a 10 x 10-kilometer area deemed most suitable for cor-
ing.
Two projects contributed to drill-site selection.

• A strain net was established in 1990-1991. A large-scale grid
extending 80 kilometers west-northwest from bedrock at the
Lashly Mountains was emplaced and surveyed using theo-
dolite and electronic distance meter (see figure 1). Survey
poles are spaced 2.5 kilometers apart. This large-scale grid
with bamboo flag lines also provides a road network for work
on "Taylor Dome."
Magnavox Geoceiver 1502 transit satellite observations at

both ends and at selected crossarm intersections, combined
with simultaneous data from two fixed nearby locations, Mount
DeWitt (77°12'S 159°45'E) and McMurdo Station (77°51'S
166°40'E), accurately constrain the grid position.

A 10 x 10-kilometer square intermediate-scale grid was estab-
lished in the hatched area in figure 1, which we consider to be
the most promising region for an ice core (Grootes et al., Ant-
arctic Journal, this issue). Markers spaced at 2.5 kilometers
within this square were surveyed from as many neighboring
poles as possible.

When the core site is selected in 1991-1992, a small-scale grid
will be placed around it, with survey poles approximately 0.5
kilometers apart, i.e. approximately one ice thickness.

We hope to conduct repeat surveys on all three grid scales
in coming field seasons to allow us to calculate ice surface
velocities for "Taylor Dome."

• We measured ice thickness by radio echo sounding. Since ice
is partially transparent to radio waves, a radio signal is re-
flected strongly from the ice-bedrock interface and less
strongly from internal layers within the ice (figure 2). These
internal echoes, caused by variations in ice density or varia-
tions in electrical properties associated with volcanic depos-
its, indicate stratigraphic layers that can reveal details of the
glacial flow field.

• The University of Washington's radio-echo-sounding system
(Weertman and Raymond 1990) is similar to the short-pulse
ice radar described by Hodge, Jacobel and Wright (1989). The
transmitter and receiver rode on sleds pulled by a snowmo-
bile with their respective antennas attached to the tow lines.

Figure 2. Radio echo sounding distance-time profile along the 20-
kilometer line A-B in figure 1. The echo return time (right axis), has
been converted to approximate depth (at left). Based on the sur-
face topography, we expect ice to flow predominantly into the
page, with an ice divide near the center of the plot separating flow
to the north (right) from flow to the south (left). (km denotes kilom-
eters. m denotes meters. us denotes microseconds.)
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The center frequency of the transmitter pulse, determined
by the antenna length, was 2 megahertz. A bicycle wheel
counter triggered waveform acquisition. The receiver con-
sisted of a high-gain amplifier and a digital storage oscillo-
scope to acquire the successive waveforms of the reflected
radio pulse and to transfer them to a PC-compatible com-
puter for subsequent analysis. We profiled each of the 2.5-
kilometer spaced lines in the 10-kilometer square intermedi-
ate grid (figure 1). Figure 2 shows the distance-time contin-
uous profile along the 20-kilometer line A-B in figure 1. The
travel times indicate ice thickness ranging from 500 to more
than 1,000 meters on this profile. Internal layers also show
clearly.

Because the bedrock topography varies on length scales
shorter than our 2.5-kilometer line spacing, we hope to do more
detailed radio echo sounding in 1991-1992 to select the final
drill site within the 10-kilometer square.

The presence of strong internal reflectors even near the bed
leads us to expect that the basal ice temperature is well below
freezing, implying that old ice has probably not been lost by
basal melting.

Now that data sets for ice depth, surface topography, net
mass balance, and surface temperature are available, we can
begin the ice-flow modeling study for "Taylor Dome."

"Taylor Dome" appears to be a suitable site for taking an ice
core to bedrock. With more detailed radio echo sounding and
with initial ice velocity estimates from a resurvey of the strain
net in 1991-1992, we will be able to select an appropriate core
site for the 1992-1993 drilling season.

This research was supported by National Science Foundation
grant DPP 89-15924.
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Oxygen isotope data
from the McMurdo

Ice Shelf, Antarctica:
Implications for debris band
formation and glacial history

T.B. KELLOGG and D.E. KELLOGG

Department of Geological Sciences
and

Institute for Quaternary Studies
University of Maine
Orono, Maine 04469

MINZE STUIVER

Quaternary Research Center
University of Washington
Seattle, Washington 98195

During the 1989-1990 field season, as part of a long-term
study of surface debris on the McMurdo Ice Shelf, we collected
ice from beneath the debris cover for oxygen isotope analysis
at 182 sites (table, figure). Isotope values range from -51.28
parts per thousand (%) to + 5.0%. Because our sites are widely
distributed and encompass the range of values reported by
other investigators (Cow and Epstein 1972), they probably dem-
onstrate the full range of values typical for the McMurdo Ice

Shelf. The long-term study spans the 1975-1976, 1976-1977,
1978-1979, and 1981-1982 field seasons (Kellogg et al. 1977;
Kellogg and Kellogg 1984, 1987a, 1987b, 1988, in preparation;
Kellogg, Kellogg, and Stuiver 1990).

Most McMurdo Ice Shelf sites (140) yield isotopic oxygen
(I80) values of 0.0% to +3.0%c. Because of fractionation, sea
water should become slightly enriched in 180 relative to the
international standard, SMOW (0.0%), during freezing (Cow
and Epstein 1972). Such slightly enriched values are, therefore,
diagnostic for ice of pure marine origin (Stuiver et al. 1981a).
We note that such values dominate throughout the McMurdo
Ice Shelf from the end of Minna Bluff to the calving margin and
demonstrate that basal freezing is the prevalent mechanism for
formation of the McMurdo Ice Shelf, as hypothesized by De-
benham (1919).

8 180 values for local precipitation in the McMurdo Ice Shelf
area were measured at - 28.95%o near the junction of the Cen-
tral area and Swirls, 29.21%c south of Black Island, and
- 2751% off Minna Bluff. An unnamed glacier on Minna Bluff
yields - 25.45%. These results are consistent with surface IMQ

values of - 28%c to - 34%c for this part of Antarctica (Johnsen
et al. 1972; Stewart 1975), but not with values from high ele-
vations on the east and west antarctic ice sheets where values
range from - 35. O%c to -57.0% (Morgan 1982).

We suggest the following interpretations for the 39 McMurdo
Ice Shelf ice samples with negative O values:
• the 24 samples with values of 0.0% to - 25.0% represent

mixtures of local precipitation and marine ice;
• the 12 samples with values of - 25.0% to - 35.0 1Yco represent

local precipitation; and
• the 3 samples with values less than -35.0%o represent ice

formed from precipitation that fell at a high elevation and
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Site
8180

%o Site
5180

%o Site
6180

Site
8180

Oxygen isotope dataa

+2.2
+1.5
+1.9
+2.0
+2.6

+2.1
+2.1

-28.8
+2.3
-5.2

+2.2
+2.1
+2.4
+1.6
+0.5

+0.8
+0.5
+2.1
+1.8
+1.7

+2.3
+2.3
+2.5
-2.7
+1.9

-9.6
+1.0
+2.1
+0.4
+1.9

-1.0
+1.9

-30.3
-23.3
-41.5

+1.5
+2.6
-2.5
+1.7
-1.6

+2.8
-27.5
-4.2
+2.5
+1.2

K76-i
K76-2
K76-3
K76-4
K76-5

K76-6
K76-7
K76-8
K76-9
K76-i0

K76-11
K76-12
K76-13
K76-14
K76-15

K76-16
K76-17
K76-18
K76-19
K76-20

K76-21
K76-22
K76-23
K76-24
K76-25

K76-26
K76-30
K76-31
K76-50
K76-51

K76-52
K76-53
K76-55
K76-58
K76-59

K76-61
K76-62
K76-65
K76-66
K76-67

MIT-1
MIT-2
MIT-3
MIT-4
MIT-5

K78-1
K78-2
K78-2A
K78-3
K78-4

K78-5
K78-6
K78-7
K78-8
K78-8sno

K78-8pond
K78-9
K78-10
K78-11
K78-12

K78-13
K78-i4
K78-15
K78-16
K78-i7

K78-18
K78-19
K78-20
K78-21
K78-22

K78-23
K78-24
K78-49
K78-50
K78-51

K78-52
K78-53
K78-54
K78-55
K78-56

K78-57
K78-58
K78-59
K78-60
K78-6i

K78-62
K78-63
K78-64
K78-65
K78-66

K78-67

+2.81
+2.20
+2.41
+2.13
+2.19

+2-38
+2.05
+2.24
+1.59

-28.95

+5.00
+2.13
+2.20
+1.77
+1.68

+2.21
+1.86
+3.16
+2.45
+3.33

+2.69
+1.39
+1.91
+1.79
+1.35

+1.57
+1.52

-11.93
+2.91
-1.96

+1.77
+1.01
+1.45
+0.05
+2.12

+2.06
+2.26
+2.39
+1.55
+2.78

+2.01
+3.04
+1.96
+2.83
+1.61

+1.72

K78-68
K78-75
K78-76
K78-77
K78-78

K78-79
K78-80
K78-81
K78-82
K78-83

K78-84
K78-101
K78-103
K78-104
K78-105

K78-106
K78-107
K78-108
K78-i 10
K78-111

K78-112
K78-113
K78-i14
K78-MBA
K78-MBB

K78-MBsno

K81 -1
K81 -1 A
K81 -1 B

K81 -1 C
K8i -i D
K81-2
K81-3
K81-4

K81-5
K81-6
K81-7
K81-8
K81-9

K81-9A
K8i -10
K81 -11
K81-12
K81-13

K81-14

+2.15
+2.66
+1.87
+2.03
+2.51

+2.31
+1.92
+0.29
+1.73
+1.42

-0.93
-26.95
-51.28
-0.18
+0.59

-31.35
+0.70
+2.43
+1.31
+1.24

+1.91
+1.44
+1.93
+1.21
-1.23

-27.51

+1.34
+2.64
+1.84

+0.18
-0.97
+2.30
+0.94
+1.31

+2.37
+3.02
+2.75
+1.80
+0.33

+2.17
+2.04

-48.96
+1.53
+1.80

+1.42

K81-15
K81-16
K81-17
K81-18
K81-19

K81-21A
K81-22
K81-23
K8i-26
K81-27

K81-28
K81-30
K81-3i
K81-32
K81-33

K81-36
K81-37
K81-38A
K81-42
K81-43

K81-45
K81-46
K8i-47
K81-48
K81-49

K81-50
K81-51
K81-52
K81-53
K81-54

K81-55
K81-56
K81-57
K81-58
K81-59

K81-60
K81-61
K81-62
K81-63
K81-64

K81-65
K81-66
K81 -67GL
K81-68
K81-69

K81-70

+2.18
+2.02
+11.35
+2.82
-1.63

-7.43
+2.56
+1.11
-3.85
+3.49

+3.76
-1.84
+0.13
-2.74
+2.30

+2.93
+2.76

-13.59
-1.19
-1.72

+2.37
-0.57
+1.24
+2.15
+2.04

+1.60
+2.29

-34.80
-2.79
+2.64

+2.88
+2.32
+2.02
+2.60
+2.47

-30.19
-30.24
-26.24
-25.35
-27.90

+2.77
+1.28

-25.45
-1.10
+0.28

-29.21

a Values given versus PeeDee Belemnite standard. K81 samples were measured twice. The reproducibility indicates an overall standard deviation of
0.11%.

which has been advected to the McMurdo Ice Shelf. Large
negative values could also result from a former ice flow re-
gime.

Our objective was to obtain ice free of local precipitation to
determine the origin of McMurdo Ice Shelf ice. Given the high
surface ablation rate, the resultant inversions of surface relief,
and the abundance of melt ponds on the McMurdo Ice Shelf
surface, it is not surprising that approximately 13 percent of
our ice samples represent admixtures of marine and fresh

water. The fact that this figure is not larger demonstrates the
dominance of basal freezing on the mass balance of the Mc-
Murdo Ice Shelf, and suggests that most snow falling in the
ablation area blows out to sea, sublimates, or melts and flows
down cracks or off the front of the McMurdo Ice Shelf.

Three samples with large negative 5'0 values occur in the
strait between White and Black islands (K76-59: -41.5%),
north of Minna saddle (K78-103: -51.28"), and on an outlier
north of Bratina Island (K81-11: -48.96%). Such values could
result if ice is flowing into the McMurdo Ice Shelf today from
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Oxygen isotope data for McMurdo Ice Shelf ice samples (table). Data for K76 and MIT sites from Stuiver et al. (1981a). Data for tops of drill
holes GOW 1, 3, and 5 were obtained from samples at 01, 2.0, and 1.0 meters depth, respectively (Gow and Epstein 1972).

the Ross Ice Shelf and is derived from precipitation that fell at
a high elevation further south. Advection of east antarctic ice
via Byrd and other outlet glaciers to the main body of the Ross

Ice Shelf is consistent with known flow directions on the Ross
Ice Shelf (Hughes 1975, figure 4). This explanation is possible
for K76-59 but is unlikely for the other locations listed because
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modern flowlines and velocities suggest minimal advection
from the Ross Ice Shelf to the McMurdo Ice Shelf (Swithinbank
1970). We suggest that ice from these three sites is preserved
from a former flow regime such as that during the late Wiscon -
sin maximum (Stuiver et al. 1981b, figure 7-16).

IMO values between 0.017 and 35.017o represent admixtures
of local precipitation and marine ice and, hence, are compatible
with the present shelf regime. Such values may also represent
remnant ice because an ice core beneath Ross Sea drift in the
mouth of Garwood Valley yielded - 11.0% (Stuiver et al. 1981b,
figure 7-6). This ice probably formed during deglaciation, pos-
sibly as an admixture of marine and glacial ice, and is certainly
remnant. This result suggests that remnant ice may have O
values as high as - 10.0%o and may be more widespread on the
McMurdo Ice Shelf than is indicated by the samples with O
values less than - 35.0%. Areas on the McMurdo Ice Shelf with
values between - 10.0% and - 35.0%, which might represent
remnant ice, occur in the Swirls, north of Black Island, near
the north end of the Black Island debris bands, west of Black
Island, and off Minna Bluff and the east coast of Mount Dis-
covery. The significance of these results is discussed fully in
another paper (Kellogg et al. 1990).

We thank the helicopter pilots and crews of Antarctic Devel-
opment Squadron VXE-6 for their enthusiastic support of our
field work. Kathryn Prentice, Cloe Chunn, Carolyn Lepage,
Robert Ackert, and Charles Swithinbank assisted with the field
work. Some of the I80 determinations were made by P.M.
Grootes of the Quaternary Isotope Laboratory, Seattle. Charles
Bentley, George Denton, Tony Gow, Chris Hendy, Terry
Hughes, and Charles Swithinbank provided encouragement
and stimulating ideas. This project was supported by National
Science Foundation grants OPP 75-15524, DPP 77-21083, DPP
79-20112, and DPP 80-20000.
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Radiocarbon dates
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During the 1989-1990 field season, as part of a long-term
study of surface debris on the McMurdo Ice Shelf, we collected
carbonate skeletal debris for radiocarbon dating. Forty-six dates
are now available from the McMurdo Ice Shelf (table), including
several dates obtained by other investigators (Swithinbank,
Darby, and Wohlschlag 1961; Cow et al. 1965; Brady and Batts
1981). Some of our data on earlier dates were published previ-
ously (Stuiver et al. 1981a; Stuiver and Braziunas 1985). The
long-term study spans the 1975-1976, 1976-1977, 1978-1979,
and 1981-1982 field seasons (Kellogg et al. 1977; Kellogg and
Kellogg 1984, 1987a, 1987b, 1988, in preparation; Kellogg, Kel-
logg, and Stuiver 1990).

Most of the dates presented in the table and figure were
obtained from shells of the barnacle Bathylasma corolliforme
(Hoek), the most abundant and widespread carbonate inverte-
brate on the McMurdo Ice Shelf. Approximately 30 grams of
barnacles or other shells were used for dating in each case.
Dates presented are uncorrected for carbon-14 deficiency of
antarctic waters which causes carbon-14 ages to be overesti-
mated by 1,000-1,300 years (Broecker 1963; Stuiver et al. 1981b).
Our rationale for not making corrections is discussed fully in
another paper (Kellogg et al. 1990).

The aereal distribution of carbon-14 dates on the McMurdo
Ice Shelf is presented in the figure to illustrate our first conclu-
sion, concerning the locations where debris is incorporated in
the base of the McMurdo Ice Shelf by adfreezing. Other authors
(Lamplugh and Kendall in Debenham 1919, p. 74; Pearse 1962;
Dayton, Robilliard, and Devries 1969) have suggested that an-
chor-ice freezing on the sea floor breaks loose periodically car-
rying biotic material and is subsequently adfrozen to the base
of the McMurdo Ice Shelf. Anchor ice might be carried by cur-
rents far from sites where it formed before adfreezing occurs
(Swithinbank 1970). We argue that the anchor-ice mechanism
is relatively unimportant because it should produce either a
pattern of randomly distributed ages, if currents are sporadic
or intermittent, or a distinct distribution of ages related to ex-
isting current patterns. The distribution of dates clearly shows
that all dates less than 2,000 years ago occur close to shorelines,
as off the north end of Black Island, near Bratina Island and
the Dailey Islands, and off the west coast of Brown Peninsula.

We conclude that adfreezing occurs predominantly in shallows
where the ice shelf grounds periodically and that the anchor-
ice mechanism either does not operate or is a relatively insig-
nificant mechanism for transporting seafloor material to the
base of the McMurdo Ice Shelf.

Our second conclusion is related to an interpretation of the
carbon-14 dates and the glacial history of McMurdo Sound. The
dates (table) have a bimodal distribution, with all dates either
less than 7,750 years ago or more than 20,000 years ago, as
determined by carbon-14 dating. The complete absence of dates
between 7,750 and 20,000 years ago is consistent with the pres-
ence of grounded ice of the late Wisconsin Ross Sea Ice Sheet
filling McMurdo Sound during this period (Stuiver et al. 1981a;
Denton et al. 1989). Thus, the younger suite of dates provides
minimum ages for ungrounding of the Ross Sea Ice Sheet be-
cause these biotic elements lived in southern McMurdo Sound
after grounding-line retreat and the reinitiation of marine con-
ditions in the area. The oldest of these young dates, 7,750 car-
bon-14 years ago, is located off the east coast of Brown Penin-
sula on a debris band that apparently formed further south
near the shore of Mount Discovery (ice flow velocities in this
area are probably on the order of 1 meter per year (Swithinbank
1970)). This date thus suggests that ungrounding had pro-
ceeded as far south as Mount Discovery by 7,750 years ago, as
determined by carbon-14 dating.

The older suite of carbon-14 dates (>20,000 years ago) rep-
resents organisms that lived in McMurdo Sound or the adjacent
Ross Sea prior to the late Wisconsin advance of grounded ice
that filled McMurdo Sound. We consider these dates as mini-
mum ages for preglacial marine conditions. One of these dates
(K78-100) is not actually from the McMurdo Ice Shelf but from
an outcrop of Ross Sea drift on White Island. All the other
dates were collected from sites on the northern part of the
Swirls debris bands east of Brown Peninsula or from former
segments of the Swirls that have become detached by the Bra-
tina Island Rift Zone (Kellogg et al. 1990). This observation
appears to confirm the suggestion we made earlier (Kellogg et
al. 1977), that two types of debris bands are present on the
McMurdo Ice Shelf. The older set includes the Swirls and some
of the unusual-shaped bands between Brown peninsula and
Black Island. These bands are probably remnant debris from
the former supergiacial flow pattern on the late Wisconsin Ross
Sea Ice Sheet, and apparently incorporate some relict ice (with
oxygen isotope ratios of <-35 parts per thousand) (Kellogg et
al. 1990). The second set of debris bands, best illustrated by the
bands trending northward from Black Island to the calving mar-
gin, is formed by the Debenham Mechanism of combined basal
adfreezing and surface ablation and is characterized by young
carbon-14 ages.

We thank the helicopter pilots and crews of Antarctic Devel-
opment Squadron VXE-6 for their enthusiastic support of our
field work. Kathryn Prentice, Cloe Chunn, Carolyn Lepage,
Robert Ackert, and Charles Swithinbank assisted with the field
work. This project was supported by National Science Foun-
dation grants OPP 75-15524, DPP 77-21083, DPP 79-20112, and
DPP 80-20000.
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Laboratory	Date and
Site	number	error

K76-4	QL-1126	6,510±50
K76-18	QL-1127	4,630±80

K76-26	QL-1128
K76-55	QL-1 222
K76-58	QL-1129

K76-59	QL-1132
K76-61	QL-1 223C
K76-62	QL-1 130
K76-64	QL-1 224
K76-66	QL-1 225

K76-67A QL-1 226
MIT-2	QL-85
MIT-2	QL-84
MIT-3	QL-79
MIT-4	QL-167

QL-77
QL-97
QL-166

K78-15	QL-1443
K78-18	QL-1444

K78-20	QL-1445
K78-24	QL-1446
K78-67	QL-1 447
K78-75	QL-1448
K78-78	QL-1 449

K78-80 QL-1 450
K78-100 QL-1451
K78-104 QL-4022
K78-107 QL-1452
K78-108 QL-1453

K78-1 10 QL-4023
K78-113 QL-1454
K81-7	QL-4024
K81-14	QL-4025
K81-15	QL-4026

K81-17	QL-4027
K81-18	QL-4028
K81-21	QL-4029
K81-29	QL-4030
K81-33	QL-4031

K81-39	QL-4032
K81-44	QL-4033
K81-46	QL-4034
K81-55	QL-4035
FISH

Brady and Batts

1,260± 30
3,590 ± 80

>51,000

3,610 ±40
3,630 ± 90
3,770 ±40
4,410± 90
1,340 ± 30

3,280± 300
4,140 ± 60
5,670±100
1,290± 50
3,130--90

1,370 ± 50
3,370 ±80
6,600 ±60

7,750 ± 90
2,710± 60

1,890 ± 60
45,500 ± 1,500

570 ± 60
4,410± 70
3,190± 50

5,250 ± 50
35,400 ±11,500

2,530 ± 50
2,150± 40

720 ± 60

2,160± 50
5,610± 50
3,050±30

30,900±160
>46,000

22,070±140
20,760 ± 80
4,880± 30
4,430±30
2,790 ± 40

4,310 ±30
3,820 ± 30
4,900 ± 30
4,150 ± 30
1,100

870--70

Radiocarbon dates

Material	Latitude Longitude
Reference 	dated 	(5)	(E)	Location/comments

1,2	Barnacle 77050.5' 165°47.0' On Black Island debris bands near north end
1,2	Barnacle 77 059.9' 166002.5' On Black Island debris bands south of the Bratina Island

rift
1,2	Barnacle 78 005.9' 166'05.0' North of Black Island on Black Island debris bands
1,2	Barnacle 78011.0' 166046.0' Northeast of Scalop Hill
1,2	Barnacle 78029.2' 167004.0' Off east end of Minna Bluff

1,2	Serpulids 780 12.0' 166045.0' On end of Black Island debris bands near Scallop Hill
1,2	Shells	78009.0' 166"35.0' Northeast shore of Black Island
1,2	Barnacle 78008.8' 165044.0' Between Black Island and Brown Peninsula
1,2	Barnacle 780 13.5' 165040.0 South of Dog Leg
1,2	Bryozoa	77052.0' 1650 15.0' Dailey Islands

1	Shells	77053.5' 165004.0' Dailey Islands
1,2	Algae	77053.5' 165053.0' On northern part of Black Island debris bands
1,2	Shells	77053.5' 165053.0' On northern part of Black Island debris bands
1,2	Shells	78008.2' 166031.0' Northeast shore of Black Island
1,2	Shells	78013.0' 165042.0' South of Dog Leg

1,2	Shells	77057.8' 1650 18.0' Eastern Dailey Island, south side
1,2	Shells	77052.5' 1650 18.0' Eastern Dailey Island, east side
1,2	Shells	77048.0' 165040.0' North end of Black Island debris bands (site no longer

exists)
3	Barnacle 78002.5' 165052.0 Swirls, eastern edge
3	Barnacle 78000.0' 165039.0' Swirls, northern edge

3	Barnacle 78000.0' 165036.0' East of Bratina Island
3	Barnacle 77059.7' 165032.0' North of Bratina Island, on outlier
3	Bryozoa	78006.5' 1650 15.0' On Koettlitz Glacier Confluence, south end
3	Barnacle 78009.5 165 053.5' Near north end of Dog Leg
3	Barnacle 780 11 .0 165050 . 0 Dog Leg, center

3	Barnacle 780 11.8' 165044.0' Dog Leg, south end
3	Barnacle 78002.0' 167024.0' White Island, Speden (1962) site number 19
3	Barnacle 78025.5 165045.0' North of Minna saddle
3	Barnacle 780 16.3' 165044.0' Northeast of Mount Discovery
3	Bryozoa	78009.0' 165°10.0' On Koettlitz Glacier Confluence, south end

3	Barnacle 780 13.0' 165034.0' East of Brown Peninsula saddle
3	Barnacle 780 12.5' 165036.0' East of Brown Peninsula saddle
3	Barnacle 77059.0' 165032.0' On outlier, northeast of Bratina Island
3	Barnacle 77059.3' 165030.0' On outlier, northwest of Bratina Island
3	Barnacle 77 059.8' 165029.0' Northwest of Bratina Island

3	Barnacle 78000.5' 165031.0' On Swirls, west of Bratina Island
3	Barnacle 78000.7' 165032.0' On Swirls, southwest of Bratina Island
3	Barnacle 78001.2' 165033.5' On Swirls, south of Bratina Island
3	Barnacle 78008.0' 165059.5' West of north end of Black Island
3	Barnacle 78005.5' 166002.0' Northwest of Black Island

3	Barnacle 78005.5 165055.0' Northwest of Black Island
3	Barnacle 780 13.0' 165029.0' On Swirls, near Brown Peninsula saddle
3	Barnacle 78012.2 165030.0' On Swirls, near Brown Peninsula saddle
3	Barnacle 78028.0' 1660 17.0' North shore of Minna Bluff
4	Fish	77053.0 1650 15.0' D. mawsoni near GOW-Di, Dailey Island

5	Algae	78011.5' 166044.0' On Black Island debris bands north of Scallop HilId

a Numbers denote the following: 1 = Stuiver et al. 1981 a; 2 = Stuiver and Braziunas 1985; 3 = this article; 4 = Swithinbank et al. 1961; 5 = Brady and
Batts 1981.

b Material dated: barnacle = Bathylasma corolliforme (Hoek); shells = mixed bryozoa, serpulids, barnacles, etc.; algae = nonmarine algae from
meltponds; bryozoa = mixed bryozoan fragments; serpulids = serpulid tubes.

C Reported incorrectly as QL-1123 in reference 2 (see footnote a).
d Date on algae associated with Mirabilite beds near K81-43, northeast shore of Black Island.
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In November and December 1990 and 1991, we carried out a
detailed investigation of late Cenozoic glacial deposits exposed
within Nibelungen Valley (77°40'S 161°20'E) in the western
Asgard Range. A major objective was to examine depositional
and erosional evidence for ice-sheet overriding of the western
McMurdo Dry Valleys.

Previous studies cite subglacial channels and potholes
(Sugden, Denton, and Marchant 1991), extensive drift sheets
(Marchant, Denton, and Sugden 1990), highly dissected uncon-
solidated deposits (Ackert 1990), and stoss-and-lee topography
(Denton et al. 1984) to infer northeast glacial overriding of the
western Asgard Range. Here, we describe widespread diam-
ictons, short-traveled gravel deposits, and linear ground-flutes
that are consistent with northeast glacial overriding. Our pre-
liminary results are based on on-site mapping with low-eleva-
tion air photographs and detailed descriptions of 135 soil ex-
cavations in central and lower Nibelungen Valley.

Nibelungen Valley is a north-facing and predominantly ice-
free valley that heads at the sinuous divide of the western
Asgard Range between upper Taylor and upper Wright Valley
in southern Victoria Land. Nibelungen Valley opens onto
Wright Valley about 1,000 meters above Mummy Ponds and is
incised in Beacon Supergroup Sandstones, Ferrar Dolerite, and
meta-igneous rocks of the basement complex.

Sessrumir Till. A silt-rich and unconsolidated diamicton, con-
taining striated dolerite and siltstone erratics overlies northeast-
trending striations and molded dolerite bedrock in central Nibe-
lungen Valley. Elsewhere, this diamicton overlies weathered
sandstone bedrock and is covered partially by extensive out-
crops of Asgard till, a sandstone-rich drift which represents an
expanded tongue of the east antarctic ice sheet that filled Wright
Valley (Ackert 1990).

The underlying bedrock striations, the molded and striated
clasts, and the siltstone erratics suggest glacial deposition be-
neath wet-based ice. Siltstone erratics, the nearest outcrop of
which occurs about 30 kilometers to the southwest in the Qua-
termain Mountains, imply far-traveled glacial ice. On the basis

of similar lithologies, drift textures, and underlying bedrock
striations, we correlate this drift with Sessrumir till exposed in
central Sessrumir Valley farther west in the Asgard Range (Mar-
chant et al. 1990). Sessrumir till most likely represents expan-
sion of the east antarctic ice sheet and northeast glacial overrid-
ing of the western Asgard Range although we cannot preclude
an alternative origin beneath local cirque glaciers (Marchant et
al. 1990).

Nibelungen drift. A gravel-rich and unconsolidated diamicton
crops out on the floor of east-central Nibelungen Valley in thin,
discontinuous patches near the down-valley edge of a closed-
bedrock hollow (figure 1). This hollow truncates a variety of
unconsolidated diamictons, including Sessrumir till, and ex-
poses local sandstone and granite bedrock.

Nibelungen drift is composed of a chaotic mixture of un-
weathered and angular gravel-sized clasts and poorly sorted
sands. Clast lithologies are identical in composition to bedrock
now exposed within the nearby depression. Several hand-dug

Figure 1. Preliminary sketch-map showing the geometric relation-
ships among Nibelungen drift, Sessrumir Till, undifferentiated
diamictons, and the closed-bedrock hollow in central Nibelungen
Valley. (m denotes meters.)
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exposures show that Nibelungen drift unconformably over-
lies in-situ ventifact pavements and silt-rich unconsolidated
diamictons.

The geometric relationship and lithologic similarities be-
tween Nibelungen drift and the closed-bedrock hollow; the
sharp, planar contact with underlying diamictons; and the ab-
sence of weathered and varnished clasts suggest that Nibelun-
gen drift is a glacial deposit derived from unweathered bedrock
removed from the adjacent hollow. Because the drift occurs
down-valley from the bedrock-hollow and overlies in-situ yen-
tifact pavements, we infer a complex association of subglacial
erosion and deposition beneath northeast-flowing, predomi-
nantly cold-based ice. Finally, because it stratigraphically over-
lies Sessrumir till, Nibelungen drift postdates an early phase
of temperate overriding(?) glaciation in Nibelungen Valley.

Erosional features and linear ground flutes. Asgard and Sessru-
mir tills show sharp, disjointed outcrop patterns in lower Nibe-
lungen Valley (figure 2). In places, closed circular-depressions
truncate Asgard till and expose the underlying Sessrumir till.
Elsewhere, isolated Asgard till patches overlie widespread out-
crops of the Sessrumir till.

Asgard till patches lack relief and merge evenly with adjacent
Sessrumir till outcrops. Stratigraphic sections exposed across
surface contacts show inclined and truncated beds of Asgard
till overlying Sessrumir till (figure 3). In places, buried in-situ
desert pavements stratigraphically separate Asgard and Sess-
rumir tills.

The disjointed outcrop pattern and truncated strata within
Asgard till most probably reflect subglacial erosion. Because
erosional features cut Asgard till, we suggest that glacial ero-
sion postdates deposition of this unit. We cannot preclude syn-
depositional erosion beneath the ice that deposited Asgard till,
but the presence of in-situ desert pavements beneath the As-
gard till strongly suggest that here the Asgard ice-tongue was
not actively eroding its bed.

Closely spaced and continuous linear ground flutes cut uni-
formly across disjointed outcrops of Sessrumir and Asgard tills
in lower Nibelungen Valley (figure 2). Such flutes are spaced
1-2 meters apart and are composed of aligned boulders imbed-
ded within and perched on the top of till outcrops. Upstanding
boulders are exposed to northeast-flowing katabatic winds and
show ventifacted facets and extensive pitting. Flutes locally di-
verge 5o_10o around topographic highs, but otherwise trend to
the northeast for a distance of about 500 meters. A sandstone-
rich colluvial deposit devoid of flutes overlies fluted Asgard till
near the east wall of lower Nibelungen Valley.

Our preliminary investigation of Nibelungen ground flutes
favors a glacial origin. We note that aligned boulders imbedded
within till matrixes imply subsurface modification, which is
inconsistent with an origin based solely on surface wind-ero-
sion. Because Nibelungen ground flutes parallel existing kata-
batic winds we cannot preclude wind erosion, but the absence
of flutes on adjacent unconsolidated colluvial deposits implies
that such flutes are not forming under the present climate.
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Figure 2. Low-elevation aerial photograph showing disjointed and eroded outcrop patterns of Sessrumir and Asgard tills, and the cross-
cutting linear ground flutes in lower Nibelungen Valley. The flutes trend diagonally across the photograph, from the upper left corner to
the lower right corner.
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Figure 3. Photograph of hand-dug section cut across surface con-
tact of Sessrumir and Asgard tills at point indicated in figure 2.
Note inclined strata within the Asgard till (light colored unit) trun-
cated at the present ground surface.

Nibelungen Valley shows strong evidence of an early phase
of temperate overriding(?) glaciation followed by a later phase
of predominantly cold-based(?) erosive glaciation(s). Sessrumir
till represents an early phase of wet-based glaciation in Nibe-
lungen Valley. Far-traveled siltstone erratics within this unit
imply northeast-flowing temperate glaciation of the western
Asgard Range (Marchant et al. 1990). Younger, predominantly
cold-based (although locally erosive) glaciations are inferred
from the Nibelungen drift-and-hollow sequence, highly eroded
and dissected till outcrops, and linear ground flutes superim-
posed on Asgard and Sessrurnir tills.

As a working hypothesis, we suggest that the disjointed out-
crop pattern of Sessrurnir and Asgard tills, the cross-cutting
linear ground flutes, and the Nibelungen drift-and-hollow se-
quence represent a single glacial event postdating deposition
of the Sessumir and Asgard tills. We argue that northeast-
trending flutes and inferred transport path of Nibelungen drift
suggest subglacial modification beneath a young episode (post-
dating deposition of Asgard till) of northeast-flowing ice. As
such, these features are consistent with an origin beneath
northeast-flowing overriding ice which egulfed the western As-
gard Range (Marchant et al. 1990; Sugden et al. 1991).

We thank Thomas Fenn, Garth Hirsch, and Charles Lager-
born for excellent assistance in the field and D.E. Sugden for
kindly reviewing this paper. The U.S. Navy provided helicopter
support. This work was funded by the Division of Polar Pro-
grams of the National Science Foundation.
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Isotopes produced in rocks by cosmic rays offer a promising
new tool for studying exposure histories of geologic surfaces.
We are applying these techniques in the McMurdo Dry Valleys-

McMurdo Sound area of Antarctica with the goal of constrain -
ing the glacial history of the region. In the 1989-1990 and 1990-
1991 field seasons, numerous samples of glacial moraines and
other unconsolidated surface deposits, exposed bedrock, and
lava flows were collected. Our initial efforts concentrated on
measurements of in situ produced cosmogenic helium-3 in
samples from an extremely well-exposed sequence of boulder-
belt moraines deposited by the Taylor Glacier in lower Arena
Valley (figure 1). Complementary measurements of in situ pro-
duced beryllium-10 and aluminum-26 have also been made in
a subset of these samples (Brown et al. 1991; Brook et al. in
press).

The moraines in lower Arena Valley are believed to have
formed during expansions of the Taylor Glacier and adjacent
east antarctic plateau in global interglacial periods. Correlations
with uranium-thorium dated deposits in middle Taylor Valley
(Hendy et al. 1979; Denton et al. 1989), based on soil develop-
ment and other weathering characteristics, suggest that the
"Taylor II" and "Taylor III" moraines were deposited during
interglacial oxygen isotope stages 5 and 7, respectively (approx-
imately 100,000 and 200,000 years ago). These moraines have
been used to reconstruct ice-surface profiles for the Taylor Gla-
cier at these times (Denton et al. 1989). Within Arena Valley,
however, there are no direct age constraints for these deposits.

Quartz mineral separates from sandstone and granite boul-
ders in the moraines were analyzed for helium isotopes at
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Figure 1. Aerial photograph of Arena Valley and Taylor Glacier showing the outer limits of the moraine sequence discussed in the text. The
informal nomenclature, "Taylor II" through "Taylor lVb" of Denton et al. (1989) is used. Note that the Taylor "Ill" deposit consists of two
single ridges superimposed on the older "Taylor lVa" drift. All samples were collected from the outermost moraine loop of each sequence.
Photo is an enlargement of a portion of an aerial photograph (TMA 2485, Frame 149) available from the U.S. Geological Survey. Location
is approximately 77050'S 161 00'E. Scale is approximately 1:13,500.
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Woods Hole Oceanographic Institution using mass-spectro-
metric techniques described elsewhere (Kurz et al. 1987). Also
analyzed were two samples of Quartermain Drift, a Taylor Gla-
cier deposit that is stratigraphically older than the Arena Valley
moraines and is exposed directly south of the "Taylor IVb"
moraine limit. An additional sample collected from a boulder
on the surface of the Taylor Glacier near Arena Valley was
analyzed to examine the production of cosmogenic nuclides
during glacial transport.

Exposure ages (figure 2) were calculated using the measured
helium-3 concentrations and a helium-3 production rate of
191 ± 59 per gram per year (Brook and Kurz in preparation).
This production rate is derived from helium-3 measurements
in young (less than 1,000-year-old) carbon-14-dated lava flows
from Hawaii (Kurz et al. 1990). The uncertainty in the produc-
tion rate is large because of the small concentrations of cos-
mogenic helium-3 in these samples. The 1-sigma uncertainty
in the absolute exposure age is, as a result, approximately 30
percent, but because the analytical uncertainty for individual
measurements is normally 5-10 percent, relative ages can be
determined more precisely. Accuracy of exposure-age calcula-
tions should improve as production rate calibration improves.

Because loss of helium-3 has been observed from some
quartz samples the exposure ages are minimum estimates of
the time the sample has been exposed to cosmic rays (Brook
and Kurz in press). In addition, because the cosmic-ray flux is
attenuated with depth in the rock, erosion will also lower the
exposure age. Erosion rates for these samples, estimated from
beryllium-10 and aluminum-26 data (Brown et al. 1991) are low,
however (approximately 4-7 x 10b centimeters per year). The
affect on exposure ages is relatively minor; for example, with
an erosion rate of 4 x 10-' centimeters per year, ignoring ero-
sion in the exposure-age calculation underestimates the true
age by only 5 percent in 2 million years and the effect is less
significant for younger samples.

Figure 2 shows that each deposit exhibits a range of exposure
ages. The distribution of ages is probably caused by several
factors. Anomalously young ages may be a result of unusually

I	 I	 I

•	Taylor IVb
•	900,000-1,389,000 yr

• mean= 1,185,000 ± 184,000 yr
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Figure 2. Distribution of helium-3 exposure ages in the Arena Val-
ley moraine sequence. Both mean and range of exposure ages are
shown in figure. The oldest sample from "Taylor Ill" and one sam-
ple from "Taylor II" were omitted from calculation of the mean.

high erosion rates on individual boulders, boulders shifting on
the moraine, the possible input of material into the moraines
by rock-fall from valley walls, and loss of helium-3 by diffusion.
For example, the youngest two samples in the "Taylor IVY'
sequence (79,000 ± 25,000 and 179,000 ± 56,000 years) may have
fallen from sandstone outcrops in cliffs above the moraine
(Brook et al. in press). Anomalously old ages could be a re-
sult of an inherited signal from exposure to cosmic rays prior
to deposition in the moraine. The outlying age of
654,000±202,000 years in the "Taylor III" moraine sequence
may be an example of this, and represent a boulder from the
"Taylor IVa" deposit that was later incorporated into the "Taylor
III" moraine. The sample collected from the Taylor Glacier sur-
face had an exposure age of 9,000 years, suggesting that pro-
duction of helium-3 during glacial transport is minimal relative
to the ages of the moraines in Arena Valley. Beryllium-10 and
aluminum-26 data for a subset of these samples (Brown et al.
in press; Brook et al. in press) are generally concordant with
helium-3 data, but suggest some loss of helium-3 due to dif-
fusion.

The average exposure ages for "Taylor II" and "Taylor III"
(figure 2) are consistent with deposition during isotope stages
5 and 7, and mean exposure ages for "Taylor IVa" and "lVb"
suggest minimum ages of 337,000 years and 1.2 million years,
respectively. The mean age may not be the best estimate of true
age, however, and because all of the factors leading to the
distribution of ages observed in figure 2 are not well under-
stood, these preliminary conclusions need to be tested with
additional data.

The "Taylor IVb" limit is approximately 250 meters above the
present Taylor Glacier, giving a maximum thickening, relative
to today, for this part of the Taylor Glacier throughout most of
Quaternary time. The two Quartermain Drift samples yielded
significantly different helium-3 ages, 1.2 ± 0.3 and 2.3 ± 0.7 mil-
lion years, and beryllium-10 data indicate an age of approxi-
mately 3 million years for this deposit (Brown et al. in prepa -
ration). The discrepancy is probably due to loss of helium-3
due to diffusion, but these old ages suggest that the Taylor
Glacier and this portion of the east antarctic ice sheet have been
near their present configuration since at least the late Pliocene.

We are grateful for excellent logistical support from pilots
and crew of U.S. Navy VXE-6, and ITT/ANS, Antarctic Services
Associates, and National Science Foundation personnel in
Christchurch and McMurdo. We thank Erik Brown and Grant
Raisbeck for useful discussion of various aspects of this work
and for collaboration in making beryllium-10 and aluminum-26
measurements. This research was supported by National Sci-
ence Foundation grant DPP 88-17406.
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Cosmic rays produce many different nuclides at the surface
of the Earth, dominantly by spallation reactions with the major
elements of the rocks (Lal 1988). If the production rate of a
cosmogenic nuclide is known, measurement of the amount
present in the rock can then be used to obtain an exposure age.
This technique has particular importance for antarctic glacial
geology because direct dating of glacial deposits is critical to
understanding past fluctuations in the antarctic ice sheets. Dur-
ing the 1989-1990 and 1990-1991 field seasons, we collected
samples from glacial deposits and lava flows in the McMurdo
Dry Valleys to test and apply this method.

The emphasis of this research has been the use of cosmic-
ray-produced helium-3, because it is stable, has the highest
production rate of any cosmogenic nuclide, and can be meas-
ured with a conventional mass spectrometer (e.g., Kurz 1986).
Collection efforts have focused on rocks containing quartz and
olivine, which are minerals with slow helium-diffusion rates,
thus minimizing loss problems (Trull, Kurz, and Jenkins 1991).
Preliminary studies indicate that some cosmogenic helium is
lost from some quartz samples (Brook et al. in press); however,
this mineral should be useful for younger samples (i.e.,
<100,000 years), and there is no evidence of helium loss from
olivine. Samples are collected from top surfaces, or from known
depths within the rock, because production rates are depth
dependent and are significant only within the top several
meters.

Several important geological assumptions are inherent to the
technique. The samples to be dated cannot have experienced
significant erosion or soil cover in the past or, in the case of
glacial moraine boulders, cannot have changed orientation dur-
ing the exposure period (i.e., through boulder rolling). Erosion,
soil cover, or boulder rolling all will decrease the accumulation
of the nuclide to be measured, yielding an exposure age that is
lower than moraine age. Exposure to cosmic rays prior to dep-
osition or exposure to any other source of the nuclide (such as
nucleogenic processes) can yield erroneously old exposure
ages. In addition to these assumptions, it is necessary to know
the production rates, which are a function of latitude and alti-
tude. Although there have been a number of attempts to mea-
sure production rates at other locations (e.g., Kurz et al. 1990),

there are significant uncertainties both in the determinations
and in extrapolating the results to high latitude relevant to
antarctic samples.

The most detailed field work was performed on quartz sand-
stone moraine boulders from Arena Valley (Brook and Kurz in
press; Brook et al. in press; Brook et al., Antarctic Journal, this
issue); helium data on quartz suggest that the moraines range
in age from approximately 113,000 years (Taylor II) to >1.10
million years (Taylor IVB). Based on the helium-3 data, a subset
of the samples was selected for beryllium-10 and aluminum-26
measurements. The subset yielded reasonable agreement with
the helium ages (Brown et al. 1991), although there is evidence
that the older samples have lost some helium-3. These data
provide the first direct dates on the glacial deposits of Arena
Valley.

Preliminary exposure ages from volcanic rocks in Taylor Val-
ley are as old as 1.2 million years, but the ages are in all cases
younger than the eruption ages (based on Wilch et al., 1989),
suggesting that the volcanic outcrops have been glaciated. The
exposure ages increase with altitude, a phenomenon that sug-
gests that the older fluctuations in the Taylor glacier involved
the largest ice volumes.

Several aspects of the field work were designed to help con-
strain the production rates. Samples of well-preserved lava-
flow surfaces were collected from Mount Erebus, Mount Morn-
ing, and the foothills of the Royal Society Range; measurements
of helium-3 in these samples coupled with independant potas-
sium-argon dates will be used to calibrate the production rates.
We are also attempting to measure production rates in experi-
mental targets during a known exposure period. In this exper-
iment, tritium-free water is placed in a high-vacuum, stainless-
steel vessel, atmospheric gases are removed by degassing, and
the vessels are placed at various locations. The helium-3 accu-
mulation during the exposure period of at least 1 year is then
attributed to cosmic ray spallation reactions with oxygen. Pre-
liminary results from a single vessel (left at 2,700 meters ele-
vation on Mount Feather in the Quartermain Mountains for 1
year) yielded a production rate of 611 atoms per gram per year.
Assuming the tritium/helium-3 production ratio is 1.17 (Lal and
Peters 1967), this corresponds to a sea-level production rate of
approximately 190 atoms of helium-3 per gram per year, a rate
that agrees well with the production rate extrapolation from
low latitudes (Brook and Kurz in press). Although there are
significant uncertainties in this estimate caused by solar-cycle
variations and corrections for helium-3 production during air
transport of the vessels, the result demonstrates that the ap-
proach will be extremely useful in calibrating helium-3 produc-
tion rates. Deployment of additional water vessels is planned
for the future.

The preliminary results demonstrate that surface-exposure
dating can yield extremely useful geochronological data. The
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data coupled with field observations, however, indicate the im-
portance of well-constrained field geology. Due to the assump-
tions inherent to the technique, it is criticial to collect from well-
defined moraine ridges, and to evaluate the exposure history
of each sample. Additional studies will be required to evaluate
the assumptions of exposure-age dating and to refine the pro-
duction rate estimates.

This work was supported by National Science Foundation
grant DPP 88-17406. We gratefully acknowledge the collabora-
tion of C. Denton, D. Marchant, WJ. Jenkins, E. Brown and T.
Wilch. We are also grateful for excellent logistical support from
the personnel of VXE-6, ITT/ANS, ASA, and NSF
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Annual ablation rates
of the Lewis Cliff ice tongue

C. FAURE and D. BUCHANAN
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Ohio State University
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Pittsburgh, Pennsylvania 15260

The annual ablation rates of ice in the Lewis Cliff ice tongue,
near 84°15'S and 161°05'E, were measured on 7 December 1990
using 21 bamboo poles planted in the ice on 2 January 1988.
Information regarding the ablation rate of the Lewis Cliff ice
tongue is needed to help explain why a large number of meteor-
ite specimens has accumulated on its surface (Cassidy and
Whillans 1990).

The locations of the bamboo poles on the Lewis Cliff ice
tongue are shown in the figure in relation to a set of surveyed
lines established during the 1990-1991 field season. The abla-
tion rates were determined by measuring the lowering of the
ice surface at each locality relative to a notch that had been cut
into each pole to mark the level of the ice surface at the time of
implantation. The lowering of the ice surface was measured

with calipers that have a reading error of only 0.00254 centi-
meters.

The annual ablation rates (365 days) across the upper Lewis
Cliff ice tongue based on six of the seven stations (61 to 68,
figure) range from 3.4 to 5.6 centimeters per year with an av-
erage of 4.4 ± 0.3 centimeters per year (the error here and else-
where is one standard deviation of the mean). Station 64 was
excluded because a snowdrift had covered the ice surface in
which the bamboo pole was originally implanted.

The results derived from the stations across the lower Lewis
Cliff ice tongue (18-1 to 18-7, including G-18, figure) suggest
that the annual ablation rates at this location increase from east
(4.7 centimeter per year, 18-7) to west (9.3 centimeters per year,
18-1). The increase in the average ablation rate coincides with
higher wind speeds along the western side of the ice tongue,
but may also reflect the proximity of Mount Achernar, which
may cause local warming. The average annual ablation rate of
all eight stations along the lower crossline is 5.8 ± 0.7 centime-
ters per year.

The long profile of ablation sites (G-14 to G-20 and station
2-1, figure) yielded rates between 1.0 centimeter per year (2-1)
and 7.3 centimeters per year (G-15). Site G-16 in firn indicated
an intermediate ablation rate of 5.2 centimeters per year. The
average annual ablation rate along the long profile of the ice
tongue is 5.1±0.8 centimeters per year based on all seven sta-
tions.

Although the average annual ablation rates of different parts
of the Lewis Cliff ice tongue are not statistically distinguishable
from each other, the ablation rate along the western edge of
the ice tongue is notably more rapid than it is along the eastern
edge. In addition, the ice of the lower ice tongue as a whole is
ablating more rapidly than that of the upper ice tongue. Corn-
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bining all of the data for the lower ice tongue yields 5.4±0.6
centimeters per year for 12 stations whereas the nine stations
on the upper ice tongue yield 4.3±0.7 centimeters per year.
The average of all 21 stations on the Lewis Cliff ice tongue is
5.0 ± 0.5 centimeters per year.

The ablation rates of ice in the Lewis Cliff ice tongue reported
here are generally similar to those measured by Faure and
Buchanan (in press) on the ice fields adjacent to the Elephant
and Reckling moraines and the Allan Hills. We thank E.H.
Hagen and K.S. Johnson for participating to the fieldwork dur-
ing the 1990-1991 field season. This research was supported by
National Science Foundation grant DPP 88-16236.
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Methanesulfonic acid
and non-seasalt sulfate
in the Vostok ice core:

A glacial/interglacial record
of biogenic sulfur emissions

from the southern ocean

E.S. SALTZMAN and C.D. GERMAIN

Rosenstiel School of Marine and Atmospheric Science
University of Miami

Miami, Florida 33149

M.R. LEGRAND and C. FENIET-SAIGNE
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St. Martin d'Heres, France

per billion or more); these samples are not associated with
significant changes in climate of MSA and most likely reflect
episodic increases in atmospheric sulfate associated with vol-
canic eruptions (Legrand and Delmas 1987).

The MSA profile also correlates strongly with climatic change
and shows greater variability than non-seasalt sulfate. Intergla-
cial stages (A and G) have concentrations of 5-10 parts per
billion and glacial stages (B, D, and H) have concentrations of
25-30 parts per billion. The similarity in general trends be-
tween MSA and non-seasalt sulfate suggests that the sulfate
aerosols in the central antarctic atmosphere are primarily of
marine origin.

The observed trend of increasing MSA and non-seasalt sul-
fate during colder periods may indicate higher emissions of
DMS from the glacial circumantarctic ocean as a result of either
increased biological emissions or increased air/sea exchange
due to higher wind speeds. If fine-particle sulfate aerosol con-
centrations were indeed higher in the atmosphere surrounding
Antarctica during glacial conditions, as the ice-core data sug-
gest, the effect should have been to stabilize the cooler climate.

M.I. BARKOV and V.N. PETROV

Arctic and Antarctic Research Institute
St Petersburg 199226, Russia

Dimethylsulfide (DMS) is produced biologically in the sur-
face oceans by phytoplankton and emitted into the atmosphere
via gas exchange. In the atmosphere, DMS is rapidly oxidized
by the hydroxyl ion radical to form methanesulfonic acid
(CH-,S0 3 ; MSA) and sulfur dioxide, which is converted, in
turn, to sulfuric acid. MSA retains one of the methyl groups of
its DMS precursor, making it potentially useful as a tracer for
biogenic sulfur in marine aerosol and precipitation. Because
non-seasalt sulfate is the principal source of fine-particle aero-
sols and cloud condensation nucleii in the atmosphere, it has
been suggested that the atmospheric sulfur cycle may play a
role in the long-term control of the radiation budget of the Earth
(Shaw 1983; Charlson et al. 1987). This article reports on a
preliminary record of MSA and non-seasalt sulfate in the 2,500-
meter ice core from Vostok Station, central East Antarctica
(78°27'S 106°51'E, elevation 3,488 meters). The Vostok ice core
has been analyzed to investigate the relationship between
oceanic sulfur emissions and climate change. It contains a
160,000-year record covering the last glacial/interglacial climatic
cycle (Jouzel et al. 1987; Barnola et al. 1987).

MSA, sulfate, sodium, and calcium concentrations were de-
termined by ion chromatography with chemical suppression
and conductivity detection. The record is a composite of sam-
ples analyzed at the University of Miami and Grenoble labora-
tories. Samples were obtained from the core by subcoring with
a mechanical lathe to avoid rinsing the core, a process which
has been shown to lead to artifacts in the analysis of MSA. The
analytical techniques and the method of calculation of non-
seasalt sulfate have been discussed in detail in Legrand et al.
(1991).

The results of this study are shown in the figure. Non-seasalt
sulfate concentrations vary from 110-150 parts per billion dur-
ing warm interglacial stages (A and G) to 200-250 parts per
billion during cold glacial stages (B, D, and H). A few samples
exhibited unusually high levels of non-seasalt sulfate (350 parts
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An alternative to changes in the oceanic source might be
changes in the glacial atmospheric circulation of the antarctic
regions favoring the inland transport of marine aerosols to the
central plateau from highly productive high-latitude coastal re-
gions. Research is continuing to differentiate between these
scenarios.

The Vostok ice core was analyzed in conjunction with a co-
operative agreement between the United States, France, and
the Soviet Union. Financial support was provided by National
Science Foundation grant DPP 88-20919 and by the French
Centre National de la Recherche Scientifique (ATP Phase At-
mospherique des cycles Biogeochimiques).
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Development of laser
ice-cutting apparatus

EDWARD ZELLER, GISELA DRESCHHOFF, and CLAUDE M. LAIRD

Radiation Physics Laboratory
Space Technology Center

University of Kansas
Lawrence, Kansas 66045

During the 1990-1991 field season at Windless Bight near
Ross Island, our team introduced the use of a 25-watt contin-
uous infrared carbon-dioxide laser as a field device to cut in-
dividual firn cores for sample preparation. The test was suc-
cessful and permitted this device to be employed on a routine
basis in field operations. The advantage of carbon-dioxide, laser
cutting systems is that the beam is emitted at an infrared wave-
length, which is absorbed in a very short distance in ice. We
were able to demonstrate conclusively that the laser beam can
cut cleanly and rapidly through both firn and ice and that it
can be manipulated efficiently with standard optical systems.

Subsequently, upon our return to the laboratory at the Uni-
versity of Kansas, we tested the system on a 10-centimeter
diameter ice core from the Greenland ice sheet taken at a depth
of about 170 meters (Koci personal communication). The core
was supplied to us by P. Grootes. In this case, cutting was
performed in an open freezer. The initial temperature of the
core was approximately -20 °C. Total power output used was
about 15 watts. The cutting was performed without optical
condensers; we used the beam directly from the laser and were
able to slice off a 5-centimeter segment of the core without
shattering or fragmentation of any kind. The cut was about 2
millimeters wide and could have been reduced to half that
width with an optical system. A videotape taken in the labo-
ratory at the time of the cutting experiment was prepared and
sent to the Division of Polar Programs at the National Science
Foundation and to the Polar Ice Coring Office.

In the process of completing this experiment, we determined
that it would be possible to develop an optical system that
would permit the beam to be rotated in a circular path, a motion
that could be used for cutting deep ice cores. With minor mod-
ifications, this system could be used in fluid-filled holes as well
as in open holes.

The fact that the laser beam cuts entirely by melting and
exerts no torque on the ice at the cutting surface, greatly re-
duces the potential for fracturing and breakage of the core dur-
ing drilling. Even more important, because the beam can be
deflected at 90° to the drilling directions, the ice core can be cut
off at the bottom of the hole by the beam. This has the effect
of greatly reducing stress on the core at the time it is lifted free
of the bottom of the hole. Finally, contamination is avoided,
first because the laser beam cannot introduce chemical contam-
ination and, second, because the infrared wavelengths used for
drilling are too long to cause significant radiolytic breakdown.
Thus, chemical alterations of all types are kept to an absolute
minimum.

In construction of a prototype, the rotating mass of the op-
tical system and the thin-walled core barrel will be so low that
only the lightest of anti-torque systems must be used. The
entire drill assembly including the laser, optics, core barrel and
scavenger pump system can be expected to weigh less than 90
kilograms and can be supported on a light-weight cable that
must include electrical conductors for the 28-volt power supply
to the laser. Power requirements are modest. Electrical power
to the completed system can be supplied by a 3,000-watt gen-
erating facility and should be fully adequate for all operations
including drilling and hoisting of the drill and core barrel as-
sembly.

The simplest drill design is shown in figure 1. In this design,
the carbon-dioxide laser is mounted vertically in the borehole
and a rotating head containing deflecting mirrors is attached so
that the laser beam can be directed down against the ice and
turned in a circle by a small, low-power, direct-current motor.
In principle, it is possible to design the drill so that the radius
of the core is adjustable, but we propose to build a system with
a fixed-core diameter (most probably 10 centimeters).
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Figure 1. The drill assembly consists mainly of an infrared carbon-dioxide laser, optics, core barrel, and scavenger pump system and is
expected to weigh less than 90 kilograms.

	

In any vertical ice drilling operation involving an infrared	barrel. It will be necessary to empty this holding tank each time

	

laser beam, it is necessary to remove the water from the an-	the core barrel is withdrawn from the hole.

	

nulus cut by the beam. This will be done by a small scavenger	Figure 2 is a design for an optical system that would permit

	

pump that will pick up the water at the point where it is being	switching the laser-beam path from the position used for drill-

	

produced and transfer it to a holding tank at the top of the core	ing (through beam window 1) to the position used for cutting
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Figure 2. Design of the optical system that would permit switching
the laser beam path from the position for drilling to the position
for cutting the core loose at the bottom of the drill hole. (CO2
denotes carbon dioxide.)

90

Figure 3. The design of the core barrel includes the construction
of two thin-walled concentric steel tubes. The space between the
tubes will be used as the location of the wave-guide fiber and the
vacuum line to the scavenger pump.
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the core loose from the bottom of the hole (through beam win-
dow 2). This would be accomplished by activating the beam
selector at the center of the optical bridge. This portion of the
drill assembly would be located at the top of the core barrel.

Figure 3 shows the design of the core barrel, which would
be constructed of two thin-wall steel tubes arranged concen-
trically with the space between the tubes being used as the
location of the optical wave-guide fiber and the vacuum line to
the scavenger pump. In the proposed prototype drill, we will
construct a core barrel to accommodate a 1.5-meter ice core
segment to reduce weight and make preliminary testing easier.
In a scaled-up version, the core barrel could be extended to 3
or 4 meters.

Using the laser that we already have and some of the equip-
ment from our laboratory, we expect to produce a proof-of-

concept prototype. Because of the ruggedness and high effi-
ciency of carbon-dioxide lasers, we believe that this system
could be upgraded to produce a workable drill, one that greatly
reduces the logistics requirements for transport and power, for
use in polar regions.

This work was funded in part by National Science Foundation
grant DPP 89-19190 and Air Force contract AFOSR-88-0065. We
wish to acknowledge the help of Wesley Ellison of the Center
for Research, Inc., of the University of Kansas in design and
construction of our laser system.
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Sea-ice studies___________________________

Remote sensing of
sea-ice thickness
in the Weddell Sea

CALVIN T. SWIFT, KAREN M. ST. GERMAIN,

and JAMES D. MENASHI

Microwave Remote Sensing Laboratory
University of Massachusetts
Boston, Massachusets 02116

As part of the Winter Weddell Gyre Experiment 1989, we
investigated the feasibility of remotely measuring antarctic sea-
ice thickness using passive microwave techniques. A descrip-
tion of our field operations, which involved measuring the
brightness temperature of sea ice in the Weddell Sea at 611
megahertz, appeared in the 1990 Antarctic Journal of the U.S.
review issue (St. Germain and Swift 1990). The data have now
been analyzed and correlated with in situ thickness measure-
ments, video recordings, and other passive microwave data.
The results of this study indicate that ice thickness can be
measured reliably up to 75 centimeters with the 611-megahertz
radiometer.

Our study is based on the concept that all materials con-
stantly emit electromagnetic energy. The intensity of this radia-
tion depends on the dielectric and physical properties of the
material. A microwave radiometer measures the power level of
incoming radiation. This power level is commonly expressed
as a brightness temperature based on the following relationship:

P = k x T,, x B	T,,	P ± (k x B)	(equation 1)
where

P = power of received radiation
T1, = brightness temperature
k = Boltzman's constant
B = bandwidth of the instrument

For a flat surface, the brightness temperature is proportional to
physical temperature of the surface as:

T,, = e X T = (1 - r) x T	(equation 2)
where

e = emissivity
r = Fresnel reflection coefficient

For layered media such as sea ice, the brightness temperature
measured is a composite, in this case, of the ice and the un-
derlying water. Experience with C-Band (4-8 gigahertz) passive
sea-ice measurements suggests that under usual growth con-
ditions the apparent brightness temperature of an ice layer
increases monotonically from the low, open-water value to the
relatively high, thick-ice value. The upper limit of the bright-
ness temperature occurs when the ice reaches roughly 1½ free-
space wavelengths in thickness (70 centimeters for 611 mega-

hertz, 5 centimeters for 10 gigahertz). This behavior suggests
that it should be possible to measure ice thickness via bright-
ness temperature. Swift et al. (1986) developed a theoretical
model based on work done by Apinis and Peak (1976) which
describes the emissivity as a function of ice thickness. This,
combined with equation 2, provides the necessary relationship
between the measurable brightness temperature and the de-
sired product, ice thickness.

The field measurements were made using a ultra-high-fre-
quency (611 megahertz) radiometer that was mounted on the
port side of the Polarstern, looking downward to the ice at an
angle of 35° off nadir. A 10-gigahertz radiometer was mounted
on the rail next to the ultra-high-frequency radiometer, oper-
ating at a 53° incidence angle. Adjacent to the radiometers, a
handheld video camera was operated while the ship traveled
through the ice, providing a record of ice coverage within the
footprint, ice thickness, and details such as ridges and hum-
mocks. Whenever possible, several field groups on board made
extensive in situ measurements of thickness distribution and
snow-cover characteristics, similar to previously documented
work (Wadhams, Lange, and Ackley 1987; Wadhams 1988).

An algorithm was developed to reduce the raw brightness
temperature data to ice thickness estimates, taking into account
variables such as background noise and physical temperature.
A curve illustrating the model relationship between brightness
temperature and ice thickness, assuming typical values of tern-

0.0	0.5	1.0	1.5	2.0
Thickness [m]

Figure 1. Model relationship between brightness temperature and
ice thickness at 611 megahertz for typical values of temperature
and dielectric constant. (Tb denotes brightness temperature. K
denotes kelvin. m denotes meter.)
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perature and dielectric constant, is shown in figure 1. Ice thick-
ness estimates based on this relationship were then compared
with the video, in situ, and 10-gighertz data. As an example,
consider the time series of figure 2, where we have plotted the
brightness temperatures of consolidated antarctic sea ice col-
lected at 10 gigahertz (upper trace) and at ultra-high frequency
(lower trace). These data were collected along an ice floe where
ice corings and videotape were available for comparison. Note
that the 10-gigahertz signal is flat until the edge of the floe is
encountered, at which point the brightness temperature ap-
proaches that of open water. On the other hand, the ultra-
high-frequency signature varies throughout the transect of the
ship, which we attribute to changes in the ice thickness.

The ice thickness estimates derived from the ultra-high-fre-
quency data are shown in figure 3. The sharp peak in thickness
at 7 minutes on the time axis is an observable maximum in
thickness, and ice cores from the same floe indicated thick-
nesses ranging from 0.6 to 1.0 meters with a hard snow cover.
The minima at 2 and 9.5 minutes correspond to an area of gray-
white ice which, although its thickness could not safely be
measured in situ, can be estimated to be 20-30 centimeters
thick.

Other time-series data sets occasionally showed a correlation
between the 10-gigahertz data and the ultra-high-frequency
data. There are two situations for which this is expected. In
the case of very thin ice (less than 5 centimeter thick), both
radiometers respond to thickness, and thus exhibit similar be-

0	5	10	15	20
Time [minutes]

Figure 3. Estimated ice thickness based on the ultra-high-fre-
quency data shown in figure 2 and the model curve given in figure
1. (m denotes meter.)

1.0

0.8

E
U) 0.6
C
U
I-

0.4

0.2

0.0

Time [minutes]

Figure 2. Brightness temperature time series at ultra high fre-
quency (lower trace) and 10-gigahertz frequency (upper trace) as
the ship moved along a floe. (Tb denotes brightness temperature.
K denotes kelvin. UHF denotes ultra high frequency. GHz denotes
gigahertz.)

havior. For thick ice, however, a correlation between the high-
and low-frequency data indicates fluctuations in surface and
dielectric characteristics. These results suggest that a higher
frequency microwave radiometer should be used in conjunction
with a ultra-high-frequency radiometer to correct thickness es-
timates for variations introduced by surface phenomena. Ad-
ditional data have been reduced, and will be included in a
technical paper.
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Fast-ice properties
and structure in McMurdo Sound

M.O. JEFFRIES and WE WEEKS

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99775-0800

The fast ice in McMurdo Sound frequently is used as a plat-
form for oceanographic and biological studies, and the annual
sea ice runway is essential to the movement of personnel,
equipment and supplies in and out of McMurdo Station. Con-
sidering the importance of the fast ice to the operation of
McMurdo Station remarkably little is known about its annual
growth history, properties, and structure. In early January 1991,
we obtained 15 first-year cores from the fast ice in McMurdo
Sound (figure 1). For comparative purposes, an additional core
was obtained from Gerlache Bay, the site of the Italian antarctic
station, Baie Terra Nova (see Jeffries and Weeks, Antarctic Jour-
nal, this issue, for location). Here we report some preliminary
results of the ice core analysis program.

The mean salinity of the individual fast ice cores ranged from
2.95 to 5.39 parts per thousand. The mean value of all the fast
ice salinity measurements was 4.21 parts per thousand. This
value, only slightly less than that of the western Ross Sea pack
ice (Jeffries and Weeks, Antarctic Journal, this issue), is evidence
of brine loss prior to sampling. Some idea of the magnitude of
the brine loss in 1991 can be gained from the reported mean
salinity of 6.0 parts per thousand for the McMurdo fast ice in
October through November 1980 (Gow et al. 1982).

The mean salinity profile in the fast ice has a roughly reverse
S-shape (figure 2A), which almost certainly is the result of
desalination. The relationship between mean ice salinity (S i, in
parts per thousand) and mean ice thickness (h, in meters) of
the fast ice, S = 0.007h + 2.846, is similar to that of the western
Ross Sea pack ice (Jeffries and Weeks, Antarctic Journal, this
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Figure 1. Location map of the sites of ice cores (triangles) obtained
from the McMurdo Sound fast ice in January 1991.
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Figure 2. Depth profiles of salinity and temperature in McMurdo
Sound fast ice cores. The solid symbols (circles for salinity,
squares for temperature) represent the mean values of the open
symbols at a given depth. (% denotes parts per thousand. cm
denotes centimeter.)

issue). Like the pack ice, the fast ice is also more saline than
arctic sea ice of similar age and thickness. Also similar to the
western Ross Sea pack ice (Jeffries and Weeks, Antarctic Journal,
this issue), the fast ice, although close to the melting point and
nearly isothermal (figure 2B), nevertheless retains a consider-
able amount of brine.

The mean ice thickness at the 16 sites ranged from 1.25 to
2.32 meters. The mean value of all the ice thickness measure-
ments was 1.94 meters. The data are consistent with recent fast
ice thickness records for McMurdo Sound and adjacent waters
(Leventer et al. 1987). The fast ice is almost twice as thick as
the western Ross Sea pack ice (Jeffries and Weeks, Antarctic
Journal, this issue). The greater thickness of the fast ice might
be caused by a combination of lower oceanic heat fluxes and
different ice accretion mechanisms in the fast ice zones.

Congelation ice (figure 3) was observed at all fast ice sites,
comprising from 30.4 percent to 93.6 percent of the individual
cores. This ice type often was characterized by strongly aligned
crystals, a feature also observed at many McMurdo Sound lo-
cations in October through November 1980 (Cow et al. 1982).
The preferred orientation of congelation ice crystals in the
McMurdo Sound area is consistent with water current control
of crystal growth (Weeks and Cow 1978). Frazil ice, found only
at the top of core RS-19 (figure 3) was a minor component of
the fast ice.

Unlike the western Ross Sea pack ice (Jeffries and Weeks,
Antarctic Journal, this issue), the lower portions of most fast ice
cores comprised layers of congealed, densely packed platelet
ice (figure 3). The maximum percentage of platelet ice observed
in a core was 50.7 percent. Only core RS-31, obtained from
Erebus Bay, did not contain an appreciable amount of platelet
ice (figure 3).
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ice sheet has been noted since the 1960's (Paige 1966; Lewis
and Perkin 1985; Cow personal communication). The occur-
rence of platelet ice in the Gerlache Bay fast ice (Core RS-17,
figure 3) was somewhat unexpected, but it suggests a nearby
source of low-density water for platelet ice growth. At Cerlache
Bay, the inclusion of platelets in the congelation ice clearly be-
gan somewhat earlier than in McMurdo Sound. This was inter-
rupted before resuming and then dominating the ice-accretion
process (figure 3).

This work was supported by National Science Foundation
grant DPP 89-15863. Thanks go to the helicopter pilots and
crews of the U.S. Navy VXE-6 Squadron and the U.S. Coast
Guard's Polar Sea Aviation Detachment for flying us around
McMurdo Sound and cheerfully assisting us with our work.
The Cerlache Bay core was obtained with the assistance of the
Polar Sea.

Figure 3. Diagrammatic representations of the stratigraphy of
some fast ice cores from McMurdo Sound (RS-19, RS-33, RS-31)
and Gerlache Bay (RS-17). F denotes frazil ice; C denotes conge-
lation ice; P denotes platelet ice; C/p denotes congelation ice with
some platelets.

It is believed that platelet ice growth in McMurdo Sound
results from supercooling brought about by adiabatic de-
compression of low density seawater flowing northward into
the sound from below the McMurdo Ice Shelf (Lewis and Perkin
1985). The accretion of the platelet ice against the base of the
overlying congelation ice sheet and its subsequent consolida-
tion allows increased growth of the fast ice, resulting in a final
thickness greater than would otherwise be possible by heat
conduction from platelet-free water alone.

The basic two-layer structure of the McMurdo fast ice, i.e.,
congelation ice overlying platelet ice, undoubtedly is a recurrent
feature. The significant contribution of platelet ice to the fast
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Summer pack-ice
properties and structure
in the western Ross Sea

M.O. JEFFRIES and WE WEEKS

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99775-0800

Most of the available information on the properties and struc-
ture of antarctic sea ice has been collected in studies in the
Weddell Sea. This report describes some of the preliminary
findings from the first field and laboratory investigation of the
properties and structure of western Ross Sea pack ice (figure
1) undertaken during the period from December 1990 to March

1991. Ice thicknesses, salinities, temperatures, and structural-
stratigraphic data from 17 cores are discussed.

The mean thickness of the sampled floes ranged from 0.59
to 1.53 meters. The mean value of all the ice thickness mea-
surements is 1.09 meters. The ice thickness statistics are similar
to the more extensive ice thickness observations obtained from
the Weddell Sea (Cow et al. 1987; Wadhams et al. 1987; Lange
and Eicken 1991). The Ross Sea ice thickness data complement
previous observations that antarctic sea ice is thinner than arc-
tic sea ice of similar age.

The mean salinity of the individual cores ranged from 3.44
to 6.01 parts per thousand. The mean value of all the pack ice
salinity measurements was 4.5 parts per thousand. This is iden-
tical to the value determined for first-year ice in February and
March in the Weddell Sea (Cow et al. 1982, 1987). Both of these
values are lower than the mean salinity value of 7.3 parts per
thousand for cold sea ice sampled in the period from October
through December in the Weddell Sea (Eicken and Lange 1989).
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Figure 1. Location map of the sites of pack-ice cores (triangles)
obtained in the western Ross Sea in December 1990 and January
1991. Dates (e.g., 12/24) by triangles and dots denote the ship's
position at approximately noon each day.

In the Ross Sea case, this difference is clearly the result of brine
drainage before sampling.

Regardless of prior brine drainage, the mean salinity value is
higher than that reported for arctic ice of similar thickness, i.e.,
about 3 parts per thousand (Cox and Weeks 1974). The relation-
ship between the Ross Sea mean salinity and mean ice thick-
ness data is presented in figure 2. The data are similar to those
obtained from Weddell Sea floes (Cow et al. 1987), further dem-
onstrating the similarity between the summertime sea-ice salin-
ities of the two regions and the contrast with warm arctic ice.

The explanation commonly offered for the great salinity of
Weddell Sea ice compared to arctic sea ice is the absence of
surface melting in the Antarctic to promote the flushing of brine
out of the ice (Cow et al. 1982, 1987). No melting of surface
snow or ice, with consequent pooling of meltwater, was ob-
served on the western Ross Sea floes. Thus, despite the near-
isothermal and near-melting internal ice temperatures a large
amount of brine was retained in the ice (figure 3).

Snow-ice (figure 3A), constituting 3.6-21.25 percent of the
ice thickness, was found only in cores RS-1 to RS-8 from the
vicinity of the Balleny Islands (figure 1). This ice type forms
when a floe is flooded by seawater, either by infiltration at the
snow/ice interface or by wave action, followed by freezing. The
presence and amount of snow-ice in western Ross Sea floes is
similar to that reported in the Weddell Sea, supporting the
belief that the formation of snow-ice makes a moderate contri-
bution to sea-ice growth in the southern oceans (Wadhams et
al. 1987; Lange et al. 1990).

The maximum amount of frazil ice (figure 3, A and B) found
in a western Ross Sea core was 88.5 percent and the average
value was 23.8 percent. Frazil ice formation was identified with
the pancake cycle in the earliest stage of development and with
subsequent deformation events. Similar amounts and causes of
frazil ice occurrence are found in Weddell Sea ice, further con-
firming the significant contribution of frazil ice to antarctic sea-
ice development (Cow et al. 1982, 1987; Lange 1988; Eicken and
Lange 1989; Lange et al. 1989).
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Figure 2. Relationship between the mean salinity and mean thick-
ness of pack-ice floes in the western Ross Sea. (%o denotes parts
per thousand. cm denotes centimeters.)
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Congelation ice (figure 3) constituted an average of 60 per-
cent of each ice core. In many floes, congelation ice crystals
displayed a strong preferred orientation, similar to observations
in the Weddell Sea (Cow et al. 1987). This phenomenon is
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Figure 3. Salinity and temperature profiles, and stratigraphy of ice
cores RS-5 (A) and RS-15 (B). (S denotes snow-ice; F denotes frazil
ice; C denotes congelation ice; F-C denotes intermediate frazil-
congelation ice; P denotes platelet ice. % denotes parts per thou-
sand. cm denotes centimeters.)

generally attributed to water current control of ice-crystal
growth and suggests that the Ross Sea floes were often tightly
packed and locked in position or that they moved in a particular
direction at a given orientation for period of time sufficient for
sub-ice water currents to effect a preferred crystal orientation.

Apart from the obvious low salinity of snow-ice, the relation-
ships between ice salinity and structure-stratigraphy are am-
biguous (figure 3). Snow-ice and frazil and congelation ice were
the major constituents of the western Ross Sea ice. Platelet ice
was found only in core RS-15 (figure 3B), from a floe close to
the southern margin of the Drygalski Ice Tongue (figure 1). The
general lack of platelet ice in the western Ross Sea ice pack
contrasts with the Weddell Sea where it has been found to be
a common component of coastal sea ice (Lange 1988; Eicken
and Lange 1989). Platelet ice forms initially in the water col-
umn, apparently relieving supercooling brought about by adi-
abatic decompression of low-density water originating from the
melting bases of thick floating glacial ice masses such as ice
shelves (Foidvik and Kvinge 1974). The presence of platelet ice
in sea ice adjacent to the Drygalski Ice Tongue might be an
indication that basal melting is occurring there and that the
meltwater is being advected from below the ice tongue, pro-
moting platelet ice growth in the adjacent water column.

This work was supported by National Science Foundation
grant DPP 89-15863. Special thanks go to the officers and crew
of the U.S. Coast Guard's Polar Sea for welcoming us aboard
and assisting us with our work.
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Antarctic Bottom Water
formation in the northwestern

Weddell Sea

THEODORE D. FOSTER

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, an oceanographic expedition
was conducted in the northwestern sector of the Weddell Sea.
Part of the scientific party embarked on RIV Polar Duke at King
George Island on 5 February 1991 to set up scientific equipment;
the remainder of the scientific party embarked on 10 February
1991 also at King George Island. The scientific work was com-
pleted on 5 March 1991, but the field personnel did not return
to Punta Arenas, Chile, until 15 March 1991. The northwestern
Weddell Sea was mostly covered by loose ice pack during the
period of the expedition, thus we were disappointed that we
were not able to extend the southern leg of the cruise into the
continental shelf. Figure 1 shows the cruise track and the po-
sitions of the hydrographic stations in the Weddell Sea. During
our study, we occupied 150 hydrographic stations for a total of
220 conductivity-temperature-depth/rosette casts. While at sea
we analyzed 205 water samples for salinity and 369 samples for
oxygen. In addition, we collected 19 surface-water samples for

lead isotope analysis, 110 samples of mainly bottom water for
oxygen-isotope analysis, and we made three vertical profiles of
water samples for cadmium analysis. As part of a cooperative
program with the British Antarctic Survey, we filtered 257 water
samples to obtain samples of the suspended matter in the sea-
water. In cooperation with the Instituto Antartico Argentino,
we obtained about 120 seawater samples for microzooplankton
analysis and a similar number of seawater samples for micro-
phytoplankton analysis.

The second major aim of this expedition was to retrieve cur-
rent-meter moorings that we set out in 1987 to monitor the flow
of newly formed bottom water out of the Weddell Sea and, thus,
to estimate the formation rate of Antarctic Bottom Water. Un-
fortunately, the expedition originally scheduled to recover
these moorings in February 1989 was canceled, and the batter-
ies in the acoustic releases that we would have used in 1989
were dead by 1990 when we made an attempt at retrieval. This
year the trawl winch on RIV Polar Duke failed on our first at-
tempt at grappling for these moorings just as it had when we
tried grappling in 1990. We did set out seven new current-meter
moorings this year which, according to the original plan, we
would have retrieved in February 1992 using the new research
icebreaker, RIV Nathaniel B. Palmer.

Because the seawater samples we collected have not yet ar-
rived in the United States, we have no results to report from
our chemical investigations. Nearly all of our electronic equip-
ment stored in Punta Arenas after the cancellation of the 1989
expedition was severely damaged by corrosion; thus, the com-
puters that we usually use to obtain real-time analysis of our
temperature and salinity data were inoperable. We have, there-
fore, analyzed only a small fraction of these data. A preliminary
analysis of the potential temperature data from the shelfbreak

60S

67 S
60 W

Figure 1. The track of the R/V Polar Duke while in the Weddell Sea
from 11 February to 5 March 1991. Asterisks indicate the positions
of hydrographic stations. Circles indicate the positions of stations
where current meters are moored.
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Figure 2. Potential temperature (degrees Celsius) in the short sec-
tion crossing the continental shelf break in the northwestern
Weddell Sea.
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region on the long hydrographic section is shown in figure 2.
The structure of the temperature field is similar to that obtained
in 1987 in this section with the exception of the top 100 meters
or so where there is some effect of seasonal differences in the
two sections. The region of newly formed bottom water, indi-
cated by the water at temperatures below - 1 °C, along the
continental slope was, to our surprise, at about the same depths
as in 1987. This may be evidence that bottom water forms all
year long in the western Weddell Sea; however, we will need
the current-velocity and temperature records from the current-
meter moorings to prove this conjecture.

The field party consisted of Theodore D. Foster, Laura L.
Graham, Clarence Low, Nathaniel G. Plant. and Sergio
Sanudo-Wilhelmy from the University of California, Santa
Cruz; Douglas M. Masten and James A. Schmitt from the Uni-
versity of California, San Diego; Viviana A. Alder from the
Instituto Antartico Argentino; and Marion E. Barber from the
British Antarctic Survey. In general, the crew of the RIV Polar

Duke and the Antarctic Support Associates personnel provided
excellent support to our program.

This research was supported by National Science Foundation
grant DPP 89-15730.

Mixed-layer nutrient distributions
in the Weddell Gyre:

winter 1989 and
late austral spring 1990

JOE C. JENNINGS, JR., and Louis I. GORDON

College of Oceanography
Oregon State University

Corvallis, Oregon 97331-5503

From mid-November through late December of 1990, ana-
lysts from our laboratory participated in the Summer Weddell
Gyre Study 1990 (SWGS 90) during RIV Polarstern cruise ANT
IX/2. In collaboration with French and German colleagues, we
measured the distributions of dissolved inorganic nutrients
along a section from the Antarctic Peninsula to Cape Norwegia.
The SWGS 90 program continued a multiyear study of the cir-
culation of the central Weddell Gyre. This cruise was the second
in a planned series of four hydrographic transects across the
Weddell Gyre which began with the Winter Weddell Gyre
Study 1989 (WWGS 89) in September and October 1989. Our
chemical observations shed light on the circulation of the Wed-
deli Gyre, its temporal variability, and the global budgets and
fluxes of nutrient elements. These topics are basic to assessing
the role of the Weddell Sea in reaction to and as a possible
moderating influence upon global climatic change.

Except for deviations caused by Polarstern's drift during ice
deformation studies during WWGS 89, the cruise tracks of
the WWGS 89 and SWGS 90 cruises were almost identical
(figure 1). In this article, we compare the surface mixed-layer
nutrient and dissolved-oxygen concentrations found during the
two cruises in an effort to assess its interannual and wintertime
variability. Despite its name, the SWGS 90 cruise took place in
early spring when the region was still covered with seasonal
pack ice. The ice-covered surface mixed layer in the Weddell
Gyre is quite homogeneous vertically in all chemical and phys-
ical properties throughout the winter and early spring (Gordon
and Huber 1990; Gordon and Jennings 1990). It remains ho-
mogeneous until solar heating and ice-melt dilution can estab-
lish the seasonal pycnocline and facilitate the summer phyto-
plankton bloom. Keeping in mind that mixing from below with

Warm Deep Water and some biological changes do continue
during the period of ice cover, we can examine and compare
the mixed-layer observations on the two cruises by a plot of
near-surface values vs. latitude or longitude as in figure 2. Our
objective is to estimate the typical interannual and spatial var-
iability of the chemical constituents of the surface winter water.

In an earlier work (Jennings, Gordon, and Nelson 1984), we
noted that winter water and winter mixed-layer properties in
the northeastern Weddell Gyre near the Greenwich Meridian
were virtually identical in data sets collected nearly a decade
apart. Our WWGS 89 and SWGS 90 data allow us to compare
the latitudinal differences observed on cruises separated by
only a year and located in the northeastern and central Weddell
Sea.

The chemical distributions were not necessarily meridionally
homogeneous in the winter, but the pattern of these distribu-
tions has been very similar in both summer and winter data
(Jennings et al. 1987; Gordon and Jennings 1990; Weiss et al.
1979). For example, the pattern of very high surface concentra-
tions of silicic acid at the northern extreme of the Weddell Gyre,
which decreases to the south and then increases at the southern
edge of the gyre, is typical of both summer and winter obser-
vations.

The temperature and salinity results (figure 2, A and B)
clearly indicate that along the entire tracks there were meas-
urable differences at the same location in salinity and often in
temperature. Salinity was lower in 1990 by 0.05 to 0.15 practical
salinity units. Dissolved oxygen (figure 2C) was generally
higher, but remained undersaturated as was observed in 1989
(Gordon and Jennings 1990). The distribution of silicic acid in
the mixed layer does not exhibit the same degree of variability
apparent in the salinity and other nutrients (figure 2D). Note
that nutrient concentrations shown in figure 2 have been nor-
malized linearly to a salinity of 34.5 to minimize the effects of
dilution with melt water or addition of brine having regional
surface-water salt composition. Along much of the cruise track,
the silicic acid concentrations observed during SWGS 90 were
nearly identical to those observed in WWGS 89. In contrast,
the SWGS 90 mixed layer appeared to be measurably lower in
phosphate (figure 2E) and nitrate plus nitrite (N + N) (figure
2F) along most of the cruise track. For both phosphate and
N + N, between 66.5°S and 67.5°S, concentrations were nearly
identical in the 2 years. This location is very close to the center
of the Weddell Gyre identified by Fahrbach, Knock, and Ro-
hardt (in press).
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Figure 1. Station positions for WWGS 89 (squares) and SWGS 90 (triangles). Note the close geographic juxtaposition of the two tracks over
most of their extent. The offsets between the two tracks in the early part of the cruises arose from ship drift during ice experiments.

All of the nutrient differences were minimal in the northwest
part of the transects. The water just east of the Antarctic Pen-
insula had been under heavy ice cover for several months as it
flowed northward, and ice cover generally persists in this
northwestern region of the Weddell Gyre for most of the year
(Zwally et al. 1983). Because the SWGS 90 cruise started in mid
November, seasonal differences should have been smallest in
the earliest part of that cruise. There were differences in the
salt content of the SWGS 90 mixed layer even in the north, but
they were less than those farther along the cruise track. While
the nutrient differences were roughly constant along the cruise
track, the salinity values in the SWGS 90 cruise dropped stead-
ily along the track to the south.

The overall pattern, ignoring small variations, is one which
suggests that significant primary production in the austral
spring (SWGS 90) began while there was still considerable ice
cover. The differences in salinity, dissolved oxygen, phosphate,
and N + N (figure 2) were all consistent with initial melting of
the pack ice and increased productivity in the SWGS 90 mixed
layer. The average difference in salinity was about 0.1 practical
salinity units, or less than 0.5 percent, while the phosphate,
nitrate, and dissolved oxygen differed by 4 to 6 percent so
dilution of the mixed layer by melting pack ice cannot account
for the changes in the nutrients or oxygen. Some of the differ-
ence in the two data sets probably is interannual variability, but
production by phytoplankton would reduce the nutrient con-
centrations while increasing the dissolved oxygen in the mixed
layer, consistent with our observations. Once the pack ice be-
gins to break up and retreat, increased air-sea exchange also
causes the dissolved oxygen concentrations to rise to levels near
or greater than saturation (Gordon and Huber 1990). In the

1989 September/October cruise, the mixed-layer temperatures
were below - 1.8 °C at all but a few stations. In contrast, the
temperature of the November/December, SWGS 90, mixed
layer was mostly above - 1.8 °C, indicating that ice melting had
begun. The insolation providing the heat for ice melting also
causes depletions in nutrients and increases in oxygen by stim-
ulating phytoplankton growth consistent with what we ob-
served. Thus, our results reflect not only interannual variability
but also the effect of some early spring phytoplankton growth
as well.

This research was supported by National Science Foundation
grant DPP 88-16570. Additional assistance with logistic costs
was provided by the Alfred Wegener Institute for Polar and
Marine Research. We thank A. Ross and M.C. Carbonell who
assisted J.C. Jennings, Jr., with the nutrient and oxygen anal-
yses and data processing during WWGS 89 and J. Krest who
with A. Ross carried out the shipboard analyses during SWGS
90. Chief scientist E. Fahrbach and A. Wisotzki of the Alfred -
Wegener-Institute provided the preliminary temperature,
salinity and dissolved oxygen data from SWGS 90. We thank
H. Garcia for helpful suggestions with the manuscript.
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The thermohaline field of the Weddell Gyre has structure at
a variety of scales, from cells of tens of kilometers in diameter
(Gordon 1978; Gordon and Huber 1984) to features of hundreds
of kilometers in diamter manifested as pools with temperature
maximum (t-max) temperatures warmer than the surrounding

water. Summer data collected over several years have revealed
a warm pool west of Maud Rise, and it is believed that this may
be a quasi-permanent feature resulting from interaction be-
tween Maud Rise and the Weddell Gyre circulation (Bagri-
antsev, Gordon, and Huber 1989). These features, both large
and small, represent sites of enhanced flux of heat from the
warmer deep water to the winter mixed layer under the sea ice
and, hence, to the atmosphere. The regional variations in this
heat flux have an impact on the sea-ice properties, and the heat
flux as a whole plays an important role in the balance among
atmosphere, sea ice and ocean in the Weddell Gyre.

As part of the Winter Weddell Gyre Study 1989, the Russian
ice-breaking research vessel Akademik Fedorov occupied stations
in the vicinity of Maud Rise and drifted for 10 days within the
warm pool collecting data at regular intervals (see Gordon and
Huber 1990a). A portion of the data collected is a suite of con-
ductivity-temperature-depth profiles to 500 meters collected at
4-hour intervals during the ship's drift within the warm pool.
These conductivity-temperature-depth stations and others oc-
cupied during the ship's passage through the region are shown
in figure 1, with the bottom topography of the area displayed
for reference. Note the crest of Maud Rise at 65°S near 3°E. The

-64

-65

-66

-67

Figure 1. Station positions from Akademik Fedorov cruise during Winter Weddell Gyre Study 1989. Contours of bottom depth are in
kilometers.
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drift series occurred near 65.5°S and 3°W, just north of a slight
ridge in the bottom relief.

The warm pool is characterized by warm t-max and mixed-
layer temperatures compared to the surrounding area. Within
the pool, t-max temperatures average about 1 °C, whereas typ-
ical t-max temperatures to the north are of order 0.4 °C (station
118, for example). Mixed-layer temperatures in the pool are
above freezing and range from - 1.83 to - 1.72 °C. The mixed
layer is typically thinner over warm features in the Weddell
Gyre (Gordon and Huber 1984, 1990b). This is true in part for
the warm pool, though there is considerable variation in mixed-
layer depth. Figure 2 represents a series of potential tempera-
ture profiles offset by 1 °C for clarity. For the eastern part of
the drift series (represented by stations 81-85) the mixed layer
is shallow, about 50 decibars. From station 86 onward (the west-
ern portion of the drift sequence), the mixed layer deepened to
near 100 decibars. Between stations 85 and 86, the ship had
drifted for 30 hours. Whether this change represents temporal
evolution of the warm pool, spatial variability, or drift from one
feature into another cannot be determined with certainty from
the data collected. The salinity and oxygen properties suggest,
however, that the eastern and western segments represent dif-
ferent features. In figure 3, we have plotted the mixed-layer

salinity against mixed-layer oxygen concentration for both Fe-
dorov 89 and previously collected data (Polarstern 1986, see Gor-
don and Huber, 1990b) in the region. The Fedorov data are la-
beled by station number; the Polarstern data are plotted as
circles. There are two features to note in this figure:
• the general trend is for decreasing oxygen with increasing

salinity, as exhibited by the Polarstern and some Fedorov data
and

• the Fedorov data from the easternmost drift segment do not
follow the trend but are anomalously low in oxygen.

Low mixed-layer oxygen is an indication of enhanced exchange
between the mixed-layer and low-oxygen Weddell Deep Water
lying immediately below the mixed layer (Gordon et al. 1984).
This enhanced exchange represents an increased vertical heat
flux, evidence for which was observed during the Fedorov cruise
in the reduced ice cover in the region during the drift sequence.

Although the warm pool west of Maud Rise is a quasi-per-
manent feature of the Weddell Gyre system, there appears to
be significant variation within the pool, a phenomenon that
warrants closer study.

This work was supported by National Science Foundation
grants DPP 85-02386 and DPP 90-08906.
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Figure 2. Temperature vs. pressure plots for selected stations during the drift sequence. Profiles are offset by 1 °C.
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Figure 3. Mixed-layer salinity versus mixed-layer dissolved oxygen concentration for Federov data (station numbers) and data collected in
1986 on board Polarstern (circles).
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Results of a multi-institutional
research program in fjords

along the Antarctic Peninsula:
Cruise 90-7 of the R/V Polar Duke
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Cruise 90-7 of the RIV Polar Duke departed Punta Arenas on
the 27 November 1990 with the objective of investigating the
depositional processes, microfauna, and stratigraphy of the
fjords along the western side of the Antarctic Peninsula. This
was a multidisciplinary project involving senior research sci-
entists from Hamilton College, Ohio State University, Colgate
University, and Rutgers University. Both water-column mea-
surements and bottom sediment samples were collected (tables
1 and 2). High-resolution seismic-reflection data and 12-kilo-
hertz bottom-reflection profiles were also collected (see Mc-
Clennen and Domack, Antarctic Journal, this issue). Areas of
investigation ranged from Hughes Bay, northern Gerlache
Strait, to Lallemand Fjord, Loube Coast. Although preliminary
results have been discussed (Domack unpublished cruise re-
port, available upon request), we summarize here some of the
major findings to date.

Investigations in Brialmont Cove (Hughes Bay) confirmed
prior observations on the presence of mid- to deep-water cold
tongues close to the front of tidewater glaciers (Domack and

Table 1. Oceanographic stations, R/V Polar Duke cruise 90-7

Location
	 Station	 Latitude (5)

	
Longitude (W)
	

Depth
	 Sampesa

64° 55.41'
64° 57.14'
64° 58.48'
65° 00.12'
650 01.67'

65° 04.12'
65° 05.46'
65° 07.24'
65° 08.41'
65° 09.16'

65° 09.95'
65° 10.45'
65° 11.17'
65° 01.82'
65° 00.26'

64° 58.57'

64° 45.42'
64° 47.20'
64° 48.78'
64° 50.39'
64° 50.85'

64° 51.31'
64° 51.87'
64° 52.63'
64° 52.43'
64° 52.48'

64° 52.43'
64° 52.24'
64° 52.23'
64° 52.78'
64° 53.39'

64° 53.87'
64° 54.38'
64° 54.85'
64° 50.09'
64° 50.60'

64° 50.97'
64° 51.50'

63° 38.95'
63° 31.95'
63° 24.78'
63° 20.87'
63° 12.53'

63° 10.60'
63° 08.94'
63° 11.49'
63° 12.24'
63° 13.16'

63° 13.86'
63° 14.23'
63° 14.58'
63° 12.42'
63° 20.82'

63° 25.06'

62° 47.30'
62° 44.08'
620 41.76'
62° 38.99'
62° 36.80'

62° 35.17'
62° 33.67'
62° 32.00'
62° 28.25
62° 26.67'

62° 26.60'
62° 26.00'
62° 32.78'
62° 34.18'
62° 34.77'

62° 34.68'
62° 34.71'
62° 34.80'
62° 37.84'
62° 37.59'

62° 36.73'
62° 36.67'

Flandres Bay
2
3
4
5

6
7
8
9

10

11
12
13
14
15

iR

Andvord Bay
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
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Table 1. Oceanographic stations, A/V Polar Duke cruise 90-7 (continued)

Location	 Station	 Latitude (S)	 Longitude (W)	 Depth
	

Samples,

640 16.71'
64° 16.21'
640 16.07'
640 16.29'
64° 16.54'

64° 17.35'
64° 17.45'
64° 17.25'
64° 17.84'
64° 17.79'

64° 17.84'
64° 17.82'
64° 17.80'
64° 17.81'
64° 16.68'

64° 16.11'
64° 15.80'
64° 16.30'
64° 16.45'
64° 17.38'

64° 17.54'
64° 17.40'
64° 17.23'
64° 17.89'
64° 17.81'
64° 17.84'

64° 17.81'
64° 17.83'

64° 26.42'
64° 24.81'
64° 22.47'

66° 45.99'
66° 36.99'
67° 04.78'
67° 08.31'
67° 11.95'

67° 12.54'
67° 14.27'
67° 11.97'
67° 19.85'

61° 01.65'
61° 00.91'
61° 00.10'
60° 58.65'
60° 59.80'

61° 00.03'
60° 59.00'
60° 58.30'
60° 57.70'
60° 58.05'

60° 58.58'
60° 58.81'
60° 59.00'
60° 59.83'
61° 01.60'

61° 00.82'
60° 59.97'
60° 58.41'
60° 59.80'
61° 00.08'

60° 58.96'
60° 59.09'
60° 58.25'
60° 57.90'
60° 57.94'
60° 58.55'

60° 58.83'
60° 58.84'

63° 20.32'
63° 17.64'
63° 17.71'

66° 58.26'
66° 49.42'
66° 50.76'
66° 50.72'
66° 54.43'

66° 53.22'
66° 48.27'
66° 45.12'
66° 28.38'

127, 196, 226
307, 356, 375

10, 50, 347
10
25

20
20

28, 102,446

29, 300, 645

15, 150
182, 350, 480

Brialmont Cove
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21'
21 b
22
23
24
25

26b
26b

Lapeyrère Bay	 1
2
3

Lallemand Fjord
	

1
2
3
4
5

6
7
8
9

315
285
335
167
450

260
450
290
340
445

428
438
330
121
332

298
270
155
450
250

450
450
288
360
430
440

438
434

360
107
350

780
681
200
650
480

650
210
220
539

a Depths of water samples correspond to near surface(s), near bottom (b) and approximate depths below surface, in meters.
FLOC-CAMERA deployed between indicated station and following station.

Williams 1990). During cruise 90-7, we made additional obser-
vations that have allowed us to determine the dynamics and
character of suspended sediment. Water samples and in situ
underwater photography (FLOC-CAMERA) have established
unequivocally that the cold tongues are major distributors of
fine terrigenous particulates, which account for over 60 percent
of the total suspended load within the water column during
the period of our observations. The dynamics of the cold
tongues are much more varied than previously estimated. This
suggests the meltwater discharge, rather than simple tidal
pumping, may be contributing directly to their formation (Do-
mack and Williams 1990).

The distribution of benthic foraminifera assemblages re-
covered from surface sediments are similar to those previously
reported (Ishman 1989, 1990). Observation of benthic forami-

nifera in sediment cores collected from Brialmont Cove and
Lallemand Fjord suggest significant climatic/glacial fluctuation
during the late Holocene.

Observations in Lallemand Fjord included the discovery that
the Muller Ice Shelf has retreated significantly from a position
it has occupied since 1947 Sediment cores collected from Lal-
lemand Fjord (Frederick, Domack, and McClennen Antarctic
Journal, this issue) will, therefore, allow us to reconstruct the
fluctuation of the Muller Ice Shelf over both the historical and
late Holocene timescale.

Our work is supported under the Research in Undergraduate
Institutions Program of the National Science Foundation under
the sponsorship of the Division of Polar Programs (grant DPP
89-15977 to E. Domack and C. McClennen) and by National
Science Foundation grant DPP 89-17200 to E. Ishman. We would

106 ANTARCTIC JOURNAL



Table 2. Marine geologic sample stations, R/V Polar Duke cruise 90-7

Latitude (S)

64° 57.12'

65° 00.10'
64° 04.05'
64° 05.31'
65° 07.24'
65° 08.36'

65° 09.28'
65° 09.95'
65° 11.20'
65° 00.38'
64° 58.70'

640 51.98'
64° 52.30'
64° 52.38'
64° 52.20'
64° 54.85'

64° 54.80'
64° 54.70'
64° 54.56'
64° 54.41'
64° 53.96'

64° 53.26'
64° 52.51'
64° 51.60'
640 51.07'
64° 50.60'

64° 50.19'
64° 50.20'
64° 49.41'
64° 48.67'
64° 48.23'

64° 47.30'
64° 46.65'
64° 47.72'
64° 46.16'
64° 45.20'

64° 15.78'
64° 16.65'
64° 16.12'
64° 16.34'
64° 16.49'

64° 16.19'
64° 16.16'
64° 15.45'
64° 13.25'

64° 16.99'
64° 16.53'
64° 05.89'
64° 04.55'
63° 59.99'

63° 57.80'
63° 52.31'
63° 50.17'
63° 50.56'

64° 55.65'

66° 45.46'
66° 57.00'
67° 04.80'
67° 08.22'
67° 12.57'

Longitude (W)

63° 31.85'

63° 20.85'
63° 10.52'
63° 09.07'
63° 11.43'
63° 12.27'

63° 13.18'
63° 13.68'
63° 14.51'
63° 20.75'
63° 25.08'

62° 30.13'
62° 28.38'
62° 26.49'
62° 25.87'
62° 35.34'

62° 34.69'
62° 35.79'
62° 36.07'
62° 35.96'
62° 35.80'

62° 36.46'
62° 36.53'
62° 36.86'
62° 36.85'
62° 37.47'

62° 38.10'
62° 37.84'
62° 38.75'
62° 40.32'
62° 41.34'

62° 44.44'
62° 43.25'
62° 45.91'
62° 45.97'
62° 47.44'

60° 59.94'
60° 59.72'
61° 00.76'
60° 58.52'
60° 59.69'

61° 03.54'
61° 03.58'
61° 08.17'
61° 14.43'

61° 53.69'
61° 52.42'
61° 49.85'
61° 48.61'
61° 42.96'

61° 41.48'
61° 35.48'
61° 33.51'
61° 33.48'

64° 16.32'

66° 58.15'
66° 49.58'
66° 50.95'
66° 47.56'
66° 53.32'

Sample type 

SMG

SMG
SMG
SMG
SMG
SMG

SMG
SMG
SMG
SMG
SMG

SMG
SMG
SMG
SMG
SMG

KC
KC
KC
SMG
SMG

SMG
SMG
SMG
SMG
SMG

KC
KC
GO
GO
GO

SMG
SMG
SMG
GO
GO

SMG
KO
GO
GO
PO,TO

PO,TO
KO
P0,10
KO

PO,TO
PO,TO
P0,10
P0,TO
PO,TC

P0,TO
P0,10
GO
PO,TO

P0,10

SMG
SMG
SMG
SMG
SMG

Core Length
(in centimeters)

95
255

62
62
60

68
43

310
30
30

818,60

199,76
271

524,86
270

871,58
558,79
794,69
847,73
809,76

84,76
590,88

74
827,58

904,30

Location
	 Station

Bismark Strait
	

2

Flandres Bay	 3
4
5
6
7

8
9

10
11
12

Andvord Bay	 13
14
15
16
17

18
19
20
21
22

23
24
25
26
27

28
29
30
31
32

33
34
35
36
37

Hughes Bay	 38
39
40
41
42

43
44
45
46

Croker Passage	47
48
49
50
51

52
53
54
55

Wilhelm Deep	 56

Lallemand Fjord
	

57
58
59
60
61

Depth

460

500
580
530
171
408

493
490
470
445
440

420
480
310
521
270

210
245
245
240
270

165
230
230
210
325

400
395
440
404
450

409
446
320
462
374

278
452
302
170
452

512
504
460
575

1,150
1,135
1,240
1,220
1,203

1,155
1,066
1,000
1,030

1,415

780
722
420
650
677
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Table 2. Marine geologic sample stations, R/V Polar Duke cruise 90-7 (continued)

Location	 Station	Latitude (S)	Longitude (W)	Depth	Sample type 
Gore Length

(in centimeters)

67

25

822,86

150
304,86
27,67

275

664,17

62
63
64
65
66

67
68
69
70
71

72
73
74
75

Hughes Bay
(revisited)	 76

67° 14.28'
67° 13.02'
67° 13.01'
67° 11.97'
67° 11.10'

67° 19.86'
67° 19.87'
67° 17.29'
67° 15.00'
67° 12.46'

67° 12.55'
67° 09.99'
67° 08.39'
67° 08.40'

64° 16.09'

66° 48.28'
66° 46.53'
66° 46.59'
66° 45.17'
66° 39.23'

66° 28.21'
66° 28.16'
66° 30.12'
66° 32.26'
66° 53.21'

66° 53.29'
66° 50.00'
66° 47.97'
66° 47.81'

61° 03.51'

210
	

SMG
195
	

SMG
200
	

GC
220
	

SMG
620
	

SMG

590
	

SMG
590
	

GC
540
	

SMG
501
	

SMG
660
	

Pc,Tc

655
	

KC
803
	

PC,TC
640
	

Pc,Tc
644
	

KG

515
	

PC,TC

a SMG denotes Smith McIntyre grab; PG denotes piston core; GC denotes gravity core; TG denotes trigger core (for piston core); and KG denotes
Kasten core.
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Circulation and bathymetry
of Lapeyrère Bay, Anvers Island

JULIE E. DIXON and EUGENE W DOMACK

Geology Department
Hamilton College

Clinton, New York 13323

This study was initiated as part of a regional investigation on
the circulation and depositional environment of fjords and bays
along the western side of the Antarctic Peninsula (Domack 1988;
Domack, Burley, and Williams 1989; Domack 1990). Studies
within Lapeyrère Bay were conducted to define the relative role
of meltwater input, estuarine circulation, and bathymetry upon
sedimentation. Previous studies by Griffith and Anderson
(1989) suggested that input of terrigenous sediment into La-
peyrere Bay was relatively high because of the arenaceous char-

acter of bottom sediments. Subsequently, this was confirmed
(Domack et al. 1989) by the quantitative analyses of sediment
texture and composition. The question that needed to be an-
swered was whether the sediment characteristics reflect glacial
meltwater and terrigenous input (climatic control) or whether
iceberg rafting and a combination of fjord geometry and bath-
ymetry could explain the sediment characteristics.

We visited Lapeyrere Bay twice during the 1987-1988 austral
summer aboard the WV Polar Duke. Our sampling was con-
ducted once in late December and once in late January to ob-
serve the processes of meltwater input during the peak of the
summer melt season, as it exists in this subpolar to polar cli-
matic setting. Oceanographic data, continuous bottom profiles,
and water samples were collected within the bay as illustrated
in figure 1. Information on sampling instrumentation, station
location, and data processing can be found in Domack (1988)
and Domack and Williams (1990).

The bathymetric compilation illustrates that Lapeyrere Bay is
marked by a single, deep submarine valley which extends from
the head, the front of Illion Glacier, to the mouth, Dallman Bay.
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Figure 1. Bathymetric chart of Lapeyrere Bay, with contour intervals of 100 meters. Cast station locations for December 1987 (circles) and
January 1988 (dots) are shown. Zodiac casts were taken manually from a zodiac raft.

A single low relief sill (<60 meters) is present about one-sixth
of the distance from the head of the fjord. The revised bathy-
metry benefitted from several continuous bottom profiles that
improved the resolution of the bottom topography over pre-
vious interpretations (Griffith and Anderson 1989). Lapeyrère
Bay has a length to width ratio of 7:1 and, therefore, is one of
the more linear bay systems along the Palmer Archipelago and
Peninsula. This means that meltwater input, if significant,
should produce recognizable salinity gradients in both the ver-
tical and horizontal dimensions, particularly in the head re-
gions of the fjord. Oceanographic data collected in December
1987 demonstrated a relatively low salinity surface layer (31.8-
33.75 parts per thousand) in the upper 10 meters. The bay was
essentially free of brash and loose pack ice at this time and a
horizontal salinity gradient within the surface layer was not
observed (figure 2). The salinity minimum at the surface ac-
tually corresponds to the juncture with a small bay on the
northwest side rather than the head of Lapeyrère Bay or Illion
Glacier (figures 1 and 2). The iso-halines actually parallel the

1991 REVIEW

sea surface with a minor upwelling (?) between stations 1 and
3 (figure 2). This pattern is more characteristic of a low salinity
layer produced by a sea-ice melting rather than a point source
of glacial meltwater at the head of the fjord. Hence, during
December meltwater input from Illion Glacier was not exerting
a strong control upon surface layer characteristics and estuar-
me-type circulation was not well developed.

The surface layer in January was more dilute especially as
observed near the head of Lapeyrere Bay (figure 3). There is
some indication of melt effects associated with the terminus
region of Illion Glacier as shown by the down-warped isoha-
lines in the ice-proximal region (figure 2). A decrease in salinity
is also associated with the axis of the fjord side bay, as was
observed in December. The salinity (density) structure indi-
cates that some type of estuarine flow is present as the isoha-
lines rise to the surface with increasing distance down-fjord
(figure 2). Yet calculations show that all of the decrease in
salinity in the surface layer from December to January (about
1.0 part per thousand) could easily be produced by the melting
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Figure 2. Salinity contour diagrams for the upper 100 meters (m)
of the water column on 28 December 1987 and 21 January 1988
demonstrate the progressive development of estuarine surface
layer from December to January indicating addition of fresh water.
Also, note pronounced downwarping of isohalines adjacent to the
glacier terminus in January indicating significant melt associated
with the glacier front. (km denotes kilometer.)

of icebergs and loose pack ice (Dixon 1991). The salinity mini-
mum is about 31.6 parts per thousand, which is still quite high
for most subpolar fjords, but somewhat greater than the lowest
salinity observed in antarctic polar fjords, i.e., Ellis Fjord (Gal-
lagher and Burton 1988). This suggests that the meltwater input
is not volumetrically large or that there is very rapid mixing
between the surface layer and the underlying saline water. La-
peyrere Bay is very deep and is essentially unsilled so there is
no limit to the amount of deep saline water that could be ex-
changed with Dallman Bay.

In January 1988 the head of Lapeyrere Bay was found to be
filled with loose ice that had been blown in the fjord by winds.
This is a common feature for Lapeyrere Bay as demonstrated
by review of Landsat images taken over the last 12 years and
observations made in the field during the 1990-1991 austral
summer season. Under these conditions the head of the fjord
acts as a trap for icebergs, the melting of which leads to pref -
erential input of ice-rafted debris. When this input is combined
with normal ice rafting, caused by calving line processes, much
sediment is introduced into the water column near the fjord
head. Lateral spreading of the finer sand and mud particles
down-fjord would produce a gradual decrease in the sand con-
tent of bottom sediments in this direction (Domack et al. 1989).
The unsilled bottom topography would also allow for the effi-

cient dispersal of sediment via dilute gravity flows along the
entire axis of the fjord bottom.

Observations of suspended particulate matter within the
water column demonstrated maximum concentrations within
the surface layer of the mid-fjord region (Dixon 1991). The par-
ticulates were entirely biogenic in character, being composed
of long diatom chains and individual frustules. Vertical settling
of the fine biogenic material would contribute organic carbon
and opaline silica to the bottom sediments. The dilution of these
biogenic components by terrigenous sediment would increase
with proximity to the ice front because of the factors mentioned
above.

In conclusion, we found evidence for a change in the salinity
structure of Lapeyrere Bay during the peak of the melt season.
The salinity decrease during the summer season could be ex-
plained by iceberg and drift-ice melt rather than input of sur-
face (glacial) meltwater at the glacier terminus. Initial modifi-
cation of the salinity structure first appears adjacent to a small
side bay. Meltwater input from the glacier complex in the side
bay simply may reflect the localized and small character of the
glaciers. Direct input of surface melt from the Illion Glacier may
be delayed as initial melt percolates and refreezes (as super-
imposed ice) within the thick and cold firn layers. In the ab-
sence of strong estuarine circulation, intertidal zone, warm
temperatures and in the presence of abundant floating ice the
dissipation and remediation of an oil spill within Lapeyrere
Bay or similar fjords would be an extremely long and difficult
process. The environmental impacts could be expected to be
far greater than comparable spills under more temperate fjord
conditions (Dixon 1991).

This study was supported by the National Science Founda-
tion Research in Undergraduate Institutions program as ad-
ministered by the Division of Polar Programs (DPP 86-13565).
We are grateful to the crew of the RIV Polar Duke and for the
help we received from scientists of Rice University (John An-
derson) and Ohio State University, Byrd Polar Research Center
(Scott Ishman).
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Figure 3. Upper 100 meters of December conductivity-temperature-depth cast 1. Parameters of temperature, salinity and beam attenuation
coefficient are indicated by T, S and C, respectively. Salinity at the same location in January (cast 2) is superimposed with a dashed line,
to show slight dilution of the surface layer. Salinities in the upper 20 meters (m) are up to 1 part per thousand (ppt) lower in January.
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Diatom assemblages
within surface waters

of Andvord Bay, Antarctica
SARAH E. MAY and CHARLES E. MCCLENNEN
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EUGENE W. DOMACK

Department of Geology
Hamilton College
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Although fjords along the Antarctic Peninsula have been doc-
umented to have biogenic sedimentation rates exceeding those
of open-shelf regions (Domack personal communication), few
studies have concentrated on the diatoms responsible for the
bulk of these sediments. Andvord Bay, along the Danco Coast,
is one example with an exceptionally high (4-5 millimeters per
year) biogenic sedimentation rate (Domack personal commu-
nication).

In December 1990, during the RIV Polar Duke cruise 90-7,
near-surface water samples were taken in 5-liter Niskin bottles
along a cruise track to gather diatom assemblages with simul-
taneous conductivity- tempera ture-depth-transmissivity data in
the fjord. The goal was to understand more fully the processes
controlling productivity and, ultimately, the high sedimenta-
tion rates.

This preliminary study concentrated on identifying and
enumerating diatoms from filtered seawater within four geo-

64045'

64°50'

62050'
	 62°40'	 62030'	

62°20'I

Figure 1. Outline map of Andvord Bay indicating location of water-sampling stations for con ductivity-temperature-depth-transmissivity
(1-22). Diatoms filtered from water collected at 1, 5, 8, 12, and 18 are discussed in the text.
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graphically distinct areas in the bay: the shelf (station 1), mid-
bay (station 5), nonglacial near shore (station 8), and glacial
near shore (stations 12 and 18, see figure 1). Water samples
were subsampled to 1,000 milliliters and filtered through pre-
weighted 0.4-micrometer Nucleopore filters. The filters were
dried and reweighed, and five filters were chosen to represent
the four areas of interest. These were each subsampled three
times (24 square millimeters of surface area each), carbon and
gold coated, and examined using scanning electron micros-
copy. Polaroid photographs (see figure 2) of random areas of
the filter subsamples were used to identify and enumerate dia-
tom cells with the aid of magnifying lenses. Cell counts were
standardized to cells per liter, and diversity per sample was
determined using Simpson's Index.

Photographs and chemical analysis (using energy-dispersive
X-ray spectrometry) of the filter samples revealed primarily
biogenic (siliceous) matter with some terrigenous particles
which comprised less than 1 percent area on the filter and
contained elements of aluminum, magnesium, iron, copper,
sulphur, phosphorous, and sodium. The diatoms on the filters
appeared very fragmented and ruptured, making it difficult to
identify the species in many cases. The abundance of spines on
the filters indicated their significance within the water column
and possibly as contributors to the high sediment accumulation
rate. Centric forms dominated and chain-forming organisms
were very common, both of which are indicative of open-water
environments (Fryxell, Reap, and Kang 1988) meaning the over-
all influence of sea ice in the bay was minimal. The greatest
species diversity and the lowest concentration of cells were
observed in the glacial, near-shore site (figure 3). Sea ice, which
would release ice-associated diatoms via melting, appeared to
be more prevalent at this site than at others possibly explaining
the high diversity. When compared to other calculated densities
of diatoms in polar waters, the numbers of cells per liter ob-
tained in Andvord Bay are about ten times lower than those
reported from ice-edge blooms in the Bering Sea (Schandel-
meier and Alexander 1981). Cell numbers may actually be
higher in Andvord Bay, as is indicated by higher magnification
tested on some subsamples. Thus, the magnification used in
this study to quantify cells on filters influences absolute num-
bers and possibly the comparative density and diversity values.
The highest concentrations of cells occurred in the shelf region
(station 1), glacial near shore (station 18), and midbay (station
5) (figure 3). Among individual organisms, Chuetoceros spp. was
the dominant organism in the samples examined with Thala-
siossira spp. and Nitzschia spp. present in large quantities.
Other organisms present were Eucampia antarctica, Odontella
spp., Coscinodiscus spp., Rhizosolenia spp., Actinocyclus spp.,
and Corethron spp. although distributions among sites varied
considerably (table). This tabulation of genera should not be
confused with the diversity values of the Simpson's Index,
which uses the number of species and their relative abundance
within the calculated cells per liter.

Near-surface seawater temperatures, so important to algal
growth rates (Smith and Sakshaug 1990), showed an increase
from generally cooler than 0.2 °C (-0.28 to 0.21 °C) at the

Presence and absence of genera with respect to sample site.
(A plus indicates presence; a zero indicates absence.)

Station number
Taxa	 1	5	8	12	18

Actinocyclus	 +	0	+	0	0
Corethron	 +	0	+	0	0
Coscinodiscus	0	0	+	0	0
Eucampia	 0	+	+	+	+
Odontella	 0	0	+	0	0
Rhizosolenia	 +	0	+	0	0
Unknown centrales	+	0	+	+	+
Unknown pennates	0	0	+	+	+

mouth and head of the bay to a midbay high of generally
warmer than 0.3 °C (0.29 to 1.33 °C). The data mimics infor-
mation collected during RIV Polar Duke cruise 88-3 which indi-
cated a midbay thermal high (Domack and Williams 1990). This
information supports an hypothesis of a clockwise gyre or eddy
circulation pattern within Andvord Bay which may influence
and enhance phytoplankton growth and reproduction, thereby
resulting in the exceptionally high biogenic sedimentation oc-
curring in the bay.

Although this study can provide clues to concentration pat-
terns of diatom assemblages within Andvord Bay, it must be
remembered that the values of cell density are extremely tem-
porally and spatially limited, and any conclusions to be drawn
must rest upon a more detailed and intense sampling method
than that presented here. Furthermore, because of the lack of
information on diatom assemblages within Antarctic Peninsula
fjords, this study is important as a preliminary investigation
into diatom assemblages in antarctic fjords.

This study was supported by National Science Foundation
grant DPP 89-15977 to Eugene W. Domack and Charles E.
McClennen.
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Figure 3. Diatom cell density of filter sample and species diversity
as determined by Simpson's Index with respect to sample site

0.1	 location. Note high diversity at station number 12, a glacially as-
sociated near-shore site.

Sediment-trap experiments	continental shelf, we deployed both drifting and moored arrays

in the central and western Ross Sea,	of particle interceptor traps at three sites in the central and
western Ross Sea during January and February, 1990. ParticleJanuary and February 1990	transport and dissolution/degradation dynamics in the south-
ern ocean water column control a variety of important proc-

R.B. DUNBAR and D.A. MUCCIARONE 
esses including nutrient regeneration, delivery of food to
benthic communities, and preservation of sediment records of
climate change. Many features of the carbon and silicon cycles

Department of Geology and Geophysics	 on the antarctic continental shelf are not observed in lower
Rice University	 latitudes and appear to be controlled by a combination of un-

Houston, Texas 77251 usual seasonality, great water depths, low temperatures, and
high current energies. One of our goals is to establish budgets

A. LEvENTER

	

	 for surface production, vertical and horizontal transport, and
seabed accumulation of important bioactive phases in this

Byrd Polar Research Center	 unique setting.
Ohio State University During the 1990 Polar Duke cruise, we deployed particle in-
Columbus, Ohio 43210 terceptor traps at three sites during January and February (table

1). Sites A and C are in the central and northern portions of
the western Ross Sea; site B is located in the central Ross Sea.

As part of an interdisciplinary, multi-institutional study of	Drifting arrays consisted of three or four Rice University Mk III
the biogeochemical cycles of carbon and silicon on the Ross Sea	single-cup sediment traps (2,000-square-centimeter collection

Table 1. Sediment trap samples collected from Polar Duke
January and February 1990

Depth	 Number	Duration
Site	 Latitude	 Longitude	 (in meters)	 Start date	of cups	(in days)

Site A
Mooring
Mooring

Drifter
Drifter
Site B
Mooring

Drifter
Drifter
Site C
Drifter
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area) suspended at depths of 50, 100, 225, and 250 meters
between a bottom weight and surface float/radio beacon. De-
ployment times ranged from 11 to 30 hours; traps were unpoi-
soned. Moored arrays deployed at the three sites included both
shallow and deep 15-cup time series traps built at Oregon State
University as well as current meters and transmissometers.
Trap cups were poisoned with sodium azide. Moorings at sites
A and B were set to collect at intervals of from 2.5 to 4 days
during the cruise and were recovered and redeployed in mid-
February. In this article, we report only the short-term sedi-
ment fluxes collected during the 1990 austral summer.

We observed pronounced variability in magnitude and chem-
ical composition of the vertical flux as well as particle mor-
phology between sites and between surface and deep traps
during the cruise. The highest biogenic fluxes occurred at site
A (table 2) where samples were generally enriched in biogenic
opal (up to 83 weight percent) and relatively depleted in organic
carbon (3 to 14 percent). Between 1 and 4 February 1990, the
biogenic opal flux to 725 meters averaged 24.6 millimoles per
square meter per day, the highest opal flux ever recorded in
the Ross Sea. Nearly all opal delivered to the mid- and deep

water column consisted of unbroken diatom tests of the genus
Nitzschia, many of which settled within fecal pellets. Ellipsoidal
fecal pellets 150 to 300 micrometers in length were a dominant
component (up to 80 percent by weight) of the drifting traps
(figure) with fluxes of up to 19,000 pellets per square meter per
day.

The lowest biogenic fluxes during the cruise were recorded
at site B. Samples were depleted in biogenic silica (13 to 47
percent) and enriched in organic carbon (up to 26 percent).
There was considerable diversity in the biosiliceous compo-
nents at site B, in contrast to the nearly monospecific diatom
assemblage observed at site A. This was the only site where
we observed significant fluxes of calcium carbonate, mainly as
tests of the planktonic foraminifer Neogloboquadrina pachyderma.
Fecal pellets were smaller and less common than at site A. More
than 50 percent of the total vertical flux was contained within
loosely bound aggregates of organic debris approximately 1 to
2 millimeters across. Vertical sediment fluxes at site C were
intermediate between those recorded at sites A and B. Com-
positionally, the trapped material was similar to that recovered
at site A, with a relatively high silicon-to-carbon ratio. Only

Scanning electron microscope photographs of particulate material collected in Ross Sea sediment traps, January and February 1990. A.
Ellipsoidal fecal pellet from second drifter deployment at site A (100 meters). Note intact organic membrane surrounding pellet. (Scale bar
= 100 micrometers.) B. Ellipsoidal pellet from same sample as in A. Pellet consists mainly of unfragmented tests of the diatom Nitzschia
curta. Note absence of membrane. More than 70 percent of all pellets at site A lacked an organic coating. (Scale bar = 50 micrometers.)
C. Small ellipsoidal pellet from first drifter deployment at site B. These pellets have low length-to-diameter ratios and often exhibit an
organic coating. Pellets at site B contain a more diverse microfossil assemblage, including the silicoflagellate Distephanus speculum as
well as Nitzschia spp. diatoms. (Scale bar = 50 micrometers.) D. Large test of Corethron criophilum which had settled as an individual
particle at site C. (Scale bar = 100 micrometer.) E. Large, cylindrical pellets, probably produced by euphausiids recovered from drifting
traps at site C. (Scale bar = 500 micrometers.) F Closeup of surface of pellet in E. These large pellets contain thoroughly fragmented
diatomaceous debris. They sink rapidly, but when they degrade in the water column, they release very fine opal particles that are easily
maintained in suspension and dissolved. (Scale bar = 10 micrometers.)
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Table 2. Opal and carbon fluxes in the Ross Sea,
January and February 1990

Fluxa

Site	 Biogenic opal	Organic carbon

Site A
231 meters

Mooring (3.6 days)	 5.3	 3.3
Drifter 1 (early)	 0.7	 0.8
Drifter 2(late)	 4.2	 2.9

725 meters
Mooring (22.9 days)	14.6	 4.8

Site B
231 meters

Mooring (14.0 days)	 0.3	 0.9
Drifter 1 (early)	 0.2	 0.5
Drifter 2(tate)	 1.2	 3.1

Site C
250 meters

Drifter	 2.2	 1.5

a In millimoles per square meter per day.

one type of fecal pellet was observed at site C; a large cylindrical
variety (figure) which increases in abundance with depth in the
upper 250 meters. Similar pellets in the Antarctic Peninsula
region have been ascribed to euphausiids (Bodungen 1986).

Our results reveal large spatial and temporal variability in
the magnitude and style of the vertical biogenic sediment flux.
Opal fluxes were approximately one order of magnitude higher
in the western Ross Sea than at the same latitude in the central
Ross Sea. Organic carbon fluxes were also higher in the west,

although by only a factor of 2 to 4. Near-bottom fluxes in the
western Ross Sea are higher than fluxes to 250 meters. This is
opposite the trend observed in the central Ross Sea and con-
sistent with mid-and deep-water transport of biosiliceous de-
bris from east-to-west as we have previously suggested based
on seafloor sediment distribution (Dunbar et al. 1985). Fecal
pellets and large aggregates clearly play an important role in
vertical transport. Dense, rapidly settling pellets such as those
observed at sites A and C are less likely to be transported large
distances by shelf currents than the large, low-density aggre-
gates observed at site B. The extent to which the observed
difference in biogenic sedimentation between the western and
central Ross Sea may reflect a genuine long-term disparity in
surface productivity is not yet known. Further refinement
awaits integration of particle flux results with near-surface pro-
ductivity data as well as the long-term perspective offered by
surface-sediment accumulation studies and our winter-over
trap samples.

This research was supported in part by National Science
Foundation grant DPP 88-18136. We thank A. Pyne, C. Moser,
and the crew of the Polar Duke for assistance with the trapping
program.
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In November 1990, we completed the second year of winter
observations of ocean currents in eastern McMurdo Sound. The
winter circulation regime is of great importance to benthic com-
munities because it exerts a primary control on the delivery of
food to the seafloor following the cessation of summer blooms

in surface waters and sea ice. It is also likely that regular sea-
sonal shifts in the circulation pattern within McMurdo Sound
influence the activities and standing stocks of large, highly
mobile organisms such as penguins, marine mammals, and
fish. The links between inter- and intra-annual oceanographic
variability and the distribution of the regional biota can be
elucidated only through careful year-round monitoring of the
current regime coupled with detailed population studies. Ulti-
mately, winter-over current monitoring systems must be in-
stalled and maintained at a number of locations within Mc-
Murdo Sound. In this article, we present results from the
second year of a pilot study using a subsurface moored array
of current meters and sediment traps in eastern McMurdo
Sound. Results from the first year's deployment are given in
Barry et al. (1990).

A subsurface mooring was deployed on 8 January 1990, 16.9
kilometers northwest of McMurdo Station (77°47'23"S
166°02'28"E) at a water depth of 575 meters. This site is ap-
proximately 7 kilometers further west and 1 kilometer further
north than the site occupied during 1989; the change in location
was dictated by sea-ice conditions during deployment. Recov-
ery of the mooring was completed on 25 November 1990. The
mooring was reinstalled at the same location on 1 December
1990 in an effort to obtain the first direct observations of cur-
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rents in McMurdo Sound during the spring-summer transition.
The mooring includes two InterOcean S-4 current meters,
placed at depths of 160 and 560 meters (415 and 15 meters above
seafloor), that collect and record average speed and direction
during four consecutive 30-second intervals every 20 minutes.

Figure 1 shows progressive vector diagrams for both current
meters, calculated from 24-hour vector averages. Net  flow near
the seafloor was nearly unidirectional and southerly during the
10.5-month deployment, similar to our results from 1989. Flow
at 160 meters is considerably more variable with southerly flow
between 8 January and mid-March, easterly flow from mid-
March to early August, followed by northerly flow from early
August to late November. In comparison, shallow currents dur-
ing 1989 were mostly to the east between January and early
August, followed by northerly flow between early August and
November (Barry et al. 1990).

Average current speeds calculated from net displacement
during the entire deployment period were 78 and 5.9 centi-
meters per second for the shallow and deep current meters,

respectively. Maximum current speeds of up to 70 centimeters
per second occurred for brief periods during the summer and
early fall. In general, instantaneous current speeds were
slightly greater at 160 meters than at 560 meters during 1990,
just the opposite of our observations during 1989. A surprising
feature of the 1990 current-meter records is the seasonal vari-
ation in current speed (figure 2). Both shallow and deep instru-
ments show generally higher average speeds and peak veloci-
ties during the austral summer and fall than during the winter
and spring. A similar, but less pronounced, decrease in current
speed through the year is evident in the near-bottom record
from 1989 (Barry et al. 1990). During 1989, high monthly aver-
age current speeds at 180 meters occurred during May and
August through November.

Spectral analysis reveals that oscillatory flow over time scales
of hours to weeks is strongly controlled by tidal influences (ta-
ble). Over short time scales, flow at both shallow and deep sites
is dominated by the diurnal tides. Tidal oscillations at shallow
depth produce highly variable current directions; oscillations
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Figure 1. Progressive vector diagrams for 1990 McMurdo Sound current-meter deployment calculated from 24-hour vector averages: (A)
160 meters; (B) 560 meters. Displacement is in kilometers. The records span 321 days, starting 8 January 1990. Symbols mark the lit and
15th day of each month.

118	 ANTARCTIC JOURNAL



A
40

35

30

25

L)

-- 20
E

15

10

5

0	1	1	f	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	T	I	I	I	I	I	I	I	I	I	I	1	11	I	I	rmrmr

1/8/90 2/5/90 3/5/90 4/2/90 4/30/90 5/28/90 6/25/90 7/23/90 8/20/90 9/17/90 10/15/90 11/12/90

B
30

25

20

LO 15
E

10

5

0

1/8/90 2/5/90 3/5/90 4/2/90 4/30/90 5/28/90 6/25/90 7/23/90 8/20/90 9/17/90 10/15/90 11/12/90

Figure 2. Current speeds from (A) 160 meters and (B) 560 meters presented as averages for each 2-hour interval during the 7,670 hour
deployment period versus date. Note decrease in both average current speed and maximum speed during the austral winter. (cm/sec
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near the seafloor are mainly north-south and are probably rec-
tified by the north-south bathymetry of this portion of Mc-
Murdo Sound.

Our results reveal pronounced differences in the flow regime
between the upper and deep water column within years and
between years. The extent to which the 7-kilometer difference

between the 1989 and 1990 mooring locations limits our com-
parisons is not known. We have observed lower velocities in
eastern McMurdo Sound during the austral winter and spring.
In contrast, Pillsbury and Jacobs (1985) report significantly
higher current speeds during the austral winter at three sites
along the edge of the Ross Ice Shelf in the central Ross Sea
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Percent of total variance, north velocity component, 560 meters,
8 January through 13 May 1990

Period (in hours)	Tidal component	Percent of variance

	

327.9	M1 (lunar fortnightly)	 16.4

	

153.7	 9.2

	

86.9	 1.5

	

39.2	 1.4

	

25.8	01 (lunar diurnal)	 22.4

	

23.9	K1 (luni-solar diurnal)	 28.2

	

12.4	M2 (lunar semidiurnal)	 1.0

	

12.0	S2 (solar semidiurnal)	 1.2

phaeocystis laden waters into eastern McMurdo Sound. It is
likely that flow reversal, rather than the onset of high produc-
tivity in the open Ross Sea, controls the precise timing of this
event. The third-year deployment of our current-meter mooring
will provide the first direct observation of ocean currents in
eastern McMurdo Sound during the critical late November
through January period.

This research was supported in part by National Science
Foundation grant DPP 88-18136. We thank Ward Testa, Alex
Pyne, and Ray Tien for assistance in the field and Peter de-
Menocal for assistance with time series analyses. Pat Sole and
Brian Anderson with K-191 (New Zealand Antarctic Research
Program) are gratefully acknowledged for assistance with sur-
veying the mooring sites.

during 1983. If this is a typical feature of Ross Sea circulation,
eastern McMurdo Sound may be decoupled to some degree
from the open Ross Sea flow regime.

Collectively, our current-meter data suggest that important
shifts in upper water column flow recur on a seasonal basis. A
consistent feature of our current meter records is northerly flow
at depths of 160 to 180 meters between August and late Novem-
ber, opposite of the near-bottom flow. This flow, if characteristic
of the uppermost water column, must reverse during Decem-
ber to permit the annually observed southward penetration of
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Surface-sediment diatom
assemblages from the George V Coast

AMY LEVENTER

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Surface-sediment floral data from the George V Coast dem-
onstrate that significant environmental information is archived
in the sedimentary record. The downcore application of the
relationships derived from this surface-sediment work should
be instrumental in understanding the deglacial history of this
region of Antarctica.

Figure 1 illustrates the absolute distribution of diatom valves,
in millions of valves per gram of sediment. Concentrations up
to almost 250 million diatom valves per gram of sediment are
observed. The most diatomaceous sediments are found on the
flanks and deeper waters of the George V basin. Increased
biogenic content in antarctic shelf basins has also been noted
in the Ross Sea (Dunbar, Anderson, and Domack 1985; Dunbar,
Leventer, and Stockton 1989) and is the result of deposition of
winnowed and laterally advected diatom frustules. An east-
west gradient is also observed, with diatom abundances in-
creasing to the west. Several environmental factors are respon-
sible for this distribution pattern. First, the East Wind Drift
transports fine-grained diatomaceous material to the west. Sec-

ond, east of 147° E, persistent sea-ice cover is responsible for
decreased primary production. Although the prolific sea-ice
community cannot be ignored—in a single year, ice from
McMurdo Sound, McGrath-Grossi et al. (1987) had an esti-
mated annual production of 40-80 grams of carbon per square
meter, a significant portion of the estimated total production
for the southern oceans—both production rates and standing
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Figure 1. Absolute distribution of diatom values in surface sedi-
ments from the George V Coast.
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stocks are decreased greatly at the base of multiyear (as op-
posed to single-year) ice (Palmisano and Sullivan 1985).

Overall, the most abundant diatom species is Nitzschia curta,
a small pennate form commonly found both as a member of
the sea-ice microbial community (see Leventer and Dunbar
1988, for a review) as well as a dominant component in ice-
edge blooms in the Ross Sea (Smith and Nelson 1985; Wilson,
Smith, and Nelson 1986). Relative percentage data for N. curta
(figure 2A) reveal an offshore decrease in the contribution of
this species to the diatom assemblage, a function both of the
decreasing influence of sea ice in an offshore direction and of
the increased relative input of the more "oceanic" species,
Nitzschia kerguelensis (figure 2B). Changes in the relative abun-
dances of these two species downcore may track the Holocene
retreat of the ice sheet from the shelf. Despite low overall con-
centration of diatoms to the east, the relative percentage of N.
curta is high in this region, possibly related to sea-ice algal
production and advection from farther to the east.

Thalassiosira spp. concentrations are generally low (maximum
20 percent), but reach their maximum values to the west and
offshore (figure 2C). As described by Leventer and Dunbar
(1988), this genus is widespread in antarctic waters but uncom-
mon in sea-ice samples. Instead, Thalassiosira spp. is associated
mainly with primary production within the water column. This
environmental preference is clearly demonstrated by these data
and may be useful downcore in delineating historical changes
in the distribution and extent of sea ice.

The distribution of Chaetoceros spp. is the most complex to
interpret (figure 2D). Most of the specimens counted are resting
spores. The highest relative concentrations of Chaetoceros are
observed east of 145° E, in a region characterized by persistent
sea-ice cover. Data from the Gerlache Strait off the Antarctic
Peninsula indicate that Chaetoceros spores can be associated
with surface waters that are highly stratified as a result of both
meltwater input and thermal warming. Spore formation may
result from environmental stress due to nutrient depletion
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Figure 2. A. Relative concentration of Nitzschia curta in surface sediments from the George V Coast. B. Relative concentration of Nitzschia
kerguelensis in surface sediments from the George V Coast. C. Relative concentration of Thalassiosira spp. in surface sediments from the
George V Coast. D. Relative concentration of Chaetoceros spp. in surface sediments from the George V Coast.
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within the low density surface waters (Leventer 1991). In Ross
Sea phytoplankton samples collected during January and Feb-
ruary 1990, the highest relative abundance of Chaetoceros is in
the southeastern Ross Sea, in an ice-free area of generally low
primary production.

In comparison to both the Gerlache Strait and Ross Sea dis-
tributions, highest relative abundance of Chaetoceros in surface
sediments off the George V Coast is observed east of 145° E,
along a line which marks the maximum summer retreat of the
annual ice edge. This region is characterized by heavy sea-ice
cover for approximately 11 months each year and low absolute
diatom abundance in the surface sediments. Although this re-
lationship is not completely understood, factors that may have
contributed to this distribution pattern are presented below.

First, it is important to note that the sediments with relatively
high concentrations of Chaetoceros are diatom-poor sandy muds
and muddy sands (Dunbar et al. 1985). This is partially a func-
tion of low annual primary production and subsequently low
input of fine-grained biogenic material to the sediments in this
area. Although phytoplankton blooms may be associated with
stationary ice edges, the area around 145° E is ice free, on
average, less than 30 days per year. A phytoplankton bloom
associated with stabilization of surface waters via meltwater
obviously would be limited to this very short period. Second,
the distribution of Chaetoceros also may reflect a dissolution sig-
nal, because heavily silicified spores are more resistant to dis-
solution in the water column and at the sea flow. Finally, there
may be a direct biological relationship between Chaetoceros rest-
ing spores and the minimum extent of annual sea ice (station-
ary ice edge). The dominance of certain species and the retreat-
ing ice edge has been documented; for example, Nitzschia curta
dominates ice-edge blooms in the Ross Sea (Smith and Nelson
1985; Wilson, Smith, and Nelson 1986). The exact nature of the
relationship between Chaetoceros resting spores and the station-
ary ice edge off the George V Coast can be addressed only with
additional work, but the correlation of the distribution of this
group and the minimal extent of sea ice suggests the possibility
that this relationship may be used downcore to trace this ocean-
ographic feature.

Reworked diatoms are found primarily in sediments from the
shallow bank offshore from the Ninnis Bank. The most com-
mon older diatoms found are Dent iculopsis hustedtii (late Middle
Miocene to early Pliocene), Denticulopsis lauta (lower Middle
Miocene), and Actinocyclus ingens (late Miocene to early Pli-
ocene). Less common are Actinocyclus fryxellae (late Miocene to
early Pliocene), Nitzschia delicata (late Miocene to early Pli-
ocene), Nitzschia denticuloides (mid-Miocene) and various spe-
cies of Rouxia. The distribution of reworked diatoms suggests
the possibility of Miocene/Pliocene exposures along the deeper
portion of the shelf carved out by an expanded ice sheet. Vari-
ability in downcore distribution of reworked diatoms may in-
dicate changes in the direction of deep-water currents.

The low relative abundance of Thalassiothrix antarctica in all
surface sediments examined is surprising considering that pre-
liminary microscopic analyses indicate that this species is very
abundant in the downcore laminated sections. Apparently, no
modern analog for the distribution of this species is available
from the George V Coast. Quilty, Kerry, and Marchant (1985),
however, describe the repeated finding of an extensive patch
of the similar species Thalassiothrix longissima var. antarctica in
the Prydz Bay region of Antarctica. The patch was consistently
found in late summer in the waters above the shelf-slope break,
suggesting its probable oceanographic control; the bloom may

be associated with either the null point of the Prydz Bay gyre
or with the edge of the continental shelf. This patch was dense
enough to appear as a return on their echogram, and Quilty et
al. (1985) speculate that similar patches may have been respon-
sible for inaccuracies on bathymetric charts. A similar bloom
was reported by Hendy (1937) off Enderby Land and by Hardy
and Gunther (1935) in the vicinity of South Georgia. The high
contribution of Thalassiothrix antarctica to the laminated sections
is another indication that oceanographic conditions were much
different at times in the past. More specifically, upwelling as-
sociated with the shelf-slope break may control the downcore
distribution of Thalassiothrix antarctica.

These data are preliminary. More quantitative statistical anal-
yses will be done to delineate the significance of the relative
contributions of the approximately 50 other species which are
commonly found in surface sediments from this region. Even
at this stage, however, clear relationships are observed between
geographic distributions of various diatom species and envi-
ronmental and oceanographic characteristics of the George V
Coast.

This work was supported by National Science Foundation
grant DPP 89-16712. I thank Matt Curren for assistance with
laboratory preparation of samples and John Nagy for drafting.
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Preliminary results
of high-resolution

seismic and coring surveys
in the Antarctic Peninsula region
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Approximately 2,000 kilometers of high-quality seismic re-
flection data and 10 piston cores were acquired during U.S.
Antarctic Program 1991 cruise PD91 aboard the RIV Polar Duke
in the vicinity of the Antarctic Peninsula. Digital data were
obtained using a single channel Teledyne streamer. Seismic
surveys in bays and fiords were conducted using a 15-cubic-
inch water gun. Shelf surveys were conducted using a Hamco
(100-cubic-inch) water gun and the smaller T-water gun, fired
at 3 and 6 seconds, respectively.

The initial portion of the cruise concentrated on acquiring a
high-resolution seismic data set from the continental shelf of
Gerlache Strait to Antarctic Sound (figure 1A). This expands
data coverage of the shelf from Marguerite Bay to the northern
end of the Antarctic Peninsula. All of the data are being used
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Figure 1. A. Tracklines collected in the vicinity of Hughes Bay and Bransfield Strait. Core locations are marked by a point within a circle.
Line PD91-45A is a side-scan sonar trackline. B. Trackline and location map of Andvord Bay. Core PC91-1 is marked with an encircled
point.
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to map those features that define the grounding line position
of the late Wisconsin ice cap in the region and to analyze the
Neogene sequence stratigraphic signature. Side-scan sonar sur-
veys covered two areas of the shelf in an attempt to identify
glacial striations on the bedrock surface and flutes. Only one
small area with striations was located.

Seismic lines were planned to maximize the number of cross-
ings of large troughs, such as Orleans and Gerlache straits, and
adjoining shallow platforms to illustrate differences in glacial
morphology and depositional units. Tracklines also extend
down the axis of these troughs and into Bransfield Basin. Our
assumption was that sediments eroded from the troughs now
reside in Bransfield Basin and large delta/fan systems might
occur where the grounding lines of former ice streams existed.
If so, these systems constitute important drilling targets for
understanding the glacial history of the region.

The results are preliminary, but the seismic records display
massive, hummocky deposits that infill troughs and extend to
the shelf edge. Delta/fan systems are not conspicuous at the
mouth of Orleans and Gerlache straits. This implies that these
troughs formed during an older glacial episode and that the
products of erosion are buried deep in the basin, beyond the
penetration capability of our seismic records (approximately 0.5
seconds). Therefore, glacial erosion of these features probably
occurred during or shortly after the initial opening of Bransfield
Basin.

A second phase of the expedition focused on the northwest-
ern Weddell Sea (figure 2A). Our objective was to collect
enough seismic data to permit a high-resolution sequence stra-
tigraphic analysis of the area to use in the evaluation of the
Neogene glacial record, and to aid in the selection of possible
future drilling sites.
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Figure 2. A. Trackline and location map of Weddell Sea. Core PC-9, on trackline PD91-25A is indicated by a circled point. Line PD91-37 is a
side-scan sonar trackline. Trackline deviations usually resulted from encounters with heavy ice or icebergs. Boxed region of James Ross
Island marks the location of figure 2B. B. Trackline and location map of Herbert Sound. Core locations from this cruise are marked by a
circled point. Cores from Deep Freeze 82 are indicated by a triangle with a point.
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The seismic data reveal a thick accumulation of sedimentary
deposits (approximately 3.5 kilometers) within the northern
part of Palmer Basin. Two major sequences are recognized, an
older accretionary sequence sourced from the Seymour Island-
James Ross Island area and from the Joinville Island platform,
and a younger aggradational sequence (figure 3). The older
sequence contains an extensive series of tilted units, bound at
its upper surface by a glacial unconformity, and resting uncom-
formably on intensely folded and faulted strata, inferred to
represent the Trinity Peninsula Group based on extrapolation
to local outcrops. The younger sequence, deposited above the
glacial unconformity, contains broad erosional surfaces and
massive intervals interpreted to be subglacial deposits. The
subglacial facies grade offshore into more evenly laminated de-
posits, assumed to be relatively distal glacial marine facies. By
extrapolation to outcrops on Seymour Island and James Ross
Island, the basin fill is predominantly Tertiary in age.

One, and possibly two, large strike-slip faults trending north-
northeast by south-southeast (figure 3) offset the older accre-
tionary sequence but not the younger glacial sequence. These
are the only tectonic features observed in the basin.

Glacial erosion has left virtually the entire 3.5-kilometer-thick
section of the basin exposed at one place or another on the
shelf (figure 3). Thus, this area is suited ideally for shallow

drilling, and based on our other data, will yield a more com-
plete Paleogene-Neogene stratigraphic record of the Antarctic
Peninsula region than any other area studied to date.

A final phase of the project this season was an examination
of the Holocene climatic evolution of the Antarctic Peninsula
region. Toward this goal, we conducted a detailed seismic and
coring survey of selected bays and fjords of the Peninsula. Our
primary objective was Andvord Bay, located on the Antarctic
Peninsula off Gerlache Strait (figure 1B, and Herbert Sound,
located on the north side of James Ross Island (figure 2B).
Herbert Sound is of key interest because it is the largest bay
south of the Peninsula and, therefore, subject to colder and
dryer conditions than Andvord Bay and other bays and fiords
of the Gerlache Strait—Bransfield Basin region. We hope that
data from both areas will enable us to examine fluctuations in
the sharp thermal gradient that separates these regions
throughout Holocene time.

A high-resolution seismic survey (using the 15-cubic-inch
water gun) was conducted in Herbert Sound during the first
day of study (figure 1B). This survey revealed a thin sediment
cover confined to the central axis of the basin. Using these data,
we selected several coring sites to sample possible tills and the
basin fill. Overcompacted diamicton was sampled at one loca-
tion and two long cores (6 and 9 meters) were acquired from

Figure 3. Seismic record of east/west line PD91-28A in Weddell Sea, collected with the Hamco 100-cubic-inch water gun. This line is
representative of land to shelf-edge lines in this region. Note the tilted strata bound by a glacial erosional surface. Location of trackline
can be found on figure 2A.
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the central basin. Onboard examination indicated that both
longer cores sampled a alternating sequence of terrigenous and
diatomaceous muds and that organic content of the diatoma-
ceous muds may be sufficient to allow radiocarbon dating.

Our last 2 days of the cruise were spent in the vicinity of the
South Shetland Islands. One day was devoted to a high-reso-
lution (small water gun) seismic survey of Maxwell Bay, se-
lected as the best site to examine the Holocene climatic record
of the South Shetland Islands. The objective was to locate sites
for shallow drilling during future cruises. Previous piston cor-

ing attempts show that the Holocene section is too thick to be
sampled by a conventional piston core. The final day of the
expedition was spent acquiring a seismic profile on the shelf
offshore of Nelson Strait, to enhance an existing data set.

Cruise participants included John B. Anderson, chief scien-
tist; Fernando Siringan; Stephenie Staples Shipp; and Cristy
Harrison of Rice University; and Jay Stravers and Tom Hoyer of
Northern Illinois University. This research was supported by
the National Science Foundation grant DPP 88-18523.

Magnetic susceptibility
measurements in antarctic

glacial-marine sediment
from in front of the

Muller Ice Shelf, Lallemand Fjord

were each processed by decantation and wet-sieve analysis to
generate grain size data in terms of weight percent (clay, silt,
and sand). The separated sand and coarse silt fractions were
found to be preferentially laden with heavy, magnetic minerals.
Upon visual analysis under a binocular microscope, poorly
sorted sands were noted within samples attained at distances
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The primary objective of this study was to determine the
specific physical characteristics of antarctic glacial-marine sed-
iment which would affect the magnetic susceptibility readings
attained from several 10-centimeter-long cores of Smith-Mac-
Intyre grab samples. Understanding the origin of the magnetic
susceptiblity reading is important because these measurements
may prove to be a quick and efficient way to obtain down-core
information about relative grain size, paleoclimatic data, and
subsampling sites, as demonstrated in arctic fjords (Andrews
and Jennings 1987). This analysis was conducted using undis-
turbed sediment samples obtained within Lallemand Fjord
along the Loubet Coast of the Antarctic Peninsula while aboard
the R/V Polar Duke cruise 90-7 Lallemand Fjord, which lies
within the Antarctic Circle, and is characterized as a polar fjord
because the mean summer temperature is less than 0 °C. Be-
cause of this climate and the restricted fjord setting, a small ice
shelf, called the Muller Ice Shelf, is found at the head of a
tributary bay within Lallemand Fjord.

A lithologic map reproduced from Harris and Fleming (1979)
indicates the distribution of regional outcrops and glaciers, as
well as sampling sites (figure 1). The 12 seabed grab samples
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Figure 1. Bedrock and glaciers around Lallemand Fjord with num-
bered seabed sample locations.
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exceeding some 7 nautical miles from the ice front; these were
presumed to have been ice-rafted. Within the first 5 nautical
miles from the ice front, well-sorted samples contained greater
proportions of silt-to-sand sized terrigenous debris, along with
associated heavy mineral accumulations of hematite, magne-
tite, and maghaemite, which resulted in a deposit with a higher
magnetic susceptibility value.

The dramatic decline in sand percent vs. distance from the
ice shelf (figure 2A) was contrasted with work done by Domack,
Burkley, and Williams (1989). These earlier data were collected
from subpolar fjords, with subsurface meltwater plumes, and
displayed a more gradual sand-percent decline with distance
out into the fjord. The abrupt decrease of sand abundance in
Lallemand Fjord reinforced the premise that the source of the
terrigenous material was not located beneath the ice, the debris
zone, or grounding line of the Muller Ice Shelf.

The magnetic susceptibility (in centimeter-gram-second
units) data were plotted vs. distance from the ice front (figure
2B) with results that parallelled the decrease in sand abundance
away from the ice. This provided further supportive evidence
for the sudden decline in magnetic mineral content away from

Figure 2. A. Plot of weight-percent sand (+), coarse silt (X), and
sand plus coarse silt (*) vs. distance of grab sample site (num-
bered) from ice front. B. Plot of magnetic susceptibility of grab
sample vs. the distance of the site (numbered) from the ice front.
(NM denotes nautical miles; cgs denotes centimeter-gram-sec-
ond.)

the ice shelf front, as noted in optical data. The sorting/size
characteristics were confirmed when the sand fractions from
four distinctive samples were analyzed using a settling tube.
The resultant frequency curves for these samples taken at both
proximal and extreme distances from the ice front indicated a

• close correlation with either wind-blown or meltout terrigenous
debris, respectively, as reported for McMurdo Sound by Barrett
et al. (1983). It has, therefore, been hypothesized that wind and
the saltation style of transport from exposed bedrock and talus
slopes generate the well-sorted ice-shelf-edge deposits that are
high in heavy mineral content as well as magnetic susceptibility
values. Consequently, a linear correlation between grain size
and magnetic susceptibility was revealed as the sand-to-coarse-
silt content was plotted vs. magnetic susceptibility (figure 3A).
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Figure 3. A. Plot of weight percent sand (+), coarse silt (X), and
sand plus coarse silt (*) versus the magnetic susceptibility of the
grab sample (numbered). B. Down-core magnetic susceptibility
records for piston core 71 as measured by a Bartington Systems
MS-2 core scanning sensor aboard the Polar Duke. Sample interval
is every 5 centimeters (cm) and units are in centimeter-gram-sec-
ond (cgs) (x 106). Fluctuations are indicative of variations in dep-
ositional setting with respect to sand content.
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This association of grain size and magnetic susceptibility in-
tensity in the core scanning data can yield important prelimi-
nary evidence concerning the size and composition of antarctic
glacial-marine sediment. For example, peaks in the magnetic
susceptibility record of piston core 71 (which can be quickly
generated from long piston core samples and processed on
board the research vessel, see figure 3B) should represent strata
of higher sand and heavy mineral content which may also prove
to be more well sorted. Intermediate strength magnetic suscep-
tibility peaks should be indicative of a more poorly sorted, ice-
rafted, deposit. The sediment commonly having the least
amount of magnetized material is the distant diatomaceous
ooze deposit located at distances exceeding 10 nautical miles
from the glacial ice front. Given the surface depositional pattern
of Eolian sediment, one can infer the recent sedimentary his-
tory of Lallemand. The down-core magnetic susceptibility read -
ings can be interpreted relative to the advance and retreat of
the present shelf ice front. Higher magnetic susceptibility val-
ues would result from a proximal ice front, and lower values
would occur if the ice shelf either extended over the sampling
site or receded to a distance in excess of some 10 nautical miles
from the site. The ease and utility of the core scanning mag-

netic-susceptibility-sensor process when combined with the
depositional patterns provide a powerful tool for antarctic pa-
leoclimatic analysis.

This preliminary study was supported by National Science
Foundation grant DPP 89-15977 to Eugene W. Domack and
Charles E. McClennen.
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to the Andvord Bay coastline

and bathymetry using
global positioning system

and radar imaging

SARAH E. MAY and CHARLES E. MCCLENNEN

Department of Geology
Colgate University

Hamilton, New York 13346

EUGENE W. DOMACK

Department of Geology
Hamilton College

Clinton, New York 13323

During RIV Polar Duke cruise 90-7 into Andvord Bay, Antarc-
tica (to continue sediment sampling as well as collect seismic
and bathymetric data), we noted significant discrepancies in
the location of the charted coastline. Global positioning system
ship positions, while on station roughly equidistant from each
shore near the heads of the bay, repeatedly plotted the ship's
position to be on land east of Lester Cove and north of the
charted coast. In general, the inner end of the charted position
of the bay needs to be pivoted to the northeast by more than 2
kilometers.

We used two photographs of the ship's Furuno radar image
monitor to plot the position of the shore and glaciers relative to
the global positioning system monitor, which simultaneously
provided the ship's position. A print of the radar image en-

larged over 10 times, using a Savin 7220 copier, was similar in
outline to the projection of a 35-millimeter slide of the radar
screen. By aligning the images with true north and with the
ship's global positioning system position, we were able to re-
draw the coastline in a more realistic location. Although the
charted position of the mouth of the bay agreed well with the
radar images, the rest of the coast position was rotated coun-
terclockwise as seen in figure 1. Some embayed coastline areas

Figure 1. Charted position of Andvord Bay and the global position-
ing system radar observed location indicated by the dot shading
along the shoreline. Arrows show the general direction of reposi-
tioning for Andvord Bay.
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Figure 2. Bathymetry of Andvord Bay in the revised location.

are uncertain in Andvord Bay because they might have been
obscured by radar shadows from the ship's position, deep bays,
and mountainous landforms. These areas are dashed following
the shape of the original charted coastline. We also consulted
Landsat images to provide further information on coastline po-
sitioning, but the mountain shadows that appear on the im-
ages, due to the low sun angle, obscure the northern coast
leaving only the southern coastlines relatively clear and iden-
tifiable.

We plotted the bathymetric data from cruise 90-7 using GI'S
latitude and longitude within the repositioned coastline. Bath-
ymetric data from the RIV Polar Duke cruise 88-3 (Domack and
Williams 1990) and previously published depths from the nav-
igational chart (Defense Mapping Agency number 29122) were

62°20']

transposed to fit within the newer coastal position to guide the
contouring of bathymetry illustrated in figure 2.

This study was supported by National Science Foundation
grant DPP 89-15977 to Eugene W. Domack and Charles E.
McClennen.
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through 3.5- and 12-kilohertz
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During WV Polar Duke cruise 90-7, hull-mounted 3.5-kilohertz
high-resolution seismic-reflection and 12-kilohertz bathymetric
records were collected over 2,874 kilometers and 3,636 kilome-
ters of track line, respectively. Of these records, 1,468 kilome-
ters consisted of simultaneous 3.5- and 12-kilohertz data. The
areas of study were Croker Passage, Brailmont Cove, Hughes
Bay, Gerlache Strait, Charlotte Bay, Dallman Bay, Fournier Bay,
Lapeyrere Bay, Andvord Bay, Flandres Bay, Bismarck Strait and
Laliemand Fjord (figure 1). Position, determined by global po-
sitioning system navigation, was recorded at 15-minute inter-
vals.

With favorable sea state and relatively ice-free conditions the
3.5-kilohertz system performed remarkably well, revealing
good-quality subbottom resolution (see figure 2) to water
depths in excess of 1,400 meters. The best records were ob-
tained in water depths of less than 500 meters where the sed-
iments were conducive to reflecting seismic energy. Following
initial analysis, the data will be submitted to the National Geo-
physical Data Center by way of the Scripps Institution of
Oceanography where standard digitizing will be performed.

Over much of the survey area, the seabed appears to have
no, or minimal, postglacial sediment accumulation. The lack of
seismic layering, combined with an irregular, rough, somewhat
rounded relief of 20 to 100 meters, suggests ice-contact glacial
deposition. In other areas with sharper relief, bedrock expo-
sure is suspected. Seismically layered deposits are most vivid
in basins within the bays, fjords, and straits and on the inner
continental shelf where sediment ponding over 70 meters thick
has been observed. In a few selected areas, there appear to be
gas wipe-outs of the subbottom reflectors, a condition which is
confirmed by the degassing of some piston cores collected from
thick surficial sediments. Outside of the basins, we also noted
layered sediments, draped on some gently sloping segments of
the sea floor.

Internal seismic structures, such as angular unconformities,
reveal a complex history of deposition, erosion, and subsequent
burial. Some near-surface seismic reflectors appear to be trun -
cated at low angles suggesting contemporary erosional events.
Other areas are dominated by nearly flat-lying reflectors right

Figure 1. Index map outlining the areas surveyed along the Antarc-
tic Peninsula during R/V Polar Duke cruise 90-7.

up to the sediment-water interface. Initial categorization of the
reflectors suggests five distinct seismic "packages."
• One is typified by distinct reflectors that are parallel, hori-

zontal to gently dipping, and occasionally truncated. These
are suspected of being ice-proximal turbidite to hemipelagic
deposits.

• The second type has moderately distinct, wavy and parallel
reflectors (possibly generated by acoustic interference pat-
terns from subtly stratified deposits) that are sometimes
truncated and draped over the underlying beds. A hemi-
pelagic mud is the interpreted origin of this seismic pattern.

• The third, more massive-looking reflector appears to drape
the bedrock and is formed by ice-rafted sediments within
diatom muds.

• The fourth, more hummocky and massive bottom reflector
is probably volcanic and/or diamict in nature.

• The fifth unit appears ponded and acoustically transparent
or diffuse. It is a combination of diatomaceous mud to silty
sand in composition where sampled in core and grab sam-
ples.
The distribution of recorded seismic patterns is being

mapped to determine the dominant processes and depositional
history of each bay, fjord, passage, and strait. The obvious
differences in sedimentary deposits within and between these
areas should provide a fundamental understanding of the
changing depositional climate over the late Pleistocene and Hol-
ocene for this region of Antarctica.

This preliminary study was supported by National Science
Foundation grant DPP-89 15977 to Eugene W. Domack and
Charles E. McClennen.
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Figure 2. Segment of 3.5-kilohertz record collected in the Gerlache Strait. The time markers indicate 150-meter intervals with the draped
and ponded sediment approximately 20 to 40 meters thick. (m denotes meter.)
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Geochemistry of
Quaternary volcanism

in the Bransfield Strait and
South Shetland Islands:

Preliminary results
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Numerous locations of geologically young, and in some cases
historically active, volcanism are known in the Bransfield Strait
and parts of the South Shetland Islands. These volcanoes are
Quaternary in age, and judging from their locations and geo-
chemistry in comparison to the older volcanic rocks that form
the bulk of the South Shetland Islands and the Antarctic Pen -
insula, we can conclude that they are associated with the young
rift that has created the Bransfield basin. During 1990, we com-
pleted most phases of a geochemical and petrological investi-
gation of the young volcanoes to investigate the sources and
processes responsible for their eruption. We offer some prelim-
inary interpretations here.

Bridgeman Island, Deception Island, Sail Rock, and numer-
ous seamounts are aligned along the rift axis of the Bransfield
Strait (figure 1). Melville Peak, on the eastern tip of King
George Island (figure 1), lies on the northern margin of the
Bransfield Strait. Nearby is Penguin Island, a small cinder cone
on the southern shelf of King George Island (figure 1). Both
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Figure 1. Geography and bathymetry of the Bransfield Strait region.
Land areas are shaded. Bathymetry contoured in kilometers. Qua-
ternary volcanic rocks are found on Melville Peak, Penguin Island,
Bridgeman Island, Deception Island, Sail Rock, axial seamounts,
and a few locations on Greenwich and Livingston islands. (km
denotes kilometer.)

Melville Peak and Penguin Island lie off of the present axis of
rifting of the Bransfield Strait but may be associated with nor-
mal faults bounding the northern margin of the strait (Ashcroft
1972). We have samples from all of these volcanoes; we dredged
two seamounts southwest of Bridgeman Island from the RIV
Polarstern in 1985 (Fisk 1990); and two additional seamounts
were inadvertently sampled during coring operations (Ander-
son, DeMaster, and Nittrouer 1986; Law yer personal commu-
nication). Isolated exposures of Quaternary basalts also occur
on Greenwich and Livingston islands, but their relationship to
the other Quaternary volcanic rocks and the opening of the
Bransfield Strait is unclear (Smellie et al. 1984).

The major and trace elements of all the Quaternary volcanic
rocks show significant dissimilarities despite their proximities
in time and space (Weaver et al. 1979; Keller and Fisk in press;
Keller et al. in press). They are mainly basaltic and basaltic
andesitic in composition (figure 2), although Sail Rock and
some samples from Deception Island are more evolved than
this (figure 2). The Sail Rock andesite is chemically similar to
(but more evolved than) samples from Bridgeman Island. Mel-
ville Peak and Penguin Island, the two off-axis volcanic centers
from which we have samples, have chemical characteristics that
separate them from the on-axis volcanoes. All four of our Mel-
ville Peak samples classify as basaltic andesites similar to East-
ern Seamount (figure 2) but can be distinguished from Eastern
Seamount and other on-axis volcanoes by lower iron oxide,
titanium dioxide, and higher aluminum oxide, potassium ox-
ide, rubidium, strontium, and barium abundances at similar
magnesium oxide contents. Penguin Island also has high stron-
tium, barium, and potassium oxide but low rubidium and ytt-
rium. Most chemical variation within each volcano can be ex-
plained by simple fractional crystallization, but the differences
between separate volcanic centers cannot be accounted for by
this simple mechanism. More complex evolutionary models in-
volving assimilation and fractional crystallization (AFC models
of O'Hara 1977; Nielsen 1988) are capable of generating the
chemical variation seen between volcanoes only if the assimi-
lant is extremely enriched in barium, potassium, and stron-
tium.
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Figure 2. Silica (S102) versus sodium oxide plus potassium oxide
(Na20+K20) of Quaternary volcanic rocks from the Bransfield
Strait. WS denotes Western Seamount; ES denotes Eastern Sea-
mount; AR denotes piston-cored seamount on axial ridge; BI de-
notes Bridgeman Island; DI denotes Deception Island; SR denotes
Sail Rock; P1 denotes Penguin Island; MP denotes Melville Peak;
LG denotes Livingston and Greenwich islands; and LH denotes
Low Head (Early Miocene arc basalt from King George Island).
(wt. % denotes weight percent.)
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Figure 3 shows the range of strontium-87/strontium-86 vs.
potassium oxide/rubidium and barium/niobium for Quaternary
volcanic rocks from the strait in relation to three possible man-
tle and crustal contributors to their chemistry: midocean ridge
basalt, ocean island basalt, and Cretaceous-Tertiary South
Shetland Islands volcanic arc rocks. Ratios of incompatible trace
elements may indicate relatively small differences in partial
melting in the mantle, or if the amount of melting is large
(approximately 20 percent), differences in the chemistry and
mineralogy of the source, or they could indicate mixing with
crust or sediments with very different trace-element ratios. De-
tailed modeling is underway to distinguish between these three
possibilities.

The positions and trends of data points on figure 3 suggest
that Quaternary Bransfield Strait volcanism is a mixture of a
source low in radiogenic strontium, such as Saint Helena ocean
island basalt (designated "HIMU" in Zindler and Hart 1986) or
possibly midocean range basalt, plus various amounts of an arc
component similar to the South Shetland Arc. It is difficult to
determine from these figures, however, whether that arc com-
ponent resided in the mantle or was assimilated during magma
ascent. Different strontium-87/strontium-86 suggests, however,
that the two (or three) chemical reservoirs with different rubid-
ium/strontium have been separated for many millions of years.
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Figure 3. Trace elements and isotopic variation in Quaternary
Bransfield Strait volcanic rocks. A. Strontium-87/strontium-86 vs.
potassium oxide/rubidium (875r/865r vs. K20/Rb). B. Strontium-87/
strontium-86 vs. barium/niobium ( 87Sr/86Sr vs. Ba/Nb). Symbols as
in figure 2. Mid-ocean ridge basalt (MORB) and ocean island basalt
(OIB) fields are from Stern et al. (1990). South Shetland Islands
volcanic arc (SoShArc) field is from data in Smellie et al. (1984).

The presence of a low-strontium-87/strontium-86 source
component beneath the Bransfield Strait suggests that the man-
tle wedge is somewhat depleted (e.g., White and Dupré 1986),
perhaps by the 200 million years of arc volcanism that created
the South Shetland Islands. Alternatively, low-strontium-87/
strontium-86 ocean island basalt mantle could be upwelling
beneath the Bransfield Strait, but this would require that the
subducted slab is missing or is no longer a coherent barrier
beneath the strait.

This work was supported by National Science Foundation
grants DPP 86-14022 and DPP 88-17126 to M.R. Fisk and DPP
87-07124 to W.M. White. The samples used in this study are
maintained at the Oregon State University Core Laboratory
under National Science Foundation grant OCE 88-00458.
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Accurate biostratigraphic correlations between the southern
oceans and lower latitude areas are critical for global pale-
oceanographic studies, but until recently, such correlations
have been difficult or impossible. Ocean Drilling Program
(ODP) legs 113, 114, 119, 120, and 121 recently recovered a
number of fairly long and undisturbed Cenozoic sections from
the southern oceans (figure 1). These sections contain generally
abundant calcareous nanofossils and have yielded detailed
magnetostratigraphies. Thus, they offer an excellent opportu-
nity to correlate Cenozoic nanofossil datums with magnetos-
tratigraphy and to estimate their numerical ages in the southern
oceans. Discussions of Cenozoic nanofossil biomagnetostrati-
graphic correlation for different sections from these five ODP
legs have been presented recently in a number of papers (Pos-
pichal and Wise 1990a, 1990b; Wei and Wise 1990a; Wei and
Thierstein 1991; Wei 1991, in press c; Pospichal et al. in press;
Wei and Wise in press b, in press c, in press d; Wei, Villa, and
Wise in press). This article provides a brief summary of these
results and presents a composite Cenozoic biomagnetostrati-
graphic section that shows the nanofossil zones, datums, and
their ages in the southern oceans along with a comparison with
those in the mid latitudes (figure 2). Data sources used in this
synthesis are listed in the table.

The first occurrence of Biantholithus sparsus is useful for de-
limiting the Cretaceaous/Tertiary boundary in the southern

60°	30°	00	300	600	90°	120°

Figure 1. Locations of ODP sites discussed in this article.

*present address: Scripps Institution of Oceanography, University of Califor-
nia at San Diego, La Jolla, California 92093-0215.

oceans (Pospichal and Wise 1990a; Wei and Pospichal 1991;
Pospichal, Wei, and Wise in press); it correlates with the upper
part of subchron C29R at site 690. The second Cenozoic zonal
marker, the first occurrence of Cruciplacolithus tenuis, has an age
of about 66.1 million years, 0.2 million years older than that
given in Berggren, Kent, and Flynn (1985). Similiarly, the age
for the first occurrence of Chiasmolithus danicus, as calibrated
with magnetostratigraphy at site 752, is slightly older than that
in the compilation by Berggren et al. (1985) for the low and mid
latitudes. The first occurrence of the delicate Ellipsolithus macel-
lus is not useful in the southern oceans; the diachroneity of this
datum at different sites has been discussed by Wei and Wise
(1989a). The first occurrence of Prinsius martinii, though not
used in the traditional zonations, has a fairly consistent age of
about 64.8 million years at mid and high latitudes (Wei and Liu
in press). Another nontraditional datum, the first occurrence
of Chiasmolithus bidens, correlates with subchron C27N at sites
700 and 752 and has an age of about 63.3 million years (figure
2). The first occurrence of Fasciculithus tympaniformis has also
been calibrated with magnetostratigraphy at sites 700 and 752
at about 62.6 million years (figure 2), which is 0.6 million years
older than that in the mid latitudes (Berggren et al. 1985). On
the other hand, the first occurrence of Heliolithus kleinpellii cor-
relates with the upper part of subchron C26R at sites 700 and
752 and has an age of about 60.9 million years, 0.7 million years
younger than that given by Berggren et al. (1985). The first
occurrences of Discoaster mohier, D. nobilis, and D. multiradiatus
are younger in the southern oceans than in the mid latitudes
(figure 2). Of these discoaster markers, D. multiradiatus is the
most cosmopolitan. Its first occurrence offers the most reliable
age, and the mean-ray-number vs. time-curve established by
Wei (in press a) for this species is useful for a high-resolution
biostratigraphy.

We know, based on the sections now available, that the first
occurrence of D. diastypus, the last occurrence of T contortus,

Data sources for this synthesis

Site	Nanofossil biostratigraphy	Magnetostratigraphy

Neogene

	

689	Wei & Wise (1990a)	Spiess (1990)

	

690	Wei & Wise (1990a)	Spiess (1990)

	

744	Wei & Thierstein (1991)	Keating & Sakai (1991)

	

747	Wei & Wise (in press b & C) Heider et al. (in press)

	

748	Wei & Wise (in press b & C) Inokuchi & Heider (in press)

	

751	Wei & Wise (in press b & C) Heider et al. (in press)

Paleogene

	

689	Wei & Wise (1990a)	Spiess (1990)
Pospichal & Wise (1990a)

	

690	Wei & Wise (1990a)	Spiess (1990)
Pospichal & Wise (1990a,	Wei (in press C)

1990b)

	

699	Crux (1991)	 Hailwood & Clement (1991 a)
Madile & Monechi (1991)
Wei (199b)

	

700	Crux (1991)	 Hailwood & Clement (1991 a)

	

702	Crux (1991)	 Clement & Hallwood (1991)

	

703	Crux (1991)	 Hailwood & Clement (1991b)
Madile & Monechi (1991)	Wei (1991b)
Wei (1991b)

	

744	Wei & Thierstein (1991)	Keating & Sakai (1991)

	

747	Wei & Wise (in press b)	Inokuchi & Heider (in press)

	

748	Wei et al. (in press)	Inokuchi & Heider (in press)

	

752	Pospichal et al. (in press)	Gee, Klootwijk, and Smith
(1991)
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Figure 2. Correlation of southern-ocean paleogene nanofossil datums with the geomagnetic polarity time scale of Berggren et al. (1985).
Low or mid latitude biomagnetostratigraphic correlations of Berggren et al. (1985) are shown on the left. (Ma denotes million years.)
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and the first occurrence of D. lodoensis are considerably younger
(approximately 1 million years) in the southern oceans than in
the mid latitudes, as given by Berggren et al. (1985). On the
other hand, the first occurrence of D. sublodoensis appears to
have the same age in the southern oceans and elsewhere (fig-
ure 2). Much of the middle Eocene currently has a very low
biostratigraphic resolution in the southern ocean (figure 2).
This was a time when ice-rafting occurred in the subantarctic
Pacific (Margolis and Kennett 1971; Wei in press b). The first
occurrence of Reticulofenestra umbilica correlates with subchron
C19N at sites 689 and 690 and has an age of about 44.1 million
years. The substitute marker for the datum D. bifax has not
been found in the southern oceans. The predesessor of D. bifax,
D. praebifax (Wei and Wise 1989b), however, has been reported
in zones CP12—CP13 from the southern oceans (Pospichal and
Wise 1990a; Wei and Thierstein 1991). The last occurrence of
Chiasrnolithus solitus and the first occurrence of C. oamaruensis
are markedly time-transgressive from low to high latitudes (fig-
ure 2).

The stratigraphic range of R. oamaruensis can be used to de-
fine a zone that straddles the Eocene/Oligocene boundary in
the southern oceans (figure 2). The first occurrence correlates
with subchron C16N at about 38.7 million years, and its last
occurrence correlates with subchron C13R at a remarkably con-
sistent age of 36.0 million years at four southern-ocean sites.
This datum is associated with an ice-rafting event on the Ker-
guelen Plateau (Breza and Wise in press; Wise et al. 1991, in
press), an abrupt increase in foraminiferal oxygen isotopic val-
ues, and a sharp increase in cool-water nanofossil taxa (Wei
1991a). The last occurrence of Isthmolithus recurvus, another
nontraditional marker (Wise 1983, 1988), correlates consistently
with subchron C12R at sites 689, 690, 699, 744, and 748 and at
a number of mid-latitude sites. This well-calibrated age has
provided important information on the minimum age for the
initiation of the antarctic ice sheet because in situ specimens of
this species were found in the glaciomarine sediments in
McMurdo Sound (Edwards and Waghorn 1989; Wei 1989, in
press d) and in Prydz Bay, Antarctica (Wei, Thierstein, and ODP
leg 199 scientific party 1988; Wei and Thierstein 1991). The last
occurrence of R. umbilica is about 1.7 million years younger in
the southern oceans than that in the mid latitudes as suggested
by Berggren et al. (1985). The "middle" to late Oligocene por-
tions of the zonations of Martini (1971) and Okada and Bukry
(1980) cannot be applied in the southern oceans where the
sphenolith index taxa are virtually absent and only about half
a dozen taxa dominated by cool- or cold-water taxa are present
(Wei and Wise 1990b, in press). The next higher nanofossil
datum identified in the southern oceans is the last occurrence
of C. altus, which correlates with subchron C7AR. The last
occurrence of Reticulofenestra bisecta, which marks the Oligo-
cene/Miocene boundary (Berggren et al. 1985), has virtually the
same age (about 23.9 million years) in the southern oceans as
those derived from a number of mid-latitude sites.

Only a few nanofossil datums are useful for Miocene-Holo-
cene biostratigraphy in the southern oceans. The first occur-
rence of Calcidiscus leptoporuslC. macintyrei has been correlated
with magnetostratigraphy at four sites on the Kerguelen Pla-
teau and has an age of about 18.0 million years (figure 3). The
first occurrence of Reticulofenestra perplexa (= Dictyococcites ant-
arcticus of Haq (1976); see Wei (1990)) is latitudinally time trans-
gressive (figure 3), but the age vs. latitude curve in figure 3 is
useful for biostratigraphy in the southern oceans. The last oc-
currence of Cyclicargolithus floridanus s.l. has been correlated

Figure 3. Correlation of Neogene calcareous nanofossil datums
with magnetostratigraphy at different latitudes in the southern
oceans (after Wei and Wise in press C). (Ma denotes million years.
m denotes meters. FO denotes first occurrence. LO denotes last
occurrence.)

with magnetos tra tigraphy at six southern-ocean sites (figure
3), and the age ranges from 11.2 to 12.2 million years, which is
comparable with the one determined at Deep Sea Drilling Proj-
ect site 563 in the North Atlantic (11.6 million years, Miller et
al. 1985). The last occurrence of R. perplexa generally coincides
with the disappearance of calcareous nanofossils in Miocene
sediments of the southern high latitudes. The most significant
reoccurrence of calcareous nanofossils in the southern oceans
was in the late Pleistocene-Holocene (zone CP15), as abundant
Emiliania huxleyi were present on the Falkland Plateau (Wise
1983) and at site 747 on the Kerguelen Plateau (Wei and Wise
in press b).

This study was supported by GSA grant 4772-91 to James J.
Pospichal, National Science Foundation grants DPP 89-17976
and DPP 91-18480 to Sherwood W. Wise and grant OCE 91-
15786 to Wuchang Wei.
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In many aquatic systems, heterotrophic nanoflagellates are
the main grazers of bacteria (Fenchel 1982a, 1982b; McManus
and Fuhrman 1986, Pace, McManus, and Findlay 1990). Here,
we estimate seasonal patterns of bacterivory by nanoflagellates
in McMurdo Sound.

We collected samples from a depth of 25 meters at the land-
fast ice edge in McMurdo Sound between 23 November 1990
and 23 January 1991. The sampling interval encompassed the
annual Phaeocystis pouchettii bloom (figure 1). Bacteria and het-
erotrophic nanoflagellate abundances were determined using
epifluorescence microscopy. Heterotrophic nanoflagellate
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Figure 1. Ice edge station, McMurdo Sound, 1990-1991. Seasonal
patterns of bacteria (squares) and heterotrophic nanoflagellates
(triangles) at 25 meters. Colonial forms of Phaeocystis pouchettli
were first abundant on 10 December 1990 and were rare by 10
January 1991 (arrows). (milliliter- 1 denotes per milliliter.)

ingestion of fluorescent particles was determined for several
types of particles (Sherr, Sherr, and Fallon 1987). To mimic
bacteria, fluorescently labeled bacteria (diameter 0.6-0.7 mi-
crometers) were prepared from Escherichia co/i minicells (Pace
et al. 1990). To examine size discrimination by heterotrophic
nanoflagellates, we measured ingestion rates of spherical flu-
orescent beads. We used 0.24- and 0.74-micrometer beads to
represent different sizes of bacteria and 2.4-micrometer beads
to represent small eukaryotes.

At a depth of 25 meters, bacteria and heterotrophic nanofla-
gellates had similar seasonal trends, tending to increase in
abundance from late November until late December/early Jan-
uary and subsequently declining through January (figure 1).
The heterotrophic nanoflagellate community was consistently
dominated numerically by small aloricate cells less than 5 mi-
crometers in diameter. Larger aloricate flagellates less than 10
micrometers in diameter and loricate choanoflagellates con-
stituted the remainder of the heterotrophic nanoflagellate com-
munity. Heterotrophic dinoflagellates were present in the
nanoplankton but are not included in our discussion of hetero-
trophic nanoflagellates.

Clearance rates of flagellates for 0.24- and 0.74-micrometer
beads ranged from about 0.1-0.6 nanoliters per cell per hour
and were higher for the larger flagellates (figure 2, A and B).
No consistent differences between clearance rates on 0.24- and
0.74-micrometer beads occurred for any size group, but neither
flagellate group ingested 2.4-micrometer beads (data not
shown).

Heterotrophic nanoflagellate ingestion of fluorescently la-
beled bacteria was measured about twice weekly between 10
December and 10 January. Small flagellate clearance rates for
fluorescently labeled bacteria ranged from .03-1.6 nanoliters
per cell per hour (ingestion rates of .01—.8 bacteria per hour),
and clearance rates of larger flagellates and choanoflagellates
were 0.3-7 nanoliters per cell per hour (ingestion rates of 0.2-
2.4 bacteria per hour).

We initially estimated community grazing from the abun-
dances of different heterotrophic nanoflagellate groups and the
grazing estimate for each group made at the point in time clos-
est to our sampling. Using this "time coordinated" approach,
we found that the grazing by heterotrophic nanoflagellates was
greatest during the Phaeocystis pouchettii bloom and that the
small <5 micrometer flagellates dominated bacterivory (figure
3, A), but the grazing rate of the heterotrophic nanoflagellate
community did not exceed 2 percent of the bacteria standing
stock throughout the season.

Our heterotrophic nanoflagellate grazing rates were often
substantially lower than reports for similarly sized temperate
heterotrophic nanoflagellates (Fenchel 1982a, 1982b; McManus
and Fuhrman 1988; Pace et al. 1990). This may reflect lower
temperatures, lower bacterial abundance or differences in spe-
cies composition in our study compared to previous studies,
but grazing rates on fluorescent particles may also underesti-
mate true grazing rates (McManus and Okubo in press). Hence,
we estimated the maximum grazing potential of each compo-
nent of the heterotrophic nanoflagellate community using the
highest clearance rate obtained in the study. The highest clear-
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Figure 2. McMurdo Sound, 1990-1991. Clearance rates of <5 mi-
crometer nanoflagellates (A) and >5 micrometer flagellates (B) for
0.24-micrometer beads (shaded bar) and 0.74-micrometer beads
(hatched bar) added at the same concentration on each date. On
29 December the two size categories were pooled to yield one
clearance rate estimate. Means ± range of duplicate samples.
(cell 1 hr 1 denotes per cell per hour.)

ance rates measured here were roughly equivalent to 10 body
volumes per hour and were, thus, comparable to the maximum
clearance rates of similarly sized temperate flagellates (Fenchel
1982a, 1982b; McManus and Fuhrman 1988).

Even using the maximum clearance rates, the grazing impact
of the heterotrophic nanoflagellate community was equivalent
to more than 20 percent of bacterial standing stock during only
late December and early January. Throughout the rest of the
season, heterotrophic nanoflagellate grazing was low (gener-
ally less than 10 percent of the bacteria standing stock each
day).

As in temperate regions, heterotrophic nanoflagellate appear
specialized for grazing on bacteria-sized particles. We found,
however, that the grazing impact of the heterotrophic nanofla-
gellate community was small during much, if not all, of the
summer season in McMurdo Sound.

We are grateful to M. Pace and E. Lin who provided E. coli
and detailed instructions for the preparation of fluorescently
labeled minicells. C. Miceli conducted preliminary fluores-
cently labeled bacteria experiments during an earlier field sea-
son. Assistance from T. Moisan, L. Davis, A. Michaels, and the
staff of the Eklund Biological Laboratory and the VXE-6 is also
gratefully acknowledged. Research supported by National Sci-
ence Foundation grant DPP 90-96155 to Mary Putt.
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Figure 3. Ice edge station, McMurdo Sound, 1990-1991. Grazing
impact of the >5 micrometer heterotrophic nanoflagellates and
the total heterotrophic nanoflagellate community on standing
stock of bacteria. Grazing estimates were based on heterotrophic
nanoflagellate abundance and clearance rates on fluorescently
labeled bacteria measured for each size category. In A, we used
the clearance rate for each group measured at the point in time
closest to when flagellate abundance was measured. In B, the
maximum clearance rate for each group measured during the sea-
son was used. Note different scales in A and B. Arrows indicate
period when colonial forms of Phaeocystis pouchettii were abun-
dant.
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Several studies have suggested that protozoan grazing influ-
ences the population dynamics of bacteria in polar systems
(Garrison and Buck 1989; Rivkin 1991). Here we used size-
fractionation to estimate bacterivory in McMurdo Sound.

Water samples were collected from 5 or 100 meters at the ice
edge in McMurdo Sound on eight occasions between late No-
vember 1990 and mid-January 1991 (table 1). The sampling pe-
riod comprised the annual Phaeocystis pouchettii bloom. Bacterial
abundance and chlorophyll concentrations both varied over an
order of magnitude during the study.

Samples were either passed through a 5-micrometer ("<5")
or a 1-micrometer ("<1") polycarbonate filter or left unaltered
(WW). Subsamples from each filtrate were incubated in tripli-
cate teflon bottles in the dark at near in situ temperatures for a
24-hour period. Bacterial abundance was determined for each
bottle at time zero (t 0) and after 24 hours ( t24 ). The average
coefficient of variation for bacteria counts from triplicate bottles
was 10.8 percent (range 4-25 percent). The daily change in
bacterial abundance is expressed either as a percentage or as
an apparent growth rate (calculated by taking the natural log
of the ratio of bacteria present at t 24 and t ( ,). For five experi-
ments, nanoflagellate abundance was also determined at t2.4.

The goal of the size-fractionation technique is to compare the
growth of bacteria in the presence and absence of predators

Table 1. Initial conditions for
size fractionation experiments in McMurdo Sound, 1990-1991

NOTE: Initial abundances of bacteria and concentrations of chlorophyll
are reported for the <1-micrometer filtrate and unaltered water, respec-
tively. ND is no data.

Abundance Chlorophyll
Sampling	 of bacteria concentration

depth Temperature (x 10 cells (micrograms
Date	 (meters)	(°C)	per milliliter)	per liter)

29 November 1990	5	ND	0.8	0.2
5 December 1990	5	-0.3	2.6	2.0
10 December 1990	100	-0.2	1.8	0.7
2 January 1990	5	-0.8	7.0	8.3

7 January 1991	5	+0.4	8.7	0.6
10 January 1991	100	-0.9	5.7	1.6
16 January 1991	5	-1.0	5.5	0.4
18 January 1991	100	-1.0 	13.8	4.3

(Wright and Coffin 1984). The technique assumes that bacterial
growth is the same in the presence and absence of larger or-
ganisms. Growth rates of bacteria in the <1-micrometer frac-
tion ranged from -.10 to 0.26 per day (table 2). Negative values
for growth rates in the <1-micrometer fraction were never sig-
nificantly different from zero (t-test p<.OS).

We expected our <1-micrometer filtrate to be free of preda-
tors, but all <1-micrometer samples contained very small (<2-
micrometer) nanoflagellates at abundances less than 500 cells
per milliliter (figure, A and B). How did flagellate contamina-
tion influence the net bacterial growth rate in the <1-microm-
eter fraction? Using a high clearance-rate value reported for a
temperate nanoflagellates (10 body volumes per hour; Fenchel
1982), we calculated that nanoflagellates present in the <1-
micrometer fraction consumed less than 0.5 percent of the bac-
terial standing stock each day. Given that polar nanoflagellates
have lower grazing rates than temperate forms (Putt, Stoecker,
and Altstatt, Antarctic Journal, this issue), contamination of our
<1-micrometer fraction by small nanoflagellates probably had
a negligible effect on our estimate of growth in the absence of
predation.

Early in the season (figure, A and B), the flagellate commu-
nity in McMurdo Sound was comprised exclusively of small
(<2-micrometer) nanoflagellates similar to those present in our
<1-micrometer filtrate. As the season progressed, larger nano-
flagellates and heterotrophic dinoflagellates of nanoplankton
size range were also present in the unaltered water and <5
micrometer treatments. Hence we expected increased proto-
zoan grazing pressure as the season progressed.

In unaltered water and <5-micrometer treatments, we ex-
pected that protozoan grazing would cause bacterial abun-
dance either to increase more slowly than the <1-micrometer
fraction, or to decrease. With the exception of 18 January, how-
ever, analysis of variance (ANOVA) indicated that differences
between treatments were not significant (p<.OS; Zar 1974). To
estimate the detection limits for determining differences be-
tween any two treatments in our experiments, we used a New-
man-Keuls procedure to compute the 95 percent confidence
limits for a hypothetical difference between means (Zar 1974)
(table 2). With the exception of 29 November, differences be-

Table 2. McMurdo Sound, size fractionation experiments.

NOTE: Daily bacterial growth rate in <1-micrometer filtrate (means ±95
percent confidence limits). A Newman-Keuls procedure was used to cal-
culate the 95 percent confidence limits (CLI) for the difference between
the mean change in bacterial abundance between two treatments in an
experiment.

Apparent bacterial	95 percent confidence

	

growth rate in	limits for difference
<1-micrometer fraction	between means

Date	 (per day)	 (percentage)

29 November 1990	.26 -t.23 	 76
5 December 1990	.21 ±35	 39
10 December 1990	.14±14	 29
2 January l99l	 -.05±63	 30

7January 1991	 -.07±13	 18
10 January 1991	-.10±50	 33
16 January 1991	-.06±10	 21
l8 January l99l	 .12±25	 isa

a Only experiment in which differences between means were significant
(ANOVA, p<.05).
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Selected size fractionation experiments, McMurdo Sound, 1990-
1991. The daily change in bacterial abundance was measured as a
percentage of the initial abundance of bacteria in unaltered water
(WW), 5-micrometer (<5) and 1-micrometer filtrates. The abun-
dance of <2 micrometer (hatched symbols), 2-5 micrometer (open
symbols) and >5 micrqmeter (filled symbols) heterotrophic nan-
oflagellates were measured on the same date. Experiments pre-
sented here were begun on (A) 28 November 1990, (B) 10 December
1990, (C) 10 January 1991, (D) 16 January 1991, and (E) 18 January
1991. Open-ended error bars represent ±1 standard deviation;
closed error bars represent ± range of duplicate samples.

tween treatments in excess of about 18-39 percent would have
been detected in our study. Expressed on a logarithmic scale
(to be consistent with bacterial growth), grazing was thus less
than about 0.2-0.51 per day in 7 out of 8 experiments in our
study.

On 18 January, ANOVA showed that bacterial abundance in
the unaltered water fractions decreased compared to both <5-
and <1-micrometers fractions (p<.05, figure, E). (Differences
between <5- and <1-micrometer fractions were not signifi-
cant.) Since flagellate abundance was similar in unaltered water
and <5-micrometer treatments, other factors must have ac-
counted for the large decrease in bacterial abundance in the
unaltered water treatment. Perhaps mortality of bacteria on this
date was due to a larger generalist feeders analogous to a lar-
vacean (King, Hollibaugh, and Azam 1980). Microplankton
were not enumerated on our filters, but we are currently ana-

lyzing larger volume microplankton samples to examine this
possibility.

To summarize, growth rates of bacteria in the <1-micrometer
fraction did not exceed 0.26 per day (i.e., a minimum doubling
time of 2.7 days) and were frequently not significantly different
from zero. Our growth rate estimates for bacteria in the <1-
micrometer fraction are consistent with the lower range of
growth rate estimates for phytoplankton in McMurdo Sound
previously determined using thymidine assimilation (Fuhrman
and Azam 1980; Kottmeir, McGrath Grossi, and Sullivan 1987).
Using the size-fractionation technique, we were generally un-
able to detect bacterivory. If the assumption of our experiment
that growth rates of bacteria are not affected by the fractiona-
tion process is correct, then the errors in our measurements
suggest that grazing on bacteria in our experiments was gen-
erally less about 0.20-.51 per day. These grazing rates are lower
than have been reported in some temperate and subpolar stud-
ies (e.g., Wright and Coffin 1984; Wikner, Rassoulzadegan, and
Hagstrom 1990). They are consistent with a companion study
which suggested that the flagellate community consumed less
than 10 percent of the bacterial standing stock each day during
most of the summer in McMurdo Sound (Putt et al., Antarctic
Journal, this issue). Given relatively slow bacterial growth rates
it is possible that even a low grazing pressure by the microfla-
gellate community punctuated by more intense grazing by a
microplankter generalist could have a substantial impact on
bacterial population dynamics in McMurdo Sound; however,
techniques with a greater sensitivity than the size-fractionation
technique are necessary to quantify protozoan bacterivory in
this system.

We are grateful to J . Altstatt, the staff of the VXE-6 and the
Eklund Biological Laboratory for their support with this proj-
ect. Research supported by National Science Foundation grant
DPP 90-96155 to Mary Putt.
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A flagellate- and ciliate-dominated microbial community has
recently been described from brine channels and pockets in the
upper land-fast ice in McMurdo Sound (Stoecker, Buck, and
Putt 1990). This community is distinct from the diatom-domi-
nated sea-ice microbial communities found in the lower con-
gelation ice and in the underlying platelet layer (Grossi and
Sullivan 1985; Garrison, Sullivan, and Ackley 1986) but has
similarities to the assemblages reported from antarctic pack ice
(Garrison and Buck 1989). An important feature of this com-
munity is the dominance of athecate, photosynthetic dinofla-
gellates (Stoecker et al. 1990).

During late austral spring and early summer of 1990-1991,
we sampled the brine from the upper 50 centimeters of the
approximately 175 centimeters of annual ice in McMurdo Sound
using previously described techniques (Stoecker et al. 1990).
Sampling locations were distributed throughout McMurdo
Sound; 12 were on the east side and 7 on the west side of
McMurdo Sound. At all locations, we observed athecate, pho-
tosynthetic dinoflagellates and/or their cysts (figure 1) which
together accounted for 82 percent in December and 54 percent
in January 1991 of the autotrophic biomass in the brine.

The most common dinoflagellate was a small (approximately
6 x 10 micrometer) photosynthetic gymnodinoid species (figure
1). This dinoflagellate numerically accounted for ^!67 percent
in December and =-2:97 percent in January of the photosynthetic
dinoflagellates. Heterotrophic dinoflagellates were rare com-
pared to phototrophic dinoflagellates in the brine. In late No-
vember, when brine salinities were >50 parts per thousand, 5-
10 percent of the small dinoflagellates were dividing cells and
by late December, dinoflagellate cell densities of >10 per mil-
liliter of brine were often encountered (figure 2A). Water-col-
umn densities of autotrophic dinoflagellates in antarctic waters
are usually one or two orders of magnitude lower than those

*Present address: Horn Point Environmental Laboratories, Cambridge, Mary-
land 21613.

Figure 1. Scanning electron micrographs of the small photosyn-
thetic dinoflagellate (A) and its cysts (B) characteristic of the upper
ice brine. Specimens were critically point dried. Scale bar for A =
2.3 micrometers; scale bar for B = 76 micrometers.

that we observed in the brine (Buck and Garrison 1983; Putt
and Stoecker, unpublished data). In January 1991, the densities
of brine dinoflagellates were lower than in December (figure
2A). This reduction in dinoflagellate numbers per unit brine
may be partly accounted for by increases in brine volume and
brine flushing in late spring (Weeks and Ackley 1982) and pre-
dation on small dinoflagellates by heterotrophs within the brine
community (Stoecker et al. 1990, unpublished data).

Encystment (formation of thick-walled hypnozygotes) was
also a factor leading to reduction in the number of vegetative
cells within the brine. Fusion of two vegetative cells is neces-
sary for the formation of a hypnozygote. Beginning in late
December, we observed dinoflagellate cysts, approximately 12
micrometers in size, with distinctively recurved spines in the
brine (figure 1A). In some samples, cells undergoing encyst-
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ment were observed, and we believe that the cysts are the
hypnozygote of the small dinoflagellate. Densities of cysts in-
creased as densities of vegetative cells decreased; in some sam-
ples >3 x 10 cysts were observed per milliliter of brine (figure
2B). By January, dinoflagellate cysts were observed at all sam-
pling locations and the salinity of the brine had dropped to <32
parts per thousand (figure 3), and brine volumes were high
(^E!!10 percent of ice volume in the upper sea ice). At this time,
we observed the dinoflagellate cysts in the upper 50 meters of
the water column, indicating that brine flushing was occurring
(Stoecker and Putt unpublished observation). By late January,
some samples contained cysts but no vegetative cells (figure 3).

Autotrophic dinoflagellates and cysts have been previously
reported from pack-ice, and it has been suggested that this
habitat is an over-wintering site for dinoflagellates (Garrison
and Buck 1989). The dinoflagellate cysts we observed in land-
fast ice are morphologically indistinguishable from the cysts
observed in pack-ice (Buck et al. in press). Our data demon-
strate that the photosynthetic dinoflagellates found in the up-
per land-fast ice at McMurdo are part of an actively growing
assemblage and, in fact, are a characteristic component of the
brine during the austral spring. The resting cysts may be a
mechanism by which brine dinoflagellates survive release from
the sea ice and dispersal in the water column until new ice is

Figure 2. Abundance of small (approximately 6 x 10 micrometers)
photosynthetic dinoflagellates (A) and dinoflagellate cysts (B) in
the brine collected from the upper 50 centimeters of land-fast ice
in McMurdo Sound during spring and summer 1990-1991. Densi-
ties are per unit brine volume. One to four samples were collected
at each sampling location/sampling time; each data point (sample)
is presented. (ml denotes milliliter.)

Figure 3. Average brine salinity at each sampling location/time and
presence of vegetative cells of photosynthetic dinoflagellates (cir-
cles), vegetative cells and dinoflagellate cysts (squares), or cysts
only (diamonds). (0/00 denotes parts per thousand.)

formed. The complete life cycle of brine dinoflagellates remains
to be elucidated. We do not know what factors trigger sexuality
and encystment, in what form and how the dinoflagellates or
their cysts return to the ice during its formation, nor do we
know the factors that trigger excystment in the water column
or ice. Extremes of temperature and salinity occur in the upper
sea ice and in particular, high salinities are thought to limit the
distribution of many microorganisms to the lower sea ice (Kott-
meier and Sullivan 1988). The brine dinoflagellates, however,
appear to be characteristic of this unique environment and to
thrive in it. If their cysts are preserved in the sediments, they
should be an indicator for sea ice in the fossil record.

We thank J. Altstatt and T. Moisan for technical assistance,
the staff at the Eklund Biological Laboratory and the helicopter
crews from VXE-6 and the Polar Sea for making our field work
possible. This work was supported by National Science Foun-
dation grant DPP 89-16668 to Mary Putt and Diane K. Stoecker.
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Since the seminal papers of Williams (1981) and Azam et al.
(1983), microheterotrophs have been recognized as crucial for
understanding food-web dynamics. Bacteria are ingested by
protozoan and metazoan grazers which in turn excrete dis-
solved organic material. This excreted dissolved organic mate-
rial, along with that released during photosynthesis or cell
lysis, represents the primary substrate for bacterial growth. In
most temperate and tropical environments, bacterioplankton
metabolize 30 to 50 percent of the autochthonous primary pro-
duction (Williams 1981; Cole, Findlay, and Pace 1988; Pomeroy
and Weibe 1988). Hence, the peak in bacterial abundance and
growth is often preceded by or concurrent with a phytoplank-
ton bloom. This network of interactions usually results in a
close coupling between autotrophic and heterotrophic proc-
esses. Indeed, significant correlations between phytoplankton
and bacterioplankton biomass and production have been re-
ported (Bird and Kalff 1983; Cole et al. 1988).

In the Antarctic however, this "classic" phytoplankton-bac-
terioplankton relationship may not be the norm. The unique
physical and chemical environment of polar regions has im-
posed stringent controls on the rates and patterns of growth
and metabolism of the microbial populations. Due to the pro-
longed periods of low light or darkness, phytoplankton biomass
and rates of production are highly seasonal. Hence, the para-
digms developed from observations or experiments in temper-
ate environments may not be valid in polar systems. We pre-
viously reported that during the late austral winter and austral
spring, bacterial biomass and production can exceed those of
the phytoplankton in McMurdo Sound, Antarctic (Rivkin et al.
1989; Rivkin 1991). Here we expand on those initial studies and
describe the relationship between phytoplankton and bacter-
ioplankton abundances. We report that bacterial growth does
not appear to be limited by the in situ substrate concentrations.

Water samples were collected from early September through
mid-December 1989 and mid-October 1990 through early Jan-
uary 1991 at our sea-ice field station near Danger Slopes,
McMurdo Sound, Antarctica. Chlorophyll a was measured fluo-
rometrically. Bacterial samples were preserved in 1-percent glu-
taraldehyde (final concentration) and abundances were deter-
mined by filtering cells onto 0.2-micrometer membrane filters
and staining with acridine orange (Hobble, Daley, and Jasper
1977). The influence on the rates of bacterial growth of adding
monosaccharides and amino acids was determined during 4-
or 8-liter microcosm experiments. Seawater samples collected
from 20 meters were filtered through a 64-micrometer Nitex

*present address: Ocean Sciences Centre, Memorial University of Newfound-
land, St. John's, Newfoundland, AJC 5S7 Canada.

screen and were either placed directly into the incubation bottle
(i.e., "unmodified") or filtered through a 1.0-micrometer mem-
brane filter and then diluted 5:1 with 0.2-micrometer mem-
brane filtered seawater (i.e., "modified"). Bacterivores were not
present in the modified treatment, hence growth of the bacter-
ioplankton was not restricted by grazing pressure. The sub-
strates were added (table) and bacterial abundances and rates
of substrate, thymidine, and leucine incorporation were deter-
mined daily for 4 days. Only the cell abundance data are pre-
sented here. The growth rates (± standard error) were deter-
mined from the slopes (± standard error of the slope) of the
least squares fit of the relationship between the logarithm of
cell numbers and the time in days.

The reported chlorophyll a concentrations and bacterial
abundances were restricted to paired measurements from the
same water samples collected over the 4-month period (figure
1). Chlorophyll a and bacterial numbers varied approximately
1,000- and 100-fold, respectively, over the study period. There
was a weak inverse relationship between the logarithm of the
two which is described by the following equation:

log(bacteria L I) = – 0.155
x log(ng chlorophyll a L-') + log(7.854)

r2 = 0.064	P	0.080

This relationship differs from those reported from other fresh-
water and marine environments (Cole et al. 1988) including
Sargasso Sea where the algal and bacterial biomass was similar
to polar regions (Rivkin unpublished data).

The influence on bacterial growth of enriching seawater with
1 micromolar per liter of glucose and amino acids is shown in
figure 2. Growth was not enhanced by these nutrient amend-
ments either in the presence (figure 2A—"unmodified") or
absence (figure 2B—"modified") of bacterivores. The growth
rates (divisions per day) for the enriched and unenriched con-
trols are summarized in the table. Although growth rates were
greater in late December than in September and October, there
was no significant (analysis of variance; p = 0.05)  difference in
the growth rates among treatments within an experiment (ta-
ble).

Substrate availability appears to limit the growth of bacter-
ioplankton in the sea. For example, adding glucose or dissolved
free amino acids increased the rates of both growth and am-

1	 10	 100	 1000
ng Chlorophyll a L

Figure 1. Relationship between the concentration of chlorophyll a
and bacterial abundances in McMurdo Sound, Antarctica. Only
paired measurements of the same water sample were used for
these analyses. (L1 denotes per liter. ng denotes nanograms. r2
denotes coefficient of determination. n denotes number.)
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monium uptake by bacteria from the subarctic Pacific (Kirch-
man 1990; Kirchman, Kyle, and Wheeler et al. 1990). The ab-
sence of an enhancement in rates of growth (figure 2, table) or
nutrient uptake (data not shown) strongly suggests that the
bacterioplankton in McMurdo Sound had sufficient organic nu-
trients to sustain maximal or near maximal growth. Hence,
their growth dynamics could be temporarily uncoupled from
autochthonous phytoplankton biomass and production.

At the present time, it is unclear which ambient substrates
bacterioplankton use for growth. The distribution of amino
acids and monosaccharides in McMurdo Sound was measured
by Manahan (Manahan et al. 1990, personal communication)
during most of the study period. Although concentrations of
the labile compounds were generally low, they were also highly
variable with glucose concentrations as high as 1.5 micromolar
per liter. Furthermore, since bacteria can use complex organic
ubstrates as a carbon source and ammonium as a nitrogen

source, the ambient substrate pool would be much larger than
simply the sum of amino acids and monosaccharides.

This project was supported by National Science Foundation
grant number DPP 88-20132 to R.B. Rivkin. We thank Donal
Manahan for the unpublished data on the concentrations and

Effects of enriching seawater with 1 micromole
per liter of dissolved monosaccharides or amino acids

on the growth rate of bacterioplankton
in McMurdo Sound, Antarctica

NOTE: Only the results of the "modified" (the <1.0-micrometer filtrate
diluted 5:1 with 0.2 micrometers filtered seawater) treatments are shown.
All rates are divisions per day ± one standard error.

20 to 24	26 to 30	24 to 29
Treatment	September	October	December

Control'	0.35 ± 0.039	0.33 ± 0.051	0.52 ± 0.019
Glucose	0.30 ± 0.028	0.30 ± 0.028	0.59 ± 0.025
Glutamic acid	0.36 ± 0.070	0.40 ± 0.131	0.47 ± 0.079
Glycine	0.38 ± 0.071	-	 -
Glucose plus	_b	 -	 0.49 ± 0.103
glutamic acid

a No added enrichment.
b Not measured.

distribution of seawater amino acids and sugars in the Mc-
Murdo Sound, and ITT and ASA Antarctic Services for logistic
support in Antarctica.
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Figure 2. Changes in bacterial abundances for (A) unmodified and
(B) modified seawater samples which were either unamended
(control) or amended with 1 micromolar per liter (L1) of glucose
or glutamic acid or 1 micromolar per liter each of glucose plus
glutamic acid. This experiment was carried out from 24 to 29 De-
cember 1990.
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Bacterial abundances during
the 1989-1990

austral summer phytoplankton bloom
in the Gerlache Strait

DAVID M. KARL and GEORGIA TIEN

School of Ocean and Earth Science and Technology
University of Hawaii

Honolulu, Hawaii 96822

Heterotrophic bacteria are considered to be an important
component of planktonic marine ecosystems (Azam et al. 1983;
Hewes, Holm-Hansen, and Sakhaug 1985). The primary func-
tions within the microbial community attributable to bacterio-
plankton are inorganic nutrient regeneration and secondary
carbon production. The latter is supported by dissolved organic
matter ultimately derived from photosynthesis; this photoau-
totrophic dissolved organic matter flux initiates the "microbial
loop.,,

Consequently, one might expect a positive relationship be-
tween the biomass of photoautotrophic algae and heterotrophic
bacteria due to this presumed trophic interdependence. Two
separate empirical analyses of a variety of temperate aquatic
ecosystems have revealed highly significant correlations be-
tween phytoplankton and bacterioplankton populations (Bird
and Kalff 1984; Cole, Findlay, and Pace 1988); however, three
independent studies of antarctic marine environments have
failed to confirm the "predicted" relationships (Lancelot, Bil-
len, and Mathot 1989; Cota et al. 1990; Karl et al. 1991), sug-
gesting that southern-ocean habitats may be different from
other regions in regard to microbial loop processes.

During the second phase of the Research on Antarctic
Coastal Ecosystem Rates (RACER) program in October and
November 1989, we examined the degree of coupling between
autotrophic and microheterotrophic microbial assemblages in
northern Gerlache Strait. Surface water samples were collected
over the entire RACER study area during four quasi-synoptic
fast-grid surveys; 0-100-meter water column profiles were ob-
tained at station A, located in the central region of the study
area (Huntley et al. 1990). The water samples were analyzed
for a variety of chemical and microbiological properties, but
this report focuses on the relationships between bacterial bio-
mass as estimated by particulate lipopolysaccha ride (P-LPS)
concentrations and phytoplankton biomass as estimated by
chlorophyll a concentrations (Holm-Hansen and Vernet 1990).

Water samples for the measurement of total LPS (T-LPS) and
dissolved LPS (D-LPS) were prefiltered through a 20-microm-
eter Nitex screen, transferred to pyrogen-free polypropylene
tubes and processed within 10-20 minutes of sample collection.
A portion of this sample was frozen for a subsequent determi-
nation of T-LPS by the Limulus amebocyte lysate (LAL) assay
as described by Watson et al. (1977). A subsample was placed
into a clean microfuge tube and centrifuged at 1,300g for 13
minutes. The supernatant was transferred to a second pyrogen-
free tube and immediately frozen for subsequent measure-
ment of D-LPS, as above. P-LPS was calculated as the dif -
ference between T-LPS and D-LPS. Bacterial cell carbon
(BACT-C) was estimated by the following relationship:
BACT - C = [P - LPS] x 6.35 (Watson and Hobbie 1979). Chlo-
rophyll a data were kindly provided by M. Vernet.

Surface water chlorophyll a concentrations in the RACER
study area increased from <1 microgram per liter to >20 mi-
crograms per liter during the spring phytoplankton bloom (fig-
ure and table). In spite of this hundredfold variation in chlo-
rophyll a observed during the 1989 RACER field experiment,
bacterial cell carbon varied only tenfold and was not well-cor-
related with the standing stock of phytoplankton cells (figure).
Compared to the ecological predictions of the Bird and Kalff
(1984) and Cole et al. (1988) empirical models, bacterial biomass
was significantly depleted in near-surface Gerlache Strait
waters. In this regard, our 1989 results are consistent with the
previously mentioned southern-ocean data. These observa-
tions suggest a general repression of the microbial loop, at least
during the initiation of the southern-ocean spring bloom (Karl
in press). Possible causes for this apparent uncoupling between
phytoplankton and bacterioplankton populations have been
presented elsewhere (Karl et al. 1991).

This deficit of bacterial cell carbon in the surface waters,
relative to phytoplankton biomass, was also observed through-
out the euphotic zone of the water column (table). Although
we did observe an approximately fivefold increase in bacterial

Phytoplankton and bacterioplankton biomass
during the spring bloom

Sampling	 BACT-C/
date	Depth	Phytoplankton	Bacterial PHYTOCc

(1989)	(in meters)	biomassa	biomassb	(x 100%)

31 October	5	 379	0.46	0.12

	

10	389	0.60	0.15

	

20	365	0.43	0.12

	

30	100	0.83	0.83

	

50	45	0.29	0.64

	

75	21	0.21	1.0

	

100	14	0.18	1.3

7 November	1	 850	1 .71	0.20

	

5	805	1.36	0.17

	

10	830	0.79	0.10

	

20	191	1.39	0.73

	

30	88	0.62	0.70

	

75	14	0.08	0.57

	

100	 6	0.17	2.8

15 November	1	 710	1.27	0.18

	

5	763	1.15	0.15

	

10	711	0.53	0.08

	

20	453	0.51	0.11

	

30	328	0.41	0.13

	

50	38	0.29	0.76

	

100	 9	0.05	0.56

19 November	1	 334	3.02	0.90

	

5	369	3.95	1.0

	

10	378	5.34	1.4

	

20	382	1.11	0.29

	

30	55	0.94	1.7

	

50	24	0.39	1.6

	

75	12	0.36	3.0

	

100	 9	0.17	1.9

a Phytoplankton biomass carbon is estimated from measured chlorophyll
a concentrations, assuming a carbon to chlorophyll a ratio of 50 (Vernet,
Letelier, and Karl, Antarctic Journal, this issue). (In micrograms per
liter.)

b Bacterial biomass carbon is estimated from measured particulate lipo-
polysaccharide (P-LIPS) concentrations, assuming a carbon to P-LPS
ratio of 6.35 (Watson and Hobbie 1979). (In micrograms per liter.)
Phytoplankton biomass/bacterial biomass expressed as a percentage.
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biomass as the spring bloom developed and then stabilized (19
November sampling; table), even these maximum bacterial cell
abundances represented a small percentage of the standing
stock of phytoplankton carbon. Assuming a per bacterial cell
carbon content of 10 x 1015 grams (Watson and Hobbie 1979)
our data predict a maximum bacterial cell density of about 3-
5 x 10 cells per milliliter, a value which is nearly identical to
previous antarctic ecosystem measurements based on direct
microscopy (Bird and Karl 1990; Cota et al. 1990; Karl et al.
1991).

Collectively, these results provide strong support for the hy-
pothesis that microbial loop processes are probably not very
important to total southern-ocean ecosystem dynamics during
the austral summer period of maximum energy flux (Karl in
press). These results may be unique to the eutrophic coastal
regions of Antarctica where extensive phytoplankton blooms
occur. This uncoupling of photoautotrophic and microhetero-
trophic processes may have fundamental consequences for car-
bon and oxygen cycling (Karl and Hebel 1990; Huntley, Lopez,
and Karl 1991) and for the export of particulate matter from the
euphotic zone.
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Year-long settling plate
study yields

no antarctic placozoans,
and surprisingly little else

VICKI B. PEARSE and JOHN S. PEARSE

Institute of Marine Sciences
University of California

Santa Cruz, California 95064

A recent study of diverse sites in the western tropical Pacific
(Pearse 1989) revealed that small glass settling plates, left for a
week or so in shallow coastal waters almost anywhere, were
likely to yield specimens of Trichoplax adhaerens, the sole species
currently recognized in the phylum Placozoa and arguably the
simplest known metazoans (Grell and Ruthmann 1991). Al-
though these tiny animals are probably abundant in tropical
and subtropical waters around the world, their distribution has
been only haphazardly documented, and they have rarely been
looked for outside the tropics. We present here the results of a
search for placozoans in McMurdo Sound, Antarctica.

We were also interested in discovering what community of
benthic organisms might be recovered on settling plates in ant-
arctic waters, compared to the rich and diverse assemblages
that are routinely observed on such plates in the tropics.

Our settling plates were standard glass microscope slides
(approximately 75 x 25 millimeters). One set of 33 slides di-
vided among four glass histological slide racks was set out on
6 December 1989, attached to a wire cage on the bottom at 17
meters depth, just off the jetty at McMurdo Station; these slides
were retrieved and examined a year later, on 10 December 1990.
Another set of 23 slides in six slide racks was deployed on 17
October 1990; the racks were suspended in pairs at approxi-
mately 2 meters (just below the underside of the sea ice), at 11
meters, and at 22 meters (just above the bottom) through a hole
in the ice at Danger Slopes, off the northwest shore of Hut Point

Peninsula; these slides were retrieved and examined 2 months
later, on 13 December 1990. After retrieval, the slides were kept
submerged in ice-cold seawater and examined within 12 hours
in a shallow dish surrounded by ice, under a dissecting micro-
scope.

No placozoans were found. Occasionally, such negative re-
sults were also obtained at tropical Pacific sites, though in these
cases fewer slides were examined and in no case were slides
left in the water for more than a month. It should further be
noted that placozoans have been looked for but not found on
the Pacific coast of North America (VB. Pearse unpublished
observation).

The table is a qualitative listing of the major categories of
organisms found in both McMurdo slide sets, compared to
those represented on slides set out at a tropical site for a much
shorter time.

Differences between the two slide sets at McMurdo presum-
ably reflected the total time, the seasons at which they were
exposed, and the sites. There were no evident differences
among the Danger Slopes slides at different depths. The most
conspicuous settlements of animals were by tiny clams, spiror-
bid polychetes, and several species of bryozoans (with colony
sizes from 1 to about 35 zooids) on the jetty slides, and by
hydroids (single polyps) on the Danger Slopes slides.

The relative paucity, in both numbers and diversity, of or-
ganisms settling on our plates, even after a year's exposure, is
striking. Whereas slides left longer than about 2 weeks at most
tropical sites became too densely overgrown to survey the set-
tled organisms, all the slides at McMurdo appeared fairly clean
to the naked eye. Few of the attached organisms had grown
much beyond the recently settled stages, even on plates left out
for a year. The low rates of recruitment and growth are consis-
tent with other observations of slow growth and turnover of
antarctic biota (Clarke 1983; Pearse, McClintock, and Bosch
1991).

This work was supported in part by National Science Foun-
dation grants DPP 88-18354 and 88-20132 to R.B. Rivkin and
J.S. Pearse, respectively. We thank L.V. Basch, J . Levitt, J . Her-
polsheimer/Mastro, and J.S. Oliver for assistance in deploying
and retrieving the slides.
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Main categories	 McMurdo jetty
of organisms	 (1 year)

Danger Slopes
(2 months)

Tropical site 
(2 weeks)

Organisms on settling plates at two
McMurdo Station area sites, compared to a tropical Pacific site

Algas

Protists

Sponges

Cnidarians

Platyhelminths

Nematodes

Rotifers

Mollusks

Annelids

Crustaceans

Bryozoans

Diatoms

A few forams and dilates

Two spp.

<1 hydroid per slide, 3 spp.; a few
octocoral polyps

Kaiyptorhynchid rhabdocoeis, 1 sp.b

A few

A few

Many tiny clams, 1 sp.

Spirorbids and terebeilidansc, a syilid

A few copepods and ostracods, a tanaid

Many of several spp., 1-35 zooids

Diatoms

None

None

6-7 hydroids per slide, 1 sp.

None

None

None

None

1 spirorbid

1 ostracodd

A few, 1 sp., all singles

Diatoms, green and red crustose and
filamentous

Many forams, many ciliates, radiolarians

Many

Many hydroids, anemones, octocorals

Acoels, polyclads, rhabdocoels

Many

A few

Many small snails, other gastropods,
oysters, clams

Many families of poiychetes, oligochetes

Many copepods, ostracods, isopods,
amphipods

Many of several spp.

a Madang, Papua New Guinea (from Pearse 1988). Groups found on most slides at the tropical site, but not on any McMurdo slides, included: piacozoan
platyctenid ctenophores, gastrotrichs, chetognaths, loxosomatid kamptozoans, mites and pycnogonids, echinoderms (recently metamorphosed asteroids,
echinoids, ophiuroids, holothuroids), ascidians.
Hatching from eggs, most with 2 embryos per egg.
Terebeilids or ampharetids; brooding large well-developed young in the coelom.
Molting within a sand-encrusted membranous case.
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Phytoplankton sinking rates
in the Ross Sea
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ANN R. CLOSE
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Ferry Reach, Bermuda

As part of a coordinated, interdisciplinary study of the pro-
duction of biogenic material at the surface, its flux and reminer-
alization through the water column, and its accumulation in
the sediments, we measured the sinking rates of suspended
particulate matter in the Ross Sea in January and February
1990. Substantial deposits of diatoms occur in the sediments
of the Ross Sea (Ledford-Hoffman, DeMaster, and Nittrouer
1986), and these deposits generally are composed of intact phy-
toplankton cells. One of our hypotheses in this program was
that the vertical flux of phytoplankton from the ice-edge bloom
was large relative to less productive regions, and we wanted to
know whether this flux was continual or episodic in time (i.e.,
a large pulse of intact cells sink near the end of the growing
season). If the latter were true, it would have significant impli-
cations for the biogeochemical cycles of biogenic elements (car-
bon, nitrogen, silicon) as well as food web dynamics.

We measured sinking rates using settling columns originally
described by Bienfang (1981) and modified for use at sea (figure;
Johnson and Smith 1986). Samples were collected from two
depths, and the sinking rates of each were determined simul-
taneously. Generally, sinking rates were determined from the
surface and the depth of the chlorophyll maximum, as deter-
mined by a continuous fluorescence trace collected as part of
the routine conductivity-temperature-depth cast. Samples for
chlorophyll and particulate carbon were taken before and after
incubation. No correction for growth during incubation was
made because growth rates over the short incubation intervals
(2 hours) and at the low incubation temperatures are within
analytical precision. Chlorophyll was determined fluorometri-
cally after filtration and extraction, and particulate carbon was
determined by high-temperature pyrolysis. Sinking rates were
calculated from the differences between initial and final partic-
ulate biomass concentrations (Johnson and Smith 1986).

Sinking rates were moderate for the stations sampled (table
1). Sinking rates based on chlorophyll averaged 0.24 and 0.17
meters per day at the surface and depth of chlorophyll maxi-
mum, respectively. These rates are slightly greater than those
found in the Arctic (Culver and Smith 1989), but less than those
observed in the Weddell Sea in 1983 (Johnson and Smith 1986),
which averaged 0.89 meters per day. The rates at the chloro-
phyll maximum tended to be lower than those at the surface,
although the means were not statistically different due to the
variability in sinking rates between stations.

We also compared the sinking rates of the two locations
where we had deployed sediment traps (site A: 76°30'S
167°30'E; site B: 76°30'S 175°W) (table 2). Sinking rates were

Schematic diagram of the gimballed settling column used at sea
to measure particulate matter sinking rates.

greater at the eastern location for both depths. We also ob-
served that the species composition was greatly different be-
tween the two locations, with the site A being dominated by
the diatom Nitzschia curta and site B being a mixed diatom-
Phaeocystis assemblage. Vertical flux data suggested that there
was a considerable temporal difference within one location, as
well as a significant spatial difference (table 2). The contents of
the material collected by the sediment traps at the two locations
also differed, with the easternmost location being dominated
by small, ellipsoidal fecal pellets, whereas site B was dominated
by loose aggregates. Based on a comparison of calculated sink-
ing rates and vertical flux information, passive particle sinking
did not contribute significantly to the total vertical flux. Accel-
erated removal of particulate material from the euphotic zone
must be mediated by either micro- or macrozooplankton graz-

Table 1. Statistics for chlorophyll-based sinking rates
observed in the Ross Sea during January and February 1990

Parameter	 Surface	Depth of chlorophyll maximum

Mean sinking rate 	0.24	 0.17
Standard deviation	0.27	 0.22
Number of observations	21	 20
Range 	 0.0-1.10	 0.0-0.85

a In meters per day.
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ing and fecal pellet production, or by aggregate formation and
their associated accelerated sinking rates.

This research was supported by National Science Foundation
grant DPP 88-17070. We thank Rob Dunbar and Amy Leventer
for use of the vertical flux data.

Table 2. Chlorophyll-based sinking rates and vertical flux
at sites A (76030'S 167°30'W) and B (76030 1 S 1750E).

Vertical flux data from floating sediment traps
deployed at 50 meters for approximately 24 hours.

References
Parameter	 Site A	 Site B

Surface sinking rate 	 0.32	 0.23
Sinking rate at depth of

chlorophyll maximum a	 0.25	 0.09
Total carbon fluxb	 25.6c	 254d

24.9°	 92.71

a In meters per day.
In milligrams of carbon per square meter per day.
Sediment trap deployment 12 January 1990.

ci Sediment trap deployment 4 February 1990.
Sediment trap deployment 16 January 1990.
Sediment trap deployment 31 January 1990.

Bienfang, P.K. 1981. SETCOL: A technologically simple and reliable
method for measuring phytoplankton sinking rates. Journal of Plank-
ton Research, 3, 235-253.

Culver, ME., and WO. Smith, Jr. 1989. Effects of environmental vari-
ation on sinking rates of marine phytoplankton. Journal of Phycology,
25,262-270.

Johnson, T.O., and WO. Smith, Jr. 1986. Sinking rates of natural phy-
toplankton populations from the Weddell Sea marginal ice zone.
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Ledford-Hoffman, P.A., D.J. DeMaster, and C.J. Nittrouer. 1986. Bio-
genic-silica accumulation in the Ross Sea and the importance of Ant-
arctic continental-shelf deposits in the marine silica budget. Geochim-
ica et Cosmochimica Acta, 50, 2099-2110.
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in northern Gerlache Strait

D.F. BIRD

Department de Sciences Biologiques
Universite du Quebec a Montreal

Montreal, Quebec
Canada

D.M. KARL

School of Ocean and Earth Science and Technology
University of Hawaii

Honolulu, Hawaii 96822

Algal blooms observed in the southern ocean have been
dominated either by diatoms or by the colonial prymnesio-
phyte, Phaeocystis (Kopczynska, Weber, and El-Sayed 1986;
Priddle, Hawes, and Ellis-Evans 1986). These same algae uni-
formly dominate ice algal communities (Homer 1976; Fryxell
and Kendrick 1988). The greater the biomass of the bloom, the
greater the proportion of diatoms or Phaeocystis (Sakshaug and
Holm-Hansen 1984). Therefore, we were surprised to discover
that one of the densest blooms ever reported in the Antarctic
(Holm-Hansen and Mitchell in press; Huntley et al. in press)
consisted almost entirely of unicellular green flagellates of the
genus Pyramirnonas.

The objectives and sampling strategy of the Research on Ant-
arctic Coastal Ecosystem Rates (RACER) program have been
described previously (Huntley, Niiler, and Holm-Hansen 1987;
Huntley et al. 1991). Briefly, 69 stations placed regularly over a

25,000-square-kilometer area of southern Drake Passage,
Bransfield Strait and northern Gerlache Strait were sampled
rapidly (within 5 days) four times during the 1986-1987 austral
spring and summer (December, January, February, and March).
More intensive studies were carried out at selected stations
between these monthly regional surveys.

The RACER program uncovered striking spatial and seasonal
heterogeneity in both biomass and productivity of the plankton
within the study area. The greatest primary productivity oc-
curred in December (Holm-Hansen and Mitchell 1991) whereas
the biomass peaked a month later (Karl et al. 1991). During this
period, the size structure of the plankton shifted from net- to
nanoplankton. The stations in Gerlache Strait and adjoining
stations north of Brabant Island were the site of a massive
bloom, reaching 25 micrograms chlorophyll a per liter (Holm-
Hansen and Mitchell 1991).

Surface samples (100 milliliters) for enumeration and floristic
identification were collected at each station. The samples were
passed through a 20-micrometer Nitex mesh, fixed immedi-
ately with glutaraldehyde, concentrated onto 25-millimeter di-
ameter Nuclepore filters (0.8 micrometer porosity), stained
with proflavine (Haas 1982), mounted, and stored frozen until
examined using epifluorescence microscopy. Cells were iden-
tified and counted in transects at 1,250 x magnification.

The January bloom consisted almost entirely of an unicellular
quadriflagellate of the genus Pyramimonas, subgenus Trichocystis
(McFadden, Hill, Wetherbee 1986; figures 1 and 2). The identi-
fication as Pyramimonas was unmistakable based on the cell's
color, morphology (prominent pyrenoid, flagellar pit, chioro-
plast shape), flagellation, the presence of numerous tricho-
cysts, and high-pressure liquid chromatography confirmation
of chlorophyll b (Head personal communication). Chlorophyll
b has been detected previously in pigment extracts from south-
ern ocean habitats (Bidigare et al. 1986; Buma et al. 1990), but
it is typically only a minor constituent compared to chlorophylls
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Figure 1. Contour plot of surface water Pyramimonas abundance
(in cells per milliliter) in the RACER study area, January 1987. The
dark circles indicate the location of the stations; contour interval
is 100 cells per milliliter. The most extensive portion of the Pyra-
mimonas bloom was located in northern Gerlache Strait where cell
abundances exceeded 700 per milliliter.

a and c. Though diatoms had dominated all stations in Decem-
ber, they were nearly absent in the region of the Pyrainirnonas
bloom in January. The next most important organisms in terms
of biomass were heterotrophic dinoflagellates.

The size of Pyramiinonas cells varied greatly among stations.
In Gerlache Strait, cells ranged from 800 to 13,000 cubic mi-
crometers, averaging about 4,200 cubic micrometers, which is
considerably larger than the Pyramimonas gel idicola cells cultured
from antarctic ice by McFadden, Moestrup, and Wetherbee
(1982). Using a biovolume-to-biomass carbon extrapolation of
8.8 x 1,014 grams of carbon per cubic micrometer (Heinbokel
1978) and our mean estimate of Pyrarnimonas cell biovolume, we
conclude that more than 50 percent of the nanoplankton bio-
mass increase (ATP) that was observed (figure 2) is attributable
to the coincident increase in Pyramirnonas cells. These results
support the suggestion that Pyramirnonas is the dominant mi-
croorganism in these selected regions of the RACER study area.

0'
0	 200	 400	 600	 800

Pyramimonas abundance, cells ml -1

Figure 2. Nanoplanktonic living biomass carbon (estimated as par-
ticulate ATP (<20 micrometers) x 250; Karl 1980) versus Pyrami-
monas cell abundance across the study area in January. The nearly
linear relationship between abundance and biomass at the richest
stations reflects the near total dominance by this previously un-
recorded alga. The few moderately rich stations not dominated by
Pyramimonas were dominated by Nitzschia "nana" or hetero-
trophic dinoflagellates. (ng C ml' denotes nanograms of carbon
per milliliter.)

The cells were heavily armored with trichocysts, the number
exceeding 100 per cell for larger cells, whereas Pyramunonas
gelidicola, the only other Pyramimonas species recorded for the
Antarctic (McFadden et al. 1986), is completely devoid of tricho-
cysts. Cells at open-water stations and at stations on the pe-
riphery of the bloom were smaller, about 600 cubic microme-
ters. It is known that the cell volume of P gelidicola is positively
correlated with light level (Burch 1988). The variability in size
in our study area is, therefore, suggested to reflect the known
variability in mixed-layer depth inside and outside the bloom
area with its concomitant effect on average light level (Mitchell
and Holm-Hansen 1991).

It has been emphasized in the past that the southern ocean
cannot be viewed as a single ecosystem (Piatkowski 1989). Dif-
ferences in vertical mixing strongly influence local productivity
and population size (Sakshaug and Holm-Hansen 1984; Mitch-
ell and Holm-Hansen 1991). At the same time, hydrographic
boundaries are often floristic boundaries (Hasle 1969; Piat-
kowski 1989). Both of these influences can be seen at work in
the distribution of Pyramimonas and other dominant taxa in the
RACER study area. Deep-mixing waters to the northwest were
dominated by pico- to nanoplanktonic diatoms and small pho-
tosynthetic dinoflagellates dominated the stations around Liv-
ingston Island. Large and small heterotrophic dinoflagellates
were most abundant in the warm, salty water to the southeast.
These population structure variations are, in part, the result of
the presence of different water masses in the RACER study
area (Niiler, Amos, and Hu 1991).

The discovery of a massive, nearly monospecific bloom of
Pyrarnimonas in the antarctic raises the question of how effec-
tively the production of this organism is transferred to higher
trophic levels. The parallel maximum of copepod and krill bi-
omass in Gerlache Strait (Huntley and Escritor 1991; Brinton
and Townsend 1991) suggests no detrimental effects to crusta-
cean grazers. Although the role of trichocysts in the prasino-
phytes is not known (Norris 1980), it is not difficult to imagine
that they are defensive, perhaps interfering with capture by
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predatory protists which were abundant in January. We might
also ask whether this bloom represented a normal successional
phase that has simply been missed by undersampling in the
past, or was it something rare, or new?

We thank H. Marchant and G.I. McFadden for valuable dis-
cussions of this work, C. Tien for ATP determinations and L.
Lum for her assistance in the preparation of this manuscript.
We are grateful to the RACER program scientists, the officers
and crew of RIV Polar Duke and ITT support personnel for
sampling and logistic support. This research was supported by
National Science Foundation grant DPP 88-18899 to D. Karl.
SOEST contribution number 2931.
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RACER: Phytoplankton growth rates
in the northern Gerlache Strait
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Massive phytoplankton blooms are observed during the
spring in the southern Bransfield and Gerlache straits, both
located on the western coast of the Antarctic Peninsula. Maxi-
mal chlorophyll a concentrations are always in surface (0-20
meters) waters (up to 30 milligrams of chlorophyll a per cubic
meter) and account for 60 percent of the 0-150-meter integrated
water-column pigment (200-300 milligrams of chlorophyll a per
square meter). During the 1989-1990 bloom, estimates of daily
primary production were 2-5 grams of carbon per sqaure meter
per day (Holm-Hansen and Vernet 1990) and nitrate concentra-
tions were usually larger than 15 micrometers (Kocmur, Vemnet,
and Holm-Hansen 1990). Diatoms and a chlorophyll-b-contain-
ing flagellate similar to Pyramimonas sp. dominated the phyto-
plankton in the Gerlache Strait (as found in the northern Brans-
field Strait by Sommer 1989). Cryptomonads dominated the
offshore stations in the southwestern Bransfield Strait, where
no bloom was observed. The questions addressed in this study
were the following:
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• What are the specific growth rates of phytoplankton during
the spring?

• How much phytoplankton carbon is associated with these
blooms?
Specific growth rates of phytoplankton and carbon-to-chlo-

rophyll a ratios were estimated by labeling with radiocarbon
followed by biochemical separation of the end-products (Re-
dalje and Laws 1981). Water was always collected from the
mixed layer (1 to 30 meters) from six stations in the northern
Gerlache Strait between 6 and 25 November 1989. Samples were
collected with Niskin bottles attached to a conductivity-depth-
temperature rosette and incubated on deck in 2-liter polycar-
bonate bottles using neutral density screens to simulate in situ
irradiance levels. Incubations lasted for 24 hours, starting al-
ways before sunrise (day length of 18 to 20 hours). Temperature
was kept at 0±0.5 °C with running seawater.

Nitrate Concentration (p.M)

Figure 1. Phytoplankton specific growth rates per day (d- 1 ) as a
function of ambient, micromolar (pM) nitrate concentrations for all
mixed-layer experiments. j =axe( nitr8te), where a=0.149,
b = 0.045,  r2 = 0.63.

Photosynthetic rates per unit chlorophyll a (milligrams of
carbon per milligram of chlorophyll a per hour) at the mixed
layer were always light saturated at an irradiance greater than
100 micromoles per square meter per second. Similar results
were observed for in situ incubations (Holm-Hansen and Vernet
1990). Average growth rates for all 24-hour experiments were
0.31 ± 0.13 per day (range of 0.16-0.64 per day, n = 5). Maximum
growth rates were measured in the cryptomonad-dominated
phytoplankton (0.4-0.5 per day) where no bloom was observed
(chlorophyll a = 1 milligram per cubic meter). For all stations
combined the results were as follows:
• Specific growth rates (per day) were nonlinearly related with

ambient nitrate concentrations (micromolar) (figure 1).
• Chlorophyll-to-carbon (weight-to-weight) ratios were posi-

tively correlated with growth (figure 2), as observed by Laws
and Bannister (1980) in nutrient-limited growth of Thalassio-
sira fluviatilis at 20 °C.

The observed growth rates in the Gerlache Strait can be mod-
eled as a function of irradiance using the formulation of Cullen
(1990) (figure 3):

(p. + r) = Chi : C X D X PB(1 -

where

R is specific growth rate per day,
r is respiration rate per day,

Chi:C is the chlorophyll-to-carbon ratio (in grams per
gram),

D is the ratio of daylength to total day (dimensionless),
PB is the maximum rate of carbon uptake per unit chlo-

rophyll a (in milligrams of carbon per milligram of
chlorophyll a per hour),

I, is the incident irradiance (in micromoles per square
meter per second), and

'k is the irradiance at which photosynthesis reaches sat-
uration (micromoles per square meter per second).

Because most of the growth in the mixed layer was light satu-
rated, growth rates were function of the chlorophyll-to-carbon
ratios.

Growth rate (d')

Figure 2. Chlorophyll-to-carbon (Chl:C) weight-to-weight ratios as
a function of growth rates per day (d- 1 ). Chl:C=axe, where
a = 0.004, b = 2.622, r2 = 0.53.

(I)
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1)!	 I	 -I	 -
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Predicted growth rates (d')

Figure 3. Correlation between phytoplankton growth rates ob-
served per day (d- 1 ) ( Redalje and Laws 1981) and predicted growth
rates per day calculated from Cullen (1990) using variables ob-
tained from the chlorophyll-labeling experiments. Model II Regres-
sion, r2 = 0.59, b=1.02.

0:8

1991 REVIEW	 155



Differences in respiration rates among samples (not meas-
ured) could account partly for the unexplained variance, al-
though rates at 0 °C are expected to be lower than the 12 percent
assumed for 20 °C (Sakshaug, Kiefer, Andresen 1989).

In conclusion, phytoplankton growth rates at the mixed layer
were on the average 53+22 percent of the maximal rates ex-
pected (0.58 per day) for the ambient temperature (Eppley 1972;
Spies 1987). Maximum growth rates were observed in a non-
bloom assemblage, and lowest growth rates were associated
with low nitrate concentrations at the surface. Growth rates
can be modeled as a function of irradiance, but at saturated
irradiance, they are mainly dependent on the chlorophyll-to-
carbon ratios.

We would like to thank the captain and crew of the RIV Polar
Duke for their help, C. Fair for technical assistance, and E.
Brody for graphics. This project was funded by National Sci-
ence Foundation grants DPP 88-17635 to 0. Holm-Hansen and
M. Vernet and DPP 88-18899 to D. Karl.

References

Cullen, J. 1990. On models of growth and photosynthesis in phyto-
plankton. Deep-Sea Research, 37, 667-683.

Eppley, R.W. 1972. Temperature and phytoplankton growth in the sea.
Fishery Bulletin, 70, 1063-1085.

Holm-Hansen, 0., and M. Vernet. 1990. RACER: Phytoplankton dis-
tribution and rates of primary production during the austral spring
bloom. Antarctic Journal of the U.S., 25(5), 141-144.

Kocmur, S., M. Vernet, and 0. Holm-Hansen. 1990. RACER: Nutrient
depletion by phytoplankton during the 1989 austral spring bloom.
Antarctic Journal of the U.S., 25(5), 138-141.

Laws, E.A., and IT. Bannister. 1980. Nutrient- and light-limited
growth of Thalassiosira fluviatilis in continuous culture, with implica-
tions for phytoplankton growth in the ocean. Linnology and Ocean-
ography, 25, 457-473.

Redalje, D., and E. Laws. 1981. A new method for estimating phyto-
plankton growth rates and carbon biomass. Marine Biology, 62, 73-
79.

Sakshaug, E., D. Kiefer, and K. Andresen. 1989. A steady state descrip-
tion of growth and light absorption in the marine planktonic diatom
Skeletonema costatum. Limnology and Oceanography, 34, 198-205.

Sommer, U. 1989. Maximal growth rates of Antarctic phytoplankton:
Only weak dependence on cell size. Limnology and Oceanography, 34,
1109-1112.

Spies, A. 1987 Growth rates of Antarctic marine phytoplankton in the
Weddell Sea. Marine Ecology Progress Series, 41, 267-274.

Ingestion of phytoplankton
and bacterioplankton by

polar and temperate
echinoderm larvae
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Echinoderm larvae are widely distributed in the plankton of
polar and temperate oceans (Mileikovsky 1971). Although phy-
toplankton are considered to be their primary food source,
recent studies suggest that echinoderm larvae may be nutri -
tionally quite opportunistic. They may assimilate a variety of
dissolved substrates and ingest both autotrophic and hetero-
trophic microbiota (Manahan, Davis, and Stephens 1983; Riv-
kin et al. 1986; Strathmann 1987; Manahan et al. 1990). The
seawater concentration of both dissolved and particulate ma-
terial is spatially and temporally variable, hence the nutritional
modes may differ for larvae in distinct geographic regions or
for larvae from the same region during different times of the
year. As part of a collaborative study to evaluate the nutritional
importance of dissolved and particulate resources, we report

*present address: Ocean Sciences Centre, Memorial University of Newfound-
land, St. John's, Newfoundland, A1C 5S7 Canada.

here the rates of particle ingestion for representative field and
laboratory experiments with morphologically similar echino-
derm larvae from polar (Odontaster validus) and temperate (As-
terina miniata) environments.

Natural microbial populations collected at the ice edge in
McMurdo Sound, Antarctica, and approximately 2 kilometers
offshore of Santa Cruz, California, in Monterey Bay were seri-
ally size fractionated through 64-micrometer and 10-micrometer
Nitex mesh and a 1.0-micrometer Nuclepore filters (designated
the <64-micrometer, <10-micrometer, and <1.0-micrometer
size fractions, respectively). We are assuming that only algae
assimilated the carbon-14 sodium bicarbonate in the <64-mi-
crometer and <10-micrometer size fractions and that primarily
bacteria incorporated methyl, tritiated thymidine in the <1.0-
micrometer size fraction. The <64-micrometer and <10-mi-
crometer fractions were incubated with carbon-14 sodium bi-
carbonate (1-2 microcuries per milliliter final activity) for 6 to
36 hours and the <1.0-micrometer fraction was incubated with
methyl, tritiated thymidine (approximately 7-10 nanomolar
TdR per liter) for 6 to 12 hours. Laboratory cultures of the
chlorophyte Dunaliella tertiolecta were labeled with carbon-14
sodium bicarbonate (1-2 microcuries per milliliter final activity)
for at least 12 hours. Mid- to late-stage bipinnaria larvae were
added to the radiolabelled prey, and after incubating replicate
bottles (n = 3 or 4) for 2 to 6 hours at ambient temperatures in
the dark, the larvae were gently collected onto 73-micrometer
Nitex screening, rinsed several times with ambient tempera-
ture seawater to removing adhering particles and backwashed
into isolation dishes. Using micromanipulation, 8 to 10 larvae
were isolated into replicate (n = 5) scintillation vials, and their
radioactivity was counted using liquid scintillation spectrome-
try (Rivkin, Anderson, and Gustafson in preparation). All sam-
ples were corrected for quench by the external standards
method and for background radiation. The data were tested for
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significance (among replicate bottles within a treatment and
among treatments) using nested and two-way analysis of vari-
ance.

The ingestion of radiolabeled prey has been widely used to
study the dynamics of grazing by crustacean and protozoan
zooplankton; however, it had not been used to measure grazing
in echinoderm larvae. The rates of clearance and ingestion of
D. tertiolecta, common food source, by 0. validus and A. miniata
were compared (figure 1). There were no significant differences
among replicate bottles within a treatment however clearance
and ingestion rates were significantly (p<O.00l) faster by the
temperate than polar larva.

Figure 2 shows the clearance and ingestion rates of naturally
occurring particulate prey by 0. validus and A. miniata. There
were usually no significant differences among replicate bottles
within a treatment. The clearance rates of 0. va/idus for <64-
micrometer and <10-micrometer algae were not significantly
(p=O.l05) different (figure 2A). In contrast, the clearance rates
of A. miniata on <10-micrometer algae were significantly
greater (p<O.00l) than for <64-micrometer algae (figure 2A).
The rates of clearance of the <64-micrometer algae by 0. validus
and A. miniata were not significantly different (p=0.477)
whereas A. miniata cleared <10-micrometer algae significantly
(p<0.001) faster than 0. validus.

The rates of algal ingestion by 0. validus, calculated as the
product of clearance rates and prey carbon per microliter, was
significantly greater (p<O.00l) for <64-micrometer than the
<10-micrometer algal size fraction. In contrast, the rate of
ingestion of <64-micrometer and <10-micrometer algae by A.
miniata was not significantly (p = 0.101) different.

Odontaster validus readily ingested <1.0-micrometer bacteria
and the clearance rates were significantly (p<0.05) greater than
for the <64-micrometer and <10-micrometer algae (figure 2A).
At this time of year, the biomass of phytoplankton is greater
than bacteria in McMurdo Sound (however see Rivkin 1991);
hence, the ingestion rate of bacterial carbon was significantly
(p<0.05) lower than that for phytoplankton carbon. In contrast,
A. miniata did not appear to ingest bacteria.

The rates of ingestion of prey carbon, measured during the
field experiments, were compared with the rates of metabolism

Clearance	 Ingestion
Rate	 Rate

Figure 1. Rates of clearance (in microliters per larva per hour, jiL
larva- 1 h- 1 ) and ingestion (in nanograms of carbon per larva per
hour, ng Carbon larva- 1 h- 1 ) of Dunaliella tertiolecta by Odontaster
validus (darkened bars) and Asterina miniata (cross-hatched bars).
During these experiments, the concentration of D. tertiolecta was
8.9 and 131 micrograms of chlorophyll a per liter, respectively. The
error bars are one standard deviation.
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Figure 2. Rates of (A) clearance (in microliters per larva per hour,
1iL larva- 1 h) and (B) ingestion (in picograms of carbon per larva
per hour, pg Carbon larva- 1 11- 1 ) of the <64-micrometer, <10-mi-
crometer, and <1.0 size fractions of natural planktonic populations
by Odontaster validus in McMurdo Sound, Antarctic, (darkened
bars) and Asterina miniata in Monterey Bay, California (cross-
hatched bars). The experiments were carried out in mid-August
1990 (Monterey Bay) and late December (McMurdo Sound). On the
dates of these experiments, the ambient chlorophyll a concentra-
tions (in micrograms per liter) were: in Monterey Bay, <64-microm-
eter = 2.03 and <10-micrometer = 0.33 and in McMurdo Sound,
<64-micrometer 1.88 and = 10-micrometer = 0.47. Bacterial
abundances in McMurdo Sound were 2.8 x 108 cells per liter. The
error bars are one standard deviation.

(Manahan et al. 1990) and the metabolic carbon demand (table).
Grazing on the natural microbial populations could satisfy 100
percent of the carbon demand of 0. validus but <1 percent of
the metabolic requirements of A. miniata. The metabolic carbon
demands were satisfied when the algal biomass was higher
such as in the experiments where A. miniata ingested D. Tertio-
lecta (compare the table and figure 1). These results suggest
that temperate larvae may have a much higher particulate food
requirement and threshold for clearance than polar larvae.

This project was supported by National Science Foundation
grants DPP 88-18354 and 88-20132 to J.S. Pearse and R.B. Riv-
kin, respectively. We thank John Pearse and Vicki Pearse for
assistance with the grazing experiments in Santa Cruz, Larry
Basch and Gary Allison for maintaining the larval cultures,
Donal Manahan and Ove Hoegh-Guldberg for the unpublished
data on metabolic rates of 0. validus and A. miniata larvae and
ASA Antarctic Services for logistic support in Antarctica.
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Comparison of the rates of metabolism and ingestion, and the
contribution of particulate carbon ingested during the field exper-
iments to the metabolic carbon demand for echinoderm larvae
from McMurdo Sound, Antarctica (Odontaster validus) and Mon-
terey Bay, California (Asterina miniata). Metabolic rate was con-
veiled to metabolic carbon demand by multiplying by the respi-
ratory quotient (RQ = 0.8) and the molecular weight of carbon
(e.g., picomoles of oxygen per larva per hour x 0.8 x 12).

Parameter	 Odontaster validus	Asterina miniata

Metabolic ratea	 5	 200
Metabolic carbon demand 	48	 1,920
Ingestion rate_Algaeb	46	 17
Percent metabolic

carbon demand	 96	 <1
Ingestion rate—Bacteria	 5.4	 —c
Percent metabolic

carbon demand	 11	 -

a In picomoles of oxygen per larva per hour.
b In picograms of carbon per larva per hour.

Not detected.
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Nutrient transport capacities
and metabolic rates

scale differently between
larvae of an antarctic

and a temperate echinoderm

FRASER M. SHILLING* and DONAL I MANAHAN

Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

Animals maintain a tight coupling between nutrient trans-
port capacities and metabolic needs (Schmidt-Nielsen 1984);
excess absorptive capacities are usually not maintained during
development (Buddington and Diamond 1990). This "rule" also
applies to developing marine invertebrates where the maximum
capacity for transport of amino acids from seawater increases
in direct proportion to metabolic rates (Manahan 1990). Here
we report an exception to this one-for-one rule for an organism
developing in Antarctica.

The rate of transport of compounds such as amino acids by
marine invertebrates follows Michaelis-Menten kinetics.
Hence, the amount of substrate removed will depend on the
concentration in the seawater (Wright and Manahan 1989).
Early development of an antarctic asteroid (Odontaster validus)
takes place during austral winter (Pearse, McClintock, and
Bosch 1991) when phytoplankton concentrations in the water
column are low (Rivkin 1991). We tested the hypothesis that
such larvae may have an excess absorptive capacity, relative to
metabolic rate, to compensate for low nutrient concentrations.

*Current address: Department of Physiology, University of Connecticut
Health Center; Farmington, Connecticut 06032.

A similar-sized bipinnaria larva of the temperate asteroid As-
terina miniata was used for comparison. The larvae of 0. validus
were cultured from eggs in 200-liter vessels at - 1.4 °C in the
aquarium at McMurdo Station, Antarctica. The larvae of A.
miniata were cultured from eggs in 20-liter vessels at 15 °C in
California. When larvae were transferred to a new temperature
(e.g., 0. validus from - 1.4 °C to - 1.0 °C), they were given 24
hours to acclimate. For each species, a single cohort of larvae
was used for all measurements of metabolic rates (as oxygen
consumption per larva) and transport kinetics for alanine (af-

%	 %VVIP
Figure 1. Mass-specific rates of oxygen consumption by bipinnaria
stage larvae of Odontaster validus and Asterina miniata (biomass
of larvae given in caption figure 2). The lines above each bar rep-
resents one standard error of the mean. The number of replicates
per temperature ranged from 3 to 9. Rates were measured in par-
allel using two or three Strathkelvin oxygen sensors and meters,
the voltages from which were monitored by an IBM computer using
a software package DATACAN (Sable Systems Inc., Los Angeles,
California) for data acquisition and analysis. (pmole oxygen
ug- 1 h- I denotes picomoles of oxygen per microgram per hour.)

158	 ANTARCTIC JOURNAL



finity for substrate, K,; maximum transport capacity per larva,

Mass-specific metabolic rates of the polar larvae were found
to be much lower than those of the temperate larvae (figure 1).
At 12 °C, larvae of Asterina tniniata had a metabolic rate of 45.7
picomoles oxygen per microgram per hour, compared to 2.2
picomoles oxygen per microgram per hour for larvae of 0.
validus at -2 °C. This 20-fold difference was similar to the
difference (23-fold) found for A. miniata larvae at 15 °C and 0.
validus at -1 T. These temperature ranges represent those
which the larvae of each species would experience in their
respective environments. The metabolic rates measured for 0.
validus presented here were obtained during the 1989-1990 sea-
son (values for A. miniata were obtained in 1990). A similar
difference (20-fold) was found between the metabolic rates of
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Figure 2. Rates of alanine transport (on a per microgram basis) by
bipinnaria stage larvae of Odontaster validus and Asterina miniata
at alanine concentrations ranging from 0.1 to 100 micrometer.
Closed circles (.) represent values for A. miniata, open circles (a)
represent values for 0. validus. A. Comparison of A. miniata at 12
°C and 0. validus at -2 °C. B. Comparison of A. miniata at 15 °C
and 0. validus at -1 °C. Each data point on the graph represents
a single time-course experiment based on 8-10 independent time
points. The lines through the points were calculated using the
values for K and umax obtained from linear regression analyses of
Eadie-Hofstee plots. The kt and Jma, values for 0. validus and A.
miniata are given in table 2. Biomasses (ash-free dry organic
weight) of the larvae were determined as described by Hoegh-
Guldberg et al. (Antarctic Journal, this issue) and were as follows:
A. miniata, 12 °C, 0.60 microgram ± 0.01 (one standard error of the
mean); 15 °C, 0.56 microgram ± 0.01; 0. vaildus, -2 and -1 °C,
1.0 microgram ± 0.02. (pmole alanine ug- 1 11- 1 denotes picomoles
of alanine per microgram per hour. uM denotes micromolar.)

larvae of 0. validus and A. miniata the following season (1990-
1991, see Hoegh-Guldberg, Welborn, and Manahan, Antarctic
Journal, this issue).

In contrast to the large difference between metabolic rates of
each species, the differences between mass-specific alanine
transport capacities were much smaller. At 12 °C, larvae of
Asterina miniata had a maximal transport capacity of 172
picomoles alanine per microgram per hour, whereas the Jma,
for larvae of Odontaster validus was 6.6 picomoles alanine per
microgram per hour, at -2 °C (figure 2A). This represents a
2.6-fold difference, which was similar to the 3.5-fold difference
found for the same comparison at 15 and -I °C (figure 2B,
table 2). Hence, the ratio of amino acid transport capacity to
metabolic rate scales differently between the polar and temper-
ate species. At an environmentally realistic concentration of
amino acid (50 nanomolar) during late austral winter in Mc-
Murdo Sound (see Welborn and Manahan, Antarctic Journal, this
issue), we calculated that larvae of 0. validus (at -2 °C) could
meet 32 percent of their metabolic requirements (see table 1).

Table 1. Comparison of the ratio of nutrient transport rates
to metabolic rates in bipinnaria larvae of antarctic

(Odontaster validus) and temperate (Asterina miniata) asteroids

NOTE: Transport rates were calculated using the K and Jmax values given
in table 2, metabolic rates are from figure 1. Alanine equivalents for
oxygen consumption were calculated using the stoichiometry that 1 mole
of alanine requires 3 moles of oxygen for complete combustion.

Odontaster validus Asterina miniata

Temperaturem	 -2 °C -1 °C	12 °C 15 °C

Transport rate 
at 50 nanomolar	 0.24	0.18	0.45 0.45
Jmax	 6.51	8.55	16.84 29.29

Metabolic rate 	 2.22	4.32	45.75 99.72

Metabolic rate (as Ala - eq . )c	0.74	1.44	15.25 33.24

Percent contribution 	 32.4	12.5	3.0	1.4

Scaling ratioe	 8.8	5.9	1.1	0.9

a In picomoles of alanine per microgram per hour.
b In picomoles of oxygen per microgram per hour.

In picomoles of alanine-equivalents per microgram per hour.
The contribution of alanine transported from seawater to metabolic rate
was calculated for an environmentally realistic concentration of amino
acids (calculated as the ratio of moles of alanine transported at 50
nanomolar to metabolic rate, as alanine equivalents).
The ratio of the maximum transport capacity ( Jma, for alanine and meta-
bolic rate (as alanine equivalents).

Table 2. Kinetics of alanine transport by bipinnaria-stage
larvae of antarctice (Odontaster validus) and temperate

(Asterina miniata) asteroids (from figure 2)

Asteroid	Temperature	K	Jmaxb	 r2

0. validus	-2°C	1.31	6.60	0.80	10
-1 °C	2.35	8.75	0.81	11

A. miniata°	12°C	1.87	17.15	0.90	8
15°C	3.34	30.27	0.90	8

a Micromolar
b In picomoles of alanine per microgram per hour.

Values of n and r2 are from the Edina-Hofstee plots of data given in
figure 2.
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At the same concentration of amino acid, however, larvae of A.
,niniata (12 °C) could supply only 3 percent of their metabolic
needs. The maximum transport capacity for amino acids in
larvae of A. miniata could supply 1.1-times (12'C) and 0.9-times
(15 °C) their metabolic requirements (see table 1). These ratios,
near unity, are similar to those found for larvae of other tem-
perate marine invertebrates (Manahan 1990). In contrast, for 0.
validus, the larvae had a surprisingly high J,,,, capable of sup-
plying 5.9-times (- 1 °C) and 8.8-times (-2 °C) metabolic needs
(see table 1).

The higher ratio of nutrient acquisition rates to metabolic
rates in the polar larva, relative to the temperate larva, will
mean that at a given nutrient concentration, the polar species
will be able to meet a larger proportion of its metabolic costs.
At a concentration of 50 nanomolar amino acid in antarctic
seawater, larvae of Odontaster validus could transport sufficient
substrate to supply 32 percent of metabolic needs. To supply a
third of the metabolic rate, larvae of Asterina miniata would need
an external concentration of 767 nanomolar, a 15-fold higher
concentration. Concentrations of 50 nanomolar and 767 nano-
molar are ecologically realistic in Antarctica (Welborn and
Manahan, Antarctic Journal, this issue) and temperate waters
(Stephens and Manahan 1984), respectively. The different pat-
tern of scaling of energy supply and demand may be an adap-
tation by the polar organism to the low food conditions that are
found for much of the year in Antarctica.

This research was supported by National Science Foundation
grant DPP 88-20130 to D. Manahan. Our thanks to the support

staff at McMurdo Station and to VXE-6 for logistic support and
a good time.
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Seasonal changes
in concentrations

of amino acids and sugars
in seawaters of McMurdo Sound,

Antarctica: Uptake of
amino acids by asteroid larvae

JOHN R. WELB0RN and DONAL T. MANAHAN

Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

Phytoplankton blooms in the region of McMurdo Sound are
highly seasonal and relatively short (Rivkin 1991). Therefore,
developing invertebrates must either do without algal food for
most of the year or use other food sources (e.g., bacteria or
dissolved organic material). Data on the changes in the amount
and composition of dissolved organic material in polar oceans
are scant, primarily due to analytical limitations. As part of a
study to determine the potential role that the uptake of dis-
solved organic material contributes to the nutrition of inverte-
brate larvae, we measured concentrations of specific chemicals
(sugars and amino acids) in seawater with high-performance
liquid chromatography. (For a comparison of algae and bacteria
as sources of food for larvae, see Pearse et al. and Rivkin,

Anderson, and Gustafson, Antarctic Journal, this issue.) Samples
(n = 263) were taken from surface waters (0 meters), the water
column (10 to 100 meters), and the sea-ice interface during the
period from September 1990 to January 1991. Sampling sites
were Hut Point, Cape Armitage, Cape Crozier, and the reced-
ing ice edge. This information, combined with data obtained
during the 1989-1990 season (Manahan et al. 1990), increases
our knowledge of the organic chemistry of waters around
McMurdo Sound and the availability of such material to marine
organisms.

Figure 1 gives representative chromatograms of sugars found
in seawater showing that the dominant sugars are fructose,
glucose, and sucrose. Concentrations of individual sugars in
water column samples were often below the limit of detection
(low nanomolar), but concentrations up to 100 nanomolar were
not uncommon. Much higher concentrations (micromolar) of
individual sugars were routinely found in surface waters under
ice, especially when sea-ice algae began to ablate (figure 1,
December) after which concentrations sharply declined.

As with sugars, amino acid concentrations in the water col-
umn were usually very low (10 to 50 nanomolar), but it was not
uncommon for samples to contain 100 nanomolar (total). Oc-
casionally, concentrations were in the micromolar range (e.g.,
6 December 1990, sample from receding ice-edge, 40-meter
depth, 1.4 micromolar, data not shown). Concentrations of
amino acids at the sea-ice interface and in surface waters near
sea-ice increased dramatically (figure 2, November) as sea-ice
algae began to grow, and concentrations decreased by mid-
summer (January 1991). Of particular interest were samples
from surface waters at the ice edge (figure 2, December) that
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Figure 1. Chromatograms from high-performance liquid chromato-
graphic analyses of dissolved sugars in seawater from sites
around McMurdo Sound (1990-1991 season). All samples for anal-
ysis were gently filtered through a 0.2-micrometer (pore size) filter
and frozen for later analysis (usually within a week) at McMurdo
Station. Sugars were separated on an anion exchange column and
quantified using pulsed amperometric detection. Individual peaks
are: 1, glucose; 2, fructose; 3, sucrose; 4, cellobiose. Concentra-
tions of total sugars vary from 200 nanomolar (September) to 3.2
micromolar (December).

contained very high (at least 490 micromolar total) concentra-
tions of amino acids (figure 2, December) and sugars (glucose,
25 micromolar). Such concentrations are the highest we are
aware of for ocean surface waters.

Having measured the composition and concentration of in-
dividual organic chemicals in seawater, we then determined
how such changes affect the chemistry of invertebrate larvae.
Specifically, for bipinnaria larvae of the asteroid Odontaster vat-
idus, we determined which amino acids found in seawater could
be transported and how changes in the amino acid concentra-
tion of seawater affected both the intracellular free amino acid
pools and the rates of protein synthesis. In the first experiment,
larvae were exposed to a mixture of naturally occurring amino
acids (figure 2, November) added to filtered seawater (0.2 mi-
crometer, pore size). At selected time intervals, concentrations
of each amino acid in the medium were measured with high-
performance liquid chromatography. In the presence of larvae,
neutral amino acids were depleted, but basic or acid amino
acids were not (figure 3, upper diagram), while the control (no

Figure 2. Chromatograms from high-performance liquid chromato-
graphic analyses of dissolved amino acids in seawater from sites
around McMurdo Sound (1990-1991 season). Samples were filtered
prior to analysis (see caption to figure 1). Samples were reacted
with o-phthaldialdehyde, separated on a reverse-phase (C-18) col-
umn and quantified using a fluorescence detector (Lindroth and
Mopper 1979; Manahan et al. 1983). Amino acid concentrations
ranged from 50 nanomolar (September) to at least 490 micromolar
(December, as shown this sample was diluted tenfold prior to in-
jection). (ASP denotes aspartic acid. GLU denotes glutamic acid.
b-GLU denotes beta-glutamic acid. ASN denotes asparagine. SEA
denotes serine. HIS denotes histidine. GLY denotes glycine. ALA
denotes alanine.)

larvae) had no measurable depletion of amino acids. These
findings are in agreement with data for temperate echinoderm
larvae (Manahan, Davis, and Stephens 1983).

In the next set of experiments, larvae were exposed to a
mixture of amino acids for up to 6 days to measure changes in
free amino acid pools and iates of protein synthesis. The mix-
ture used (mole-percents are given in the caption to figure 3)
was based on the molar composition of amino acids previously
found in surface seawater (figure 2, November). A low concen-
tration of larvae was used (1 larva per 2.5 milliliters) such that
no measurable depletion of amino acids occurred during the
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course of the experiments. At day 0, day 3, and day 6, larvae
were removed from the medium, and their amino acid pools
were extracted in 70 percent ethanol. Significant increases in
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Figure 3. Upper diagram: Net uptake of amino acids (measured
with high-performance liquid chromatography) from seawater by
bipinnaria larvae of Odontastar validus. The amino acids were ini-
tially present at 1.5 micromolar (total) (see below) and the concen-
tration of larvae was 302 per milliliter in 20 milliliters (temperature
was -1.8 °C). Lower diagram: Changes in the amounts of individ-
ual amino acids in the free amino acid pools of larvae of 0. validus
(extracted with 70 percent ethanol) after exposure for 0, 3, and 6
days to a mixture of amino acids in seawater (total concentration
of amino acids at 1.5 micromolar). The mole-percent of the mixture
(based on figure 2, November) was alanine 25 percent, glutamic
acid 21 percent, asparagine 19 percent, 3-glutamic acid 13 percent,
asparatic acid 10 percent, serine 5 percent, glycine 4 percent, and
histidlne 3 percent. During the experiment, the medium (filtered
seawater with added amino acids) was changed every 3 days to
avoid any measurable depletion of the substrates. The lack of
change in amino acid concentrations was confirmed with high-
performance liquid chromatography.

the free amino acid pools occurred only in the neutral amino
acids (i.e., those the larvae can transport) and, of those, only
the amino acids representing the smaller mole-percent (alanine,
histidine, serine) in the pools showed a measurable increase
(figure 3, lower diagram). In a series of 1-hour experiments
(coefficient of determination, r 2, values for incorporation rates
were all greater than 0.96), we determined the changes in the
rates of protein synthesis by measuring the rate of appearance
of radioactively labeled alanine in the macromolecular fraction
of larvae (that fraction of the larval homogenate which precip-
itates in 5 percent cold trichloroacetic acid). The rate was cor-
rected for the change in specific activity of the isotope due to
the increase in the amount of nonradioactive alanine in the
intracellular free amino acid pools of the larvae. The rate of
alanine incorporation into protein increased by 2.2-fold and 2.5-
fold (after 3- and 6-day exposure, respectively), when com -
pared to the control (no added substrates).

Larvae of Odontaster validus have the capacity for net uptake
(cf., isotope studies Shilling and Manahan, Antarctic Journal,
this issue) of neutral amino acids from seawater. At concentra-
tions found in surface waters, amino acids do aid in the nutri-
tion of the larvae.

This research was supported by National Science Foundation
grant DPP 88-20130 to Donal T. Manahan. We are grateful to
K. Mopper for advice with the sugar analysis. We would es-
pecially like to thank VXE-6 and Antarctic Support Associates
for their efforts in support of our field work.
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Planktotrophic larvae of the common antarctic asteroid Odon-
taster validus spend at least 6 months in the water column
(Pearse, McClintock, and Bosch 1991) during the austral winter
and spring when primary production is low. Olson, Bosch, and
Pearse (1987) reported that the metabolic rates of larvae of 0.
validus are high (54 to 107 picomoles of oxygen consumed per
larva per hour), comparable to similar-sized larvae of the tem-
perate asteroid (Asterina miniata). If larvae of 0. validus have
high metabolic rates, how do such long-lived larvae survive in
a nutrient-poor water column? As part of a broader study fo-
cusing on the nutrition of antarctic invertebrate larvae (Pearse
et al. and Rivkin, Anderson, and Gustafson, Antarctic Journal,
this issue), we compared the metabolic changes of 0. validus
with those of A. miniata.

Gametes were obtained from ripe 0. validus and zygotes were
placed in four 200-liter vessels (McMurdo Sound seawater, fil-
tered, 0.2 micrometer pore size). Larval cultures were main-
tained at - 1 °C from September 1990 to January 1991. Seawater
in the cultures was changed weekly and food (Dunaliella tertio-
lecta, 5,000-6,000 cells per milliliter) was added biweekly to one
of the cultures (figure 1D). Larvae of A. miniata were reared to
metamorphosis in California (14 °C) on a diet of 5,000 cells per
milliliter of D. tertiolecta (figure 1E).

Seawater used for culturing 0. validus was filtered and con-
tained no measurable amino acids or sugars (measured with
high-performance liquid chromatography) and, hence, the lar-
vae were "starving." Embryos and larvae of 0. validus de-
creased in biomass (ash-free dry organic mass) at a mean rate
of -4.2 nanograms per larva per day (value from figure 1,
blocks A, B, C, and D). When food was added (figure 1D), the
average biomass of the larvae increased at a rate of +3.6 nano-
grams per larva per day. Fed larvae of A. miniata grew at a 16-
fold higher rate of + 55.9 nanograms per larva per day (figure
1E). For 0. validus, the rate of biomass loss, when food was
absent, has an oxyenthalpic equivalent of 11.5 picomoles oxy-
gen per larva per hour (average enthalpies of combustion of
lipid and protein) (Gnaiger 1983). This calculated value for aer-
obically catabolized biomass is close to the values of oxygen
consumption measured using a polarographic microrespirom-
eter (figure 2A, approximately 10 picomoles oxygen per larva
per hour) and independently measured using a coulometric
microrespirometer (figure 2B). Our measurements of oxygen
consumption agree well with those obtained in the preceding
season (1989-1990) (Manahan et al. 1990; Shilling and Mana-
han, Antarctic Journal, this issue).

The rate at which embryos and larvae of A. miniata consumed
oxygen was much higher, ranging from 40 to 500 picomoles
oxygen per larva per hour, with an increase prior to settlement
and metamorphosis (figure 2C). We have found that the meta-
bolic rates of larvae of 0. validus are up to 15-fold lower than
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Figure 1. The change in biomass (ash-free dry organic mass) dur-
ing the development of the polar asteroid 0. validus (graphs A, B,
C, D) and the temperate asteroid A. miniata (graph E). All larvae
were reared in filtered seawater, to which algal food was added at
the indicated time (arrows, D. tertiolecta at a cell concentration of
5,000 to 6,000 cells per milliliter). Each data point represents an
independent measurement. Biomass was measured using an elec-
trobalance (Cahn Model 29) after first washing samples (200-500
larvae) three times with 0.2 micrometer-filtered isotonic ammo-
nium formate solution. Culture A: rate of loss of biomass was -2.8
nanograms ± 0.3 nanograms per day (error = 1 standard error of
slope, n=125). Culture B: rate of loss of biomass was -5.2 nano-
grams ± 0.8 nanogram per day (n=64). Culture C: rate of loss of
biomass was -5.3 nanograms ± 0.5 nanograms per day (n = 89).
Culture D: rate of loss of biomass was -3.5 nanograms ± 0.7
nanograms per day (n = 67), after feeding biomass increased at a
rate of 3.6 ± 0.5 nanograms per day (n = 63). Culture E: rate of gain
of biomass was 55.9 nanograms ± 4.9 nanograms per day (n = 44).
(ug denotes micrograms.)

those reported by Olson et al. (1987). Both our measured (po-
larographic and coulometric) and our calculated (from biomass)
metabolic rates for larvae of 0. validus are in the range of 5 to
15 picomoles oxygen per larva per hour (at - 1.4 °C), contrast-
ing with 74 picomoles oxygen per larva per hour (at - 1.6 °C)
as reported by Olson et al. (1987) (original values given as
nanoliters of oxygen).

How do antarctic larvae survive in nutrient-poor water? The
consequence of having a low metabolic rate is that half of the
initial egg mass of 0. validus could supply the energy require-
ments for the first 6 months of development-the period when
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Figure 2. Metabolic rates during the development of a polar asteroid Odontaster validus and a temperate asteroid Asterina miniata. Eachpoint nt represents an individual measurement made at —1.4 °C (0. validus) and 14 °C (A. miniata) on a separate group of individuals.Metabolic rates of the larvae of 0. validus were measured with (A) Clark-type oxygen microsensors (Strathkelvin Instruments, Glasgow,
United Kingdom) connected to a data acquisition system (DATACAN, Sable Systems, Los Angeles) which monitored three respirometers
simultaneously, and (B) a coulometric respirometer (Heusner, Hurley, and Arbegast 1982), a technique based on the automatic quantitative
replacement of the oxygen consumed by an organism in a closed system with electrolytically generated oxygen. Graph C gives coulometric
measurements of the metabolic rate of A. miniata during complete development from fertilization of metamorphosis. (pmole individual - 1 h - Idenotes picomole per individual per hour.)
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dissolved (Welborn and Manahan, Antarctic Journal, this issue)
and particulate foods (Rivkin 1991) are relatively scarce. Hence,
larvae could survive months without feeding, in contrast to a
predicted survival time of only 1.7 days for starving larvae of
0. validus (Olson et al. 1987). Lower metabolic rates also mean
that larvae would require relatively small amounts of food once
food becomes abundant later in the season. For instance, given
a metabolic rate of 10 picomoles oxygen per larva per hour
(figure 2, A and B; equivalent to 4.8 microjoules per larva per
hour), we calculate that a bipinnaria larva could supply 100
percent of its routine metabolic requirements (oxygen con-
sumption) with a feeding rate of 4.2 algal cells per larva per
hour (one D. tertiolecta equals 1.15 microjoules). Alternatively,
the same metabolic rate could be fueled by 4,185 bacterial cells
per larva per hour (1 bacterium equals 1.15 nanojoules based
on 17 femtograms of carbon per cell), or a utilization of dis-
solved organic material of 3.3 picomoles of alanine-equivalents
per larva per hour (1 mole of alanine requires 3 moles of oxygen
for full combustion). In contrast, larvae of A. miniata would
require 125.6 algal cells, 125,577 bacteria, or 100 picomoles of
alanine-equivalents per larva per hour (based on a metabolic
rate of 300 picomoles per larva per hour, figure 2C). The re-
duced metabolic requirements measured in this study predict
long-term, rather than short-term, survival of asteroid larvae
in antarctic seawater.

This work was supported by National Science Foundation
grant DPP 88-20130 to D. Manahan. We thank J.S. Pearse and
Antarctic Support Associates (especially Kristin Larson for
maintaining animals during the 1990 winter) for assistance dur-
ing this project.
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Current interest in the naturally occurring adhesives of ma-
rine organisms stems from their ability to be secreted and sub-
sequently harden in an aqueous ionic milieu-important prop-
erties for adhesives in biotechnological and biomedical
applications (e.g., see Waite 1987). Marine organisms that con-

struct tubes or shells by organically binding sediment grains
together are particularly attractive systems for bioadhesive
studies. These animals typically possess appendages for the
selection of sediment particles and specialized tissues or organs
for the secretion of bioadhesives; however, such complex activ-
ities also are displayed by several classes of single-celled ani-
mals, most notably the agglutinated foraminifera. The morpho-
genetic process by which these foraminifera use pseudopodia
to select and transport mineral grains to specific sites, then
bind these particles with secreted adhesives to form an archi-
tecturally elegant shell (test), has long fascinated biologists and
might provide new insights into the mechanism of bioadhesive
secretion and function.

To date, several factors have impeded the study of foramini-
feran adhesive materials. Temperate, shallow-water species are
small and difficult to collect in bulk quantities; thus, the isola-
tion of sufficient material for biochemical analysis is impracti-
cal. Large foraminifera are abundant in deep-sea sediments;
however, available sampling methods severely limit yields, and
the pressure and temperature changes during collection make
it extremely difficult to recover undamaged specimens.

An ideal agglutinated foraminiferal species for test morpho-
genetic and bioadhesive studies, Astrainmina rara, is common
in the shallow waters of McMurdo Sound. A. rara's test is a
large, single-chambered sphere (x = 3.2 ± 0.9 millimeter, n = 48;
maximum diameter equal to 5.0 millimeters) housing a massive
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cell body (x = 1.5 ± 0.6 millimeter, n = 48;  maximum diameter
equal to 2.75 millimeters). The presence of a space containing
seawater and pseudopodia between the cell body and test of
A. rara, as well as a thick, tripartite organic lining enveloping
the cell body, enable us to remove intact cells from fractured
tests. The isolated test is then used for analysis of the adhesive
material holding the mineral grains together, while the cell
body will construct another test when incubated with particu-
lates (e.g., sand grains or glass beads). A. rara is particularly
abundant at Explorers Cove, New Harbor (DeLaca 1986) and is
easily collected using established scuba methods. (Yields av-
eraged 339 ± 204 specimens per square meter of sediment col-
lected during the 1990-1991 austral summer.) In deep-sea sam-
pling adverse physiological effects of pressure and temperature
changes are a factor, but with this method, collection depths
do not exceed 28 meters and the water column is isothermal
(- 1.8 °C). Most importantly, specimens have been maintained
in the laboratory for over 4 years, permitting continuous study
in the United States.

A. rara's test comprises a single layer of large, abutting min-
eral grains whose exterior interstices are filled with smaller
particulates, e.g., sponge spicules and diatom frustules (De-
Laca 1986). A comparison of the grain-size distribution of test
material and Explorers Cove sediments indicates that A. ram
incorporates proportionally more coarse grains than present in
situ (figure 1), in contrast to other foraminiferal species that
incorporate proportionally more fine grains (Buchanan 1960).
The architectural benefit (e.g., high tensile strength) of using
large grains versus small grains presumably overrides the en-
ergetic cost for large-particle collection.
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Figure 1. Cumulative frequency curves of particle-size analyses of
(+) sediment from the collection site and () grains comprising
Astrammina rara tests (n=100). Note that A. rara tests have con-
siderably more coarse grains than the surrounding sediment.

Two bioadhesives, distinguishable by their different solubil-
ities in detergents, are present in the tests of A. rara. Small
particles are bound to the test exterior by one adhesive that is
solubilized with the nonionic detergent Triton X-100 (see figure
2, A and B). A second adhesive, which secures the large grains,
is solubilized only in solutions of strong chaotropes (e.g., 6
molar guanidine) containing sulfhydryl reducing agents (e.g.,
0.1 molar dithiothreitol). Preliminary enzymatic analyses mdi-

4

 ig

,

Lg
i$ L

Figure 2. Scanning electron micrographs of Astrammina rara's test. The specimens were fixed with 3 percent glutaraldehyde containing
1.5 milligram per milliliter ruthenium red, post-osmicated, critical point-dried, and coated with gold. A. Fine particulates (*) are seen packed
between large sediment grains (Lg) on the outer aspect of the test. B. This fine material is removed by treatment with the nonionic detergent
Triton X-100.
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Figure 3. Scanning electron micrographs of Astrammina rara's test. The specimens were prepared as described in figure 2. A. Fractured A.
rara test after Triton X-100 treatment, showing adhesive material joining adjacent mineral grains on the inner aspect of the test. B. Closeup
of the boxed area in A, showing the fibrous (arrows) to sheetlike (*) texture of the detergent-resistant adhesive material.

cate that the material cementing large grains in A. rara's test is
a glycoprotein. Ultra structurally, the glycoprotein consists of
thin fibers that occur in branched and anastomosed bundles or
appear fused to form a sheet (figure 3, A and B). Fenestrae
(approximately 100 micrometers diameter) occasionally are
seen to extend through the adhesive layer and, in some in-
stances, contain pseudopodia (not illustrated). These fenestrae
may provide communication with the external environment,
thereby being analogous to pores in calcareous foraminifera, or
they may play a role in test maintenance.

The 1990 field program participants included the authors,
together with Mark S. Cooper, Jeffery L. Travis, Neal W Pol-
lock, and Robert W. Sanders. We are indebted to the Antarctic
Support Associates personnel who helped establish our camp

at Explorers Cove, as well as the pilots and crew of VXE-6. This
work was supported by National Science Foundation grant DPP
89-17375.
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An unusually high proportion of antarctic marine inverte-
brates brood their offspring or produce lecithotrophic larvae,
presumably in response to the short growing season and gen-
erally low levels of planktonic food for larvae in polar regions.
The few successful obligately planktotrophic antarctic forms
seem to be nutritionally opportunistic (Rivkin, Anderson, and
Gustafson, Antarctic Journal, this issue) and have highly sup-
pressed metabolic demands (Manahan personal communica-
tion). It is increasingly evident, however, that some antarctic
echinoderms (e.g., the sea stars Porania antarctica and Acodon-
taster hodgsoni) produce larvae that are nutritional intermediates
of obligately planktotrophic and lecithotrophic forms (Bosch
1989; Bosch unpublished data). These unusual planktotrophic
larvae are provided with large stores of maternal yolk, a re-
source that may reduce their dependence on exogenous food.
Reported here are representative results of studies on the feed-
ing capabilities, energetics, and growth of yolk-rich plankto-
trophic larvae of Porania antarctica.

Adult P antarctica were collected at New Harbor, on the west-
ern shore of McMurdo Sound, in early December 1989 and kept
well fed in aquaria throughout the winter. In September 1990,
males and females were induced to spawn. The average volume
of an egg spawned by I? antarctica was 0.31 cubic millimeters,
corresponding to a dry organic weight of 22.7 ± 1.5 micro-
grams (mean and standard deviation). These values are ap-
proximately 15 and 22 times the volume and dry organic weight
of eggs produced by Odontaster validus, an antarctic sea star
with typical obligately planktotrophic larvae. A similar contrast
in dry organic weight exists between bipinnaria larvae of P
antarctica and 0. validus (24.7 ± 1.6 and 1.0 ± 0.01 microgram
per larva, respectively). Since larvae of the two species have
similar linear dimensions, this contrast is likely attributable to
differences in the concentration of endogenous material, par-
ticularly lipid (figure 1).

The ability of P antarctica larvae to feed on dissolved and
particulate sources of food was assessed using radiolabelled

prey (bacteria or algae exclusively) and individual organic sol-
utes. Brachiolaria larvae removed both a representative amino
acid (alanine) and a monosaccharide (glucose) from seawater
(table) at solute concentrations which are known to occur in
McMurdo Sound (Manahan et al. 1990). At equimolar solute
concentrations, the rate of alanine transport was much greater
than that of glucose. This relationship is well documented for
temperate larvae (Colwell and Manahan 1988). In addition to
feeding on dissolved organics, larvae of P antarctica ingested
and assimilated algae and bacteria (table), as determined by
liquid scintillation counting and tissue autoradiography. These
results confirm other reports of bacterivory by antarctic echi-
noderm larvae (Rivkin et al. 1986; Pearse et al., Antarctic Journal,
this issue). The ability to ingest algal cells, however, had not
been found for P antarctica.

Growth experiments carried out under controlled food con-
ditions confirmed our findings that larvae of P antarctica utilized
algae and bacteria. Larval differentiation and linear growth
were greater in cultures supplied with algae or bacteria than in
natural seawater filtered through a 0.2 micrometer (pore size)
membrane filter (figure 2). Rates of oxygen consumption were
measured for representative larvae from these growth experi-
ments using a polarographic microrespirometer. Based on
these rates and the feeding values reported here, we compared
the potential energy contribution of ingested and assimilated
algae and bacteria to the metabolic energy demands of brachio-
lana larvae. The percentage of energy compensation was con-
siderable but not complete (table). Nonetheless, even in the
absence of particulate food, larvae of P antarctica differentiated
to an early brachiolaria and increased in total length (figure 2).

Contribution of dissolved and particulate sources
of food to the metabolism of

Porania antarctica brachiolaria larvae at -1.0 °C

NOTE: Rates expressed on a per-larva basis. Feeding rates for alanine
and glucose are extrapolated from experiments at 1.0 micromolar. The
particulate foods were obtained from xenic cultures of the chlorophycean
Dunaliella tertiolecta by differential centrifugation and filtration.

Feeding	Assimilation Metabolic Percentage
Food source	rate per hour	ratea	rate 	contributionc

Dissolved
Alanine

(0.1 micromolar) 1.15 picomoles	1.98	5.35	36.9
Glucose

(0.1 micromolar) 0.01 picomole	0.02	5.35	0.4

Particulate
Algae

(104 per milliliter)	3.26 cells	2.71	7.59	35.6
Bacteria

(106 per milliliter)	3229 cells	3.07	5.06	40.4

a In microjoules per hour. To calculate assimilation rates (AR) for dissolved
foods, values for feeding rate (FR) were transformed to units of milli-
grams of carbon per hour and multiplied by the energy equivalent per
milligram of carbon (477 J). AR of particulates = FR x C x 477 where
C is the amount of carbon per cell (in milligrams). D. tertiolecta contains
174 picograms of carbon per cell (Pechenik and Fisher 1979). Based
on volume estimates, the average carbon content of bacteria used in
these experiments is 20 femtograms per cell (Simon and Azam 1989).

b In microjoules per hour. To calculate metabolic rate (MR), the rate of
oxygen consumption (in moles per larva per hour) is multiplied by the
oxycaloric equivalent of metabolism (454 kilojoules per mole of oxygen).
Percentage contribution = (AR/MR) x 100.
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Figure 1. Midsagittal histological sections of a yolk-rich bipinnaria of Porania antarctica (left) and an obligately planktotrophic bipinnaria
of Odontaster validus (right). Darkly stained granules of P antarctica are lipid inclusions. Scale bars represent 01 millimeter. (e denotes
esophagus. m denotes mouth. s denotes stomach.)

The energy contribution of amino acid transport to the devel-
opment of P antarctica can be high (table). Typical plankto-
trophic larvae (i.e., Odontaster validus) also transport amino
acids (Manahan et al. 1990), but under similar "particle-free"
conditions they cease to differentiate and lose biomass (Bosch,
Pearse, and Basch 1990).

Our observations suggest that in addition to bacteria, algae,
and dissolved amino acids, endogenous reserves can make im-
portant energetic contributions to the development of P antarc-
tica. This represents an increased nutritional flexibility relative
to that of typical echinoderm larvae. In oligotrophic waters of
the Antarctic, yolk-rich planktotrophic larvae may gain an ad-
vantage by being less dependent on any particular source of
food.

This research was supported by National Science Foundation
grants DPP 88-18354 and 88-20130 to J.S. Pearse and D.T. Man-
ahan, respectively. We thank K. Larsen and R. Tien for main-
taining adult sea stars through the winter; L. Basch, D. Gus-
tafson, 0. Hoegh-Guldberg, and D. Manahan for assistance
with various aspects of the work; and the staff of Antarctic
Support Associates for general assistance and logistic support.
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J.S. PEARSE, I. BOSCH, V.B. PEARSE, and L.V. BASCH

Institute of Marine Sciences
University of California, Santa Cruz

Santa Cruz, California 95064

Many abundant and widespread animals of shallow antarctic
seas have pelagic, planktotrophic larvae (Pearse, McClintock,
and Bosch 1991). Morphologically similar larvae in temperate
seas presumably feed on phytoplankton (Strathmann 1987).
Nearshore waters of the Antarctic, however, are extremely oh-
gotrophic during much of the year (Rivkin 1991), and few phy-
toplankton cells are available to feeding larvae most of the time.
In particular, one of the most characteristic species in nearshore
antarctic waters, the asteroid Odontaster validus, spawns in late
winter, and the resulting planktotrophic larvae are present in
early spring (Pearse and Bosch 1986; Bosch, Pearse, and Basch
1990), months before the summer bloom of phytoplankton. Pre-
liminary experiments suggested that these and other feeding
larvae of antarctic invertebrates can ingest bacteria, which in
polar seas generally have higher and more equable densities

1000	 D00
ALGAL CELLS/ML

Figure 1. Feeding rates of bipinnarias of Odontaster validus and
Asterina miniata on algal cells (Dunaliella tertiolecta) at four con-
centrations. Data given as means ±1 standard deviation for four
replicates (standard deviation was smaller than symbol for Aster-
ma). Rates were estimated by feeding the larvae carbon-14-labeled
algal cells and determining the amount of label in the larvae and
the food. The larval label (plotted as "cell equivalents") represents
food ingested and assimilated over the course of the feeding ex-
periment (6 hours for 0. validus, 3 hours for A. miniata) as well as
food in the gut at the end of the experiment. Our "cell equivalents"
would equal total cells ingested only if assimilation efficiency was
100 percent and respiration was negligible; actual ingestion rates
were about three times higher for A. miniata. (ML denotes milliliter.
HR denotes hour.)
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than phytoplankton, and which might provide an additional
source of nutrition for larvae (Rivkin et al. 1986). We report
here that the larvae of 0. validus can ingest and assimilate both
algal and bacterial cells, while the morphologically similar lar-
vae of Asterina miniata, an asteroid common along the temperate
shores of western North America, can utilize algae but not
bacteria.

Feeding rates on laboratory-cultured algal cells were concen-
tration-dependent for bipinnarias of both Odontaster validus and
Asterina ininiata, ranging from about 20- to 100-fold greater for
A. miniata than for 0. oalidus, depending on cell concentration
(figure 1). Feeding rates on laboratory-cultured bacteria for bi-
pinnarias of 0. validus were similarly concentration-dependent
(figure 2). The middle concentration of bacteria used (lOS cells
per milliliter) was roughly equivalent to ambient concentrations
in McMurdo Sound at that season (November/December) (Riv-
kin 1991); parallel studies indicate that bipinnarias of 0. validus
are able to ingest both phytoplankton and bacteria collected
from the field as well (Rivkin, Anderson, and Gustafson, Ant-
arctic Journal, this issue). There was no measurable feeding,
however, by bipinnarias of A. miniata on bacteria at 106 cells per
milliliter, the highest concentration examined for 0. oalidus,
and a level comparable to ambient concentrations for these lar-
vae at our temperate site (Monterey Bay, California).

Autoradiographs revealed activity in the gut cells of bipin-
narias of 0. validus fed bacteria labeled with tritiated thymi-
dine, confirming digestion and assimilation of the ingested bac-
teria (figure 3). Similar patterns of activit y were seen in

BACTERIAL CELLS/ML
Figure 2. Feeding rates of bipinnarias of Odontaster validus on
bacterial cells at three concentrations. In parallel experiments with
bipinnarias of Asterina miniata there was no demonstrable feeding
on bacteria at 106 cells per milliliter. Data given as means ± 1
standard deviation for three replicates. Rates were estimated by
feeding the larvae bacterial cells labeled with tritiated thymidine
and determining the amount of label in the larvae and the food.
The data are corrected for direct uptake of tritiated thymidine; up-
take of label was reduced by adding unlabeled thymidine to the
seawater. The larval label (plotted as "cell equivalents") repre-
sents food ingested and assimilated over the course of the feeding
experiment (6 hours), as well as food in the gut at the end of the
experiment. Our "cell equivalents" would equal total cells in-
gested only if assimilation efficiency was 100 percent and respi-
ration was negligible. (ML denotes milliliter. HR denotes hour.)

50 pm
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Figure 3. Autoradiograph (below) and photomicrograph (above) of
nearly adjacent 0.8 micrometer-thick sections of a bipinnaria of
Odontaster validus fed bacterial cells labeled with tritiated thymi-
dine (see figure 2); note intense activity over gut cells, confirming
digestion and assimilation. (S denotes stomach. gm denotes mi-
crometer.)

autoradiographs of bipinnarias of both 0. validus and A. ininiata
fed carbon-14-labeled algal cells. There was negligible activity
in the gut or other tissues of bipinnarias of A. ininiata fed
bacteria labeled with tritiated thymidine, as in those of either
species provided with equivalent amounts of dissolved tritiated
thymidine in 0.2 micrometer-filtered seawater.

These experiments complement our findings from the 1989-
1990 season at McMurdo suggesting that larvae of 0. validus
develop equally well in the laboratory when fed either algae,
bacteria, or fractionated plankton (Bosch, Pearse, and Basch
1990). Those findings were largely confirmed and expanded
upon with experiments done during the 1990-1991 season at
McMurdo; the larvae do equally well whether fed bacteria or a
range of concentrations of algae. In contrast, the morphologi-
cally near-identical larvae of A. miniata failed to develop when
provided only bacteria, and their development and growth was
very sensitive to both type and amounts of algae provided.
There appear to be fundamental differences in the feeding ca-
pabilities of bipinnaria larvae of 0. validus and A. minicita. How
the bacteria are captured and ingested by antarctic larvae—but
not by temperate larvae—and whether they provide an impor-
tant source of nutrition to antarctic larvae remain to be deter-
mined.
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The shallow marine benthic community in Antarctica is
thought to be structured primarily by physical factors such as
ice scour and anchor ice at depths less than 15-30 meters (Day-
ton et al. 1969; Dayton et al. 1974; Pearse, McClintock, and
Bosch 1991). At deeper depths, biological factors such as com-
petition and predation are considered to be more important in
regulating the distribution and abundance of benthic inverte-
brates (Dayton et al. 1974). The extent to which chemical bioac-
tivity may mediate such processes as competition and preda-
tion within the antarctic benthic community has received little
attention (McClintock et al. 1990). The present study docu-
ments the abundance (numbers and energetic density) and
bioactivity of body tissues of three macroinvertebrates which
collectively constitute a conspicuous component of the benthic
fauna of McMurdo Sound, Antarctica. This work is a portion
of a larger program investigating the chemical ecology of ant-
arctic marine invertebrates. The long-term goals of this pro-
gram are to examine the incidence of bioactivity in sessile and
sluggish antarctic marine invertebrates, to isolate and identify
bioactive chemicals, and to evaluate the role of bioactive com-
pounds as feeding deterrents, antifouling agents, and/or com-
pounds that inhibit overgrowth.

Three common groups of marine invertebrates that are
known to harbor bioactive compounds in temperate and trop-
ical latitudes are the tunicates, soft corals and nernerteans
(Faulkner 1984, 1986; Kern 1985). The solitary tunicate Cnemi-
docarpa verrucosa, the alcyonean soft coral Alcyonium paessleri,
and the large nemertean worm Parborlasia corrugatus are polar
representatives of these groups and are common in McMurdo
Sound. To determine the relative abundance of each species,
we placed a minimum of three 20-meter transect lines on the
benthos using scuba at depths ranging from 15 to 30 meters (C.
verrucosa was examined at Danger Slope; A. paessleri and P
corrugatus were examined at Arrival Heights). We counted the
numbers of individuals occurring within 1 meter of each tran-
sect, and we determined the mean sizes of individuals within
the population by collecting a haphazard subsample of individ-
uals and measuring their wet weight. To determine the ener-
getic content of the tissues, subsamples of body components
(C. verrucosa) or whole body tissues (A. paessleri and P corruga-
tus) were lyophilized, weighed, and ground into a fine powder.
We conducted biochemical measurements following the proto-
col of Lawrence (1973). Energetic composition of tissues was
measured indirectly using energy-conversion factors. The en-
ergy content of an intact individual was calculated by multiply-
ing the energy content of the tissue (in kilojoules per gram of
dry weight) by the total dry weight of the individual. Energy
population density values were estimated for each species by
multiplying the energy content of a mean-sized individual by
the mean number of individuals per square meter.

The energetic compositions and numerical and energetic
densities are presented in table 1. In terms of kilojoules per
gram of tissue dry weight, these values are generally higher
than those reported by Dayton et al. (1974) for 19 species of
antarctic sponges. When averaged over the entire study area,
the mean population energetic density values were low com-
pared to some species of large sponges. Nonetheless, all three
species show clumped or aggregated distributions (Slattery et
al. 1990; Heine et al. 1991; McClintock et al. 1991), resulting in
higher population energy densities in some areas. Individual
and population-level energy contents, lack of conspicuous mor-
phological defenses, and sessile or sluggish nature make these
species potentially attractive prey for predatory invertebrates
or fish.
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Table 1. Numerical density, energetic composition, energy content, and estimated population energetic density of the antarctic tunicate
Cnemidocarpa verrucosa, the soft coral Alcyonium paessleri, and the nemertean Parlorlasia corrugatus.

Mean	 Mean
numerical	 Total adult	 energetic

Species	 density	 Energy composition 	 energy content c	densityd

Cnemidocarpa verrucosa 0.4	 15.1 (tunic)
17.7 (body wall)
22.6 (ovitestes)
9.5 (endocarps)

19.6 (gut)
16.3 (branchial basket)

493.0
	

197.0

Alcyonium paessleri
	

6.2
	

16.6 (whole body)
	

99.6
	

102.9

Parborlasia corrugatus	 0.3
	

21.8 (whole body)
	

207.0
	

65.0

a Number per square meter.
b In kilojoules per gram of dry weight.

In kilojoules.
d In kilojoules per square meter.

We tested cytotoxicity of body tissues by preparing aqueous
extracts of body tissues and exposing them to sperm of the
antarctic sea urchin Sterechinus neumayeri. No cytotoxicity oc-
curred in the tunic of Cnemidocarpa verrucosa, but activity was
detected in the extracts of whole body tissues of Alcyonium
paessleri and Parborlasia corrugatus (table 2). Pieces or whole body
tissues were presented to antarctic fish along with pieces of fish
flesh as controls. Trematomus bernacchii rejected pieces of the
tunic and ovitestes, but not the body wall, of C. verrucosa, and
also rejected pieces of the soft coral A. paessleri (table 2). The
antarctic cod Dissostichus mawsoni always rejected whole nemer-
teans, and T bernacchii rejected significantly more pieces of P
corrugatus than controls, but still was capable of ingesting some
nemertean pieces. These results suggest that these species are
chemically bioactive and may explain why few observations of
predation on these species have been observed in the field. The
nature of the bioactive chemical(s) which may be present are
currently unknown. The pH of the tunic and ovitestes of C.
verrucosa was found to be neutral, and the copious mucous
produced by P corrugatus was highly acidic (pH =3.5).

We thank I. Bosch for making the pH measurements of the
mucous of P corrugatus. S. Duncan assisted with bioassays.
This research was supported by National Science Foundation
grant DPP 88-15959 to J.B. McClintock.
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Table 2. Cytotoxicity (sea urchin sperm assay) and
ichthyonoxicity (fish feeding deterrence assay) of the

antarctic tunicate Cnemidocarpa verrucosa, the soft coral
Alcyonium paessleri, and the nemertean Parborlasia corrugatus

NOTE: A plus sign indicates a significant inhibitory effect (p<0.05; Fish-
er's Exact Test or G Test) when compared to seawater (cytotoxicity) or
fish tissue (ichthyonoxicity) controls. A minus sign indicates no significant
effect. An asterisk indicates no test was run.

Cytotoxicity	Ichthyonoxicity
Sterechinus Trematomus Dissostichus

Species	 neumayeri	bernacchii	mawsonii

Cnemidocarpa verrucosa
Tunic extract	 -	 *
Tunic pieces	 *	 +
Ovitestes pieces	 *	 *
Body wall pieces	 *	 -
Endocarp pieces	 *	 -
Intestines	 *	 -
Branchial basket	 *	 -

Alcyonium paessleri
Whole body extract	+	 *
Whole body pieces	*	 +

Parborlasia corrugatus
Whole body extract	+	 *	 *
Whole body pieces	*	 +	 *
Intact whole body	 *	 *	 +
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From an ice observation chamber near Danger Slopes on
Ross Island (figure) (Ray 1973), we observed the behavior of
nototheniid fish during the 1990-1991 austral summer. We ob-
served in 1- to 3-hour sessions, morning or afternoon, on 13
dates from 3 November to 29 November. Snow was removed to
improve light penetration. To help our mapping and to enhance
our ability to judge fish sizes, we suspended objects of known
size through holes drilled. We recorded our observations of
benthic fish, cryopelagic fish, and their responses to seals on
audio tape.

Benthic fish. The only benthic fish we could definitely identify
species were seven Trematomus bernacchi (henceforth called "ber-
nach"), which had a light nape patch. Several other benthic
fish were probably more cryptically marked bernachs, possibly
T centronotus or T hansoni. All of these fish moved in a saltatory
pattern; usually lying in one position for a few seconds, then
flapping the pectoral fins for one to several strokes to a new
position. We determined the time spent at a position for six
bernachs; all had modal stopping times between 5 and 15 sec-
onds with 78 percent of the observed stops lasting less than 15
seconds. Usual distance moved between positions was esti-
mated at one to two body lengths (64 percent of hops).

Some benthic fish ranged at least as far north and south as
the icicles (see figure), moving up and down slope in a sinusoid
fashion. Because we saw three bernachs biting into the sub-
strate, we interpreted the saltatory movement as prey-search
behavior. The primary food of the bernach is cryptic benthic
invertebrates, especially polychaetes (Oliver and Slattery 1985;
Eastman 1985). Sighted and blinded bernachs in aquaria search
for food in a similar saltatory pattern and respond to food
touching the anal and pelvic fins or to hydromechanical stimuli
by turning and biting (Janssen et al. 1990). It is possible that
the fish were patrolling a territory; however, they appeared to
be exploring, not patrolling a border. Two bernachs that en-
countered each other swam parallel to each other for a few
meters, then lay about 1 meter from each other before resuming
parallel swimming. Bernachs in aquaria are territorial, and
sighted and blinded fish engage in biting and tail beating, an

NOH H	AHCL	 -	 J H
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Map of features near the ice observation chamber. The chamber,
near Danger Slopes, Ross Island, was located along a steeply
sloping bottom in about 15 meters of water. Subice structures are
single or cross-hatched. Both the north and south icicle clusters
were about 11 meters from the chamber and measured about 2
meters long. The largest icicle was about 4 meters long and 5
meters from the chamber. The thick shore ice with platelet ice was
about 13 meters from the chamber.

exaggerated body undulation in which one fish directs caudal
thrusts at an opponent.

It is possible that most of the time benthic fish do not move
about. We spotted them only when they were moving; most of
the time, we saw no fish. When bait was dropped through
holes in the ice, many benthic fish were attracted, from a radius
of at least 10 meters. When the bait object was retrieved, these
fish dispersed and disappeared from view.

Cryopelagic and pelagic fish. It was usual for us to observe
borchs, Pagothenia borchgrevinki. Adults (about 20 centimeters
in length) were seen singly and in groups of two or three either
swimming between the platelet ice in the shore ice and the
icicles or swimming along one of the ice cracks. Some medium
borchs (about 12-15 centimeters long) defended the icicle clus-
ters as territories. They chased away smaller borchs but avoided
the large borchs. All borchs investigated cracks and the inside
and outside of icicles; they appeared to bite at food on the ice,
and three times ate amphipods disturbed from an icicle.

Responses to seals. We heard Weddell seals in 11 of 13 sessions
and seen during 5 sessions. Borchs were always visible, even
during seal vocalizations, except when a seal was near them.
As a seal approached to within 10 to 15 meters, the borchs hid
in the ice cracks or among the icicles. Andriashev's observation
(1986) that Weddell seals frequently eat only borch tail ends
may be explained by the observation that the seals bite exposed
borch tails.

We observed benthic fish too infrequently to be certain of
their response to seals; however, a brown fish, swimming past
the chamber with the smooth gliding of the near-benthic Tre-
matomus newnesi, bolted for the bottom when the observer
moved for window cleaning.

Borchs are of particular evolutionary interest because they
are descended from benthic species (Eastman and DeVries
1981). They appear to have adopted the sea ice bottom as an
inverted benthos, eating in part the abundant sea-ice inverte-
brate prey (Garrison 1991), using platelet ice (Andreishev 1986),
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icicles, and cracks as shelters, defending icicles, and perhaps
using the network of cracks as landmarks for navigation. Ju-
veniles of certain benthic nototheniids associate and cling to
sea ice (Andriashev 1970) suggesting that the evolutionary tran-
sition from benthic to cryopelagic habit is a behavioral and
morphological paedomorphosis. Borchs apparently have ap-
plied aspects of their benthic ancestry to their cryopelagic life.

We thank A. P. Andriashev, Russian Academy of Sciences, St.
Petersburg, for discussion. This work was supported by Na-
tional Science Foundation grant DPP 88-16775.
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Our research represents a new approach to the evaluation of
critical periods in the life histories of antarctic fishes—micro-
structural otolith analyses, a technique that can document past
environmental conditions encountered by individual fishes. We
hope that our investigations will advance the use of this new
approach, as well as the use of elemental composition analyses

of otoliths, to determine past environmental and, possibly, food
conditions encountered by antarctic fishes.

Otolith techniques help researchers determine which events
in the life histories of antarctic fish larvae and juveniles have
the greatest influence on growth and survival in those fish that
do recruit. Our goal is to improve our understanding of the
causes underlying the development of early life-history strate-
gies. It should be possible, with further refinement, to combine
a fish's hydrographic history with otolith microstructural stud-
ies, to model factors affecting early life history.

Although the combination of these techniques is still in the
early stages of refinement (Radtke 1988; Townsend et al. 1989),
research has involved the systematic verification of the rela-
tionship between structural and chemical patterns in otoliths
(Radtke 1984; Radtke and Targett 1984; Townsend et al. 1989;
Radtke et al. 1990). Tentative relationships and assumptions in
otolith chemical and structural patterns have been identified.
Still, the research into relationships between strontium-to-cal-
cium concentration ratios and hydrographic conditions should
be considered preliminary, but promising.

Electron microprobe analyses were carried out using wave-
length-dispersive fixed crystal spectrometers on a Cameca Ca-
mebex Microbeam microprobe (see Radtke 1988). Analyses
were made with a square raster of 5-micrometer probe current;
accelerating voltages were 30 nanoamps and 15 kilovolts, re-
spectively.

Samples bombarded with an electron microprobe beam emit
X rays. The wavelength and dispersion of the X rays is unique
to each element and the amount of that element being ana-
lyzed, in this case strontium and calcium. To reduce diffractions
of X rays and increase conductance of the impinging electrons,
the specimens were carbon coated in a carbon evaporator to a
thickness of 25 micrometers. Strontium-to-calcium concentra-
tion ratios were multiplied by 103 for presentation.

The three specimens analyzed were captured during a winter
cruise on the R'V Polar Duke (June through August 1989) along
the Antarctic Peninsula (north to south) using a 60-centimeter,
double-yolked bongo net with mesh sizes of 300 and 500 mi-
crometers. Many other larval fishes of various species were also
acquired during this cruise. They still require further analysis,
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however, as do the preliminary samples discussed in this pa-
per.

Three otoliths of antarctic icefish were analyzed using the
electron microprobe. The strontium-to-calcium concentration
ratio profiles of two specimens of Chionodraco rastrospinosus
(same total lengths) captured at different stations and one spec-
imen of Chaenodraco wilsoni captured at yet another station are
represented in the figure (blocks A, B, and Q. Blocks A and B
of the figure represent strontium-to-calcium ratio profiles of
juvenile Chionodraco rastrospinosus captured in the Antarctic
Peninsula region in 1989. Both fishes (A and B) exhibit a prom-
inent peak in the strontium-to-calcium concentration ratio at
approximately 50 micrometers from the origin of the probe
transect, but the Y intercepts differ between the two fishes of
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Strontium-to-calcium (Sr/Ca) ratio profiles of juvenile Chionodraco
rastrospinosus and a Chaenodraco wilsoni juvenile captured in the
Antarctic Peninsula region. (TL denotes total length. mm  denotes
millimeters. iim denotes micrometers.)

the same total lengths. This could be attributed the inconsistent
origin of the probe track or different hydrographic conditions
at the time of hatch. The probe transect for the otolith, repre-
sented by the plot in block B of the figure, actually extends
beyond both sides of the nuclear region; that is, the transect
was started just outside of the prominent nuclear check, going
through the nucleus and out to the margin of the otolith. Both
fishes of the same total length (471 millimeters) also exhibit
another sharp peak at around 100 micrometers, possibly indic-
ative of cohorts. Both of the probe shots at the margins of each
otolith are similar in concentration ratios (approximately 2.5 to
3.0), perhaps indicative of the temperature in similar water
masses at the time of capture and, again, of cohorts. This con-
clusion, however, remains to be verified and its significance
remains to be tested.

Block C of the figure is a strontium-to-calcium profile of a
Chaenodraco wilsoni juvenile captured during the same cruise as
those fishes represented in blocks A and B, but it was captured
at a different station and is of a different species. The dissimi-
larity of the curve may indicate species specificity or may be
characteristic of the water masses encountered by this partic-
ular fish. This profile is similar in two characteristics to those
of blocks A and B; that is, it exhibits a prominent peak in the
ratio at approximately 50 micrometers from the origin of the
probe transect and the ratio at the margin is approaching sim-
ilar concentrations. The magnitude and temporal (as related to
distance in micrometers from the core) pattern of fluctuations
most likely represents the hydrographic conditions that occur
at the sample site.

Here we discussed the use of otolith microincrements for
aging purposes and the measure of strontium-to-calcium con-
centration ratios to establish water temperatures and migra-
tional history during the calcium carbonate deposition process.
The preliminary chemical analyses of antarctic juvenile fish
otoliths (see blocks A, B, and C of the figure) demonstrate the
utility of these techniques. The tentative assumptions regard-
ing their interpretation and the application of the technique to
these fishes, however, remains to be verified. Nonetheless, evi-
dence presented in our studies (see Radtke 1984; Radtke 1989;
Radtke et al. 1990; Townsend et al. 1989) suggests that otolith
microstructures and chemistry record life-history changes. We
are striving to unite elemental analyses with microstructure
analyses to provide a new level of life-history information.

Calculating individual fishes' hydrographic histories using
the electron microprobe is potentially a very useful and pow-
erful technique. Yet before application of this technique be-
comes more widespread, we hope to scrutinize its precision in
greater detail. The problems associated with strontium-to-cal-
cium ratios are most likely related to ontogeny, salinity differ-
ences, temperature differences, growth, food preferences, and
physiological stresses (Townsend et al. 1989), all of which can
create experimental artifacts and a host of other factors not yet
discovered. Once a definitive correlation can be identified be-
tween environmental regime, however, and strontium-to-cal-
cium incorporation (in the discussed species) as related to crys-
tallography can be identified with further research, we can then
proceed to develop models to outline the physiological mecha-
nisms involved in the growth and development of larval fish
and their otoliths.

Thanks are due to the crew and staff of the R/V Polar Duke
and the staff of Palmer Station for help in collections sample
preparation and data analyses. This research was supported
by National Science Foundation grant DPP 88-16521.
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The domain organization
of antarctic fish tubulins:

Implications for microtubule
assembly at low temperature
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The coastal fishes of the Antarctic diverged from temperate
fishes approximately 40 million years ago as the southern
oceans began to cool (DeWitt 1971). Subjected to the selective
pressure of an increasingly severe thermal environment, the
antarctic fishes evolved over time cellular and molecular adap-
tations that maintain appropriate biochemical reaction rates
and equilibria at their now chronically low body temperatures
(- 1.9 to + 2 °C). Our recent studies have been focused on the
molecular adaptations that enable the microtubules of antarctic
fishes to assemble and function efficiently in such an extreme
thermal regime. In this report, we consider evolutionary con-
straints imposed by the domain structure of antarctic fish tu-
bulins.

Microtubules are major components of the eukaryotic cyto-
skeleton, and they are composed of two classes of protein
subunits, tubulin alpha-beta dimers and the heterogeneous
microtubule-associated proteins (MAPs). Polymerization of mi-
crotubule proteins is an entropically driven process mediated
largely by hydrophobic interactions, and, consequently, micro-
tubule formation is favored by high temperatures (Correia and
Williams 1983). The microtubules of mammals, for example,
assemble from their subunits at 30-37 °C and depolymerize at
low temperatures (0-4 °C). Antarctic fish microtubules, by con-
trast, polymerize and function at subzero body temperatures.

We have shown previously that the molecular adaptations
responsible for the efficient low-temperature polymerization of
the cold-stable microtubules of antarctic fishes reside in their
tubulin subunits (Williams and Detrich 1986; Detrich, Johnson,
and Marchese-Ragona 1989; Detrich et al. 1990; see also Wil-
liams, Correia, and DeVries 1985), perhaps largely in their
unique alpha chains (Detrich and Overton 1986; Detrich, Pra-
sad, and Luduefla 1987). Surprisingly, these adaptations in-
clude an increased reliance on entropy-driven molecular inter-

actions at sites of tubulin-tubulin contact in microtubules
(Detrich, Johnson, and Marchese-Ragona 1989). Thus, mitiga-
tion of the destabilizing influence of low temperatures on mi-
crotubule assembly has been achieved through evolution of
tubulin dimers that form increased numbers of, and/or
stronger, hydrophobic interactions (or both). During the past
year (1990-1991), we sought to determine whether the molec-
ular adaptations present in antarctic fish brain tubulins include,
or have been accompanied by, changes in the three-dimensional
organization of their structural domains.

In mammals, each of the monomers of the native brain tubu-
lin alpha-beta dimer appears to be folded to give a bibbed
structure composed of larger amino-terminal (N-terminal) and
smaller carboxy- terminal (C-terminal) globular domains
(roughly two-thirds and one-third of each subunit, respec-
tively) linked by an exposed, protease-sensitive connecting re-
gion (Mandelkow, Herrmann, and Ruhl 1985; Sackett and Wolff
1986). In addition, a short (approximately 40 amino acid), ex-
tended, highly acidic carboxy-terminal tail terminates each
chain (reviewed by Sullivan 1988). To determine whether brain
tubulins from antarctic fishes share this three-dimensional or-
ganization, we subjected native brain tubulins from an antarctic
cod, Notothenia gibberifrons, and from the cow, Bos taurus, to
limited proteolysis at 0 °C followed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (for methods, see Sackett
and Wolff 1986). The figure presents domain maps (derived
from the electrophoretic data) for alpha and beta tubulins from
the fish and from the mammal. Clearly, alpha tubulins from
these organisms are organized similarly, as are their beta
chains. Trypsin or pronase cleaved the alpha chains at an in-
ternal site to yield amino-terminal fragments of apparent mo-
lecular weight (M,,)	38,000-39,000 and carboxy-terminal
fragments of M,	18,000-19,000, whereas chymotrypsin
clipped the beta subunits internally to give N-terminal peptides
of M,, 34,000-35,000 and C-terminal fragments of M,,,
22,000. Subtilisin removed small, acidic peptides (M, ,, 4,000)
located at the extreme C terminus of each subunit (the fish
alpha chain was cleaved more slowly than the cow alpha; cf.
Detrich, Prasad, and Luduena 1987), while V8 protease cut the
"tails" of the beta chains only. The near-perfect interspecific
concordance of the cleavage maps for each chain type demon-
strates that the tubulin monomers of antarctic fishes fold in
three dimensions to yield structural domains that resemble
those of the corresponding mammalian subunits. Evidently, the
molecular adaptations present in antarctic fish tubulins evolved
within the context of structural constraints imposed by conser-
vation of the tertiary structure of the dimer.
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Field studies were conducted at Palmer Station from mid
March to late April 1991. We gratefully acknowledge Robley C.
Williams, Jr., of Vanderbilt University, Silvio P. Marchese-
Ragona of Pennsylvania State University, and William D. Singer
of the University of Kansas for their participation in the field
research program. We thank the captain and crew of RIV Polar
Duke and the personnel of Antarctic Support Associates for the
excellent support that they provided to our project. This re-
search was supported by National Science Foundation grant
DPP 89-19004.

Mra X 10

10	20	30	40	50	60

	

Ng	 T,P	S

a	I	 V	Mra 57,000

	

Bt	 A	A
T,P	S

	

Ng	
C	 S, V8

13	I	 A	A	Mra 56,000

	

Bt	 c	S, V8

Domain maps of native brain tubulins from an antarctic fish and a
mammal. Shown by linear position within the primary sequences
of the alpha- and beta-tubulin monomers are the major sites sus-
ceptible to proteolytic cleavage at 0°C by trypsin (T), chymotrypsin
(C), pronase (P), subtilisin (5), or V8 protease. For each monomer,
cleavage sites for tubulins from an antarctic cod, N. gibberifrons
(Ng), and from the cow, B. taurus (Bt), are presented above and
below the line, respectively. To preclude polymerization during
digestion, each tubulin was preincubated with colchicine prior to
addition of protease (Detrich, Prasad, and Ludueña 1987). M ra de-
notes apparent molecular weight.

Further experiments performed at Palmer Station during the
1990-1991 field season addressed three other project objectives.
To evaluate potential functional adaptations located within
their carboxy- terminal tails, we and graduate student William
Singer examined the polymerization of antarctic fish brain tu-
bulins following modification of these regions by proteolysis or
by neutralization of carboxyl groups. We also continued studies
of the polymerization of tubulin purified from eggs of N. con-
iceps neglecta. Finally, project members Silvio Marchese-Ragona
and Robley Williams purified and characterized samples of cy-
toplasmic and flagellar dyneins from antarctic fishes for future
research on cold adaptation of these important mechanochem-
ical MAPs.

To support our research, we obtained specimens of two no-
totheniids, N. coriiceps neglecta and N. gibberifrons, and one ice
fish, Chaenocephalus aceratus, by bottom trawling from RIV Polar
Duke south of Low Island and in East Dallmann Bay near Bra-
bant Island. Fishes were transported to Palmer Station where
they were maintained in seawater aquaria at 0 to +2 °C.
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We arrived in Admiralty Bay, King George Island, on 8 Oc-
tober 1990 and departed on 23 February 1991. The bay and the
surrounding waters were free of ice upon our arrival and had
been all winter except for two brief freezes in May and late
August (Arctowski Station personnel personal communica-
tion). We focused on two continuing investigations during the
season; a demographic study on Adélie, chinstrap, and gentoo
penguin populations and the diving and foraging behaviors of
the Adélie and gentoo.

The demographic study entailed following a random sample
of 200 breeders of each species, plus all known-age birds,
through the reproductive season. This effort began upon our
arrival in October and ended with the fledging of chicks in
January and February. Ten years of this study have demon-
strated an inverse relationship between the overwinter survival
of Adélies and chinstraps (Trivelpiece et al. 1990a); for mild/
light pack-ice winters such as the 1990 winter, Adélies have
shown low over-winter survival and chinstraps the opposite.
Yet, for the second consecutive year, both Adélie and chinstrap
populations have had large, concurrent declines, indicating
poor overwinter survival for both species. The emphatic rever-
sal of such a long-term pattern suggests that other factors, such
as changes in pack-ice conditions, may play an important role
in antarctic ecosystem dynamics. As members of the new Ant-
arctic Marine Long-Term Ecological Research study, we hope to
address issues such as this.

Adélies and chinstraps continued to do poorly throughout

the breeding cycle, and reproductive success was very low, with
less than 0.5 chicks fledged per pair for both species. For Adé-
lies, this is the worst fledging rate recorded in 10 years at this
site.

Although gentoos fared better than their congeners, it was
still a mediocre season. The population declined for the third
consecutive year, although not as drastically as the other two
species. Like Adélies, this season had the lowest reproductive
success ever recorded at this site for gentoos. The fledging rate
was well below the previous nadir of 0.9 chicks fledged per
pair in 1981-1982.

The telemetry study focused on breeding Adélies and gen-
toos with two chicks. The procedures for transmitter and time-
depth recorder application and data collection were similar to
those used in the previous season (see Trivelpiece et al. 1990b).
We monitored foraging trip durations, recorded dive profiles,
and collected stomach samples of the study birds; concurrently,
stomach samples of previously unhandled birds were taken as
controls. Analysis of the dive patterns and stomach contents
continue to yield information about the birds' foraging activities
and the development of time budgets for trips to sea.

We had a surprise visit from an immature emperor penguin
in November, the first recorded for this site. The usual few
macaroni penguins made their appearances, as well.

We thank the crew of the R!V Polar Duke and the U.S. Ant-
arctic Program for logistical support and members of the XIV
and XV Polish Antarctic Expeditions for their hospitality and
assistance. This research was supported by National Science
Foundation grant DPP 88-15878.
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We are examining the energetics, behavior, and foraging ac-
tivities of Adélie penguins (Pygoscelis adeliae) at a rookery near
Palmer Station. Our project concerns reproductive effort in
males and females in species with monogamous breeding sys-
tems and extensive parental care by both sexes. Adélies are
good subjects for these studies because of their abundance,
tameness, and accessibility.

Reproductive effort is the investment of energy and materials
a parent allocates to reproduction, as opposed to growth and
maintenance. As such, it includes energy expenditures for
courtship, incubation, and foraging to provide food for chicks,
and the energy equivalence of eggs and of the overall mass
change of the adults during the breeding season (because of
extensive fasting, Adélie parents often lose 20 percent or more
of their initial mass). Measurements of reproductive effort pro-
vide important insights into the cost of reproduction—that is,
the theoretically predicted decrease in future reproductive suc-
cess caused by reproductive effort during a given breeding
event. It is generally assumed that reproductive effort and cost
of reproduction are correlated—if reproductive effort in a given
breeding season is high, then the impact on future breeding
success should also be high. Additionally, reproductive-effort
data can be used to calculate the food resources adult penguins
require for reproduction at different stages of the breeding
cycle, and (together with information on the rate of food con-
sumption by chicks) the total energy flux through a penguin
colony.

A major problem in studying reproductive effort is separating
the energy allocated to reproduction from the rest of the par-
ent's energy budget. In our study, we are using a combination
of behavioral observations, isotopic measurements of body
composition (ratio of lean to fatty tissue) and of field metabolic
rates, and time-depth recorder data on foraging behavior to
assess reproductive effort at various stages of the breeding
cycle. Results from these methods will be analyzed along with
data from previous metabolic and behavioral studies (e.g.,
Trivelpiece, Trivelpiece, and Volkman 1987; Chappell et al. 1989;
Chappell, Morgan, and Bucher 1990) to provide quantitative
estimates of reproductive effort.

During the first field season (October 1990 through February
1991), we banded several hundred adults during the initial
courtship phase and followed the progress of banded pairs

throughout the breeding season. These studies provided back-
ground data on incubation and foraging schedules, hatch
dates, and chick growth rates. Body composition, field meta-
bolic rates, and time-depth recorder studies were performed
on well-known individuals at standardized times in the breed-
ing cycle.

Adélies began arriving in colonies in early October and most
breeding adults were present by the end of the month. The first
eggs appeared on 7 November, with the peak of egg-laying
around 14-20 November. Hatching began on 9 December. The
first fledgling occurred approximately 1 February 1991, and
most chicks had departed to sea by 28 February. Censusing
indicated that the 2,800 breeding pairs in the colonies we stud-
ied produced approximately 5,600 eggs and 2,900 fledglings,
for an egg-to-fledgling survival rate of about 52 percent. Most
of this mortality occurred during incubation and the early
stages of chick rearing as a result of nest flooding and predation
by brown skuas. We also observed intense predation on adult
penguins by leopard seals. Approximately 12.5 percent of
banded adults disappeared during the season.

We made 71 measurements of field metabolic rate. These
were divided approximately evenly among males and females
and among four stages of the breeding season (courtship, in-
cubation, care of uncreched chicks, and care of creched chicks).
We obtained an additional 20 measurements of body composi-
tion.

Behavioral observations and daily nest inspections indicated
that cumulative incubation times were longer for males than
for females, but the sexes shared chick feeding duties approx-
imately equally, as reported previously (Ainley LeResche, and
Sladen 1983; Trivelpiece et al. 1987). Proportional mass losses
over the season were roughly equivalent in both sexes. These
data suggest approximate equivalence in reproductive effort
among males and females (as theory would predict for monog-
amous breeders). These indirect estimates will be refined when
field metabolic rates and body composition data have been ana-
lyzed.

We obtained time-depth recorder data from 27 birds during
the chick-feeding stages. (An additional two failed to return
from foraging; presumably they were killed by leopard seals).
The sample population spent about 35-40 percent of the total
period of time-depth recorder deployment in the water, even
during the period when they were feeding creched chicks.
These data contrast with other reports (Ainley et al. 1983;
Trivelpiece et al. 1987) which indicate that parents of creched
chicks spend more than 90 percent of their time at sea. We
recorded about 8,400 dives deeper than 4 meters during
roughly 430 hours of swimming. Of these dives, some 5,900
were assumed to be feeding dives (long duration, deep, usually
with a substantial period spent at maximum depth) and the
remainder were assumed to be traveling dives (short duration,
shallow). Preliminary analysis of diving behavior did not reveal
significant differences between males and females. Adélies at
Palmer foraged throughout the day, but most frequently during
the midday period (0800-1700 local time). The maximum re-
corded depth was 87 meters. Most foraging dives were to 15-
50 meters, with a mean depth of about 26 meters (figure 1).
The deepest depths were attained primarily during the daylight
hours. Diving appeared to be aerobic, with a maximum ob-
served submergence time of 2.7 minutes and a mean of about
1-1.2 minutes during foraging dives. Not surprisingly, there
was a strong positive correlation between maximum dive depth
and dive duration (figure 2). Surface intervals between dives
were weakly correlated to dive duration. While foraging, Adé-
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Figure 1. Relationship between time of day and depth and fre-
quency of diving for Adélie penguins foraging near Palmer Station,
Antarctica. The two horizontal axes represent time of day (in 1-
hour intervals) and maximum dive depth (in 1-meter intervals),
respectively. The vertical axis is the frequency of occurrence of
each combination of time and depth. The figure excludes data from
traveling dives (see text) and from all dives with maximum depths
less than 5 meters. N =5,900 dives by 27 penguins.

lies spent most of their time submerged; typical foraging bouts
lasted 20-60 minutes and included 10-40 dives. Travel time
between colonies and foraging sites varied widely. Some birds
traveled for 2-3 hours before commencing foraging dives, but
many others began foraging activities within 10-15 minutes of
departure.

This research was largely supported by National Science
Foundation grant DPP 89-17066. We are grateful to the Palmer
Station staff and to members of other research teams for their
invaluable assistance at various stages of our work.

Figure 2. Relationship between dive duration and maximum depth
for Adélie penguins during foraging near Palmer Station, Antarc-
tica. The two horizontal axes represent maximum dive duration (in
10-second intervals) and maximum dive depth (in 1-meter inter-
vals), respectively. The vertical axis is the frequency of occurrence
of each combination of dive duration and maximum depth. The
figure excludes data from traveling dives (see text) and from all
dives with maximum depths less than 5 meters. N = 5,900 dives by
27 penguins.
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In this third season (1986, 1989) of the study of emperor
penguin colonies in the Ross Sea, we introduced several new
procedures, all of which were highly successful. The first was
deployment of the field camp at Cape Washington by twin-
otter. This precluded the need for an air drop or long traverse,
and the camp was established by 15 October, the earliest siting
of the camp yet. This early arrival was possible because of the
first-ever transport of the twin-otter to the Antarctic within
an Air Force C5 from Port Hueneme, California to McMurdo
Sound with a stopover in Christchurch, New Zealand.

It was also an exceptionally early beginning for U.S. Navy
helicopter operations when three of the team were transported
to Cape Crozier on 11 October for an early season census of
the emperor penguin colony. The colony has grown signifi-
cantly in the last few years and now numbers about 300 chicks.
A count later in the season on 18 December, just before fledg-
ing, indicated that chick mortality had been low since October.

For the first time in a single season, the other five colonies
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Figure 1. The seal exclusion cage partially underwater at the ob-
servation site. When fully in place, the top of the seal exclusion
cage is flush with the sea ice.

were either visited or surveyed during a close aerial pass. At
each colony, we took a census, and we analyzed colony struc-
ture, distribution of the colony on the sea ice, and sea-ice con-
ditions. Coulman Island is, without question, the largest colony
in terms of both the number of birds and the area it occupies.
Total counts and ice conditions are under analysis.

The central study site was Cape Washington. We conducted
three major studies there, two of which were new to penguin
studies. The new studies were underwater observations of em-
peror penguin predator-avoidance strategies and satellite track-
ing of the birds. The latter was in collaboration with French
scientists conducting nearly simultaneous tracking experiments
at Dumont d'Urville. The analysis of the tracking studies are
in progress, and it appears that the penguins may routinely
travel 200 kilometers from the colonies during their approxi-
mately 10-day foraging trips.

The predator avoidance studies were done at the ice edge
about 3 kilometers from the colony. An innovation was the
employment of a seal exclusion cage (figure 1). The cage kept

Figure 2. A view from the seal exclusion cage of birds accelerating
toward the exit hole. Note the turbulence rings on the breast feath-
ers of the two upright birds, and the jet-like stream of bubbles
emanating from the middle bird.

the observers from being distracted or intimidated by patrolling
leopard seals and enabled us to make concentrated observa-
tions of the birds. Conditions were ideal: water visibility was
slightly more than 70 meters, and several hundred penguins
per hour were passing by for close observation. The results of
several hours of videotape are being analyzed for behavioral
responses and speed estimates of the birds (figure 2).

Finally, 15 to 20 good dive records were obtained for deter-
mining the foraging characteristics of the birds. These records
consist of about 25,000 total dives. The results show that the
birds range widely throughout the water column from about 50
meters to 500 meters depth.

We are especially grateful to Dave Bresnahan whose re-
sourcefulness made possible the twin-otter air support. We are
also grateful for the support of the Italian antarctic program
and Helicopters New Zealand for logistic and air support at
Cape Washington, Coulman Island, Cape Roget, and for our
timely return to McMurdo Station. Steve Kottmeier, Jill Verey-
ken, and their staff went the extra mile to ensure success and
comfort of our program. This work was supported by National
Science Foundation grant DPP 87-15863.
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pelagic seabirds and antarctic

krill at South Georgia
during austral winter 1991
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WE MORRIS, G.A. NEVITT, and G.T. SMITH

Department of Zoology, NJ-15
University of Washington
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We visited the waters of South Georgia aboard the R/V Polar
Duke in June and July 1991 to study the foraging dynamics of
winter resident seabirds. We focused our attention on antarctic
krill and those predators that feed upon krill, both because of
the prevalence of krill in the diets of antarctic seabirds (Prince
and Morgan 1987) and the ease with which krill can be detected
with echosounders and sonars (Miller and Hampton 1989). Our
major objective was to devise mathematical models that could
predict the spatial dispersion of a population of seabirds, based
on knowledge of the spatial dispersion of their major prey. To
this end, we collected extensive data on the foraging behavior
of the most common species of seabirds present. Our findings
are summarized below.
• We found that krill is abundant but highly dispersed at South

Georgia in winter. Our combined net and acoustic survey
(figure 1) showed that krill was abundant but rarely was
aggregated into large swarms, on the South Georgian shelf.
The largest swarm we detected was approximately 1,000 me-
ters across and 100 meters deep, and the total number of
swarms detected during 1,300 nautical miles of transect, was
86. We captured "subadult" (22-35 millimeters) krill (up to
50 individuals per haul) at 12 of 18 stations sampled over the
South Georgia shelf using a 1-meter Isaacs-Kidd Midwater
Trawl. Of 66 diving petrels that we caught on board at night,
30 contained food and 29 contained Euphausia superba (krill)
of the same size as those we caught in the nets. There were
30 trawlers fishing the area at the time, each apparently
catching up to 200 tons of krill per day. One of the only
quantified surveys of winter krill abundance at South Geor-
gia was conducted in 1983, an anomalously poor year for krill
in which many krill predators failed to raise young (Hey-
wood, Evenson, and Priddle 1985). During the 1983 cruise,
the mean krill catch was about six individuals per 100,000
cubic meters of water filtered with a net having an 8-square-
meter opening. We had no flowmeter, so we did not estimate
volume of water filtered, but we caught up to 50 individual
E. superba towing a net with a 1-square-meter opening: cer-
tainly such a disparity suggests that krill were much more
numerous at South Georgia in the winter of 1991 than in
1983.

• We found that birds that eat krill are statistically associated
in space with krill swarms. By catching birds on board at
night and pumping their stomachs, we were able to deter-
mine what they were eating. The only species we captured
in substantial numbers were common diving petrels (Peleca-
noides urinatrix exsul) and Kerguelen petrels (Pterodroma bre-
virostris); these were also two of the most abundant species

Figure 1. Distribution of subadult krill (Euphausia superba only) off
South Georgia, July 1991. Each dot represents a haul lasting 20
minutes and reaching a depth of 200 meters, using a 1-meter
Isaacs-Kidd Midwater Trawl. Largest dots represent more than 50
individuals per haul; open circles represent zeroes. Dotted line
indicated approximate position of the shelf edge.

we observed. Of 30 diving petrels whose crops contained
food, 29 contained F. superba. Of three Kerguelen petrels
whose crops contained food, all contained fish parts (most
likely lanternfish) but no krill. The difference in spatial as-
sociation between each of these two species and krill is clear
in figure 2: diving petrels, which eat krill, tend to track krill
in the environment, whereas Kerguelen petrels, which eat
other prey, apparently do not track krill.

0 From our data, we believe that foraging seabirds cue in on
groups of feeding fur seals. We found that each of the large
groups of feeding fur seals we encountered was attended by
numerous foraging seabirds. It was clear that the birds had
seen the groups of seals and were searching for food in their
vicinity. This association is consistent with the notion that
birds search for krill by investigating groups of feeding seals
that they encounter (Harrison et al. 1991).

• We observed that seabird species that feed on squid and fish
forage in different places than do species which feed on krill.
Krill specialists (common diving petrel, figure 3A; cape pi-
geon; black-browed albatross) were most numerous close to
shore, whereas species that eat squid and fish (Kerguelen
petrel, figure 3B) were more numerous offshore.

• We believe that pelagic birds alter their behavior near food
patches (auxiliary project with G.A. Nevitt). We conducted
preliminary experiments to determine whether artificial
patches (chum slicks) could influence seabird foraging be-
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Figure 2. Relationship between krill abundance, estimated from net
hauls, and abundance of two species of seabirds. Data summed
over 5-nautical-mile intervals. A. Common diving petrel. Spearman
r=0.607, p<.001. B. Kerguelen petrel. Spearman r= —0.202,
p zz0.05. (NM denotes nautical mile.)

havior. We found that blue petrels, cape petrels, antarctic
petrels, and southern giant petrels responded within 5 min-
utes to the ejection of a chum slick over the side of the ship
by flying in a zigzag searching pattern upwind toward the
slick, circling directly over the slick, or landing on the slick.
These behaviors ceased within 1 hour, when the slick had
dispersed, and did not occur in response to a "control" slick
consisting of vegetable oil. These observations support ear-
lier work (e.g., Hutchinson and Wenzel 1980) that procellarii-
formes are sensitive to olfactory cues.

S In an auxiliary project, "Stress Response by Seabirds to Ad-
verse Weather Conditions," John Wingfield, C. Troy Smith,
and their colleagues have recently uncovered evidence that
birds encountering stressful conditions (such as might result
from reduced rate of food intake due to bad weather) pro-
duce elevated quantities of corticosterone, which in turn af-
fect the birds' foraging and reproductive behavior. In light of
this finding, Smith measured blood corticosterone levels div-
ing petrels caught on board the Polar Duke. Diving petrels
caught during a storm on 5 July 1991 near Annenkov Island

Figure 3. Spatial distribution of two species of seabirds off South
Georgia, July 1991. A. Common diving petrel, a krill specialist. The
largest dots indicate densities of >500 birds per 5 nautical miles
of transect. Open circles indicate >1 bird per 5 nautical miles;
"zeroes" are not plotted. B. Kerguelen petrel, a squid and fish
specialist. Largest dots indicate densities of >50 birds per 5 naut-
ical miles; open circles are >1 bird per 5 nautical miles; "zeroes"
are not plotted.

had significantly elevated baseline levels of corticosterone,
relative to birds caught during calm weather. This important
finding suggests a route to understanding the physiological
basis for changes in foraging behavior that underlie the pat-
terns of population dispersion that we have been studying.
We have three goals in the analysis of data we have collected.

First, we need to examine our behavioral data in more detail,
in particular to determine the frequency with which certain
behaviors occur with increasing distance from krill swarms. For
example, can we determine a "radius of detection" around a
krill patch? Once we have quantified how birds' foraging be-
havior varies with distance from krill patches, we will then
build models that will attempt to predict the spatial dispersion
of a population of birds. The final step will be to compare the
predictions of these models to data collected at other times.

This research was supported by National Science Foundation
grant DPP 89-18130 to P.M. Kareiva and R.R. Veit. G.T. Smith
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is supported by a Howard Hughes Medical Institute predoc-
tora! fellowship. We thank Captain Karl Sanden and the officers
and crew of the Polar Duke for their assistance and hospitality
while we were aboard, and C. Mather and K. Wood for their
expert guidance with the plankton hauls.
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satellite telemetry
of Weddell seals
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Institute of Marine Science
University of Alaska

Fairbanks, Alaska 99775

In 1990-1991 field season, the study of Weddell seal popula-
tion dynamics in McMurdo Sound consisted of three research
activities:
• continuation of long-term monitoring of population dynam-

ics of Weddell seal by tagging and censuses;
• evaluation of transponders as a permanent marker for Wed-

deli seals; and
• recovery and redeployment of satellite-linked time-depth re-

corders on adult female Weddell seals.
Our field camp was established at Big Razorback Island, ap-

proximately 20 kilometers north of McMurdo Station, in mid-
October and was continuously occupied until early December.
We routinely visited seal colonies scattered in Erebus Bay and
tagged all newborn pups. In 1990, the first pup was tagged on
11 October, and the last pup was tagged on 20 November. Two-
hundred-and-twenty-four male and 209 female pups were born
in Erebus Bay in 1990. In order to maintain approximately 1:1
ratio of tagged-to-untagged seals in each colony, we newly
tagged 30 and retagged 262 adults. We took blood samples (5
cubic centimeters per individual) from 42 individuals for ge-
netic research being conducted by the Australian Antarctic Di-
vision.

Six census were conducted between 10 November and 7 De-
cember. We estimated the Weddell seal population in Erebus
Bay in 1990 to be 228 (standard error, 23) males and 633 (stan-
dard error, 26) females (excluding newborn pups). There was
no noticeable change in population size from the previous year.
Approximately 75 percent of the adult population of McMurdo
Sound returns to Erebus Bay each year (Testa and Siniff 1987).

Transponders are small electrical devices (10 x 2 x 2 millime-
ters) in which a unique 16-digit number is stored (Thomas et
al. 1987). When a hand wand is passed within 10 centimeters
of a transponder, the reader activates the transponder, and the
unique identification number can be read and recorded by the
reader. In the 1989 field season, transponders were implanted
at a base of tail on the lower back of 300 adult seals. We eval-
uated the effectiveness of these new tags by reading these tran-
sponders in 121 seals 1 year after implanting them. Results of
this study will be published elsewhere.

An important objective of this project was to develop satel-
lite-linked, time-depth recorders and use them to determine
the overwinter movements and diving behavior of female Wed-
dell seals. Roger Hill (Wildlife Computers, Woodinville, Wash-
ington) designed, tested, and obtained Argos certification for
a 1-kilogram satellite-linked, time-depth recorder (figure). We
employed 10 of these on adult female Weddell seals in McMurdo
Sound in January 1990. Three of those deployed in 1990 failed
within 4 days, three more over the next 4 months, and four
functioned as intended until October giving the most complete
overwinter records of movements and diving ever obtained on
a marine mammal. Unlike previous attempts in this area, we
were able to recover most of the 1990 devices and determine
that improvements were needed in the controller circuits and
in the pressure housing. This is the key to improving this tech-
nology. Sixteen new and refurbished satellite-linked, time-
depth recorders were deployed in February 1991.

Results for 1990 showed movements for some seals that ex-
tended north of McMurdo Sound as far as 76°S, but most seal
locations determined by satellite were within the sound. Diving
records confirmed a pattern similar to that seen in summer
(Kooyman 1968; Testa, Hill, and Siniff 1989), indicating that
foraging in winter continues to be in the midwater range (150-
400 meters), although occasional dives over 727 meters were
made by nearly all the telemetered seals. Winter movements in
1991 were primarily within McMurdo Sound until May, but
most seals had left the sound by June, and one had ranged as
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RD. Shaughnessy attaches a satellite-linked, time-depth recorder
and very-high-frequency radio transmitter to the pelage of an adult
Weddell seal in McMurdo Sound.

far as the Pennell Bank (75°S 173°E). Detailed results will be
published elsewhere.

In February 1991, 15 seals at White Island were captured,
tagged with plastic tags and transponders, and released. Blood
samples were collected for physiological assessment of condi-
tion and for a genetic archive at the University of Alaska Mu-
seum.

Field assistance was provided by Ashley Evens (1-27 Novem-
ber 1990), Mark Zeller (1 November to 15 December 1990), Peter
Shaughnessy (28 January to 8 February 1991), and Lorrie Rea
(28 January to 10 February 1991). This research was supported
by National Science Foundation grant DPP 88-16567.
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Antarctic Marine Living Resources
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The U.S. AMLR program:
1990-1991 field season activities
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La Jolla, California 92038

The U.S. Antarctic Marine Living Resources (AMLR) pro-
gram provides information needed to formulate U.S. policy on
the conservation and international management of resources
living in the oceans surrounding Antarctica. The program ad-
vises the U.S. delegation to the Convention for the Conserva-
tion of Antarctic Marine Living Resources (CCAMLR), part of
the Antarctic Treaty system. One of the principal tenets of the
CCAMLR treaty is that the harvest of living resources shall be
managed with the goal of preserving species diversity and sta-
bility of the entire marine ecosystem. Because antarctic krill
(Euphausia superba) are the dominant prey in the pelagic marine
ecosystem, the effects of krill harvest on dependent predators
must be thoroughly understood in order to manage the fishery
within the mandate of CCAMLR.

The AMLR program monitors fin fish and krill fisheries, proj-
ects sustainable yields where possible, and formulates man-
agement advice and options. In addition, the program conducts
field research designed to describe the functional relationships
between antarctic krill, their predators, and key environmental
variables.

The field research program is designed to investigate and
refine two hypotheses:
• Krill predators respond to changes in the availability of their

food.
• The distribution of krill is determined by physical, chemical,

and biological characteristics of the pelagic habitat.
As in past seasons, the 1990-1991 AMLR field season in-

cluded two components: first, a research cruise aboard the Na-
tional Oceanic and Atmospheric Administration (NOAA) ship
Surveyor in the waters surrounding Elephant Island, at the tip
of the Antarctic Peninsula; and second, land-based studies at
Seal Island, a small island next to Elephant Island, and at Pal-
mer Station, a U.S. scientific station further south on the Ant-
arctic Peninsula (figure 1).

The specific objectives of the field season were to
• map the physical structure of the upper 750 meters, includ-

ing the thermohaline structure, oceanic fronts, water-mass
boundaries, surface currents, eddies, and turbulent mixing;

• map the spatial distribution of phytoplankton biomass and
phytoplankton production;

• map the spatial distribution of estimated krill biomass, in-
cluding the horizontal and vertical variations in krill demog-
raphy and growth; and

• describe reproductive success, feeding ecology, and growth
rates of land-based krill predators throughout the reproduc-
tive season on Seal Island.
The Surveyor departed Punta Arenas, Chile, on 16 January

1991 to begin the first of two 1-month legs of the AMLR re-
search cruise in the vicinity of Elephant Island. On 21 January
a survey (survey A, figure 2) of the physical oceanography,
biomass and productivity of phytoplankton, and distribution
and condition of krill in the waters around Elephant Island,
Clarence Island, and the eastern end of King George Island
was initiated. The survey consisted of 1,100 miles of acoustic
transects between 50 conductivity-temperature-density and net
sampling stations. The survey was completed north of Elephant
Island and finer scale acoustic mapping was conducted in an
area of higher krill densities along the shelf/slope break. Two
sites were selected for intensive MOCNESS (Multiple-Opening-
Closing-Environmental-Sampling-System) sampling. A second
survey (survey B) was then conducted, focusing on the area

Figure 1. Antarctic Peninsula. Locations of Elephant Island study
area, Seal Island, and Palmer Station shown.
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north of Elephant Island. Two conductivity-temperature-depth
transects were conducted to delineate the hydrography across
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Figure 2. Large-area survey grid (surveys A and D) around Ele-
phant Island, Clarence Island, and the eastern end of King George
Island. The grid included 50 stations and approximately 100 nauti-
cal miles of transects and was occupied during the first half of leg
I and the second half of leg II. Approximately 10 days were required
to complete the grid.

the shelf/slope break. The Surveyor returned to Punta Arenas
on 11 February 1991 for a mid-cruise port call.

Leg II of the AMLR cruise began on 16 February 1991. A third
survey (survey C) was conducted north of Elephant Island;
both bongo and IKMT (Issacs-Kidd Midwater Trawl) nets were
used at each station. A final survey (survey D), which was
similar in scale and scope to survey A (figure 2), was conducted
from 26 February to 7 March 1991. Additional acoustic transects
and stations were conducted in Bransfield Strait. The Surveyor
returned to the north side of Elephant Island where MOCNESS
sampling was directed at an area of high krill density along the
shelf/slope break east of Seal Island. Two conductivity-temper-
ature-depth transects were conducted across the shelf/slope
break north of Elephant Island. The AMLR research cruise was
completed on 17 March 1991 when the Surveyor returned to
Punta Arenas, Chile.

A five-person field team arrived at Seal Island on 4 December
1990 to begin the land-based research of the 1990-1991 AMLR
field program. In accordance with planned research objectives,
the field team conducted extensive research on the reproduc-
tive and foraging behaviors of krill predators living on the is-
land. Research on foraging behavior included tracking studies
that were accomplished during cooperative research programs
aboard the Japanese research vessel Kaiyo Maru in early January
1991, and aboard the Chilean research vessel Alcazar in mid-
February 1991. The field team concluded their research activi -
ties on Seal Island on 11 March 1991.
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One of the major areas for commercial harvesting of krill
(Euphausia superba) is the region north of Elephant Island, Ant-
arctica. The factors responsible for the high krill density in this
area are not known. Previous studies (for example, Macaulay,
English, and Mathisen 1984), however, have shown that krill
are often associated with the 100-150-meter bottom contour.
Data from the 1991 Antarctic Marine Living Resources (AMLR)
program showed that the highest krill concentrations were

often associated with frontal boundaries between different
water masses (Macaulay and Mathisen, Antarctic Journal, this
issue; Amos and Lavender, Antarctic Journal, this issue). Be-
cause phytoplankton biomass also has been reported elevated
near the continental shelf break (Paden et al. 1981) and in frontal
zones (Lutjeharms, Walters, Allenson 1985), one of our objec-
tives in the AMLR program was to see if krill distribution and
abundance are correlated with the distribution of phytoplank-
ton biomass.

During surveys A and D (see Holt, Hewitt, and Rosenberg,
Antarctic Journal, this issue) a frontal zone in the direction south-
west-northeast was observed north of Elephant Island (see
Amos and Lavender, Antarctic Journal, this issue). This was also
the general area where Macaulay and Mathisen (Antarctic Jour-
nal, this issue) recorded elevated krill abundance. To examine
the physical and biological characteristics of this frontal zone
in more detail, a rapid transect with nine conductivity-temper-
ature-depth stations was made across it on 11-12 March, im-
mediately following completion of survey D (see figure 1 in
Amos and Lavender, Antarctic Journal, this issue, for transect
location). To save time, the towable V-fins with the acoustic
instrumentation were not deployed during this transect. Using
ship intake water (5 meters), sensors continuously recorded
temperature, salinity, chlorophyll-a fluorescence, and beam at-
tenuation. At the shallow conductivity-temperature-depth sta-
tions (less than 750 meters), the instrumented profiling unit
(see Amos and Lavender, Antarctic Journal, this issue) included
the following:
• conductivity-temperature-depth sensors,
• transmissometer,
• a pulsed fluorometer,
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• a photosynthetically available radiation light sensor, and
• Niskin bottles for discrete water samples.
At stations exceeding 750 meters, the three optical sensors were
removed and the profiling unit was used to a maximum depth
of 2,000 meters.

Preliminary analysis of the continuous data from the ship's
clean water intake are shown in figure 1. Water temperature
(figure 1A) was lowest close to Elephant Island, and progres-
sively increased in an erratic way at the northerly stations.
Salinity (figure IB) was highest at the southerly stations and
decreased rapidly just north of the continental shelf break (fig-
ure 1E). The chlorophyll-a concentrations (from in vivo fluores-
cence, figure 1C) and the beam attenuation coefficients (figure
1D) were very similar in pattern and indicate low phytoplank-
ton biomass in shelf waters (0 to 15 kilometers) and at the
northernmost station (78 kilometers), with high phytoplankton
in the 78 kilometers north of the shelf break. This conclusion
was supported by the extracted chlorophyll-a concentrations
(figure 1C).

A vertical section (0 to 350 meters) showing water density
along the transect indicates the presence of the frontal zone
between 8 to 12 nautical miles where the isopycnals are con-
centrated and come to the surface (figure 2A). It is also seen
that the waters over the shelf (0 to 15 kilometers) are consid-
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Figure 1. Physical and biological characteristics of surface waters
in a transect across the continental shelf break to the northwest
of Elephant Island. A. Water temperature. B. Salinity. C. Relative
concentrations of chlorophyll-a as determined by in vivo fluores-
cence (solid line) and absolute concentrations of chlorophyll-a
measured on extracted samples (solid circles). D. Beam attenua-
tion coefficient. E. Bottom contour. (km denotes kilometer.)

Distance (nautical miles)

Figure 2. Physical and biological characteristics in the upper 350
meters of the water column during the transect from station X31
to station X39. A. Section showing water density (sigma-t). B. Chlo-
rophyll-a concentrations (in milligrams per cubic meter) deter-
mined on extracted water samples obtained in Niskin bottles. (m
denotes meter.)

erably denser than the waters lying north of the shelf break.
The frontal zone is also reflected in chlorophyll-a concentra-
tions, which were low in shelf waters but started to increase at
about the 15 kilometers mark and reached a maximum (2.7
milligrams per cubic meter) in waters just north of the shelf
break (figure 2B). The surface expression of the front occurs
between stations X34 and X35 and represents the abrupt
boundary between the oceanic Drake Pa ssage/Bellingshausen
Sea water, which has been designated as type I water, and
water more typical of the continental shelf designated types II
and III (Amos and Lavender, Antarctic Journal, this issue).

The stations at each side of the front were quite different in
terms of hydrography and mixing conditions. The station at the
beginning of the transect was well mixed up to almost 100
meters with only a small step at around 85 meters, a condition
that resulted in a fairly uniform distribution of chlorophyll-a
and in vivo chlorophyll-a fluorescence (figure 3A). At the other
end of the transect (north of the front), the water was stratified
with a relatively stable mixed layer of 52 meters. The shallower
mixed layer at this station was reflected in higher concentra-
tions of chlorophyll-a and relative values of in vivo chlorophyll-
a fluorescence (figure 3B).

The species composition of the phytoplankton crop also
changed during this transect across the frontal zone. In the first
18 kilometers of the transect (X31-X34), the phytoplankton crop
consisted mainly of nanoplankton, as compared to the more
northly stations, which had a greater proportion of microplank-
ton (see Villafañe, Heibling, and Holm-Hansen, Antarctic Jour-
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Figure 3. Water-column characteristics at either end of the transect
across the frontal zone, showing profiles of sigma-t (dashed line),
in vivo chlorophyll-a fluorescence in relative units (solid line), and
extracted chlorophyll-a concentrations in milligrams of chloro-
phyll-a per cubic meter (solid circles). A. Station X31, in shelf
waters. B. Station D50, which was close to station X39 and is
shown here because the in situ fluorometer could not be used at
station X39. (m denotes meter.)

nal, this issue). These results will be analyzed with the data
from the other AMLR research components to determine the
significance of these floristic changes in regard to krill distri-
bution and grazing preferences and to the hydrological differ-
ences between the waters on either side of the front.

The continuous measurements on ship intake water were
recorded throughout the entire January-through-March AMLR
cruise. The correlations between biological parameters (phyto-

plankton and krill) and physical factors (shelf break and frontal
zones between water masses) over the entire 5,500-kilometer
cruise track will be analyzed to test the consistency of the
relationships noted in the data of figure 1.

This research was supported by NOAA Cooperative Agree-
ment number NA90AA-H-AF020. We thank the Officers and
Crew of NOAA Ship Surveyor for excellent support during field
operations. Shipboard personnel included Anothony F. Amos
(16 January to 11 February 1991), E. Walter Helbling (16 January
to 17 March 1991), and Osmund Holm-Hansen (16 January to
11 February 1991). We also thank Sergio Rosales (Universidad
Católica de Valparaiso) for his help on board ship.

References

Amos, A.F., and M.K. Lavender. 1991. AMLR program: Water masses
in the vicinity of Elephant Island. Antarctic Journal of the U.S., 26(5).

Holt, R.S., R.P. Hewitt, and J. Rosenberg. 1991. The U.S. AMLR pro-
gram: 1990-1991 field season activities. Antarctic Journal of the U.S.,
26(5).

Lutjeharms, IRE., N.M. Walters, and B.B. Allanson. 1985. Oceanic
frontal systems and biological enhancement. In W.R. Siegfried, P.R.
Condy, and R.M. Laws (Eds.), Antarctic nutrient cycles and food webs.
Berlin: Springer-Verlag.

Macaulay, MC., T.S. English, and O.A. Mathisen. 1984. Acoustic char-
acterization of swarms of Antarctic krill (Euphausia superba) from El-
ephant Island and Bransfield Strait. Journal of Crustacean Biology, 4(1),
16-44.

Macaulay, M.C., and 0. Mathisen. 1991. AMLR Program: Hydroacustic
observations of krill distribution and biomass near Elephant Island,
austral summer 1991. Antarctic Journal of the U.S., 26(5).

Paden, C.A., C.D. Hewes, A. Neon, 0. Holm-Hansen, E. Weaver, D.A.
Kiefer, and E. Sakshaug. 1981. Phytoplankton studies in the Scotia
Sea. Antarctic Journal of the U.S., 16(5), 163-164.

Villafafle, V., E.W. Helbling, and 0. Holm-Hansen. 1991. AMLR Pro-
gram: Size distribution and species composition of the phytoplankton
crop around Elephant Island. Antarctic Journal of the U.S., 26(5).

120	 120
0	0.1 0.2 0.3 0.4 0.5	0

Sigma-t

20

40

60

80

100

26.9 27.1 27.3 27.5 27.7
0

AMLR program: Horizontal separation
of larval and adult

Thysanoessa macrura
around Elephant Island, Antarctica,

during the 1991 austral summer

WALTER NORDHAUSEN

Scripps Institution of Oceanography
La Jolla, California 92037-0208

Thysanoessa macrura is the most widely distributed euphau-
siid in antarctic waters, frequently exceeding Euphausia superba
in number (Baker 1954; Daly and Macaulay 1988; Kittel, Witek,
and Czykieta 1985; Kittel and Stepnik 1983; Makarov 1979; Fiat-
kowski 1985; Pires 1986). Few studies, however, have focused
on this species, so much of its ecology is not well known. I
report here on its distribution and abundance in the region of
Elephant Island, including a distinct horizontal separation of

larvae and adults, which was closely related to water-mass
distribution observed by conductivity-temperature-depth
casts.

This study was conducted during leg II of the Antarctic Ma-
rine Living Resources program (AMLR) from 16 February to 17
March 1991. One major objective of AMLR was to correlate the
zooplankton data with data from other components of the pro-
gram, including the hydrography, circulation patterns, phyto-
plankton biomass, and primary production. A total of 56 bongo
net tows were taken during the large survey "D" around Ele-
phant Island and along two transects across the eastern Brans-
field Strait (see Holt, Hewitt, and Rosenberg, Antarctic Journal,
this issue). The samples were obtained with a bongo net of 70
centimeters diameter fitted with 505 and 333 micrometer mesh.
Here I discuss only the samples of the 333-micrometer net. All
tows were fished obliquely to a depth of approximately 160
meters. A General Oceanics flowmeter was used to calculate
the volume of water filtered. All T macrura were counted and
the abundances expressed as individuals per 1,000 cubic me-
ters. T macrura were identified by sex and maturity stage and
measured to the nearest millimeter, from tip of rostrum to
telson (figure 1). All larvae and a subsample of adults were
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Figure 1. Length frequency distribution of Thysanoessa macrura
near Elephant Island based on 56 bongo net tows. (mm denotes
millimeter.)

freeze-dried for a detailed analysis of their lipid content and
lipid composition at Scripps Institution of Oceanography. This
analysis will be done with gas chromatographic and mass spec-
trometric techniques and will be reported at a later time.

The hydrography of the region around the northern Antarctic
Peninsula is complex, but five water masses were identified by
temperature-salinity-diagrams (figure 2). Drake Passage water
in the north was characterized by warm surface water and a
strong subsurface temperature minimum. The Weddell Sea
water in the south of the study area had little vertical structure
with cold surface temperature near 0 °C. The eastern Bransfield
Strait water had a deep temperature near - 1 °C and salinity
of 34.5 parts per thousand. Little evidence of a temperature
minimum and temperatures above 0 °C were characteristic for
the Weddell-Scotia Confluence water. A transition water be-
tween the Drake Passage, the Weddell-Scotia Confluence, and
the eastern Bransfield Strait had a temperature minimum near
0 °C and isopycnal mixing below the temperature minimum
(Amos 1991).

The maximum chlorophyll-a concentrations found on the
AMLR 1991 cruise were measured during the "D" survey dis-
cussed here. The highest chlorophyll-a concentration was

Figure 2. Distribution of Thysanoessa macrura adult (A) and larvae
(B) of the survey "D" and the transect across the Bransfield Strait.
The water masses shown were identified from temperature-salin-
ity-diagrams by Amos (1991). I. Drake Passage water, warm surface
water, strong subsurface temperature minimum. "Winter Water,"
approximately —1 °C, salinity 34.0 parts per thousand. Circumpolar
Deep Water (CDW) near 500 meters. II. A transition water; temper-
ature minimum near 0 °C, isopycnal mixing below temperature
minimum, COW evident at some locations. Ill. Weddell-Scotia Con-
fluence (WSC) water; little evidence of a temperature minimum,
mixing with Type II, no COW, temperature at depth generally
>0 Sc. IV. Eastern Bransfield Strait water; deep temperature near
—1 °C, salinity 34.5 parts per thousand, cooler surface tempera-
tures. V. Weddell Sea water; little vertical structure, cold surface
temperatures (near 0 °C). (Definitions from Amos 1990.)

found northwest of Elephant Island and was dominated by
nanoplankton (<20 micrometer) which accounted for more
than 70 percent of the total chlorophyll-a (Holm-Hansen et al
1991).

1? inacrura was abundant throughout the sampling area. Only
at 2 out of 54 (3.7 percent) stations were no T inacrura found.
Adults were widely distributed except at the northern stations
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in the Drake Passage (figure 2A). The mean abundance of T
inacrura was 74 (standard deviation, 132) individuals per 1,000
cubic meters. Larval mean abundance was 45 (standard devia-
tion, 136) individuals per 1,000 cubic meters; juveniles were
rare with only 0.4 (standard deviation, 1.0) individuals per
1,000 cubic meters. Male T inacrura were represented with 10
(standard deviation, 14) and females with 18 (standard devia-
tion, 20) individuals per 1,000 cubic meters. For comparison,
the mean abundance of E. superba in the same samples was only
5.5 (standard deviation, 12.4) individuals per 1,000 cubic meters
(Loeb 1991). Furthermore gravid E. superba were found at the
beginning of March; no larvae of this species were found. T
inacrura adults were five times more abundant than those of E.
superba. The biomass of the two euphausiid species per 1,000
cubic meters was 0.54 grams of dry weight for T inacrura and
0.67 grams of dry weight for E. superba. The biomass of the
mean abundance was calculated from the length frequency dis-
tribution of the euphausiids and their dry weights (table).

The mean sex ratio of males per female was 0.44 (standard
deviation, 0.35). The mean size of male T inacrura was 18.8
millimeters (standard deviation, 0.9), and the average female
size was 21.3 millimeters (standard deviation, 4.3). The length
frequency distribution expressed as percent of the total is given
in figure 1. T macrura larvae of about 7 millimeters length are
furcilia 6 and made up 18.5 percent of the total population.
Adults showed a bimodal distribution. Females were respon-
sible for the bimodal distribution with a peak at 17 millimeters
and a second one at 21 millimeters, male abundance peaks only
at 18 millimeters. It is not clear if the smaller females had par-
ticipated in the spawning, but they likely belong to year class
two. The larger females may have been 3 years old.

T macrura does not depend on a phytoplankton bloom to gain
the necessary energy for spawning but presumably depends
on lipid reserves accumulated during the previous summer and

Length frequency and biomass of
Thysanoessa macrura and Euphausia superba from bongo nets

NOTE: The dry weights are from Hagen (1988).

Total biomass
Percentage of (in grams of dry

Length	 Dry weight dry weight in weight per 1,000
(in millimeters) Percent (in grams) size category	cubic meters)

Thysanoessa macrura (mean abundance per
1,000 cubic meters = 74)

7-9	26.9	0.0015	0.0390	-
10-13	1.3	0.0028	0.0034	-
14-18	34.3	0.0041	0.1398	-
19-23	32.0	0.0146	0.4661	-
24-28	5.4	0.0157	0.0836	-
29-34	0.1	0 . 0157a	0.0008	-

Total	100.0	-	0.7327	0.54

Euphausia superba (mean abundance per
1,000 cubic meters = 5.5)

20-29	0.4	0.0162	0.0065	-
30-39	12.1	0.0450	0.5445	-
40-49	57.1	0.0997	5.6929	-
20-56	30.4	0.1929	5.8642	-

Total	100.0	-	12.1081	0.66

a No dry weight data were available for this size category. The dry weight
for the next smaller size class is used as a lowest estimate.

perhaps on feeding during the winter. This enables T ,nacrura
to spawn early during the austral summer (Hagen 1988). The
females found were all spent; no eggs, nauplii, metanauplii, or
calyptopis stages were found. The dominant larval stage found
during the survey was furcilia 6. No larvae were younger than
furcilia 5, of which only very few individuals were found. The
development time of T macrura from calyptopis 2 to furcilia 6 is
about 90 days (Nordhausen in press). The cohort centered at
furcilia 6 indicates a distinct spawning period well before the
time of this survey.

The distribution of T macrura larvae was not homogeneous
throughout the study area. Highest larval abundance was
found in the northern part of the study area with 8,500 indi-
viduals per 1,000 cubic meters. This coincided with the water
of Drake Passage (figure 2B). These were the stations with the
highest chlorophyll-a concentrations and were dominated by
nanoplankton (Holm-Hansen et al. 1991). The virtual absence
of larvae of this widely distributed euphausiid over most of the
survey area is striking. I propose an hypothesis based on the
physical circulation of the region. The following description is
from data of the Research on Antarctic Coastal Ecosystem Rates
(RACER) program (1986-1987 and 1989). The abundance of T
macrura in the Gerlache Strait southwest of the AMLR study
site was high from November (1989) to at least the end of De-
cember (1986). In January 1987, high abundances were found
extending from Gerlache Strait into western Bransfield Strait.
In late February and March (1987), the abundance in these areas
had declined dramatically to almost zero. Similar results were
observed in the present study; no larval T macrura in the Brans-
field Strait were found in the second half of February or in early
March. Larvae spawned in the region of Gerlache Strait could
have been advected by a strong current from Gerlache Strait
into Bransfield Strait and continuing northeast, probably out of
the survey area (Nordhausen in press). This current was hy-
pothesized from geostrophic flow calculations (Amos, Jacobs,
and Hu 1990) and observed with Lagrangian drifters (Niiler,
Illeman, and Hu 1990). Drifter tracks gave no indication of mass
transport to the area of high larval abundance observed north-
west of Elephant Island. Thus it is likely that the T inacrura
larvae I observed northwest of Elephant Island belonged to a
different population advected by the Circumpolar Antarctic
Current after being spawned in water of the West Wind Drift.

I thank the National Oceanic and Atmospheric Administra-
tion (NOAA) and the AMLR program for the opportunity to
participate in this cruise. Special thanks are due to V. Loeb for
her help with the zooplankton sampling. I would also like to
thank the officers and crew members of the NOAA Ship Sur-
veyor for their expert support, in particular the Field Operation
Officer and the survey technicians. I wish to thank M. Lavender
for discussions of the hydrographic data. This work was sup-
ported in part by National Science Foundation grant DPP 88-
18899 to Mark Huntley (Scripps Institution of Oceanography)
and NA17FDOO11 to John Wormuth (Texas A&M).
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AMLR program:
Chlorophyll-a distribution

and rates of primary production
around Elephant Island

0. HOLM-HANSEN, V. VILLAFAIE, and E.W. HELBLING

Polar Research Program
Scripps Institution of Oceanography

University of California
La Jolla, California 92093-0202

Our major objectives, as part of the U.S. Antarctic Marine
Living Resources (AMLR) program (see Holt, Hewitt, and Ro-
senberg, Antarctic Journal, this), were to determine the food
reservoirs available to krill (Euphausia superba) and to see if krill
abundance is related to available food supply. In this article,
we report on the distribution and biomass of phytoplankton,
as well as the rate of primary production, throughout the
AMLR study area.

Data regarding phytoplankton distribution were obtained us-
ing two methods:
• by continuous measurement of chlorophyll a (by in vivo fluo-

rescence) and of beam attenuation (25-centimeter pathlength
transmissometer) by using the ship's clean-water intake sys-
tem, and

• by measurements in the upper 750 meters of the water col-
umn at discrete stations in the sampling grid (see Holt et al.,
Antarctic Journal, this issue, for sampling strategy and station
locations).

The profiling unit (see Amos, Helbling, and Holm-Hansen,
Antarctic Journal, this issue) used for all station work included
the following:
• conductivity-temperature-depth sensors,
• a 25-centimeter pathlength transmissometer (Sea Tech),
• a pulsed fluorometer (Sea Tech),
• a light sensor to record downwelling solar photosynthetically

available radiation from 400 to 700 nanometers (Biospherical
Instruments, Inc.), and

• ten 10-liter Niskin bottles for water samples at standard
depths.

Water samples were used to determine concentrations of ex-
tracted chlorophyll a (Holm-Hansen and Riemann 1978), total
particulate organic carbon and nitrogen, and inorganic nu-
trients, in addition to floristic analyses and rates of primary
production.

The patterns of chlorophyll a distribution during surveys A
(21 January to 1 February) and D (26 February to 7 March) were
quite similar, with lowest concentrations in the northwest por-
tion of the grid, and highest concentrations to the north and
south of Elephant Island. Because chlorophyll a concentrations
in surface waters are highly correlated with values integrated
from 0 to 100 meters (integrated chlorophyll a = 12.6 + (50.4
x surface chlorophyll a); r2 0.81, n = 99), only the integrated
values are shown in figure 1. Chlorophyll a concentrations gen-
erally increased slightly from January to March, particularly in
waters close to the shelf break north of King George Island.
The highest values were in the range of 130 milligrams of chlo-
rophyll a per square meter, corresponding to surface concen-
trations of 2.4 milligrams of chlorophyll a per cubic meter, and

the lowest were approximately 30 milligrams per square meter,
corresponding to surface concentrations of 0.4 milligrams of
chlorophyll a per cubic meter.

The pattern of distribution of chlorophyll a with depth in the
water column varied conspicuously throughout the study area.
Representative data are shown in figure 2. Many stations just
north of the continental shelf break were characterized by a
stable, uniformly mixed upper layer which often contained
>1.5 milligrams of chlorophyll a per cubic meter (figure 2A).
The majority of stations exhibited the pattern shown in figure
2B, where the density profile indicated a stable upper mixed
layer, but the chlorophyll a values were lower (<1.0 milligrams
per cubic meter) and distributed much deeper in the water
column. The 1 percent light level at station A33 (figure 2B) was
approximately at 65 meters, suggesting that the deep chloro-
phyll a values probably represent sinking cells as has been
reported previously (Holm-Hansen et al. 1989). In shelf waters
just north and east of Elephant Island, chlorophyll a values were
fairly low, but did not decrease much in the upper 300 meters
(figure 2C). The reason(s) for the "jagged" appearance in both
the fluorometer and transmissometer data are not known, but
such profiles were consistent at many stations on both surveys
A and D.

Data from photosynthesis-irradiance measurements done at
10 stations on both surveys A and D are shown in figure 3. P,,
values in January and February averaged 1.94 milligrams of
carbon per milligram of chlorophyll a per hour; in March the
average value decreased slightly to 1.21. The (1 k) and alpha
values were 135 microeinsteins per square meter per second
and 0.014 milligrams of carbon per milligram of chlorophyll a
per hour per microeinstein per square meter per second, re-
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Figure 1. Integrated chlorophyll a concentrations (milligrams of
chlorophyll a per square meter, 0 to 100 meter) throughout the
AMLR sampling grid in 1991. A. Survey A, from 21 January 1991 to
1 February. B. Survey D, from 26 February to 7 March 1991.
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spectively, for survey A; for survey D the corresponding values
were 154 and 0.0078. The P,,, \ parameters are fairly similar to
data reported by Holm-Hansen and Mitchell (1991) in nearby
waters, but higher than the values reported by Tilzer, Bodun-
gen, and Smetacek (1985) for waters around Elephant Island.
Our 'k and alpha values, however, are quite similar to those
reported by Tilzer et al. (1985). The mean rates of integrated
primary production during surveys A and D were 510 and 306
milligrams of chlorophyll a per square meter per day, respec-
tively.

This research was supported by National Oceanic and At-
mospheric Administration (NOAA) Cooperative Agreement
number NA90AA-H-AF020. We thank the Officers and Crew
of NOAA Ship Surveyor for excellent support in all field opera-
tions. Shipboard personnel included Osmund Holm-Hansen
(16 January to 11 February 1991), Virginia Villafañe (16 February
to 17 March 1991), and E. Walter Helbling (16 January to 17
March 1991). Grateful acknowledgement is also made to Sergio
Rosales (Universidad CatOlica de Valparaiso) and Christian Bo-
nert (Servicio Hidrografico de la Armada, Valparaiso) for their
generous help on board ship.
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simulated light conditions in a deck incubator maintained at surface water temperature. Insets show the photosynthetic response at the
lower light ranges (<300 microeinsteins per square meter per second). A. Data from survey A (21 January to 1 February 1991). B. Data from
survey D (26 February to 7 March 1991). These data have been used to calculate 1 k values (the light intensity at the intersection of the ma,
and the initial slope of the response) and the alpha values (the initial slope of the response curve at very low light intensities). (mg C/mg
Chi-a/hr denotes milligrams of carbon per milligram of chlorophyll a per hour. iEinst/m2/s denotes microeinsteins per square meter per
second.)
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The Antarctic Marine Living Resources (AMLR) program is
a multidisciplinary program designed to study the interactions
between antarctic krill, its predators, and physical and biolog-
ical parameters in an area around Elephant Island, Antarctica.

Nutrient studies were done as a part of the phytopiankton
project with the objective of relating nutrient concentrations
with different water masses, and also with the distribution of
phytoplankton and krill. In this article, we report on nutrient
concentrations throughout the AMLR sampling grid as well as
on rates of primary production.

The AMLR 1989-1990 program consisted of two 1-month
cruises, the first one in January and the second in February.
Hydrographic stations were occupied Over a 185-by-185-kilom-
eter study area centered on Elephant Island (AERG 1990).

Water samples for determination of nutrient concentrations
and for rates of radiocarbon incorporation were obtained at 24
stations (12 during each cruise) with 10-liter PVC Niskin bottles
mounted on a rosette. Nutrient samples were frozen immedi-
ately at —20 °C and analysis (nitrite, nitrate, silicate and phos-
phate) were carried out at the Instituto Antártico Argentino
with an autoanalyzer Technicon II using standard colorimetric
techniques (Strickland and Parsons 1972). Rates of primary pro-
duction were measured during 8-10 hour incubations of sam-
ples with radioactive bicarbonate (NaH' 4CO3) on deck under
simulated light conditions and surface-water temperature.

During leg I, nitrate-plus-nitrite concentrations throughout
the study area ranged from 15 to 30 micromolar (figure 1A) and
from 20 to 30 micromolar during leg II (figure 1B). There was
relatively little variation in nitrogen concentrations between
surface and depth in the upper 100 meters, the greatest differ-
ence being approximately 10 micrometer in Water Mass I (water
masses as defined by Amos and Lavender 1990) during leg II
(figure 1B). Silicate was much variable between stations as con-
centrations ranged from 10 micromolar to 75 micromolar in both
legs (figure IC and D). The concentration of silicate did not
decrease greatly with depth, except for Water Masses I and II
(leg II) when there was significant depletion in the upper 40
meters in the water column (figure 1D). The relatively low
concentrations of silicate in surface waters as compared to con-
centrations at 100 meters could be explained either by the uti-
lization of silicate by diatoms or by mixing (at depth) with

adjacent water masses of higher nutrient concentrations. Be-
cause chlorophyll a concentrations were fairly high (up to 1.6
micrograms per liter) during the first part of leg II in Water
Mass II (Holm-Hansen, Helbling, and Villafañe 1990), it is likely
that part of the depletion of silicate in surface waters is due to
biological uptake.

The relationship between nutrient concentrations is shown
in figure 2 for both Legs. The ratios of silicon, nitrogen, and
phosphorus (by moles) calculated from the slopes of figure 2
were 36/174/1 during leg I and 576/175/1 during leg II, respec-
tively. From these ratios, it seems that the relative uptake rates
of nitrogen and phosphate were quite uniform during the 2
months, but there was an increase in rate of silicate assimilation
during leg II throughout the entire study area.

These data indicate that the macronutrients in surface waters
throughout the AMLR study area are well in excess of those
required to support maximal photosynthetic rates. During the
AMLR cruises in 1990 and 1991, experiments were also per-
formed to test the hypothesis that low concentrations of iron
might limit photosynthetic rates in antarctic waters (Martin,
Gordon, and Fitzwater 1990). In our work, there was no effect
on photosynthetic rates (or on biomass achieved) by addition
of iron as compared to the control samples over most of the
AMLR study area. A water sample from close to station D32
(60°10'S), however, showed that addition of iron enhanced bi-
omass production during a 12-day incubation period (Helbling,
Villafañe, and Holm-Hansen in preparation). These results are
similar to those of Martin, Fitzwater, and Gordon (1990) and
imply that iron may have some limitation on rates of primary
production in the northern portion of our study area.

Data from photosynthesis-irradiance measurements are
shown in figure 3. P,, ,,,, values for leg I and leg II averaged 1.63
and 1.02 milligrams of carbon per milligram of chlorophyll a
per hour, respectively. The 'k and alpha values were 160 mi-
croeinsteins per square meter per second and 0.01 milligrams
of carbon per milligram of chlorophyll a per hour per microein-
stems per square meter per second for leg I and 104 and 0.0098,
respectively, for leg II. The mean rates of integrated primary
production during legs I and II were 318 and 379 milligrams of
carbon per square meter per day, respectively.

This research was supported by National Oceanic and At-
mospheric Administration (NOAA) Cooperative Agreement
number NA90AA-H-AF020. We thank the Officers and Crew
of NOAA Ship Surveyor for excellent support during field op-
erations. Shipboard personnel included E. Walter Helbling (1
January to 5 March 1990) and Osmund Holm-Hansen (1 Janu-
ary to 3 February 1990). We also thank Sergio Rosales (Univ-
ersidad Católica de Valparaiso) for his help on board ship.
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It is known from both laboratory studies (Boyd, Heyraud,
and Boyd 1984) and field investigations with natural popula-
tions (Meyer and El-Sayed 1983) that krill (Euphausia superba)
preferentially graze microplankton (>20 micrometers) as com-
pared to nanoplankton (<20 micrometers). Floristic analyses of
phytoplankton "in" and "out" of krill swarms also support the
view that krill preferentially consume the larger phytoplankton,
and leave most of the nanoplankton (Holm-Hansen and Hunt-
ley 1984). As part of the 1991 Antarctic Marine Living Resources
(AMLR) program (see Holt, Hewitt, and Rosenberg, Antarctic

Journal, this issue), our major objectives were to assess the food
reservoirs available to krill and to evaluate food availability as
a factor that may influence the distribution and abundance of
krill. In this paper we report the size distribution, biomass, and
dominant species of phytoplankton throughout the AMLR
study area.

Both preserved water samples and net samples (see Holt et
al., Antarctic Journal, this issue, for time and location of all sta-
tions) were used for analyses of the phytoplankton crop. Water
samples were obtained with a 10-liter PVC Niskin bottles
mounted on the profiling conductivity-temperature-depth ro-
sette. Aliquots (100 milliliters) for determination of chlorophyll-
a concentrations were filtered through Whatman glass fiber
filters (CF/F, 2.5 centimeters), extracted in absolute methanol
and fluorescence measured in a Turner-Designs fluorometer as
described by Holm-Hansen and Riemann (1978). The chloro-
phyll a content in nanoplankton was determined by first pre-
filtering the sample through a 20-micrometer Nitex mesh.

Water samples were also preserved with borate-buffered for-
maim (0.4 percent final concentration) for subsequent floristic
analyses using an inverted microscope (Reid 1983). Both cell
numbers and cell dimensions were recorded so that cell bio-
volumes and biomass (milligrams of carbon per cubic meter)
could be estimated by using appropriate equations (Strath-
mann 1967). To obtain larger samples of the micro-phytoplank-
ton, a nylon phytoplankton net (15-micrometer mesh) was de-
ployed from the stern of the ship at every second station for 5-
10 minutes. These net samples were also fixed and examined
as described above.

During survey A the nanoplankton accounted for 39-91 per-
cent of the total phytoplankton (figure 1A). The phytoplankton
crop in the areas with highest total biomass (north and south-
east of Elephant Island, (see Holm-Hansen, Villafañe, and
Helbling, Antarctic Journal, this issue) contained between 50 to
75 percent nanoplankton. During survey D the areas with high-
est chlorophyll a concentrations (north of King George Island
and south of Elephant Island) showed a predominance of mi-

croplankton cells, but the area north of Elephant Island still
considered of 61-79 percent of nanoplankton (figure IB).

Preliminary analysis of the data suggest a relation between
low microplankton populations north of Elephant Island and
high krill concentrations in this area (see Macaulay and Math-
isen, Antarctic Journal, this issue). Where krill were not in abun-
dance (e.g., south of Elephant Island), the phytoplankton pop-
ulation apparently has a larger proportion of microplankton.
This would be in agreement with the feeding preferences of
krill as mentioned previously.

For survey D, netplankton (fraction bigger than 15 microm-
eter) samples were observed and relative abundances were de-
termined. Figure 2 shows the major geographic regions with
respect to netplankton composition. Diatoms dominated in all
these samples at all times. Chaetoceros spp. dominated in sta-
tions west of Elephant Island. Apparently its distribution was
associated with Water Mass I (see Amos and Lavender, Antarctic

Journal, this issue). North of Elephant Island Rhizosolenia alata

and Nitzschia spp. (of the Pseudonitzschia section) dominated in
the samples. A patch of Rhizosolenia spp. (R. alata and R. hebetata
fo. semispina) was also found south of Elephant Island, where
surface chlorophyll a concentration reached values up to 2.4
milligrams per cubic meter at 5 meters (see Holm-Hansen et
al., Antarctic Journal, this issue). With the exception of this
patch, stations close to Elephant Island and also northeast of
King George Island were impoverished with respect to net-
plankton.
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Figure 1. Chlorophyll-a content in the nanoplankton fraction as a
percentage of total chlorophyll-a throughout the study area during
the AMLR 1991 program. A. Survey A, 21 January to 1 February. B.
Survey D, 26 February to 7 March. Contours made with Graftool
(313 Visions).
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Figure 2. Net phytoplankton (>15 micrometers) distribution during
survey D (26 February to 7 March) over the AMLR 1991 study area.
Dominant species or groups in A are Chaetoceros spp.; in B, Rh!-
zosolen!a alata and Nitzschia spp. (Pseudonitzsch!a section); in C,
impoverished samples not dominated by any species; in D, R. alata
and Chaetoceros spp.; and in E, Rhizosolenia spp. (mainly R. alata
and R. hebetata to. semispina).

Hydrographic conditions in the study area varied from highly
stratified water to well mixed (see Amos and Lavender, Ant Tac-
tic Journal, this issue). As an example of these conditions, sam-
ples from three stations (All, D45, and D50) were analyzed to
enumerate species composition, cell numbers and phytoplank-
ton carbon content. Data in figure 3 show the phytoplankton
carbon content at these three stations.

Close to Elephant Island station D45 was well mixed down
to 100 meters. Phytoplankton carbon was quite similar at 5, 20,
and 75 meters and the fraction larger than 20 micrometers ac-
counted for 2 to 3 times the carbon content in the <20-microm -
eter fraction (figure 3A). Relatively low cell concentrations were
found at this station, with carbon values ranging from 11 to 14
milligrams of carbon per cubic meter. Pennate diatoms domi -
nated the microplankton fraction and flagellates and small dis-
coid diatoms dominated in the nanoplankton fraction.

The profile of water density at station All seemed to be
midway between a well mixed water column (station D45) and
a highly stratified, stable water column (station D50). The phy-
toplankton biomass decreased steadily with depth from 26 mil-
ligrams of carbon per cubic meter at 5 meters to 9 milligrams
of carbon per cubic meter at 75 meters (figure 3B). At this
station the nanoplankton and microplankton fractions were
quite similar in terms of carbon concentration. The nanoplank-
ton was mostly composed by small dinoflagellates and flagel-
lates, and the microplankton was mainly pennate diatoms (40-
50 micrometers).

Station D50 was a stratified station with a mixed layer depth
of 50 meters. Phytoplankton carbon biomass showed high val-
ues at 5 and 20 meters but decreased markedly at 75 meters
(figure 3C). Microplankton (mostly centric diatoms) dominated
at this station, with the carbon content reaching values up to
40 milligrams of carbon-per cubic meter at 20 meters.
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Figure 3. Phytoplankton carbon content at three different depth (5,
20, and 75 meters) at three stations during the AMLR 1991 program.
A. Station D45 (survey D). B. Station All (survey A). C. Station D50
(survey 0). Bars are shown for the nanoplankton (<20 microme-
ters) and microplankton (>20 micrometers) fractions. (m denotes
meter. mg C1m3 denotes milligrams of carbon per cubic meter.)
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observations of krill

distribution and biomass
near Elephant Island,
austral summer 1991

MICHAEL MACAULAY

Applied Physics Laboratory
University of Washington
Seattle, Washington 98195

OLE MATHISEN

University of Alaska
Juneau, Alaska 99801

data. Results of the echo-integration analyses were available on
a daily basis in the form of contour plots and color echograms.
While the analyses were being performed, a real-time display
of the vertical and horizontal distribution of the abundance of
prey was available for inspection. This display facilitated selec-
tion of sampling sites for deployment of bongo, MOCNESS and
IKMT nets to obtain samples of prey and other organisms. In
addition to the survey grids, data also were collected and ana-
lyzed during horizontal MOCNESS tows, which sampled layers
of and in patches of zooplankton.

Estimates of mean abundance as geometric means, arith-
metic means, and peak values for depth-time bins correspond-
ing to the net tows were calculated both with and without an
offset in time to compensate for the MOCNESS net being towed
behind the ship further than the acoustic system. Color echo-
grams of the data collected during MOCNESS tows also were

AMLR 1991 SURVEY A
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The field research involved a quantitative hydroacoustic sur-
vey of the population of krill (Euphausia superba) and other tar-
gets in the vicinity King George Island and Elephant Island.
The primary objective was to describe the distribution and
abundance of concentrations of acoustically detectable targets
that might be used as prey by the seals and penguins at Seal
Island. This hydroacoustic data is part of a series of annual
surveys conducted by the National Oceanic and Atmospheric
Administration (NOAA) beginning in 1987 as part of the Ant-
arctic Marine Living Resources (AMLR) program.

Two large-scale surveys and a number of small-scale surveys
were conducted during the two legs of the 1991 field operations.
Hydroacoustic data, collected at 120 kilohertz and 200 kilohertz,
were digitally recorded for a total of 397 hours of quantitative
data for use in subsequent analyses. These two frequencies
have been used on each of the AMLR surveys to date. The
sampling depths were from about 6-10 meters below the sur-
face (nominal towed V-fin depth) to 250 meters (limit of inte-
gration) or bottom, whichever occurred first. The method of
data analysis was echo integration. Length frequency data from
the periodic bongo net sampling of the ensonified populations
were used to calculate target-strength from established equa-
tions. The resulting target-strength was then used to convert
measurements of volume-scattered sound into estimates of bio-
mass.

The distribution of biomass along the trackline was contoured
using a commercial software package. All contouring of the
data was done using a "Kriging" method and the results of the
contouring of the distributions are shown in figures 1 and 2.
The contour interval in these figures is a tapered series in the
horizontal contour plots (figure 1) and 25 tons per nautical mile
squared beginning at 25 tons per nautical mile squared and
extending to the maximum, were used for the stacked contour
plots (figure 2).

The 200-kilohertz signal was completely analyzed in real-
time to acoustic biomass per cubic meter in 1-meter depth bins
for each 100 meters along the trackline, using a target strength
of —35.93 decibels per kilogram. The software for these anal-
yses runs on any AT-compatible computer, making it trans-
portable and easy to duplicate. Concentrations of salps and
other targets considered not to be krill were removed from the
data by a process of selective thresholding of the integrated

AMLR 1991 SURVEY 0
—57.5	—55.5	—53.5

Figure 1. AMLR 1991 survey A and D contour plot of the biomass
distribution. Intervals are 25, 50, 100, 150, 200, 300, 400, 600, 800,
1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400, 2600, 2800 tons per
nautical mile squared. Points marked "X31" through "X39" are part
of a line transect of hydrographic and other observations. Areas
where the data are blanked are considered as totally extrapolated
data.
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Figure 2. AMLR 1991 survey A and D stacked contour plot of the
biomass distribution observed along the cruise track. Intervals are
25 to maximum by 25 tons per nautical mile squared. Areas where
the data are blanked are considered as totally extrapolated data.

made, and an analyses of the hydroacoustic data were provided
to J. Wormuth for comparison with the net catch data (see
Wormuth and Berkowitz, Antarctic Journal, this issue).

The biomass of krill in the Elephant Island survey area during
the first large-scale survey (survey A) was about the same as
last year (0.5 to 1.0 million tons in 1990 and 0.6 million tons
this year). This is an intermediate value between last year's first
and second surveys. This year's survey A was conducted at
approximately the same seasonal timing as the mid-point be-
tween last year's first and second surveys. The total biomass
for the second survey (survey D) was slightly less than the total
for survey A. The biomass for the Elephant Island area was
higher, however, during survey D than during survey A, due
to a high abundance of krill in deeper water northeast of Ele-
phant Island. The total biomass was lower because very few
krill were found around King George Island and because sur-
vey D was later in the year than any previous AMLR survey.
This is in contrast to the dramatic changes in distribution ob-
served last year in the Elephant Island area (1990 four surveys
had estimated biomass around Elephant Island of 0.5, 1, 2, and
2.5 million tons over the course of a similar length, though
slightly, earlier time window). Some changes were noted this
year, more than a quarter of a million tons of krill were found
around King George Island in survey A, which is 27 percent of
the total. By contrast, less than 15 thousand tons were found

Acoustic estimate of krill biomass by survey 1991,
based on nautical-mile sample data

NOTE: Distance is transect line distance containing acoustic data (in
nautical miles), area is the area (in nautical miles squared) used to cal-
culate the biomass (in metric tons), and the confidence interval is the 95
percent confidence interval for the biomass (in metric tons).

± 95% Confidence

	

Region	Survey Distance Area Biomass	interval

Elephant

	

Island	A	870 12,675 689,031 277,100 1,100,800
King George

	

Island	A	182	3,852 253,697 82,488	444,386
Total	A	1,052 16,527 942,728 233,920 1,651,320

Elephant

	

Island	D	739 12,525 821,919 203,130 1,440,610
King George

	

Island	D	120	2,914 14,757	3,559	25,953
Total	D	859 15,439 836,676 196,760 1,476,490

around King George Island during survey D, constituting less
than 2 percent of the total. (See table.)

Plans are in progress for comparisons with other AMLR com-
ponent data. Comparisons with the hydrographic data collected
by T. Amos indicate that the principal krill concentrations are
strongly associated with frontal boundaries associated with
water types classified as "Type I" and "Type II" (see Amos,
Helbling, and Holm-Hansen, Antarctic Journal, this issue).
These associations are pronounced in areas where there is
strong bowing of the frontal boundary. The association of krill
with phytoplankton, both surface and integrated values is sim-
ilarly strong in these frontal features. There is a strong sugges-
tion that the high concentration of krill in the vicinity of stations
"X31" to "X36" contribute to the depression of chlorophyll
shown in Holm-Hansen (see Holm-Hansen, Villafane, and
Helbling, Antarctic Journal, this issue). Changes in the sexual
maturity stages (see Loeb, Antarctic Journal, this issue) suggest
a merging of the populations north of Elephant Island prior to,
and probably during, survey D. Spectral analysis of the krill
distribution observed during these surveys is reported else-
where (see Macaulay, Antarctic Journal, this issue).

This work has been supported by cooperative agreements
NA90AA-H-AF026 and NA17FD0007-01 from NOAA at the
Southwest Fisheries Center and by the officers and crew of the
NOAA vessel Surveyor
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AMLR program: Spatial
patterns in krill distribution

and biomass
near Elephant Island,
austral summer 1991

MICHAEL MACAULAY

Applied Physics Laboratory
University of Washington
Seattle, Washington 98195

Hydroacoustic survey data of the population of krill (Euphau-
sia superba) and other targets in the vicinity King George Island
and Elephant Island were examined using spectral analysis to
determine what spatial scales may be of importance in their
distribution (Platt and Denman 1975). This hydroacoustic data
is part of a series of annual surveys conducted by the National
Oceanic and Atmospheric Administration (NOAA) beginning
in 1987 as part of the Antarctic Marine Living Resources
(AMLR) program.

Hydroacoustic data from 200 kilohertz system collected dur-
ing the two 1991 large-scale surveys were integrated and placed
into separate nautical-mile-spaced arrays. The data from each
survey were first detrended by subtracting the mean for the
respective survey and then windowed using a "Hamming" or
Tukey window before performing a spectral analysis on each
survey's data separately. Auto-covariance analyses were also
done on each survey's data to examine other patterns of spatial
distribution.

The spectral density (as log of the spectrum) (see figure 1)
for the two surveys shows strikingly different patterns for the
spectral components. Survey A has a dichotomous spectrum
separated around 5 nautical miles (0.2 cycles per nautical mile)
for both high- and low-frequency components, and survey D
has a more continuous decrease with increasing frequency. Two
spectral analyses are shown for each survey (figure 1).

SURVEY A	 SURVEY
HIGH PASS FILTER	 HIGH PASS FILTER

106

101	
SURVEY A	 SURVEY 5	 1
LOW PASS FILTER	 LOW PASS FILTER

106

10

0 075 150 225 300 375 450 525	0	075 150 225 300 375 450 525
CYCLE/NM	 CYCLE/NM

Figure 1. AMLR 1991 survey A and D spectral density plot of krill
distribution. Axes are log spectral density (as tons per nautical
mile squared divided by cycles per nautical mile) and frequency
(as cycles per nautical mile). The dotted line is the 95 percent
confidence interval around the smoothed ("Low pass") spectral
density. The "High pass filter" was a wide band pass filter allowing
high frequency components to pass, while the "Low pass filter"
removed them. (NM denotes nautical mile.)

The one marked "High pass filter" was calculated using a
band pass filter on the periodogram which permitted the high
frequency components to be passed through, and the one
marked "Low pass filter" used one which removed them, leav-
ing the smoothed trend of the data. The confidence interval
plotted around the data is the 95 percent confidence interval
(shown on both "high" and "low" pass plots) for the smoothed
trend. Several peaks occur in the frequency domain for both
surveys, less than 0.03, a break in slope at 0.12 to 0.18, a peak
at .23 to .29, and a peak at .35 to .39 cycles per nautical mile.
These correspond to distances of greater than 30 nautical miles,
approximately 6 nautical miles, approximately 4 nautical miles,
and approximately 2.7 nautical miles, respectively (or approx-
imately 60 kilometers, 11 kilometers, 7 kilometers, and 5 kilo-
meters, respectively).

The auto-covariance for the two surveys (figure 2) also shows
different patterns, especially for the "high pass" data. The
increase in auto-covariance at lags of greater than 30 (i.e., 30
nautical miles, since the data are 1 nautical mile spacing) sug-
gests that some features repeat at about that spacing, especially
for high-frequency components. The lack of such a repetition
in the "low pass" auto-covariance plot, suggests that it is the
larger features (i.e., big patches) which exhibit this tendency,
since the large-scale features are present in the "low pass"
auto-covariance plot, and the high-frequency ones are not. An-
other difference is that survey D has a peak at lag 16 to 20,
which approximately represents the spacing of the transects,
one from another. Re-analysis of the survey D data using the
entire data set, but analyzing only straight survey segments to
isolate adjacent transects, revealed that even the straight seg-
ments exhibited this component, and thus, it is a feature of the
krill distribution not an artifact of sampling.

The data from each survey were further analyzed to isolate
the populations around King George Island from those around
Elephant Island. In these analyses, it was found that the sharp
dip in the spectral density plot found in survey A was found
in the data around King George Island, but not Elephant Island.
In addition, this was not the case for survey D and, in fact,
something like the dip observed for the King George Island
data from survey A was observed in the Elephant Island data
in survey D, but mixed in with data having a pattern like survey
A Elephant Island data. This mixture of spectra was found in

[xiOl
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I	LOW PASS FILTER (A) ]	 LOW PASS FILTER (D) I[xio]
5.75

3.50
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2 5 8 1114172023262932 2 5 8 1114172023262932
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Figure 2. AMLR 1991 survey A and D autocovariance plot of krill
distribution. Axes are auto-covariance expressed as covariance
X 10 and lag (as number of observations). The "High pass filter"
was a wide band pass filter allowing high frequency components
to pass, while the "Low pass filter" removed them.

1991 REVIEW	 205



the data from northeast of Elephant Island in survey D. The
spectra of data outside the region adjacent to King George did
not exhibit this feature, and more closely resembled the data
from around Elephant Island during survey A. This could sug-
gest movement of the krill from the King George Island area to
Elephant Island, a conclusion supported by the krill demo-
graphic data (see Loeb, Antarctic Journal, this issue) and may
indicate a behavioral difference in krill from the two areas
which could be used as a marker for those populations. To
confirm this hypothesis, hydroacoustic data from previous
years were also subjected to spectral analysis. A bimodal spec-
tral density consistently was found in the acoustic data from
King George Island and much less to no such indication found
in the Elephant Island data, confirming the existence of this
feature in the data in other years as well.

These patterns and features resulting from the spectral anal-
ysis of the survey data will be further examined and compared
with data on the hydrography (with T. Amos) and phytoplank-

ton (with 0. Holm-Hansen) in the manner of Weber, El-Sayed,
and Hampton (1986) as well as the demographic data (with V.
Loeb).

This work has been supported by cooperative agreements
NA90AA-H-AF026 and NA17FDO07-01 from NOAA at the
Southwest Fisheries Center and by the officers and crew of the
NOAA vessel Surveyor
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AMLR program: Krill population
structure in the

Elephant Island Area,
January through March 1991

VALERIE LOEB

Moss Landing Marine Laboratories
Moss Landing, California 95039

Net sampling was done to provide data on krill (Euphausia
superba) population structure in the Elephant Island area during
the 1991 Antarctic Marine Living Resources (AMLR) field sea-
son. Demographic information included length, sex ratio, re-
productive condition, and maturity stages. This information
was obtained from 169 bongo net and 6-foot Isaacs Kidd Mid-
water Trawl tows taken in the upper 200 meters during large-
and small-scale surveys (Holt, Hewitt, and Rosenberg, Antarctic
Journal, this issue). Sample processing was done onboard using
fresh material. About 30,000 krill were collected and about
4,000 of these were sexed, staged, and measured. Measure-
ments were of standard length; stages were based on the clas-
sification scheme of Makarov and Denys (1981). A summary of
results from 98 large-scale survey bongo samples (pooled data
from surveys A and D) is presented here.

Krill catch sizes during each large-scale survey (figures 1 and
2) reflected the overall pattern of acoustically detected krill bio-
mass (Macaulay and Mathisen, Antarctic Journal, this issue).
Males slightly outnumbered females overall (1.3:1), and there
were indications of some spatial separation of the sexes. This
was most notable in the region north of Elephant Island where
males frequently constituted between 67 percent and 97 percent
of the total catch of larger sized samples. Reproductively ma-
ture forms dominated most catches and constituted 76 percent
of all individuals collected; juvenile and immature stages

equally contributed to the remainder (table). Juveniles occurred
primarily in samples collected in Bransfield Strait waters to the
south and east of King George Island during January (figure
1). Immature forms were most abundant during the February-
March survey and generally occurred in the inshore island shelf
waters (figure 2). About 60 percent of the females were gravid;
no spent individuals were encountered. This differs from 1990

Krill maturity stage and size composition
in AMLR large-scale surveys,
January through March 1991

NOTE: These data represent 98 tows and 819 staged and measured krill.

Composition	 Percent	 Mean lengtha

Stage
Juveniles	 11.2	 27.2
Immature	 12.5	 42.1
Mature	 76.3	 47.6

Sex (male-to-female ratio = 1.3:1)
Males	 50.1	 47.3

Immature	 7.4	 42.4
Mature	 42.6	 48.1

Females	 38.7	 46.2
Immature	 5.1	 41.7
Mature	 33.7	 46.9
(Gravid)	 (23.0)	 -
(Spent)

Total krill	 44.6

Size categories
20-29 millimeters	 9.0
30-39 millimeters	 7.5
40-49 millimeters	58.3
50-56 millimeters	25.2

a In millimeters.
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Figure 1. Krill abundance and maturity stage composition in bongo net samples collected during survey A, 21 January to 1 February 1991.
(no. rn- 3 denotes number per cubic meter.)

60°

61°

62°

Abundance ( No. rn-2)
0.0o 0

0.1-1.7	1.8-2.9	3.0-9.9

Maturity Stages

0 > 66% Juveniles & Immature

0 Mixed Stages & Sexes

>66%Mature, Mixed00
9	Sexes 0

Mature Males

Mature Females

0

• . . . . .

F'....T • 94_

0 (DA-00i 
0wt

0
000

O000

0
000

630S 	1	 1 
ffs	

I	 I	 I	 I	 I	 I	 I	 I	 I
630 W 620	610	600	590	580	570	560	550	540	530	52°

Figure 2. Krill abundance and maturity stage composition in bongo net samples collected during survey D, 26 February to 6 March 1991.
(no. m 3 denotes number per cubic meter.)
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when a general transition from reproductively active to gravid
and spent females was observed over the January-through-Feb-
ruary AMLR survey period in the Elephant Island area.

Krill lengths ranged from 21-55 millimeters, but size-fre-
quency distributions (figure 3, table) demonstrate paucity of
individuals in <40 millimeter size categories (e.g., 0, 1 +, and
2 + age groups) (Siegel 1987). These small krill were especially
rare in the vicinity of Elephant Island. The majority of individ-
uals (58 percent) were between 40-49 millimeters, and 25 per-
cent were between 50-55 millimeters. Juveniles and small im-
mature krill (e.g., <34-millimeter size categories) were also
infrequent in the 1990 AMLR survey samples. Small stages have
been reported to be relatively abundant in this area during
some summers (Brinton et al. 1987; Siegel 1988, 1989).

This work was supported by NOAA Cooperative Agreement
NA17FD0008-01.

References

Brinton, E., V.J. Loeb, M.C. Macaulay, and E. Shulenberger. 1987 Var-
iability of Euphausia superha populations near Elephant Island and the
South Shetlands: 1981 vs. 1984. Polar Biology, 7, 345-362.

Holt, R., R.P. Hewitt, and J.E. Rosenberg. 1991 The U.S. AMLR pro-
gram: 1990-1991 field season activities. Antarctic Journal of the U.S.,
26(5).

Macaulay, M.C., and 0. Mathisen. 1991. AMLR Program: Hydroacous-
tic observations of krill distribution and biomass near Elephant Island
austral summer 1991. Antarctic Journal of the U.S., 26(5).

Figure 3. Krill size frequency distributions in the Elephant Island
area, January through March 1991, based on pooled survey A and
D data. (mm denotes millimeter.)

Makarov, R.R., and C.J.I. Denys. 1981. Stages of sexual maturity of
Euphausia superha. BIOMASS Handbook 11. College Station, Texas:
SCAR/BIOMASS.

Siegel, V. 1987 Age and growth of Antarctic Euphausiacea (Crustacea)
under natural conditions. Marine Biology, 96, 483-495.

Siegel, V. 1988. A concept of seasonal variation of krill (Euphausia su-
perba) distribution and abundance west of the Antarctic peninsula.
In D. Sahrhage (Ed.), Antarctic ocean and resources variability. Berlin:
Springer-Verlag.

Siegel, V. 1989. Winter and spring distribution and status of the krill
stock in Antarctic Peninsula waters. Archiv für Fischereiwissenscliaft,
38,45-72.

AMLR program: Vertical
distribution of krill

in the vicinity of
Elephant Island

JOHN H. WORMUTH and STEVE BERKOWITZ

Departnent of Oceanography
Texas A&M University

College Station, Texas 77843

Net sampling in the Elephant Island area was done as part
of the 1991 Antarctic Marine Living Resources (AMLR) program
to provide data on krill (Euphausia superba). This report sum-
marizes results on the vertical distribution of krill in the area.

We took vertically stratified tows using a 1-square-meter
MOCNESS and a mesh size of 0.333 millimeters. Tows were
taken at 2-2.5 knots. The depths sampled on the first leg were
all in the upper 200 meters.

Some tows were taken to sample layers with high concentra-
tions of acoustic targets (see Macaulay and Mathisen, Antarctic
Journal, this issue) to collect specimens for demographic anal-
ysis. To do this, we identified areas of high acoustic targets
during the large-scale survey mode. The ship course was re-

versed, and the MOCNESS was deployed and fished at the
depth judged to be best from the initial acoustic pass. As tar-
gets appeared, nets were changed to give discrete samples.
Often the layers moved up or down and the depth of the net
was adjusted to remain in the layers.

Other tows were taken when no acoustics were being oper-
ated; then, 25-meter layers were sampled to 200 meters. The
average distance towed for each net was 414 meters (range 85-
2,035 meters). This means that MOCNESS samples represent
approximately 25 percent of the distance towed for each bongo
net sample during the large-scale survey (see Holt et al. and
Loeb, Antarctic Journal, this issue). The temporal scale repre-
sented by the tows presented here is only 1 week; the data in
Loeb (Antarctic Journal, this issue) is about 2 months.

We took 18 MOCNESS tows (figure 1) and, at the time this
report was written, have processed eight, those taken between
26 January and 3 February. We made measurements of standard
length, basing stages on the classification scheme of Makarov
and Denys (1981). Seven of the eight tows processed were taken
north or northwest of Elephant Island (figure 1). The other was
taken south of Clarence Island.

An example of the vertical structure of E. superha is shown in
figure 2. Generally, the best catches were between 40 and 100
meters. The mean integrated value was 12.17 E. superba per
square meter with 95 percent confidence intervals of ± 11.46.
There is no statistically significant vertical structure in sex ratio
or size, at least not on the scale we sampled. Some of the 1990
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AMLR 1991 MOCNESS Stations
	 Krill maturity stage and size composition

from MOCNESS tows
(26 January to 3 February 1991)

NOTE: These data represent eight tows and 1,160 krill. These were
acoustically targeted tows while those of Loeb (Antarctic Journal, this
issue) were standard tows at predetermined stations.

Categories	 Percent	 Mean lengtha

t\J	(J
+

Figure 1. Location of MOCNESS tows relative to Elephant Island.
Crosses represent tows processed and reported here. Circles rep-
resent other tow locations.
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Figure 2. The vertical distribution of E. superba from MOCNESS
138. (#/m**3 denotes number of krill per cubic meter.)
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Figure 3. Krill size frequency distribution from MOCNESS tows
shown in figure 1 from 26 January through 3 February 1991. (mm
denotes millimeter.)

Stage
Juveniles	 12.4	 29.5
Immature	 39.5	 41.9
Mature	 48.1	 43.7

Sex (male-to-female ratio = 2A:1)
Males	 67.9	 37.5

Immature	 37.5	 42.0
Mature	 30.4	 45.2

Females	 32.1	 42.1
Immature	 7.7	 40.7
Mature	 16.4	 42.1
(Gravid)	 (5.2)	 (43.8)
(Spent)	 (2.8)	 (43.1)

Total knIt	 41.3

Size categories
20-29 millimeters	 7.4
30-39 millimeters	22.3
40-49 millimeters	66.9
50-56 millimeters	 3.4

a In millimeters.

tows, by contrast, showed significant vertical structure in size-
frequency distributions.

A comparison of the table here with the table in Loeb (Ant-
arctic Journal, this issue) reveals changes in demography over
the time scale represented by the two sets of samples. In late
January and early February, the population was less mature
than the pooled population for January through March 1991
(39.5 percent vs. 12.5 percent, respectively). In addition, the
early samples had smaller average size than the pooled samples
(41.3 vs. 44.6 millimeters, respectively). The early pooled size-
frequency distribution is shown in figure 3.
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AMLR program: Water masses
in the vicinity of
Elephant Island

A.F. AMOS and M.K. LAVENDER

University of Texas at Austin
Marine Science Institute

Port Aransas, Texas 78373

As part of the U.S. Antarctic Marine Living Resources
(AMLR) program (see Holt, Hewitt, and Rosenberg, Antarctic
Journal, this issue), we have studied the relationship between
krill (Euphausia superba) distribution and the structure of the
upper waters in the vicinity of Elephant Island. These data will
also help understand the predator/prey relationship in the Ant-
arctic and the foraging behavior of the seal and penguin pop-
ulations of Elephant Island (Bengtson, Boveng, and Jansen,
Antarctic Journal, this issue). Four summer cruises were made
aboard the National Oceanic and Atmospheric Administra-

tion's Surveyor, two each in 1990 and 1991. Our method was to
measure the surface temperature and salinity continuously
throughout each cruise and to make a series of conductivity-
temperature-depth stations, surface-to-bottom (to 750 meters
in deeper water) to identify water masses and compute the
geostrophic circulation. Simultaneous shipboard measure-
ments of krill abundance, phytoplankton biomass, chlorophyll-
a, inorganic nutrients, and zooplankton distribution and land-
based studies of krill consumers were made in these multidis-
ciplinary research cruises (see accompanying fourteen AMLR
articles in this section).

The Elephant Island area has long been known as a region
of importance for krill, and much krill harvesting takes place in
these waters. Because it lies at the end of the Palmer Peninsula
and South Shetland Island group, it is at the boundary between
oceanic and antarctic continental shelf waters.

In 1990, a coarse grid of stations around Elephant Island was
occupied four times from January through early March to in-
vestigate the temporal variation in water structure as the sum-
mer progressed. Based on these results, the 1991 grid was ex-
panded and additional, finer-scale sampling grids and sections
were added. By grouping stations with similar temperature/
salinity characteristics, we identified five water-mass types
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with distinctly different water structures in the upper 750-
1,000 meters in both 1990 and 1991. They result from mixing in
the vicinity of Elephant Island between waters with origins in
the Weddell, Scotia, and Bellingshausen seas. In summer, they
can be modified by atmospheric warming, ice melting, wind
mixing by strong gales, and mixing by contact with waters
entering the Bransfield Strait in both the north and south.

Figure 1 shows four of the regions with similar water-mass
characteristics identified in 1990 and 1991. All station positions
and two cross-shelf sections north of Elephant Island are also
shown in figure 1. To illustrate the spatial variability of the
upper water column, we used the "worm" technique of Hu
(Niiler, Amos, and Hu 1991) to graph the temperature/salinity
characteristics of each station of the AMLR 91 coarse grid (Holt
et al., Antarctic Journal, this issue) onto a Mercator map of the
area (figure 2). The mean temperature/salinity relationship was
computed for each 1-meter level of these grouped stations and

the resultant curves plotted in temperature/salinity space (fig-
ure 3).

The water mass descriptions are as follows.
• Type I. Drake Passage water; warm, low-salinity water at the

surface, a strong subsurface temperature minimum ("Winter
Water," approximately - 1 °C in temperature, and 34.0 parts
per thousand salinity), Circumpolar Deep Water near 500
meters.

• Type II. A transition water; temperature minimum near
0 °C, isopycnal mixing below the temperature-minimum,
Circumpolar Deep Water evident at some locations. There
were some dramatic examples of transition water during the
1991 cruises, showing considerable mixing along isopycnals.
In some instances, there is little density difference between
water at 500 meters and that at 75 meters (see figure 2 for
examples).

• Type III. Possibly the western edge of Weddell-Scotia Conflu-

SURVEYOR AMLR9I: LEG I SURVEY A
WATER MASSES: 18 JAN - 1 FEB 1991
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ence water, although similar temperature/salinity types are
found between Elephant and King George islands; less pro-
nounced subsurface temperature-minimum, warmer than
type I, cooler than type II, saltier than both, some mixing
with type II, no Circumpolar Deep Water, temperature at
depth generally above 0 °C.

• Type IV Eastern Bransfield Strait water; almost straight-line
relationship in temperature/salinity space. Deep tempera-
ture near - 1 °C, salinity 34.5 parts per thousand.

• Type V Weddell Sea surface water, found only in southeast-
ern part of study area in 1990. Water column well mixed,
surface-to-bottom, surface temperature near 0 °C.
The water column is also well-mixed in the summer on the

Elephant Island group shelves and might constitute a separate
water mass. Possibly two other types may exist in the region
but are not included in this preliminary classification. Nomen-
clature used in the literature for these water masses is not
consistent. For example, Patterson and Sievers (1980) consider
the region to be in the Weddell-Scotia Confluence zone, sepa-

rating Scotia Sea from Weddell Sea surface waters. SIBEX work-
ers (BIOMASS 1990) use the term "South East Pacific Basin
Surface Water" for the Drake Passage water adjacent to the
South Shetlands. We have avoided ascribing names to the water
mass types at this stage of our study by not capitalizing the
word "water" in the above descriptions.

The water-mass zones identified here are characteristic of the
whole upper water column (750-1,000 meters). As such, they
may not necessarily be directly relevant to the distribution of
krill, the highest concentrations of which were often limited to
the upper few tens of meters in the Elephant Island region
(Macaulay and Mathison, Antarctic Journal, this issue). Note that
the boundaries are not always easy to recognize (figure 1). The
overlap of the boundaries is due to seasonal and interannual
variations in their geographical position. The grids, especially
to the west are not fine enough to resolve the boundaries well.
The most dramatic boundary region is to the north of Elephant
Island, roughly parallel to the continental shelf break. An ab-
rupt front, detectable at the surface by a rapid increase in sal-
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inity approaching the Elephant Island shelf appears to be as-
sociated with kniT and phytoplankton biomass increases
(Amos, Heibling, and Holm-Hansen, Antarctic Journal, this is-
sue). The complexity of the hydrography in this region, and its
variability may well govern the variation in the foraging dis-
tance of krill consumers observed by Bengtson et al. (Antarctic
Journal, this issue).

Hydrographically, it is interesting to note (figure 3) that the
temperature/salinity curves for all types intersect at approxi-
mately +0.5 CC and 34.35 parts per thousand at a depth of
about 100 meters and a Sigma-theta of nearly 276. Also at
depths of 750-1,000 meters, Sigma-theta is 27.8 for all the
water-mass types. Thus, from density considerations there
could be horizontal communication at depths around 1000150
meters throughout the area and potential for mixing up or
down in the water column to 1,000 meters.

Further analysis is in progress on the hydrography of the
Elephant Island surface waters and its relationship to the dis-
tribution of the plant and animal biomass investigated by our
AMLR colleagues. We will also relate this to the hydrography
of the Gerlache and Bransfield straits investigated earlier in the
1989°1990 season (Amos, Jacobs, and Hu 1990) for the Research
on Antarctic Coastal Ecosystems and Rates (RACER) program.

This research was performed under U.S. Department of
Commerce, National Oceanic and Atmospheric Administra-
tion/National Marine Fisheries Service contract NA90AA-H-
AF025. We wish to thank the officers and crew of the Surveyor
and especially the Survey and Electronic Technicians on board.

The authors also acknowledge Barney Trams and Christian Bo-
nert Anwandter who assisted in the conductivity-temperature-
depth work.

References

Amos, A.F., W. 1-leibling, and 0. Holm-Hansen. 1991. AMLR program:
Physical and biological measurements over a frontal zone close to the
continental shelf break. Antarctic Journal of the U.S., 26(5).

Amos, A.F., S.S. Jacobs, and J-W Hu. 1990. RACER: Hydrography of
the surface waters during the spring bloom in the Gerlache Strait.
Antarctic Journal of the U.S., 25(5), 131-134.

Bengtson, J.L., P. Boveng, and J.K. Jansen. 1991. Foraging areas of krill-
consuming penguins and fur seals, near Seal Island, Antarctica. Ant-
arctic Journal of the U.S., 26(5).

BIOMASS. 1990. Proceedings of the SIBEX Physical Oceanography
Workshop. (BIOMASS Report Series 62.)

Holt, R.S., J. Rosenberg, and J.R. Hewitt. 1991. The U.S. AMLR pro-
gram: 1990-1991 field season activities. Antarctic Journal of the U.S.,
26(5).

Macaulay, M.C. and 0. Mathisen. 1991. AMLR Program: Hydroacous-
tic observations of krill distribution and biomass near Elephant Is-
land, austral summer 1991. Antarctic Journal of the U.S., 26(5).

Niiier, PR, A.F. Amos, and J-H Hu. In press. Water masses and 200 m
relative geostrophic circulation in the western Bransfield Strait re-
gion. Deep-Sea Research, 38(819A), 943-959.

Patterson, S.L., and H.A. Sievers. 1980. The Weddell-Scotia Conflu-
ence. Journal of Physical Oceanography, 10, 1584-1610.

AMLR program: Meteorological
conditions in the

vicinity of Elephant Island

A.F. AMOS

University of Texas at Austin
Marine Science institute

Port Aransas, Texas 78373

Do the winds blowing over the surface of the waters around
Elephant Island influence the observed distribution of krill (Eu-
phausia superba) as the structure of the upper waters change due
to wind mixing? This question has been tested during the U.S.
Antarctic Marine Living Resources (AMLR) program by moni-
toring weather conditions continuously throughout the Na-
tional Oceanic and Atmospheric Administration's Surveyor
cruises in 1990 and 1991. Although the answer is not obvious
from the preliminary analysis of these data, the results are of
sufficient interest to be presented here. Weather observations
have long been routine during oceanographic expeditions in
the Antarctic and elsewhere, but too often the data are collected
in a spotty fashion and are seldom incorporated into the final
results of the cruise investigations. For the past few years, I
have attempted to collect continuous meteorological (wind
speed and direction barometric pressure, air temperature, and

humidity), and sea-surface (sea temperature and salinity) data
in the Antarctic (Amos 1990). More recently, these data have
been augmented with atmospheric solar radiation, water trans-
missivity, and chlorophyll fluorescence monitoring by the
Scripps Institution of Oceanography phytoplankton research-
ers (see Amos, Helbling, and Holm-Hansen, Antarctic Journal,
this issue).

Aboard Surveyor, a Coastal Climate Weatherpak provides the
wind input. Other inputs come from Weathermeasure barom-
eter, air temperature, sea temperature, and humidity sensors
and signal conditioning units. A Sea-Bird thermosalinograph
provides surface salinity and additional sea-temperature in-
puts. A Hewlett-Packard data-acquisition system channels the
inputs to a personal computer and navigation information from
the ship's Magnavox global positioning system provides a po-
sitional as well as a temporal reference frame. Data were aver-
aged over 1 minute, at 10-minute intervals and at more frequent
intervals whenever a station or other event took place.

Two methods of presenting the data are given here. Figure 1
shows the data as a function of time without regard to position.
The time period covers AMLR 91, leg I from 16 January to 11
February 1991, including Drake Passage crossings at the start
and end of the leg. Note how, during the body of the time in
the Elephant Island region, the northwesterly winds bring
warmer air and the air temperature is persistently warmer than
the sea surface (light shading in figure 1D). A cold front with
southerly winds on 5 February (dark shading in figure 1D)
brought the only subfreezing air temperatures of the cruise,
reversing the air-sea heat-transfer process.
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In figure 2, data are presented (as if it were synoptic) for the
latter part of January in both 1990 and 1991. Surface winds near
Elephant Island are known for their strength and are predom-
inantly westerlies. Cyclones (low pressure systems), migrate
regularly from west to east, year round (van Loon and Shea
1988). A disruption in the westerly flow will occur if the low-
pressure center moves over, or north of Elephant island, or if
anticyclones or surface frontal zones cause wind-shear and
meridional flow (Kaufeld 1988). Duration of individual events
following cyclonogenesis may be from 4 to more 11 days. This
is clearly illustrated in figure 2A when winds were persistently
northeasterly for 7 days in January 1990 and west to northwest-
erly for 14 days in January 1991. We will be examining these

events to see how the surface waters may have responded to
the wind forcing, and how the observed conditions compared
to the surface-level synoptic maps sent to the ship via facsimile.

One would expect a noticeable deepening of the upper mixed
layer in the ocean under the influence of winds blowing with a
mean of more than 10 meters per second for several days. Under
the arctic pack ice, I observed a dramatic correlation between
the upper water-column stability and local winds (figure 3 in
Amos 1972). One of our tasks is to see if this is so, and if it is
responsible for a mixing into the deeper layers of krill or phy-
toplankton. Preliminary analyses show no such general deep-
ening of the pycnocline although individual events seem to be
wind-mixing related.

62 L_-	 --_____J	 62
S SCALE: 10 m/..c- t	 S SCALE. 10 m/uuc- ta	 b

Figure 2. "Synoptic" weather data, AMLR 1990 and 1991. A. Late January, 1990. B. Late January 1991. Winds are hourly averaged vectors.
Surveyor's track is shown by the dotted line. (m/sec denotes meters per second.)
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This research was performed under National Oceanic and
Atmospheric Administration award NA17FD0060 to the Uni-
versity of Texas Marines Science Institute. I wish to thank the
officers and crew of the Surveyor and the Electronic Technicians
on board (especially Andy Miller, who solved the "Humidity
Mystery" on leg II). I am also grateful to Margaret Lavender
(legs I and II), and Barney Trams (leg II) who kept the some-
times capricious weather system going during their watches.
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AMLR program: Antarctic fur seal
foraging patterns

at Seal Island, South
Shetland Islands, Antarctica,

during austral summer 1990-1991

PETER L. BOVENG, JOHN L. BENGTSON, and MICHAEL E. G0EBEL

National Marine Mammal Laboratory
Alaska Fisheries Science Center

National Marine Fisheries Service
National Oceanic and Atmospheric Administration

Seattle, Washington 98115

The foraging behavior of antarctic fur seals (Arctocephalus ga
zella) has been shown to reflect the availability of the seals'
primary prey species, antarctic krill (Euphausia superba) (Bengt-
son 1988; Costa, Croxall, and Duck 1989). To describe this pred-
ator-prey relationship more effectively, fur seals have been
studied at Seal Island in the South Shetland Islands each austral
summer since 1986-1987, as part of the U.S. Antarctic Marine
Living Resources (AMLR) Program. During the 1990-1991 field
season, the objectives of the fur seal research at Seal Island
were to
• monitor pup growth and condition and adult female atten-

dance patterns according to the Convention for the Conser-
vation of Antarctic Marine Living Resources (CCAMLR) Eco-
system Monitoring Program (CEMP) protocols, and

• conduct directed research on pup production, female forag-
ing behavior, diet, and abundance, survival and recruitment
of fur seals.
In support of the first objective, we measured fur seal pup

growth rates by weighing random samples of pups at regular
intervals throughout the pup-rearing season. We also meas-
ured the durations of foraging trips and pup-attendance visits
of 39 female fur seals. The results of these studies were re-
ported to CCAMLR according to agreed-upon formats.

As part of the second objective, we used microprocessor-
controlled time-depth recorders to record the diving behavior
of 28 female fur seals as they foraged at sea to gain energy
necessary for producing milk for nursing their pups ashore. We
report here some of the results of these diving studies, based

on dives made by eight female fur seals during AMLR survey
A (Holt, Hewitt, and Rosenberg, Antarctic Journal, this issue),
with an emphasis on the diel pattern of dive frequency and
dive depth.

In the 1990-1991 season, as well as in previous seasons, we
observed a consistent and strong diel pattern of diving fre-
quency; diving is much more frequent at night than during the
middle of the day, with the distribution nearly centered around
local apparent midnight (table). A similar pattern has been
described for antarctic fur seals foraging near South Georgia
(Croxall et al. 1985). We also noted, however, that mean depth

Summary of diving by eight lactating antarctic fur seal
females, 21 January to 5 February 1991

(AMLR survey A), near Seal Island, South Shetland Islands

Percentage	Depth (in meters)

	

Hour	Number of	dives	of total dives Mean	Standard deviation

	

391	11.46	36.36	26.65

	

457	13.40	33.89	25.88

	

269	7.89	51.99	32.93

	

96	2.81	27.65	19.08

	

128	3.75	25.56	13.86

	

110	3.22	25.25	6.99

	

96	2.81	24.04	7.26

	

52	1.52	23.23	6.82

	

8	 3	0.09	24.00	5.29

	

9	27	0.79	19.63	5.85

	

10	25	0.73	27.84	7.09
11	45	1.32	30.53	11.70

	

12	71	 2.08	30.96	20.86

	

13	80	2.35	29.55	18.03

	

14	104	3.05	31.35	15.54

	

15	99	2.90	30.95	9.96

	

16	110	3.22	30.02	9.60

	

17	91	 2.67	29.56	9.24

	

18	102	2.99	29.57	6.96

	

19	95	2.79	26.74	9.95

	

20	129	3.78	20.93	8.14
21	199	5.83	17.51	10.38

	

22	303	8.88	20.53	17.43

	

23	329	9.65	38.22	32.79

	

Total	3,411	99.88	31.07	23.01
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of dives does not show such a distinct pattern (table) and were
led to ask whether the diel pattern was simply one of diving
frequency or also one involving dive depths. The diel pattern
of standard deviations of dive depths (table) gives some indi-
cation that dive depths are much more variable at night than
during the day. Indeed, graphical representation of the distri-
bution (figure) shows that during daylight, females not only
dive less frequently than at night, but less deeply than at night.
Furthermore, their dive depths are somewhat more consistent
during daylight than during the night.

The consistency and strength of the diel patterns in diving
frequency and depth imply a high likelihood that either the
seals' prey undergoes a corresponding diel pattern in vertical
distribution or that the seals' ability to capture their prey varies
in a way that results in the observed patterns. Croxall et al.
(1985) attributed diel patterns in dive frequency at South Geor-
gia to the former cause. Whether the same is true in the vicinity
of Seal Island has yet to be determined. Evidence is lacking for
a general statement about diel vertical migration by krill; stud-
ies at several locations suggest that vertical migration by krill
is varied and complex (Pavlov 1969; Everson and Ward 1980;
Kalinowski and Witek 1980; Witek et al. 1981; Everson 1984;
Morris, Ward, and Clark 1983, 1984; Godlewsak and Klusek
1987; Ichii 1987; Loeb and Shulenberger 1987). There is, how-
ever, circumstantial evidence for diel changes in the seals' abil-
ity to capture krill; Brinton et al. (1987) and Loeb and Shulen-
berger (1987) suggested that lower catches of krill during
daylight hours may be due to more efficient visual detection of
nets by the krill. Integration of our results with those of AMLR
krill studies conducted concurrently (Macaulay, Antarctic Jour-
nal, this issue; Bengtson, Boveng, and Jansen, Antarctic Journal,
this issue) may reveal which of these hypotheses is most con-
sistent with the patterns in fur seal diving.

We will investigate further the diel pattern of variability in
dive depths (greater variability at night) to determine whether
the variability is due mostly to variation among individual seals
or variation among sampling dates. If the former is true, it
would suggest that individual females employ different diving
strategies or feed in areas where vertical distributions of krill
are different. If the latter is true, it would indicate that the seals
are responding to temporal changes in the vertical distribution
of prey in foraging areas surrounding Seal Island (see Bengtson
et al., Antarctic Journal, this issue).

The authors are grateful to D.A. Croll and J.K. Jansen for
assistance at Seal Island. This research was supported by the
National Oceanic and Atmospheric Administration as part of
its AMLR Program.
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AMLR program: Foraging areas
of krill-consuming

penguins and fur seals
near Seal Island, Antarctica

JOHN L. BENGTSON, PETER BOVENG, and JOHN K. JANSEN

National Marine Mammal Laboratory
Alaska Fisheries Science Center

National Marine Fisheries Service
National Oceanic and Atmospheric Adn in is tra tion

Seattle, Washington 98115

Because land-breeding predators such as antarctic fur seals
(Arctocephalus gazella), chinstrap penguins (Pygoscelis antarctica),
and macaroni penguins (Eudyptes chrysolophus) are tied to colo-
nies ashore during their breeding seasons, these species have
relatively fewer options for foraging areas during these periods
compared to flighted birds or ice-breeding seals. Changes in
prey availability or environmental conditions in marine habitats
adjacent to the colonies ashore influence predators' reproduc-
tive success, growth and condition, feeding ecology, and be-
havior. Linking the results of pelagic studies on prey and en-
vironmental features with data obtained from land-based
monitoring of predators (see accompanying fourteen AMLR
articles in this section of Antarctic Journal, this issue) is a vital
step in elucidating the potential effects of natural and human-
caused perturbations on various components of the antarctic
marine ecosystem.

During the 1990-1991 austral summer field season, we un-
dertook studies to identify and describe the ecological charac-
teristics of the foraging areas of antarctic fur seals and penguins
breeding at Seal Island, Elephant Island (60°59.1'S 55°23.1'W).
This research, which was part of the Antarctic Marine Living
Resources (AMLR) program, had three principal objectives:
• To follow antarctic fur seals, chinstrap penguins, and maca-

roni penguins during their feeding trips to sea to pinpoint
important foraging areas,

• To compare predator foraging areas used early and late in
the reproductive season to determine the extent to which
these areas change within a season, and

• To use hydroacoustic and net sampling in these areas to eval-
uate the distribution and abundance of prey species such as
antarctic krill (Euphausia superba).
There were two phases of field work: early January (aboard

the Japanese research vessel Kaiyo Maru) and mid-February
(aboard the Chilean research vessel Alcazar). A comprehensive
survey of biological and physical features in the tracking area
was also conducted by the National Oceanic and Atmospheric
Administration (NOAA) ship Surveyor during the second phase
in February. In preparation for tracking operations, radio trans-
mitters and time-depth recorders were attached to antarctic fur
seals, chinstrap penguins, and macaroni penguins. The time-
depth recorders were programmed to sample the depth in the
water column every 10 seconds, providing a record of the times
and depths of fur seal or penguin feeding dives. Subsequent
analyses will compare the dive profiles of predators (time-depth
recorder data) with the results of acoustic and net sampling of
prey. A radio direction-finding system was installed aboard the
research vessels to allow tracking the movements of the instru-
mented fur seals and penguins at sea. This system worked well,

with a working radio reception range of approximately 5 kilo-
meters from the vessel for penguins to 15 kilometers for fur
seals.

The Kaiyo Maru supported tracking operations from 1-8 Jan-
uary 1991. Tracks to foraging areas were completed for four
chinstrap penguins (six trips), one macaroni penguin, and one
fur seal (table 1). Most penguins were followed for the majority
of an entire feeding trip to sea; however, the one fur seal fol-
lowed was monitored on its outbound journey only until it
appeared to have reached the outer limit of its foraging range
(on the third day of an 8-day foraging trip). During tracking
operations, Japanese scientists conducted acoustic and net sam-
pling to characterize the prey field.

Antarctic fur seals were tracked from 13 to 22 February
aboard the Alcazar. Although the initial plan had included
tracking both penguins and fur seals, unavoidable scheduling
delays required that actual tracking operations be limited to fur
seals alone because penguin chicks had already started to
fledge. A total of eight tracks of female fur seals during offshore
feeding trips was obtained (table 2). During this period, acous-
tic and net sampling of zooplankton was undertaken aboard
the Alcazar and Surveyor.

The results of this study suggest that foraging locations
change within a breeding season as well as between years (see
Bengtson, Boveng, and Hewitt 1990). Of course, the only direct
comparison that can be made within this season is for fur seals.
Although only one fur seal was tracked during January, its
feeding area was quite different from those used by other fe-
males later in the season (or observed in previous years of
tracking)—over four times farther out to sea than the farthest
ranging fur seal in February. Moreover, the chinstrap penguin
records from January indicated that penguins were feeding up
to twice as far offshore as observed in previous seasons.

The locations of foraging areas correspond to the preliminary
analyses of acoustic and net sampling for prey. In January,

Table 1. Results of tracking antarctic fur seals,
macaroni penguins, and chinstrap penguins

to their foraging areas near Seal Island, Antarctica,
from 12 to 20 January 1991

NOTE: Maximum distance away from Seal Island is indicated. Compass
bearing from Seal Island to the last position observed is also noted.

Maximum
Elapsed distance

Identification	Tracking times	time	(in kilo-
number	Start track	End track (in hours) meters) Bearing

Fur seal
900	4 Jan: 2030 7 Jan: 2000	71.5	240	047

Macaroni penguin
350b	3 Jan: 0800 3 Jan: 1842	18.2	15	332

Chinstrap penguin
762C	1 Jan: 1725 2 Jan: 0825	14.0	23	027
660b 2 Jan: 0834 2Jan: 1424	5.8	6	040
820b	3Jan: 0327 3Jan: 1005	6.6	7	345
372b	3 Jan: 2015 4 Jan: 0250	6.6	25	030
762C	4Jan: 0240 4 Jan: 1353	11.2	11	044
660 b	4Jan: 1539 4 Jan: 2030	4.9	18	019

a Partial track of feeding trip (outbound portion only).
b Partial track of feeding trip.

Complete track of feeding trip.
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Table 2. Results of tracking antarctic fur seals
to their foraging areas near Seal Island, Antarctica,

from 14 to 22 February 1991

NOTE: Maximum distance away from Seal Island is indicated. Compass
bearing from Seal Island to the last position observed is also noted.

Maximum

Identification	Tracking times	
Elapsed distance

time	(in kilo-
number	Start track	End track (in hours) meters) Bearing

790a	14 Feb: 1849 15 Feb: 0730	12.7	23	340
849b	15 Feb: 2015 l7 Feb: 0428	32.2	49	036
810a	17 Feb: 2057 l9 Feb: 0725	34.5	41	330
750b	19 Feb: 0002 19 Feb: 0719	7.3	14	011
830b	19 Feb: 0417 19 Feb: 1338	9.3	14	086790a	19 Feb: 2000 20 Feb: 1223	16.4	36	319957 a	20 Feb: 2226 21 Feb: 0850	10.4	18	341
770b	21 Feb: 2052 22 Feb: 0600	9.9	35	030

that patches of krill were present throughout the area; feeding
trips of fur seals during this period were shorter (1-3 days)
than in January. This pattern suggests that predator foraging
areas may change within seasons in direct response to prey
distribution and abundance.

The authors thank all of their colleagues at Seal Island and
aboard the Kaiyo Maru, Alcazar, and Surveyor for sharing their
thoughts and ideas in stimulating discussions. Special thanks
are extended to D. Croll, P. Eberhardt, M. Goebel, T Ichii, H.
Ishii, A. Mujica, and M. Naganobu. We are grateful to the
officers and crews of the three ships for providing excellent
logistic support and for helping to make our field experience
so enjoyable. This research was supported by the National
Oceanic and Atmospheric Administration as part of its AMLR
program.

a Complete track of feeding trip.
b Partial track of feeding trip.
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Seabirds have been identified as potentially important mon-
itors of offshore prey resources (Boersma 1976; Crawford and
Shelton 1978; Anderson and Cress 1984; Cairns 1987; Williams
and Croxall 1990). As part of the Commission for the Conser-
vation of Antarctic Marine Living Resources (CCAMLR) Eco-
system Monitoring Program (CEMP), chinstrap penguins (Py-
goscelis antarctica), macaroni penguins (Eudyptes chrysolophus),
and cape petrels (Daption capensis) have been studied since 1987
at Seal Island, South Shetland Islands (60°59.2'S 55°23.1'W).
The reproductive performance, demography, and behavior of
these species are monitored annually in an effort to understand

the relationships of these predators to prey and other environ-
mental conditions.

The goals of the 1990-1991 field season on Seal Island (4
December 1990 to 11 March 1991) were to
• monitor the breeding success, chick growth, fledgling size,

reproductive chronology, foraging behavior, diet, abun-
dance, survival, and recruitment of chinstrap and macaroni
penguins,

• investigate the diving behavior of chinstrap penguins to as-
sess changes in foraging behavior and effort as the breeding
season progressed,

• assess the reproductive success of cape petrels,
• evaluate the potential effects of electronic instruments on the

behavior of penguins, and
• measure the energetic cost of reproduction as chinstrap pen-

guins incubate, guard, and creche their chicks.
We report here some of the results of reproductive factors

measured for chinstrap penguins during the 1990-1991 breed-
ing season on Seal Island, and compare these results with ob-
servations from previous years.

We estimated chick production by censusing creched chin-
strap chicks present in nine geographically discrete colonies
undisturbed by other activities (table 1), and we assessed the
mean reproductive success of individual nests and nesting
chronology by monitoring the number of incubated eggs or
brooded chicks until the chicks at individually identified nests
in two colonies (of 124 and 113 nests each) had creched (table
2). Hatching peaked on 24 December 1989 and 29 December
1990 and fledging began on 3 February 1990 and 13 February
1991 in the 1989-1990 and 1990-1991 austral summers.
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Table 1. Number of chinstrap penguin chicks
raised to creche in selected colonies

on Seal Island, South Shetland Islands, Antarctica,
from austral summer 1987-1988 through austral summer 1990-1991

Year
Colony	1987-1988	1988-1989	1989-1990	1990-1991

	

21	128	99	87	53

	

24	53	30	 1	5

	

31	316	278	354	221

	

32	79	27	128	50

	

33	177	76	182	74

	

42	133	102	241	146

	

51	64	49	60	28

	

54	126	135	147	86

	

66	211	142	288	203

	

Total	1,287	938	1,488	866

We monitored the growth rates of chinstrap penguin chicks
by weighing a sample of chicks every 5 days from a colony of
approximately 2,000 nests (colony 4). In 1987-1988 and 1988-
1989, samples of 30 randomly selected chicks were weighed. In
1989-1990 and 1990-1991, during the guard stage, samples of
at least 50 chicks (contained in at least 30 nests) were measured.
After creching, a total of 75 chicks was measured each sampling
period. Chinstrap penguin chick weights peaked prior to fledg-
ing (figure, table 2), as reported at other sites (Volkman and
Trivelpiece 1980; Taylor 1985). Following the initiation of chin-
strap penguin fledging, daily samples of fledglings preparing
to depart from the beach were weighed until the completion of
fledging (table 2).

The number of chinstrap penguin chicks raised to creching
on Seal Island in 1990-1991 was lower than in the previous 3

Table 2. Peak chick size and reproductive success
of chinstrap penguins at Seal Island,
South Shetland Islands, Antarctica,

from austral summer 1987-1988 through austral summer 1990-1991
NOTE: Peak weights (in kilograms) indicate maximum age prior to fledg-
ing at colony number 4. Fledging weights were obtained from chicks on
the beach preparing to their departure to sea. Reproductive success was
calculated as the number of chicks raised to creche of the nests that
successfully hatched eggs (chicks/nest). The number of creched chicks
of the nests that successfully raised chicks to creche (chicks per active
nest) at colonies number 4 and 25. Values in parentheses represent
standard deviations and sample sizes.

Evaluation	 Year
parameter 1987-1988 1988-1989	1989-1990	1990-1991

Peak	3.76	3.92	3.40	3.30
weight	(0.38, n=30) (0.40, n=30) (0.60, n=75) (0.42, n=75)
Fledging	3.27	3.25	3.00	2.90
weight	(0.28, n=49) (0.37, n=87) (0.40, n=141) (0.30, n=254)
Chicks per

	

nest	1.62	_a	 1.20	1.35
Chick per
active nest	1.75	1.48	1.45	1.45

a Data unavailable.

0	10	20	30	40	50

Date (Julian)

Growth of chinstrap penguin chicks at colony number 4 on Seal
Island, South Shetland Islands, Antarctica, in 1989-1990 and 1990-
1991. Error bars represent ± 1 standard deviation. (kg denotes kilo-
gram.)

years (table 1). Reduced chick production may have resulted
from a number of possibilities:
• a decline in prey availability prior to breeding (resulting in

fewer birds attempting to breed),
• a decline in prey availability during breeding (resulting in a

higher nest failure rate during the early incubation period
prior to the field team's arrival),

• both of these factors, or
• other factors such as weather or ice conditions.
A comparison of data between 1989-1990 and 1990-1991 pro-
vides some clues about the possible timing of these interannual
differences in environmental conditions. Although fewer chicks
were produced overall in 1990-1991, the reproductive success
of individual nests was similar to that observed in 1989-1990,
indicating that the lower chick production resulted from fewer
birds attempting to breed or more nests being lost between egg
laying and hatching (or both) rather than an increased mortality
of chicks during the chick rearing period. Although chinstrap
penguin chick growth rates were similar in 1990-1991 and 1989-
1990, the timing of chick growth was temporally shifted, due
to the later hatching dates in 1990-1991. This shift provides
further inferential evidence that environmental conditions were
less optimal some time either prior to or during the early stages
of reproduction.

Chinstrap fledgling weights were similar in 1989-1990 and
1990-1991, but lower than in the previous 2 years. Chinstrap
penguins are capable of raising two chicks: because prey avail-
ability varies from one year to the next, energy may be invested
in two chicks of lower body mass at fledging or one chick of
higher body mass at fledging. Bost and Jouventin (1991) have
found that gentoo penguin (Pygosce/is papua) chick survival per
nest during is higher during "good" years, and the mean fledg-
ing weight is lighter. A similar situation may have occurred on
Seal Island. Food availability may have been sufficient during
chick rearing in 1989-1990 and 1990-1991 to permit individual
nests to raise more chicks of lower body mass. Conditions prior
to chick rearing in 1990-1991, however, may have led to a fewer
number of nests surviving to the chick rearing stage, leading
to the overall reduction in chick production in 1990-1991 in
spite of the high chick survival to creching.

We thank Harriet R. Huber, Steven D. Osmek, Michael E.
Goebel, and Peter Boveng for their energetic assistance with
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the field work at Seal Island. We also thank the officers and
crews of the National Oceanic and Atmospheric Administration
(NOAA) Ship Surveyor and the MN Society Explorer for provid-
ing outstanding logistical support. This research was sup-
ported by the (NOAA) as part of its Antarctic Marine Living
Resources (AMLR) Program.
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Evidence for circulation
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Profiles of temperature and conductivity were made along a
transect of 13 sampling sites in Lake Bonney (figure 1) during
November 1990 and January 1991. Measurements were made
with a SeaBird SBE25 Sealogger designed for through-ice sam-
pling and fitted with both finestructure and microstructure
temperature and conductivity sensors. An example of a tran-
sect made in January is presented here for raw temperature and

LAKE BONNEY
ANTARCTICA	 1000	0	METRES 3300 4000 5000

Figure 1. Map of Lake Bonney showing sampling locations and
proximity to surrounding glaciers.

conductivity finestructure (figures 2 and 3). The transect re-
veals differences and similarities between the two basins of
Lake Bonney and suggests possible mechanisms for circula-
tions within and between basins.

The transect extends from a point approximately 50 meters
from the face of the Taylor Glacier in the west lobe (site W5),
through the narrows separating the two basins, and finishes

N15 N21
W5 W10 W20 W30 NV (N30 ElO	E20	E30	E40	E50

WEST LOBE
	 EAST LOBE

TEMPERATURES (°C), L. BONNEY, 12-13 JANUARY 1991
Figure 2. Temperature profiles along a west-east transect, Lake Bonney, 12-13 January 1991. All depths are relative to the free water surface.
Each profile is drawn at the sampling site where it was measured. The lake bottom is also shown. (m denotes meters.)

0

10

20

30

40

Is'

10

20

30

40

1991 REVIEW	 221



0

10

1'

40

10

20

30

N15 N21

WEST LOBE	 EAST LOBE

CONDUCTIVITY (Siemens/metre), L BONNEY, 12-13 JANUARY 1991
Figure 3. In situ conductivity (in siemens/meter), unadjusted for temperature, along the west-east transect. The decrease in conductivity
in the bottom waters of the east lobe is probably a temperature effect, as chemical analyses show no decrease in salt concentration with
depth. (m denotes meters.)

near the eastern end of the east lobe (site E50) (see figure 1).
The temperature and conductivity profiles in figures 2 and 3
are superimposed on a longitudinal profile of the lake bed.
Maximum water depths exceed 40 meters in the west lobe
(W20) and 38 meters in the east lobe (E10). These depths are
greater than those measured by Angino, Armitage, and Tash
in 1964 and Hendy et al. in 1977, none of which exceeded 35
meters.

Temperature profiles show evidence of the large volume of
meltwater inflow that occurred in December 1990. This can be
seen as a 1 °C step of approximately 1-meter depth overlying
all profiles. The transition from the step to the underlying pro-
file becomes smoother from west to east, indicating that the
freshwater inflow under the ice probably occurred within the
top meter of water below the ice, with the main sources being
the Taylor and Rhone Glaciers in the west lobe. A counter-flow
from east to west probably exists at greater depths in the nar-
rows as indicated by the interleaving of warmer (from the east
lobe) and colder (from the west lobe) layers in the profiles from
Nb, N15, N21, and N30.

Exchange between basins below the level of the sill in the
narrows is probably negligible. This is reflected in the conduc-
tivity profiles showing a very sharp salt gradient in the west
lobe. This gradient is not transferred to the east lobe but is cut
off below 12 meters, with a transition step from 12 meters to
16 meters appearing in all east lobe conductivity profiles.

Finally, interleaving and inversions are evident in tempera-
ture and conductivity profiles next to the submerged face of
the Taylor Glacier (W5). These structures are rapidly smoothed
with distance from the glacier (W10, W20) and are typical of
the layering that accompanies thermohaline convection. In this
case, the convection is driven by melting at the face of the
glacier that is submerged in a strong salinity gradient. It is
possible that the melting process at the glacier face drives a
weak convective circulation that extends throughout much of
the west lobe below the level of the sill that separates East and
West Lobes (cf. Ivey and Corcos 1982).

This work was supported in part by National Science Foun-
dation grant DPP 88-20591 to John C. Priscu.
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Photosynthetic organisms living in the antarctic lakes of the
McMurdo dry valleys experience a unique light regime because
of the large variation in incident irradiance and because of the
characteristics of the permanent ice cap. Although numerous
records of incident irradiance exist at the latitude of these lakes
(about 77S), there have been few reports of continuous under-
water irradiance in them. My field team has observed large
differences in opacity of the Lake Bonney ice cap, differences
that might influence water-column photosynthesis, prompting
us to make continuous, concomittant measurements of indicent
and underwater irradiance.

This article presents quantitative data on changes in ice opac-
ity of the ice cap on the east lobe of Lake Bonney during the
1989-1990 austral summer.

Incident irradiance was measured with a LICOR cosine cor-
rected quantum sensor connected to a Campbell data logger
set at a 10-minute logging interval. When the quantum sensor
was not available, incident irradiance was measured with a
LICOR pyranometer sensor. Regression analysis on data col-
lected concurrently with both air sensors (r2 = 0.99; degrees of
freedom = 2351) was used to estimate incident quantum flux
during periods when the latter was not measured directly. Un-
derwater quantum flux was measured with a LICOR spherical
sensor connected to a LICOR LI-1000 data logger (10-minute
logging interval). The underwater sensor was set at 10 meters
beneath the piezometric water level (about 6 meters beneath
the top of the 4.2-meter-thick ice cap). Irradiance immediately
beneath the ice cap was computed using an exponential equa-
tion (i.e., Beer's Law) in conjunction with underwater extinc-
tion coefficients measured at approximately weekly intervals.

Integrated daily incident and underwater irradiance (imme-
diately beneath the ice) between 16 November 1989 and 20
January 1990 are shown in figure 1. Incident irradiance gradu-
ally increased until mid-December and then decreased whereas
underwater irradiance declined sharply during the first week
in December and remained relatively constant to the end of the
study period. A scatter plot of under-ice irradiance versus in-
cident irradiance revealed two trends (figure 2). Early season
data (29 November to 3 December 1989) had a higher slope
(slope= 0. 032; r 2 =0.95) than data logged between 4 December
1989 an 8 January 1990 (slope = 0.017; r' = 0.96). Based on these
slopes, light transmission through the ice decreased from 3.2
percent to 1.7 percent during the first week in December, a
period when casual observations noted a significant increase
in ice fractures near the surface of the ice cap. The attenuation
coefficient of the ice cap increased from about 0.81 per meter
to about 0.98 per meter over the same period.

Embedded within these seasonal trends is a daily trend in
the percentage of light transmission through the ice. Figure 3

shows daily traces of the percentage of transmission through
the Lake Bonney ice cap between 15 November and 24 Decem-
ber 1989. Before the ice cap became more opaque, the daily
variation in the percentage of light transmission varied from
about 3.2 to 6.0 percent. The highest transmission always oc-
curred near local midnight (when direct solar radiation is
shielded by local mountains) and the lowest when the Sun was
at its highest angle to the ice surface. This variation is presum-
ably related to the degree to which incident irradiance is re-
flected from the surface of the ice; direct solar radiation which
impinges directly upon the ice surface near local noon is re-
flected to a relatively greater extent than the more diffuse ra-
diation which occurs near local midnight. This contention is
supported by the fact that light transmission was greatest on
cloudless days. (Compare the variation for the cloudless days
between 18 and 23 December with the previous few days when
there was almost total cloud cover.) The amplitude of daily light
transmission also changed considerably after the ice became
less transparent. The percentage of transmittance at local mid-
night was about 75 percent greater than at local noon before 4
December; this factor dropped to about 38 percent when the
ice became more opaque after 4 December.

The variability in underwater light transmission caused by
the permanent ice cap of Lake Bonney can influence the pho-
tophysiology of phytoplankton existing in the water column.
Because of the lack of turbulence in Lake Bonney (Spigel, Shep-
pard, and Priscu 1990; Spigel et al., Antarctic Journal, this issue),
one might hypothesize that the light regime of a particular
phytoplankton population is regulated completely by changes
in solar angle and local meteorological conditions. This data set
shows that the permanent ice cap on this lake can induce sec-
ond-order variations in the underwater light field that should
also be considered when examining primary production in ice-
covered lakes.

I thank T. Sharp, R. Spigel, M. Lizotte, I. Sheppard, and P.
Neale for assistance with data collection. This work was sup-
ported in part by National Science Foundation grant DPP 88-
20591 to John C. Priscu.
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Figure 1. Variation in daily integrated incident and underwater (im-
mediately below the 4.2-meter ice cap) irradiance (moles quanta
per meter squared per day) in the east lobe of Lake Bonney be-
tween 16 November 1989 and 20 January 1990.
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Figure 3. The percentage of transmission of incident solar radiation through the ice cap on Lake bonney between 15 November 1989 and
24 December 1990. The peaks always occur near local midnight whereas the valleys always occur near local noon. Data were logged at
10-minute intervals.

References

	

	 Spigel, R.H., I. Forne, I. Sheppard, and J.C. Priscu. 1991. Differences
in temperature and conductivity between east and west lobes of Lake

Spigel, RH., I.V. Sheppard, and J.C. Priscu. 1990. Temperature and	Bonney: Evidence for circulation within and between lobes. Antarctic
conductivity finestructure from Lake Bonney. Antarctic Journal of the	Journal of the U.S., 26(5).
U.S., 25(5), 228-229.

224	 ANTARCTIC JOURNAL



Primary Production
+ Under—ice Irradiance
o Chlorophyll a

20

15 a

>\-c
a-10 0
0
-c

c0

0
C\J
X

80
0
C
a

60

40

20

Rates of primary production
and growth for

phytoplankton in Lake Bonney
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The permanently ice-covered lakes in the McMurdo Dry Val-
leys of southern Victoria Land offer a rare opportunity to study
natural phytoplankton assemblages in a nonturbulent environ-
ment. In a turbulent environment, phytoplankton are subject
fluctuating light, because of vertical displacement in the water
column. Although measurements of primary production deter-
mined by bottle methods at stationary depths may not ade-
quately mimic conditions in a turbulent environment, these
methods should give a more accurate estimate of primary pro-
duction in a nonturbulent environment.

Another factor that makes permanently ice-covered lakes
amenable to primary production and growth studies, is the
virtual absence of planktonic grazers. In most pelagic ecosys-
tems, grazing results in significant loss of phytoplankton bio-
mass. Here, we present a detailed seasonal study of phyto-
plankton primary production and growth in a dry-valley lake.
The lack of mixing and grazing activity allowed us to examine
the seasonal dependence of phytoplankton photosynthesis on
irradiance and to compute phytoplankton growth rates over the
season.

Primary production of phytoplankton from the center of the
east lobe of Lake Bonney was measured by the carbon-14
method at approximately weekly intervals from 30 October to
11 January during the 1990-1991 season. The methods and
depths are similar to those described previously (Priscu et al.
1990) except that samples were incubated for 24 hours. Primary
production measured in a single 24-hour incubation was shown
to be equal to three 8-hour incubations. Excretion of photosyn-
thetically assimilated carbon-14 was measured by acidifying
and drying down the filtrate, from the sample. The amount of
organic carbon-14 was determined via liquid scintillation spec-
troscopy.

Earlier research (Parker et al. 1977) reported that up to 90
percent of the carbon-14 assimilated during their incubation
was excreted as dissolved organic carbon. Because this rate
seems unusually high, we measured dissolved organic carbon
excretion on samples collected from the photosynthetic maxi-
mum (4.5 to 5 meters) during both the 1989 and 1990 austral
summers. We found that, using vacuum filtration (300 milli-
bar), between 16 and 25 percent of the photoassimilated carbon-
14 was excreted. The proportion of carbon-14 excretion was
reduced to about 9 percent when samples were filtered by grav-
ity, presumably because of a reduction in cell breakage with
gravity filtration. This latter rate is within the range normally
reported for antarctic freshwater phytoplankton (Heywood
1984).

Rates of integrated (4.5 to 20 meters) primary production
ranged from 5.6 to 22.6 milligrams of carbon per square meter
per day (figure). Integrated primary production was positively
correlated (r2 = 0.73) with irradiance immediately under the ice.

O 10	30	50	70

Days from 30 October 1990

Seasonal patterns in primary production (milligrams of carbon per
meter squared per day), chlorophyll a (milligrams per meter
squared), and irradiance (moles quanta per meter squared per
day).

Seasonal primary production (30 October 1990 to 11 January
1991) was 1.05 grams of carbon per square meter. Chlorophyll
a concentrations, a measure of phytoplankton biomass, in-
creased over our sampling season (figure). The decline in in-
tegrated (4.5 to 20 meters) chlorophyll which occurred during
December is probably not caused by a loss of biomass but rather
by dilution of the surface population by glacial meltwater. A
growth rate was derived by linear regression of log transformed
values. The growth rate estimated by this method was low,
0.012 per day. This is equivalent to a doubling time of 56 days.

Our results show that the underice community was present
at the start of our sampling season. Either phytoplankton
growth occurred before the start of our field season or some
portion of the phytoplankton populations remains viable
through the winter dark period. In addition, the phytoplankton
may remain photosynthetically active through March when ad-
equate light still exists to drive photosynthesis. Our next field
season (1991-1992) will begin in early September in an attempt
to ascertain the standing stocks and activities of these phyto-
plankton populations at the onset of daylight. This early season
study will give a better estimate of annual primary productivity
in dry valley lakes of the McMurdo Sound region.

We thank Michael Lizotte, Patrick Neale, Robert Spigel, Ian
Forne, and Ian Sheppard for their assistance in the field. This
work was supported by the National Science Foundation grant
DPP 88-20591 to John C. Priscu.
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Natural fluorescence and
photosynthetic quantum yields

in vertically stable
phytoplankton from

perennially ice-covered lakes
(dry valleys)
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Bozeinan, Montana 59717

The perennially ice-covered lakes located in the dry valleys
near McMurdo Sound are among the least turbulent aquatic
systems in the world. This is primarily due to ice cover, low
advective stream inflow, and strong vertical gradients in salin-
ity. Phytoplankton occur in highly stratified layers, are typically
dominated by flagellates, and show extreme physiological ac-
climation to their low irradiance environment (Lizotte and
Priscu in press).

Recent advances in photobiology suggest that both chloro-
phyll a concentration and primary production rates can be es-
timated from solar-induced fluorescence of chlorophyll a ("nat-
ural fluorescence") based on relatively simple relationships
(Kiefer, Chamberlin, and Booth 1989; Chamberlin et al. 1990).
This technique has great potential for extending temporal and
spatial resolution for measurements of phytoplankton biomass
and productivity beyond that possible with discrete water sam-
ples and standard methods. In remote aquatic systems, such
as the dry valley lakes, this method has several advantages.
Natural fluorometers could be deployed to collect data year-
round. The sensors are photodiodes, the system has no moving
parts, and the data can be stored electronically.

Our specific objective was to test the natural fluorescence
technique for various stratified phytoplankton populations in
the dry valley lakes. We measured natural fluorescence pro-
files, the phytoplankton variables relevant to models predicting
chlorophyll and production (Kiefer et al. 1989), chlorophyll a
concentrations, and primary production rates in Lake Bonney
(east and west lobes), Lake Hoare and Lake Fryxell. See papers
by Priscu, Neale and Priscu, Spigel et al., and Sharp and Priscu
(Antarctic Journal, this issue) for related studies.

Phytoplankton populations at piezometric depths of 4 to 20
meters were sampled through holes (0.25- to 1-meter diameter)
in the ice cover. Profiles of natural fluorescence (upwelling ir-
radiance at 683 nanometers) and scalar irradiance (400 to 700
nanometers) were measured with a Biospherical Instruments
PNF-300 profiling natural fluorometer. The depth sensor read-
ings were corrected for variations in salinity with depth (from
freshwater to approximately 3 times seawater) by comparison
with a marked line. Predictions of chlorophyll a concentration
and primary production rate based on natural fluorescence
rates were made using the models presented by Kiefer et al.
(1989). Quantum yield of photosynthesis was determined as
described in SooHoo et al. (1987) from measurements of pho-
tosynthetic efficiency, phytoplankton absorption spectra and
spectral irradiance. Photosynthesis-irradiance experiments
(carbon-14 incorporation) were conducted as described in Li-
zotte and Priscu (in press). Chlorophyll a concentration was

quantified by fluorometry of acetone extracts of particulate ma-
terial. The absorption spectra of phytoplankton (400 to 700 na-
nometers) was determined for material concentrated on What-
man CF/C filters (Mitchell and Kiefer 1988) corrected for
residual absorbance after extraction with methanol. Spectral
irradiance (400 to 700 nanometers) was determined with a Bio-
spherical Instruments MER-1000 spectroradiometer. For Lake
Hoare, we used the irradiance spectra reported by Palmisano
and Simmons (1987).

The 3.0 to 4.5 meters of ice cover on these lakes has one
obvious advantage for measurements of natural fluorescence:
red light is strongly attenuated by ice, effectively eliminating
contamination of the upwelling signal by backscattered sun-
light. In open waters, red light contamination can limit the
method to depths greater than 6 meters (Kiefer et al. 1989).
Profiles of natural fluorescence as a function of available irra-
diance closely traced chlorophyll a concentrations but with an
offset of approximately 1 meter (figure 1). This offset is due to
upwelling fluorescence, which can originate from several me-
ters below the sensor (Kiefer et al. 1989). Data for phytoplank-
ton from discrete depths were always compared with the nat-
ural fluorescence signal 1 meter above.

Chlorophyll a concentration can be predicted from natural
fluorescence based on the quantum yield of fluorescence and
the chlorophyll a specific absorption coefficient for the phyto-
plankton. These characteristics were determined for 17 phyto-
plankton samples (table), and average values for the quantum
yield of fluorescence (0.044) and the mean chlorophyll a specific
absorption coefficient (0.015) were used to predict chlorophyll
concentration for a larger set of natural fluorescence measure-
ments. Predicted values were significantly correlated with
measured chlorophyll concentrations (figure 2; n = 122,
r2 =0.772). Thus, natural fluorescence appears to be a applica-
ble technique for estimating chlorophyll a concentrations in
stratified phytoplankton populations of the dry-valley lakes.

Primary production rates can be predicted from natural flu-
orescence rates based on the quantum yield of photosynthesis
and the quantum yield of fluorescence, or a consistent ratio of

Chlorophyll a (mg m3; • )
0	2	4	60	1	2
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Upwelling Light at 683 nm / Irradiance (X1000;

Figure 1. Profiles of natural fluorescence per unit irradiance and
chlorophyll a concentration (milligrams per cubic meter) meas-
ured during December 1990. (m denotes meter. mg m 3 denotes
milligrams per cubic meter. nm denotes nanometer.)
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Chlorophyll a concentration, mean chlorophyll a specific absorption
coefficients, quantum yield of photosynthesis, and quantum yield of

fluorescence for phytoplankton from dry valley lakes

Lake	 Depth
(date, 1990)	(meters)	Chlorophylla a	ah2	QYCC	QYFd

Bonney (east)	4.5	0.91	0.013 0.0031	0.068
(25 November)	6	0.69	0.015 0.0024 0.071

10	0.61	0.017 0.0072 0.046

Bonney (east)	4.5	1.01	0.020 0.0018 0.020
(10 December)	6	0.68	0.016 0.0022 0.042

10	0.78	0.020 0.0041	0.037
17	0.71	0.015 0.036	0.023

Bonney (west)	4	1.21	0.019 0.0015 0.050
(1 December)	6	1.49	0.019 0.0032 0.022

8	1.39	0.019 0.0034	0.019
13	1.37	0.019 0.0068 0.043

Hoare	 5	0.57	0.017 0.0049 0.11
(8 December)	10	3.15	0.010 0.020	0.056

12.5	4.62	0.010 0.043	0.037

Fryxell	 5	3.33	0.017 0.0082 0.047
(7 December)	7	6.10	0.008 0.018	0.048

8.5	6.65	0.009 0.051	0.042

a In milligrams per cubic meter.
Specific absorption coefficients, in square meters per milligram of
chlorophyll.
Moles of carbon fixed per mole of photons absorbed.

d Moles of photons fluoresced per photon absorbed.

both quantum yields. When we used individual quantum yield
estimates for each phytoplankton population (table), the model
of Kiefer et al. (1989) predicted primary production rates similar
to measured values (figure 3A); however, predicted production
could not be reconciled with measured rates if average values
were assumed for the quantum yields (figure 3B), primarily
because of high variability in the quantum yield of photosyn-
thesis. Stratified phytoplankton populations in perennially ice-
covered lakes exhibited widely varying quantum yields for pho-
tosynthesis, a finding that probably reflects a high degree of
acclimation to particular conditions in each stable environment.

In general, the stratified phytoplankton populations in these
perennially ice-covered lakes most resemble the shade-accli-
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measured chlorophyll

Figure 2. Chlorophyll a concentration (milligrams per cubic meter)
predicted from natural fluorescence as a function of measured
values (log scales). The line equals a slope of one.

1.0

measured production
Figure 3. Primary production rates (milligrams carbon per cubic
meter per hour) predicted from natural fluorescence as a function
of measured values (log scales): using quantum yields of photo-
synthesis and of fluorescence determined for each sample (A) and
using the mean values for the quantum yields of photosynthesis
and of fluorescence (B). The lines equal a slope of one.

mated phytoplankton found in many lakes and seas as "deep
chlorophyll maxima" (Lizotte and Priscu in press). Our results
suggest that simple natural fluorescence models, which have
yielded good estimates of chlorophyll concentration and pro-
duction in vertically mixed seas (Kiefer et al. 1989; Chamberlin
et al. 1990), may not be equally applicable to stratified phyto-
plankton populations. For the dry valley lakes, however, which
reportedly have few planktonic grazers, net primary produc-
tion could be estimated from changes in chlorophyll concentra-
tion measured continuously by natural fluorescence.

We thank Patrick Neale, Tom Sharp, Robert Spigel, and Ian
Forne for their assistance in the field. This work was supported
by National Science Foundation grant DPP 88-20591 to John C.
Priscu.
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Variation of the fluorescence
quantum yield in relation to

photosynthesis by phytoplankton
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Phytoplankton populations in Lake Bonney (Taylor Valley)
live below 4.5 meters of perennial ice cover, which reflects or
absorbs all but a small portion of incident light and prevents
wind-induced mixing. Given the low advective streamfiow and
strong vertical density gradients, turbulence is virtually absent,
and the flagellate populations in this lake are highly stratified
along the depth gradients in light, temperature, salt, and in-
organic nutrients.

Study of these photobiologically interesting phytoplankton
populations is hampered by their relative inaccessibility during
much of the year. Our objective was to determine if instruments
measuring solar-induced chlorophyll fluorescence emitted by
phytoplankton ("natural fluorescence") constitute a practical
means of monitoring biomass and production in Lake Bonney
when direct sampling of the lake is difficult. The estimation of
photosynthesis from fluorescence is based on the hypothesis
that the efficiency of light absorption is a primary factor gov-
erning the quantum yield of photosynthesis as well as the quan-
tum yield of fluorescence, so that the latter may be an index of
the former. Although much is known about how photosyn-
thesis of natural populations varies as a function of light inten-

sity (the photosynthesis-irradiance curve), little is known about
how irradiance affects the fluorescence yield in natural popu-
lations. Here, we present preliminary results on the variation
of fluorescence yield of Lake Bonney phytoplankton in vitro and
discuss approaches used to estimate primary productivity from
natural fluorescence. In situ measurements of natural fluores-
cence and other bio-optical parameters are presented in a sep-
arate contribution (see Lizotte and Priscu, Antarctic Journal, this
issue).

A 10-liter sample was taken by lowering a Niskin bottle
through a drill hole in the ice cover. The sample was stored in
the dark at ambient temperature. After at least 30 minutes of
dark-adaptation, a 1-liter aliquot was placed in a clear polycar-
bonate container and the Lu 3 (chlorophyll fluorescence) sensor
of a Biospherical Instruments PNF-300 profiling natural fluo-
rometer was positioned directly over the uncovered top of the
container. The container was then illuminated by a halogen
projector (500-watt) source filtered through two blue-green
(Corning 4-97) filters and one or more nickel screen neutral
density filters. Chlorophyll radiance was corrected for a back-
ground measured on filtered lake water and divided by scalar
irradiance to estimate a relative fluorescence quantum yield.
An example measurement for phytoplankton sampled at a pie-
zometric depth of 4.5 meters on 20 November 1990 is presented
in figure 1. At steady low irradiance (<6 micromoles of photons
per square meter per second), light limiting for photosynthesis
(Lizotte and Priscu 1990), fluorescence yield was constant.
However, at irradiances near or above the threshold of light
saturation of photosynthesis (ikF 15-40 micromoles of photons
per square meter per second, Lizotte and Priscu 1990), fluores-
cence rose to a peak and then rapidly declined to a new steady
state (Fe) after approximately 5 minutes of illumination. Also
shown in figure 1 is the fluorescence transient that occurs when
the herbicide dichlorophenyl-dimethyl urea (DCMU) is added.
There is an immediate fluorescence yield increase from F to a
maximum yield (F,). At increasing irradiance, there is a decline
in both F and F, as well as in the difference F, - F, the steady-
state variable fluorescence.

A decline in fluorescence yield ("quenching") as irradiance
increases has been explained through mechanisms that dissi-
pate absorbed light energy in excess of that needed for steady-
state photosynthesis by releasing heat (Genty, Briantais, and
Baker 1989). As more energy is directed toward heat, propor-
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Figure 1. Time course of relative fluorescence yield for Lake Bon-
ney phytoplankton sampled at 4.5 meters on 20 November 1990.
Measurements were made with four separate 1-liter aliquots ex-
posed to scalar irradiances of 5.5, 18, 67, and 200 micromole pho-
tons per square meter per second. The discontinuity at time equal
to approximately 300 seconds, corresponds to the addition of the
photosynthetic inhibitor dichlorophenyl-dimethyl urea at a final
concentration of 10 micromolar.

tionally less energy is emitted as fluorescence. A unique feature
of Lake Bonney phytoplankton is the low threshold irradiance
for the onset of fluorescence quenching, about 20 times lower
than previously observed for phytoplankton in culture (figure
2). Quenching at very low irradiance suggests extreme shade
"adaptation" in Lake Bonney phytoplankton through mainte-
nance of low photosynthetic capacity. Such scaling of photosyn-
thetic capacity to the low ambient irradiance minimizes the
cellular "cost" of phototrophy.

We are assessing the importance of quenching at low irradi-
ance on the estimation of photosynthesis from natural fluores-
cence by comparing several types of derived photosynthesis-
irradiance functions. Relative photosynthetic response was
estimated from fluorescence emission using the method of

0.1	1	10	100	1000
Irradiance (.imoI photons m 2 s1)

Figure 2. Relative fluorescence yield (Fe) of Lake Bonney phyto-
plankton (4.5 meters) as a function of scalar irradiance (closed
circles), and of Thalassiosira weisflogii grown at 70 micromole pho-
tons per square meter per second (mol photons m- 2 s- 1 ) (open
circles) (Falkowski et al. 1986). Note log scale for irradiance; fluo-
rescence yield is normalized to the maximum in each case.

Kiefer, Chamberlin, and Booth (1989), which assumes a con-
stant ratio of the quantum yields of photosynthesis and fluo-
rescence, as well as a modification of this method (Chamberlin
et al. 1990), which incorporates an irradiance dependent cor-
rection to the ratio. A third method of estimating photosyn-
thesis from fluorescence uses the ratio of variable (F,, - F) to
maximum (F,,) fluorescence (Genty et al. 1989). This fluores-
cence ratio has been shown to be robustly related to photosyn-
thetic electron transport. Finally, all these measures of light
dependent photosynthesis were compared to the photosyn-
thesis-irradiance curve derived from measurements of carbon-
14 assimilation as described by Lizotte and Priscu (1990).

Preliminary results suggest that both the original and mod-
ified method for the estimation of photosynthesis from natural
fluorescence shows significantly slower saturation with increas-
ing light intensity compared to the carbon-14 derived curve
(figure 3). Thus, fluorescence-based estimates of photosyn-
thesis at 'k (46 micromoles of photons per square meter per
second) are about 30-60 percent of "saturated" photosynthesis
at 200 micromoles of photons per square meter per second. On
the other hand, the fluorescence ratio method shows a closer
correspondence to the saturation characteristics of carbon-14
assimilation (figure 3).

Subsequent analysis will attempt to improve the accuracy of
fluorescence-based estimates of photosynthesis using a cus-
tomized quenching correction. We will also consider whether
environmentally specific corrections of photosynthesis esti-
mates can be derived using ancillary measurements of variable
fluorescence. In any case, the analysis to date suggests that a
single correction formula will not be sufficient for both oceanic
surface waters and stratified deep chlorophyll maxima such as
in Lake Bonney.

We thank Michael Lizotte, Thomas Sharp, Robert Spigel, and
Ian Forne for field assistance. This work was supported by
National Science Foundation grant DPP 88-20591 to John C.
Priscu.
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Figure 3. Estimates of relative photosynthesis as a function of
irradiance for Lake Bonney phytoplankton sampled from 4.5 me-
ters using carbon-14 assimilation (solid curve), a constant ratio
between the quantum yields of photosynthesis and fluorescence
(triangles), an irradiance dependent ratio between the quantum
yields of photosynthesis and fluorescence (squares) or the steady
state variable to maximum fluorescence (solid circles). For the
purpose of comparison photosynthesis was normalized to 1 at 200
micromoles per square meter per second (imoI m-2 1).
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Redox-mediated cycling
of iron and manganese

in Lake Fryxell:
Associations with particulate,
colloidal, and dissolved forms
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and S.A. SPAULDING
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Lake Fryxell, one of a series of closed-basin perennially ice-
covered lakes located in the Taylor Valley of southern Victoria
Land, is the site of continuing studies of the biogeochemistry
of trace metals, organic matter, and nutrients in lake ecosys-
tems. Approximately 7 square kilometers in area and with a
maximum depth of 18.7 meters, Lake Fryxell has a center ice
thickness of 5 meters. It is fed by 10 glacial meltwater streams
that flow intermittently for a period of about 2 months during
the austral summer. These inflows, along with a contribution
from wind-blown particles that reach the water column through
fissures in the ice cover, are the major source of solutes to the
water column. The water column is extremely stable, and the
dominance of diffusion-controlled transport of solutes has been
documented (Lawrence and Hendy 1985; Aiken et al. 1991).

To illustrate the predominant hydrologic and chemical factors
that affect cycling of metals and nutrient elements in the lake,
figure 1A shows concentration-depth profiles for sodium, a
nonreactive element. Sodium increases monotonically from 196
milligrams per liter at the surface layers just beneath the ice to
2,844 milligrams per liter at 18 meters, about 0.5 meters above
the sediment surface. Such a profile shape indicates a source
of sodium from the sediments, a stable water column, and
diffusion-dominated transport as dominant features.

The euphotic zone, extending from just under the ice cover
at 5 meters down to 9.5 meters, has a dissolved oxygen profile
that proceeds from 0.7 millimolar at 5 meters to a maximum of
1.1 millimolar at 75 meters, and decreases to below detection
at 9.5 meters. The hypolimnion, extending from 9.5 to 18 me-
ters, is anoxic, with sulfide concentrations approaching 1.25

millimolar (Howes and Smith 1990). The presence of a well-
defined oxic-anoxic boundary, together with the stable water
column, active phytoplankton and bacterial communities at dif-
ferent levels throughout the water column, and a reducing hy-
polimnion, present distinct conditions that would affect redox-
sensitive, biologically utilized elements such as manganese and
iron. Iron is an essential micronutrient for phytoplankton and
bacteria, and it is associated with the cycling of other nutrients
such as sulfur and phosphorus.

During the austral summer season of 1990-1991, we sampled
lake water column profiles of particulate, colloidal, and dis-
solved metal species by tangential-flow ultrafiltration (Ranville,
Harnish, and McKnight 1991), with particular emphasis on
iron-size fractionation. Considerable evidence has accumulated
to indicate the importance of particulate and colloidal phases
(organic and inorganic) in the cycling and transport of iron
(Hart 1982). In the data that follow, we define particulate (>0.45
micrometer), colloidal (0.45 micrometers to 100,000 daltons),
and dissolved (<100,000 daltons) phases operationally as the
difference between unfiltered, 0.45 micron-filtered, and
100,000 nominal molecular weight-filtered concentrations. For
purposes of simplicity in discussing the profile shapes, we fur-
ther combine particulate and colloidal forms and consider them
in total as "insoluble."

A conceptual model of a generalized transport mechanism
for iron and manganese in lakes has been presented by Davison
(1985) and is illustrated in figure lB. Based upon iron profiles
and likely redox reactions and transformations between partic-
ulate and dissolved phases, this model predicts a two-way cy-
cling of iron (Fe) and manganese (Mn) elements. Assuming a
redox boundary (redoxcline) that is well defined and dictated
by the oxic-anoxic boundary, the model assumes a source of
oxidized insoluble metal in the oxic zone that is transported
downward by gravitational and random transport processes to
the redox-cline, where decreased negative log hydrogen ion
activity (pH) and redox potential (pE) favor reductive dissolu-
tion to reduced soluble forms:

Fe(OH)3(S) + 3H + e = Fe` + 3H20
Mn02(S) + 4H + 2e = Mn2 + 2H20

Upward diffusion of the dissolved iron or manganese into the
oxic zone results in re-oxidation and precipitation as particulate
oxides, and the cycle continues. This two-way transport cycle
produces and maintains a characteristic maximum of insoluble
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metal concentration above the redox boundary that has been
noted in some temperate lakes. An analogous dissolved peak
is present below the particulate peak and slightly above the
redoxcline. The vertical offset of these peaks relative to the
redoxcline is variable, and the persistence of particulate phases
well into the anoxic zone has been noted (Davison 1985). The
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Figure 1. A. Depth-concentration profile of sodium size fractiona-
tion in Lake Fryxell water column, 21 December 1990. (mg/I denotes
milligrams per liter.) B. Conceptual model for redox-driven cycling
of iron and manganese. After Davison (1985). C. Depth-concentra-
tion profile of iron size fractionation in Lake Fryxell water column,
21 December 1990. (I denotes liter.)

paired peaks of particulate and dissolved metal has been ob-
served for several lakes (Spencer and Brewer 1971). Although
this model does not address hydrologic conditions, biological
uptake, and interactions with dissolved organic matter, it
serves as a conceptual framework for interpreting water-col-
umn profiles of these elements.

The manganese profile (figure 2) of Lake Fryxell shows very
low concentrations at the top of the water column, with a max-
imum in dissolved manganese in the vicinity of the redoxcline
(9.5 meters). Dissolved manganese remains enriched well into
the hypolimnion, diminishes progressively to 16 meters, then
remains relatively constant to the 18-meter depth. The peak of
dissolved metal at the oxic-anoxic boundary (9.5 meters) is be-
low a peak of insoluble manganese at 9.25 meters. The man-
ganese profile thus shows the paired peaks feature proposed
by the conceptual model and as noted for other lakes. However,
the maximum particulate concentration is some 10 times less
than the maximum dissolved concentration, suggesting that
manganese reprecipitates in the water column to a limited ex-
tent. At the prevailing low manganese concentrations and am-
bient pH (7.6), manganese oxidation would be limited kineti-
cally compared to iron oxidation and low existing levels of
particulate manganese may reflect this limitation. A striking
dominance of dissolved forms is evident throughout the water
column from 8.5 to 18 meters. Only in the near surface layers
(5-8 meters) where manganese is present in extremely low
concentration do particulate forms appear to dominate. The
lack of particulate manganese in the reducing hypolimnion is
consistent with the fact that insoluble manganese sulfide
phases rarely form. The enrichment of dissolved manganese
that persists in the hypolimnion may be ascribed to the disso-
lution of manganese-containing solid phases and accumulation
over long periods (thousands of years). Potential dissolution
processes include microbial or abiotic reduction of manganese
oxides producing soluble manganese, (Stumm and Morgan
1970), microbial or abiotic reduction of ferric oxide and release
of sorbed manganese (II) in the reducing hypolimnion, or pH-
affected shifts in exchange equilibria that would result in de-
sorption of manganese (II) from manganese oxides and ferric
oxides.

The depth-concentration profile of iron (figure 1C) reveals
some similarities and several marked contrasts to the man-
ganese profile. The lowest total iron concentrations also occur

Figure 2. Depth-concentration profile of manganese size fraction-
ation in Lake Fryxell water column, 21 December 1990. (I denotes
liter.)
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in the upper oxic-water column, but the iron concentrations are
5 to 10 times higher than the manganese concentrations. There
is an apparent source of particulate iron at 5 meters; dissolved
iron increases to a maximum of 19.4 micrograms per liter at 7
meters, followed by a peak of total and particulate at 7.5 meters
(the oxygen maximum) that diminishes toward the redoxcline.
Total and particulate iron then diminish to a minimum at 9
meters, somewhat above the oxic-anoxic boundary. The pres-
ence of an active phytoplankton population and the absence of
pertinent geochemical factors suggest biotic control of iron cy-
cling in the photic zone. Although we present no direct evi-
dence for these processes, active uptake of iron by phytoplank-
ton and production of iron specific extracellular compounds
(siderophores) are both conceivable.

The sequence of peaks near the oxic-anoxic boundary are:
dissolved peak, 10 meters; colloidal peak, 9.5 meters; particu-
late peak, 10.5 meters. For iron, then, the oxidation/reductive
dissolution cycle occurs lower in the water column than the
corresponding manganese cycle. This may be explained by the
fact that manganese reduction occurs at higher pH and more
oxidizing redox potentials than does iron reduction. The colloi-
dal and dissolved peaks may correspond to the paired peaks
feature predicted by the model and this feature is more spatially
defined than in the manganese profile. These results suggest
that the ferrous iron (Fe') that diffuses above the oxycline is
oxidized and precipitates as colloidal iron oxides which then
settle through the oxycline and are readily reduced and dis-
solved.

The large particulate peak at 10.5 meters may be predomi-
nantly iron sulfides. Calculations using the chemical equilibria
program WATEQ4F (Ball, Nordstrom, and Zachman 1987) in-
dicate the onset of supersaturation with respect to the sulfide
minerals mackinawite (FeS) and greigite (Fe3S4) at this depth.
As observed by Green et al. (1986) greigite is metastable with
respect to pyrite and thus iron removal is likely the result of
precipitation as some iron monosulfide phase and subsequent
alteration to pyrite in the sediments. The profile shows in ad-
dition that below 10 meters iron removal by sulfide forms is
probably limiting dissolved iron concentrations at these depths.
The detectable dissolved iron may be present as organic com-
plexes resulting from the high dissolved organic carbon present
(25 milligrams of carbon per liter at 18 meters) (Aiken et al.
1991) in the lower water column.

The iron profile presented here suggests a complex dynamic
for iron cycling involving the superposition of biotic transfor-
mations of iron species and forms, abiotic redox mediation,
equilibrium solubility control, and particulate/colloidal/dis-
solved form transformations. The complexity of these cycles

and apparent superposition of chemical, hydrologic, and biotic
processes emphasize that although simple conceptual models
aid in understanding the cycling of redox elements, more rig-
orous treatment is required. Questions of chemical speciation
and kinetics, organic complexation, biological utilization, min-
eral phase relations, and hydrologic transport processes now
being investigated will aid in the understanding of iron and
manganese cycling in Lake Fryxell.

We gratefully acknowledge the excellent support provided by
the National Science Foundation, Antarctic Support Associates,
and VXE-6 in the pursuit of this research. We also wish to thank
Brian Howes for his support and advice in our field effort.
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Nematodes are among the most numerous invertebrates in
desert soils and have an important role in nutrient cycling of
desert ecosystems. We have been studying the ecology and
functional significance of nematodes in the antarctic polar de-
sert. During 1990-1991, we sought to examine the distribution
of nematodes and their relationship to soil microbial and soil
physical and chemical factors in the McMurdo Dry Valleys and
to determine the response of soil nematodes to temperature,
moisture, and carbon augmentation in a 1-year field experi-
ment.

Distribution of netnatodes. The locations selected for study rep-
resented a diversity of soil types and variations in soil moisture.
Sites spanning the lengths of Taylor, Garwood, and Wright
valleys and a site at Cape Royds, Ross Island were sampled
during January 1990. In 1991 the sites that were sampled were
the following:
• Taylor Valley—Lake Hoare, Lake Fryxell (Site of Special Sci-

entific Interest number 12, Canada Glacier) and Linneaeus
Terrace (Site of Special Scientific Interest number 19).

• Wright Valley—Meserve Glacier, Lake Vanda, Lake Bull; Bea-
con Valley, Meirs Valley; and McKelvey Valley.

• Victoria Valley—Lake Vida, Upper Victoria Valley; Bull Pass;
and Cape Bird.

Replication at each site varied from 8 to 30 samples. Soils were
collected using sterile techniques, returned to McMurdo, and
subsampled within 24 hours for nematodes and soil moisture.
A paired soil subsample was returned to the United States for
further chemical and biotic analyses. Nematodes, tardigrades,
and rotifers were extracted by sugar centrifugation and
counted, and nematodes were identified to genus and placed
in functional groups (Freckman 1982). Sugar centrifugation was
selected for nematode extraction based on efficiency tests of
alternative methods (e.g., Baermann funnel and modifications)
at McMurdo.

Contrary to expectations based on previous literature, more
than 65 percent of McMurdo Dry Valley soils contained nema-
todes. The distribution of soil nematodes in the McMurdo Dry
Valleys was more patchy than in other desert soils; however,
where nematodes occurred, the densities in the McMurdo Dry
Valleys (up to 4,000 per kilogram dry soil) were comparable to
nematode densities in other desert soils (Freckman and Man-
kau 1986). Nematodes occurred in greater abundance in dry
soils than did rotifers and tardigrades, which were generally

restricted to moist soils near meltstreams. The diversity (three
genera) and trophic structure of the nematode community in
McMurdo Dry Valley soils is less complex than in other deserts.
In McMurdo Dry Valley soils, nematodes occupy two or three
functional levels, bacterial-feeding (Scottnema lindsayae, Plectus
sp.) and omnivore/predaceous (Eudorylaimus sp.).

High densities of nematodes occurred in soils with a wide
range of soil moisture, salinity, nitrogen, and carbon contents
(table). As in other desert soils, the relationship between ne-
matodes and soil properties appears to be complex. Soil mois-
ture and other soil physical and chemical properties such as
total nitrogen, organic carbon, phosphate, and salinity, ana-
lyzed from Year I, did not significantly correlate with nematode
abundance. This suggests that energy availability and dispersal
may be more important factors regulating nematode abun-
dance.

Field manipulation experiment. We had hypothesized that water
and temperature controls the activity of nematodes in the
McMurdo Dry Valleys, and that the energy supply of the soil
system determines the population density and species com-
position of the nematode community. To examine environmen-
tal and biotic factors limiting nematode numbers, in 1990, we
established a field experiment with six treatments and five rep-
licates at Lake Hoare, Taylor Valley, where we manipulated soil
conditions. The six treatments included the following:
• a control,
• increased water,
• increased water and additional carbon (0.1 molar sucrose),
• increased soil temperature,
• increased water and increased temperature, and
• a combination treatment of increased water, increased tem-

perature, and additional carbon.
Temperature was increased by placing 0.5-square-meter poly-
carbonate plastic "mini-greenhouses" over the soil. There were
no differences in nematode densities and life stages among the
different treatment plots at the initial sampling prior to impos-
ing the treatments.

Selected chemical properties for
McMurdo Dry Valley soils containing nematodes, 1990

	

Mini-	Maxi-	Coefficient
Soil property	Unit	Mean mum	mum	variation

Organic carbon	 0.086 NDa	0.523	87

Total nitrogen	milligrams	0.044 0.006	0.347	109
per gram

Ammonium	milligrams	1.17	ND	9.31	112
(NH4)	per kilogram

Nitrate (NO3 )	milligrams	6.26	0.03	102.0	255
per kilogram

Phosphate	milligrams	1.17	0.01	8.92	118
(PO4 )	per kilogram

pH	 8.47	5.55	9.98	8.1

Electrical	deci Siemens 0.29	0.02	4.11	223
conductivity	per meter

Nematodes	Log (N+1)	2.43	1.03	3.80	31.1
per kilogram
of dry soil

a ND denotes no data.
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In January 1991, we resampled the soil using sterile tech-
niques. Soil temperatures were significantly higher inside the
chambers. Total densities of Scottnema, a bacterial-feeding ne-
matode, were significantly greater on all treatments after 1 year,
whereas the densities of the larger omnivore/predator, Eudory-
laimus, were unchanged. The most significant effect of treat-
ments was noted with the combination treatment of increased
temperature plus carbon plus water where the densities of
Scottnema males increased significantly over the control. This
may indicate that Scottnema, a dominant genus endemic to the
McMurdo Dry Valleys is a sensitive indicator of soil environ-
mental change.

This work was supported by National Science Foundation
grants DPP 88-18049 and DPP 89-14655. The authors acknowl-
edge the contributions of their technical assistant during the
1990 and 1991 seasons, John T Freckman.
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We have been interested in reviving ancient microorganisms
entrapped in glacial ice. These organisms have potential for use
in studies on the mode and tempo of evolution. Our work has
been in two phases: first, to develop techniques for avoiding
recent external contamination and, second, to use these tech-
niques to isolate microbes from ice cores obtained from glaciers
in Greenland.

Protocol for isolating microorganism from ice. There are two major
problems associated with recovering microorganisms from gla-
cial ice. The first is to ensure that recent contaminants intro-
duced during drilling, handling, and transportation are de-
tected and avoided. The second is to find rare organisms
without damaging or killing them with the techniques used to
eliminate the recent contaminants.

Experiments with artificially manufactured ice-core sections
showed that liquid sterilants such as sodium hypochlorite, and
ethanol were either partially effective for exterior sterilization
or resulted in considerable death for microorganisms found in
the interior. We thus abandoned the use of liquids as a means
of eliminating exterior contaminants. The procedure we devel-
oped employs ultraviolet sterilization of the ends of the ice core
followed by aseptic mechanical extraction of an interior core in
a laminar flow hood at -20 °C. This results in an intact hollow
outer (contaminated) piece and a solid interior piece (containing
organisms of interest). Extraction is accomplished by wrapping
the core with black paper and holding the paper in place with
aluminum foil leaving 4-5 millimeters of ice on each end totally
exposed. This wrapped core is placed on a plastic petri dish
and the exposed end pieces are irradiated with 28,620 joules
per square meter of ultraviolet light. The incident beams of
ultraviolet light are perpendicular to long axis of the ice core
section to minimize ultraviolet exposure to the interior ice. The

dosage is in excess of what is necessary to provide a sterile
surface at both ends of the ice. This subsection of ice is placed
into a sterilized vise for the aseptic, mechanical extraction of
an inner core. From one of the sterile ends three to four 4
millimeter holes are drilled aseptically through the ice (parallel
to the long axis) exiting at the other sterile end. A sterile saw
blade is inserted into a hole and an interior piece cut out by
sawing from hole to hole. This inner piece is aseptically re-
moved. This method results in a 30-70 percent recovery (by
volume) of noncontaminated ice from the original core.

Melting is accomplished by moving the pieces into another
laminar flow hood at 25 °C. Meltwater is collected into chemi-
cally clean, sterile 1-liter Erlenmeyer flasks. The unfiltered
meltwater is used as a source for plating and inoculation of 10
different culture media (petri dishes and broth tubes). The re-
maining meltwater is filtered (millipore, 0.45 micrometers) un-
der low vacuum pressure (30-50 millimeters of mercury). The
filter paper is placed on a petri dish containing malt extract
agar (a complete medium for the growth of fungi). All inocu-
lated media, broth tubes and petri dishes with filters are in-
cubated at 8 CC and inspected for growth of microorganisms at
1, 3, and 6 weeks. The petri dishes and tubes are then moved
to a 15 °C growth chamber for 2 weeks, followed by 1 week at
20 °C. Media for the cultivation of algae are incubated under
constant light (full spectrum, 50-watt bulb at 8 °C).

Microbes isolated from glacial ice in Greenland. To date, 12 core
sections from GISP2 (cores B and D), Dye-3 1971 and Dye-3
1979 have been melted. Microorganisms were recovered from
all sections of ice we have studied (tables 1 and 2). Isolates
present on the most recently inoculated plates have not been
identified as yet. Table 1 summarizes the number of unique
species recovered from each subsection. Table 2 lists the species
recovered from each section. Species present in more than one
subsection of the same section are indicated by an asterisk
(table 2). Except for nonsporulating fungi, most of the filamen-
tous fungi have been identified to genus and several to species.
The identification of yeasts, bacteria, algae, and remaining fila-
mentous fungi is in progress.

Discussion. The results show that it is possible to obtain a
variety of microorganisms from the interior of ice cores. It is
also encouraging that some taxa were recovered from more
than one section and depth and thus multiple isolation of the
same taxon of progressively older age is feasible. The isolates
from the interior core and exterior shell basically fall into two
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Table 1. Results of ice core microorganism isolation.
The number of distinct isolates is listed for each subsection.

Inner core	Outer shell

	

Bac-	 Bac-
Core number  Depth (m)b teria Fungi Algae teria Fungi Algae

GB-63-1
	

62.000
	

2	5
	

6
GB-63-2
	

62.155
	

2
	

2
GB-63-3
	

62.225
	

2
GB-63-4
	

62.300
	

1	2
	

2

GD-131-1
	

130.000
	

1	1
	

2
GD-131-2
	

130.102
	

1	5
	

2
GD-131-3
	

130.185

GD-i 35-1
	

134.000
GD-i 35-2
	

134.203

GD-226-1
	

225.000
	

2
	

5
GD-226-2
	

225.205
	

2
	

2

GD-326-1
	

325.000
	

1
	

1
GD-326-2
	

325.160
	

2
	

2

D3/71-49-1
	

158.569
	

1	1
D3/71 -49-2
	

158.729
D3/71-49-3
	

158.794
D3/71-49-4
	

158.879

a Greenland ice core sections used in this study (GB-63-1 = GISP2-13
core, tube number 63, subsection 1; GD = GISP2-D core; D3!71 =
Dye-3 core, 1971).
Depth of core subsection (i.e., depth from glacier surface). Subsection
1 is at the top of core section. Subsection length varies from 0.160 to
0.330 meters.

NOTE: Blank cells = 0.

unique groups of species with little overlap within a subsec-
tion. These results in conjunction with our previous experi-
ments on artificially contaminated cores indicates that the me-
chanical subcore procedure and isolation protocol is effective
in preventing exterior contaminants from invading the inner
core.

The organisms we have isolated are among those isolated by
previous researchers that are tolerant of low temperatures (C/a-
dosporium sphaerospernum, Horak 1960, Sun, Huppert, and
Cameron 1978; Penicillium oariabile, Cooke and Lawrence, 1959;
Micrococcus spp. and Sarcinia spp., Johnson, Madden, and
Swafford 1978; Chrysophyta spp., Lavrenko, 1966), low oxygen
tensions (e.g., Leptothrix lopholea, Staley et al. 1989) and pro-
longed aerial transport (Cladosporium spp., Penicillium spp. and
Phorna hibernica, Sun et al. 1978; Micrococcus sp., Johnson et al.
1978; Crysophyta spp., Brown, Larson, and Bold 1964). Reports
of recovery of viable microorganisms from deep subsurface
environments have usually been restricted to those from mud
cores (Cross and Atwell 1974), deep aquifers and other subsur-
face sediments (BalkwiIl 1989, 1990; Beeman and Suflita 1990).
A number of studies on microorganisms from snow (Ling and
Seppelt 1990) and sea ice (Garrison, Sullivan, and Ackley 1986;
Vargo, Fanning, and Bell 1986; Kottmeier et al. 1987) have been
conducted; however, only a few attempts have been made to
recover viable microorganisms from deep glacial ice (Abyzov,
Bobin, and Kudriashov 1986). Our isolates from Greenland ice
cores are similar to those reported from deep ice cores in Ant-
arctica by Abyzov et al. (1986) and, thus, the prospect for ob-
taining the same taxon for evolutionary comparisons is prom-
ising.

This research was supported by National Science Foundation
grant DPP 90-01520.

Table 2A. Identifications of microorganisms isolated from Greenland ice core sections
(dry drilled)

NOTE: Bacteria are underlined. Filamentous fungi are given in italics. Yeasts are given in bold and algae are in plain text. The yeasts and algae are not
fully identified. An asterisk indicates that this species was isolated more than once from that section.

Inner core

Cladosporium sp.
sphaerospermum
Geotrichum sp.
Phoma sp. 1*
Exophiala sp. 1
white yeast sp. 1 *
Rhodotorula sp. 2
Rhodotorula sp. 3

Sarciniasp. 1*
Sarcinia sp. 2
Micrococcus sp. 1

Penicillium sp.1 *

Rhodotorula sp. 1*
white yeast sp. 1
white yeast sp. 3
Sarciniasp. 1*

Identification
Outer shell

Acremonium sp. 1
Auerobasidium pullalans*
Basipetospora sp. 1
Cladosporium herbarum

Penicillium sp. 1
Phoma sp. 1
dematiaceous, sterile sp 1*
dematiaceous, sterile sp 2

Rhodotorula sp. 1 *
mycelial yeast

Alternaria sp.
Cladosporium herbarum
Exophiala sp. 1

white yeast sp. 2
Chloromonas polyptera
Sarcinia sp. 1

Sampling depth
Core number'
	

(in meters)

GISP2-B-63
	

62.300

GISP2-D- 131
	

130.185

a Number for identifying core in sequence.
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Table 2B. Identifications of microorganisms isolated from Greenland ice core sections
(wet or thermal drilled)

NOTE: Bacteria are underlined. Filamentous fungi are given in italics. Yeasts are given in bold and algae are in plain text. The yeasts and algae are not
fully identified. An asterisk indicates that this species was isolated more than once from that section.

Sampling depth
Core number 	 (in meters)

GISP2-D-135	 134.203

GISP2-D-226	 225.205

GISP2-D-326	 325.160

Dye 371491	 158.879

a Number for identifying core in sequence.
b Thermal drilled core.

Identification
Inner core	 Outer shell

Sarciniasp. 1*	 Phomasp. 1
Rhodotorula sp. 1
Chrysophyta sp. 1 (cyst)

Aspergillus sp. 2	 Acremonium sp. 1
Penicillium sp. 1	 Basipetospora sp. 1
Penicillium sp. 3	 Cladosporium herbarum

Penicillium sp. 1
Rhodotorula sp. 3*	 Penicillium so. 4

Phoma sp. 2
Chrysophyta sp. 1 (cyst)

Rhodotorula sp. 1
Rhodotorula sp. 3
Chrysophyta sp. 2 (cyst)

Aspergil/us sp. 2	 Exophiala sp. 3
Exophiala sp. 1 *	 Penicillium sp. 1
Penicillium variabile	 Penicillium sp. 2
Sarcinia sp. 1*	 Phoma sp. 1
Phoma sp. 2
Chrysophyta sp. 3 (cyst)
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Not only are there conflicting reports regarding the effects of
experimental, seasonal, or occupational cold exposure on mea-
surements of human serum triiodothyronine (T 1) (Reed et al.
1990b; Solter et al. 1989); the role of cold in changing human
thyroid hormone kinetics is still poorly understood. Thyroid
hormones help regulate metabolic rate, cardiovascular func-
tion, and mood. These hormones rapidly adjust to cold expo-
sure (Reed et al. in preparation). Depending on the situation,
serum T, has been reported to increase (Nagata et al. 1976;
Smals, Ross, Kloppenborg 1977), decrease (Reed et al. 1990b;
Solter et al. 1989), or not change (Reed et al. 1990a). Well-
clothed factory workers chronically exposed to temperatures of
—40 to 0 °C have decreased serum total triiodothyronine (TT1)
and elevated free triiodothyronine (FT,) (Solter et al. 1989); men
living in Antarctica for 5 months have decreased serum TT, and
FT1 levels (Reed et al. 1990a; Reed et al. 1990b). These differ-
ences in serum values illustrate the difficulties of comparing
different geographical populations with varying types and du-
rations of cold exposure. Antarctic winter-over personnel also
experience several mild to moderate psychophysiological dis-
turbances, including impaired cognition, insomnia, anxiety,
depression, and reduced motivation. These conditions have
been described by Strange and Klein (1974) as "winter-over
syndrome," which is now known to peak in mid-winter (Gun-
derson and Palinkas 1988).

We performed a longitudinal study of meteorological and
indoor temperature fluctuations, with emphasis on tempera-
ture gradients, experienced from head to foot during the 1989-
1990 season. Our objective was to define more accurately the
actual living conditions and extent of cold exposure experi-
enced by winter-over personnel in McMurdo. The McMurdo,
Antarctica, research station consists of approximately 100 struc-
tures that accommodate as many as 1,200 people during the
austral summer (October to January) and a small contingent of
military and civilian personnel during winter-over operations
(February to October). The winter-over personnel stay year-
round.

Temperatures were taken in California in August 1989
(34°03'N 118°14'W) and after 20 to 24 weeks and 40 to 44 weeks
of residence at McMurdo Station (77°51'S 166°37'E). Meteoro-
logical temperatures were provided by Naval Support Force
Antarctica. Mean daily temperatures ranged from a high of
—2.93±0.46°C in January 1990 to a nadir of —28.06±1.38°C
in August 1990 (figure, block A). The average time spent out-

doors was also recorded for nine military winter-over volun-
teers and, as expected, the nadir of 18.94± 6.16 hours per
month corresponded with the lowest average monthly mete-
orological temperatures (figure, block B).

Indoor temperatures were measured with a 150-centimeter
temperature monitor with thermistors placed 2 centimeters
from the floor and sequentially every 30 centimeters from the
floor. Average indoor head-to-foot temperatures fell by 6.49
percent during predeployment in California, 12.55 percent in
January 1990 in McMurdo, and 35.01 percent in August 1990 in
McMurdo. The temperature, from head to foot, decreased at a
rate of 0.85 ±0.21 °C per meter (August 1989, California),
1.58± 0.21 °C per meter (January 1990, McMurdo), and
3.73±0.15°C per meter (August 1990, McMurdo) (table 1). Tem-
peratures were monitored in several areas, including berthing
(Building 206, Building 155), working (Dispensary, Eklund Bi-
ological Center), and recreation (Gymnasium, Building 155 pas-
sageway) areas (table 2). Changes in the temperature gradient
from head to foot were much greater during the January 1990
period than during the August 1990 period.

This temperature gradient experienced by antarctic residents
may induce a subtle heat loss through the lower extremities.
Physiological changes in response to this type and duration of
subtle cold stimulus requires further study.

We would like to thank Naval Support Force Antarctica, the
McMurdo winter-over detachment members who volunteered
their time, and the National Science Foundation for its support.
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January 1990

25.06 ± 0.21
21.72 ± 0.19

21.45 ± 0.13
17.83 ± 0.10

23.63 ±0.09
20.52 ± 0.12

19.63 ±0.17
16.48±0.23

22.41 ± 0.32
19.87 ± 0.31

23.21 ± 0.07
22.41 ±0.14

20.67± 0.15
18.01 ± 0.33

22.70 ± 0.40
22.42 ± 0.30

18.09 ± 0.47
13.79 ±0.75

August 1990

24.63 ± 0.13
17.10± 0.26

NDC
ND

19.50 ± 0.29
13.36 ± 0.26

13.67 ± 0.53
9.52± 1.57

ND 
ND 

12.95 ± 0.65
5.15±0.35

16.33 ± 1.38
11.16± 2.83

23.46 ± 0.50
15.55± 0.84

ND 
ND 

H
F

H
F

H
L

H
F

H
F

H
F

H
F

H
F

H
F

Table 1. Average head and foot temperatures
(in degrees Celsius plus or minus standard error)

experienced by winter-over personnel in McMurdo, Antarctica,
as measured during the 1989-1990 season

Table 2. Representative head (H) and foot (F) indoor
temperatures (°C) experienced by winter-over personnel while
in facilities at McMurdo, Antarctica during 1989-1990 season

Head	Foot	Rate of change
temperature	temperature	(in °C per meter)

California 1989

Port Hueneme	H	24.32±0.23
F	22.74±0.22

California 	24.32±0.23	22.74±0.22
(August 1989)

McMurdo	21.98±0.74	19.22±0.97
(January 1990)

McMurdo	18.42±2.01	11.97±1.77
(August 1990)

a Temperature measured during predeployment.

The opinions and assertions expressed in this article are
those of the authors and are not to be construed as official or
as reflecting the views of the Department of the Navy, Depart-
ment of Defense, or the National Science Foundation. This
work was supported in part by the Naval Medical Research and
Development Command work unit number 63706N
M0095.004.1008 and National Science Foundation grant DPP 88-
17037.
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The polar T3 syndrome:
Meaning for midlatitude residents

H. LESTER REED, MICHELE M. D'ALESANDRO,
and ROBERT HARFORD

Naval Medical Research Institute
Thermal Stress Adaptation Program

Bethesda, Maryland 20889-5055

Although populations in polar communities are expanding,
very little information is available regarding human responses
to the environmental extremes found in these conditions. Res-
idents in McMurdo, Antarctica, have more than doubled their
production of the thyroid hormone triiodothyronine (T 1) and
have increased in equally large amounts their tissue uptake of
the hormone or total volume of distribution (TVd). These
changes were evident after 5 months and remain for the 10
months of their stay more than double the residents' basal val-
ues obtained in California before deploying to Antarctica (Reed
et al. 1990). Thyroid hormone action mediates metabolic rate,
cardiovascular function, lipid metabolism, and mood. The
source, mechanism, and physiologic importance of these in-
creases in T 1 tissue uptake are unknown.

To grasp the global significance of the antarctic findings and
understand their mechanisms more fully, our group has stud-
ied and reported on two populations of subjects undergoing
significant seasonal exposure, but not living in Antarctica (Ko-
walski et al. 1991, Reed et al. 1991). Furthermore, to clarify the
time course and molecular mechanisms of the polar T 3 syn-
drome, we have studied subjects both before their deployment
to McMurdo, Antarctica, and monthly thereafter for 40 weeks
while they were in McMurdo during 1989-1990. The nuclear T1
binding sites on circulating white blood cells were character-
ized during these studies.

We used the nearly complete and very consistent gastroin-
testinal (HasselstrOm et al. 1985) absorption of T, to test the
serum clearance of a pharmacologic oral (o) dose of 76.8 na-
nomoles (50 micrograms) of T, (Cytomel). This method of meas-
uring T, kinetics by analyzing 23 serial samples of immunoas-
sayable T, up to 24 hours after the dose may overestimate the
contribution of the early phase of the disappearance curve.
Thus, it is not directly comparable to the tracer studies but
offers an analysis of T, kinetics in locations where isotope stud-
ies are difficult, as in isolated polar regions.

We have reported the use of this test in two separate groups
analyzed in a paired fashion. These groups include seven sub-
jects studied for 18 consecutive months while living in Wash-
ington, D.C., and nine men studied before and after 8 weeks
of military operations in the Arctic. Recent studies of in vitro
binding assays of white blood cell nuclear T, receptors carried
out in McMurdo from 1989 to 1990, combined with these in vivo
kinetic tests, helped characterize the time course and mecha-
nism of the polar T, syndrome.

In the group of antarctic residents (1989-1990) (two women,
seven men), monthly pharmacologic kinetic studies were done
and the data compared to the subjects' predeployment study
in California. Additionally, the mononuclear T, receptor (NT,R)
was isolated and its kinetic parameters defined from 23 subjects
during the study to clarify the particular type of tissue receptor
involved in this process.

Annual patterns of T, tissue uptake exist in the Washington,
D.C., area (38°54'N 77°01'W). The serum T, removal rate (meta-
bolic clearance rate (MCR,,)) changes by 28 percent and the
tissue uptake (distribution volume (TVd,,)) changes by 30 per-
cent from the annual mean (Reed et al. 1991). Arctic operations
for 2 months are associated with an increased MCR,, of 31 per-
cent and TVd,, of 35 percent over basal conditions (Kowalski et
al. 1991). Monthly studies of antarctic residents (1989-1990)
showed the changes in TVd,, compared with predeployment
values to be uncertain in the first 2 to 3 months of residence.
By 4 months, however, the TVd,, had increased to 18 percent of
basal value and remained elevated for the next 5 months until
the end of the winter-over period. Significant trends in thyro-
tropin elevation occurred over the 10 months and seemed re-
lated to a subtle decline in thyroxine.

The subjects presented in this collection of studies vary
widely in nutritional balance, age, sex, and location of study.
The unifying feature is that T, TVd,, is significantly increased
by seasonal flux and by sojourns to the Arctic and Antarctic.
Although the magnitude is markedly less than previously re-
ported for the polar T, syndrome (Reed et al. 1990), it possibly
reflects differences between measuring immunoassayable T,
content compared with the isotope tracer studies previously
reported.

The TVd,, most likely represents rapidly exchanging T, pools
and may underestimate changes in muscle and fat tissue that
compose more slowly exchanging T, compartments (Nicoloff
1986). The physiological mechanism for these changes would
involve increases in T, receptor number or affinity. These re-
ceptors may either be within the nucleus and act as direct reg-
ulators of protein synthesis or be extranuclear and act as storage
reservoirs. The nuclear components of these receptors in hu-
man mononuclear leukocytes were measured in the 1989-1990
austral summer and are presently being analyzed.

The polar T, syndrome is not restricted to Antarctica and
similar changes in thyroid economy are present in both midla-
titude seasonal flux and arctic field operations. The time course
of T, kinetic changes is on the order of months while in polar
residence, but it is likely that some changes occur within
weeks. The physiologic and psychological importance of ex-
panding the T, pool, perhaps at the expense of thyroxine,
needs further study at both geographic poles.

We would like to thank Naval Support Force Antarctica, the
McMurdo winter-over detachment members who were sub-
jects, and the National Science Foundation for their support.
We would also like to thank all co-authors of past publications
including Eugene D. Silverman, K.M. Mohamed Shakir, David
Brice, Robert Dons, Kenneth D. Burman, John T. O'Brian, Jorge
A. Ferreiro, and Louis D. Homer.

The opinions and assertions expressed herein are those of
the authors and are not to be construed as official or reflecting
the views of the Department of the Navy, Department of the
Army, Department of Defense, or the National Science Foun-
dation. This work was supported in part by the Naval Medical
Research and Development Command work unit number
63706N M0095.004.1008 and by National Science Foundation
grants DPP 85-19514 and DPP 88-17037.
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Stress, coping, and depression
in U.S. Antarctic Program personnel

LAWRENCE A. PALINKAS and DEIDRE BROWNER

Department of Community and Family Medicine
University of California, San Diego

La Jolla, California 92093-0807

Since the late 1950's, all volunteers for winter-over duty at
U.S. research stations in the Antarctic have been routinely
screened by teams of U.S. Navy psychiatrists and psycholo-
gists. Psychiatric suitability of these candidates has been deter-
mined on the basis of motivation, history of past job perfor-
mance, present ego strength and adequacy of defense
mechanisms, and adequacy of interpersonal relationships (Nar-
dini et al. 1962). Overall, the screening program has been suc-
cessful in screening out individuals who might be totally inef-
fective under the stress of antarctic isolation, or who might
require hospitalization for a psychiatric disorder. The program
has been less successful, however, in identifying or screening
in individuals who are best qualified for such an assignment.
Clinical evaluations have not been powerful predictors of ant-
arctic adjustment, which has traditionally been evaluated in
terms of work performance, social compatibility, and emotional
composure (Gunderson 1974).

The objective of this study was to determine whether certain
personality characteristics and coping resources and responses
known to be associated with the severity of depressive symp-
tomatology prior to deployment to Antarctica may also be used
to predict for depression after one or more seasons on the ice.
Subjects for this study were 235 men and women who were
members of the U.S. Antarctic Program in 1988 and 1989. All
military and civilian applicants for winter-over duty who were
given psychological screenings between June and October 1988
and evaluated as medically and psychologically qualified for
winter-over duty (N = 152) were invited to participate. Also
invited to participate were 150 male and female summer sup-
port personnel who arrived at McMurdo Station within the first
week of the austral summer (October 1988). Of the 302 individ -
uals initially contacted, 778 percent agreed to participate. Of
the 210 respondents who provided complete data in wave I, 130
(61.9 percent) completed the follow-up survey. An additional 25
subjects provided complete data in the follow-up survey but
not in the initial survey.

Physical and mental health status were evaluated on the basis
of responses to the "Health and Daily Living Form" (HDL)

(Moos et al. 1983). This form included information on physical
symptoms experienced in the previous year; a global measure
of depression derived from "Research Diagnostic Criteria"
(RDC) (Spitzer, Endicott, and Robins 1978), a measure of alco-
hol consumption based on quantity and frequency (Armor, Pol-
ich, and Stambul 1978); and a measure of medication usage.
The HDL form also included questions relating to the experi-
ence of stressful life events during the past year.

Information on personality characteristics and coping styles
obtained from the HDL questionnaire included measures of self
confidence; methods of coping (active cognitive coping, active-
behavioral coping, avoidance coping); and focuses of coping
(logical analysis, problem solving, information seeking, affec-
tive regulation, emotional discharge). Perception of control was
assessed by means of the "I-E Locus of Control Scale" (Rotter
1966). Measures of the availability of and satisfaction with social
support were derived from the short form of the "Social Sup-
port Questionnaire" (Sarason et al. 1983). A measure of occu-
pational stress was based on a modified version of a job-char-
acteristics scale developed by Karasek (1979).

The association between baseline measures of personality,
stress, and coping resources on the one hand and responses
and depressive symptomatology on the other, both at baseline
and at year 1 was assessed by means of Pearson product-mo-
ment correlations. Appropriate square root transformations
were made on certain variables to satisfy assumptions of nor-
mal distributions. Depression at baseline (the time of the initial
interview) was significantly associated with the use of all three
methods of coping (active-behavioral, active-cognitive, and
avoidance); information seeking, affective regulation, and emo-
tional discharge as a focus of coping; low satisfaction with social
support; number of ounces of alcohol consumed per day in the
past month; number of medications consumed; an external lo-
cus of control; low self-esteem; high job-related stress; and
stressful life events (table 1). Depression at year 1 was signifi-
cantly associated with baseline measures of active-cognitive
and avoidance coping; affective regulation, information seek-
ing, and emotional discharge; an external locus of control; num-
ber of medications consumed; baseline depressive symptoms;
and stressful life events.

The relative contribution of each of these baseline mea-
sures—combined with social characteristics of age, sex, edu-
cation, military/civilian status, and income—to the prediction
of depression at year 1 was assessed in a stepwise multiple
regression model. The results are presented in table 2. The use
of emotional discharge was the strongest independent predictor
of depression at year 1, followed by depression at baseline,
number of medications consumed, winter-over duty, low use
of active-cognitive coping, and stressful life events. The entire
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Table 1. Zero-order correlations between baseline and year 1
depressive symptoms and baseline measures of personality
characteristics, social support and coping, stress, and health

status, U.S. Antarctic Program personnel

Depressive symptoms
Measure	 Baseline	 Year 1

Personality characteristics
Self-esteem	 - 0.24**	 -0.10
Locus of control
	 0.40**	 0.31**

Social support
Number of supports	 -0.16	 <0.01
Satisfaction with support	 _0.34**	 -0.18

Method of coping
Active-cognitive	 0.23*	 0.18*
Active-behavioral
	 0.19*	 0.16

Avoidance	 0.42**	 0.38**

Focus of coping
Logical analysis	 0.13

	
0.15

Information seeking	 0.25**	 0.24*
Problem solving	 0.05	 -0.02
Affective regulation	 0.21*	 0.20*
Emotional discharge	 0.33**	 0.39**

Stress
Total life events	 0.31**	 0.18*
Job-related stress	 0.23*	 0.17

Health status
Depression	 1.00

	 0.55**
Number of medications	 0.30**	 0.27**
Alcohol consumption	 0.23*	 0.03

p <0.05
<0.01 (two-sided)

Table 2. Regression of depressive symptoms at year 1
on baseline characteristics of U.S. Antarctic Program personnel

Depressive symptom score
Characteristic	 B	SE-B	Beta

Emotional discharge coping	0.3708 0.0997	0.5847***
Baseline depressive symptoms	0.0324 0.0122	0.4431*
Number of medications consumed -0.1444 0.0630 _0.3828*
Winter-over statusa	 -0.3575 0.1336	_0.3509**
Active-cognitive coping	 -0.0247 0.0118	_0.3011*
Stressful life events	 0.1539	0.0955	0.2087
Sex'
	

0.1461	0.1501	0.1232
Constant"	 1.5015 0.2980

R
	

0.66
R2
	

0.44
Adjusted R2
	

0.34
F
	

445***

p <0.05
<0.01
< 0.001

a Winter-over status was coded as 1; summer-support status was coded
as 2.

b Males were coded as 1; females as 2.
The constant refers to the slope and does not have a beta coefficient.

model accounted for 44 percent of the variance in depressive
symptoms at year 1.

In all personnel, an external locus of control, increased
stressful life events, and use of avoidance and active-cognitive
methods of coping and information seeking, affective regula-
tion, and emotional discharge as a focus of coping predicted
for depression at the end of the year. A number of studies have
found a strong inverse association between avoidance coping
and psychological adjustment to stressful experiences (Billings
and Moos 1981; Cronkite and Moos 1984; Pearlin and Schooler
1978; Smith, Patterson, and Grant 1990), and between emo-
tional discharge as a focus of coping and measures of health
status (Billings and Moos 1984; Holahan and Moos 1985). Ad-
ditional research is recommended to determine if these char-
acteristics are equally predictive of depressive symptoms in
winter-over and summer support personnel.

This work was supported by National Science Foundation
grants DPP 87-16461 and DPP 90-96178 and by the Naval Med-
ical Research and Development Command, Bethesda, Mary-
land.
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Climate and lower atmosphere studies_______

Ozone depletion and
denitrification in the antarctic

stratosphere in austral spring 1990

TERRY DESHLER

Department of Physic and Astronomy
University of Wyoming

Laramie, Wyoming 82071

As part of the international effort to understand the causes
and rates of the springtime ozone depletion that occurs over
Antarctica, the University of Wyoming has been measuring
vertical profiles of ozone, temperature, and polar stratospheric
cloud particles in late winter and early spring at McMurdo
Station since 1986 using balloons. These measurements provide
a solid observational base to characterize the vertical and tem-
poral characteristics of the process of ozone destruction, and
to define the particle size distribution and formation tempera-
tures of polar stratospheric clouds, which are an important
ingredient in preparing the stratosphere for ozone destruction
as sunlight returns in late winter (Solomon 1990).

In 1990, the balloonborne measurement campaign began on
25 August and continued until 3 November 1990. During this
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Figure 1. Profiles of ozone(03)partial pressure at McMurdo Station,
Antarctica. The initial sounding, 25 August 1990, is compared with
the one at maximum depletion, 9 October 1990. (km denotes kilo-
meter. mPa denotes mitlipascals.)

period, 40 ozone and temperature profiles extending to ap-
proximately 32 kilometers were measured. Instruments were
also included on six flights to measure polar stratospheric
clouds, two flights to measure condensation nuclei, and two
flights, to measure water vapor.

The ozone measurements indicated again the severity of
ozone depletion over Antarctica (Deshler and Hofmann 1991).
At maximum depletion on 9 October approximately half the
total column of ozone had been destroyed. In figure 1 the initial
ozone sounding of the season is compared with the sounding
taken at maximum depletion. The large change in the ozone
profiles shown in figure us similar to 1987 and 1989, but the
almost complete destruction of ozone between the altitudes of
15 and 16.5 kilometers is new.

The temporal and vertical character of ozone depletion in
1990 was similar to the two previous worst years on record,
1987 (Hofmann et al. 1989) and 1989 (Deshler et al. 1990), mark-
ing the first time that severe ozone depletion was observed 2
years in a row. Figure 2 compares October average ozone and
temperature soundings for the years 1986 through 1990. Al-
though 1987, 1989, and 1990 were similar in the amount of ozone
destroyed, the altitude of maximum depletion decreased from
16.5 to 15 kilometers. In each of these years, the altitude of
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Figure 2. October average temperature (in degrees Celsius) and
ozone(03)soundings from 1986 to 1990, compared with an average
of the five initial soundings for these years. Temperature profiles
are the left family of curves with scale at the bottom. Ozone mixing
ratio profiles, in parts per million by volume (ppmv), are the right
family of curves with scale at the top. (km denotes kilometer.)
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maximum depletion corresponds directly with the altitude of
the minimum temperature. Although similar temperature pro-
files were observed in 1989 and 1986, ozone depletion was
nearly twice as great in 1989 compared with 1986. The coldest
October was 1987, although 1990 had similar temperatures;
however, the October average ozone-mixing ratio reached its
lowest value in 1990, thus replacing 1987 as the worst year of
the record.

In 1990, we also had the opportunity to collaborate with
Italian scientists who made lidar measurements from 30 August
to 11 October at McMurdo. Lidar can measure the presence and
altitude of polar stratospheric clouds that are thought to be
composed of a nitric acid trihydrate. By comparing lidar mea-
surements of the existence of polar stratospheric clouds with
our temperature measurements, which are in turn compared
with laboratory predictions of condensation temperatures for

nitric acid trihydrate (Hanson and Mauersberger 1988), we were
able to establish threshold values for the amount of nitric acid
present in the stratosphere in 1990. An example of this com-
parison is shown in the right-hand panel of figure 3. From a
comparison of 21 soundings, polar stratospheric cloud layers
were observed by lidar only when temperatures were below
condensation temperatures for air containing 2 parts per mil-
lion by volume water and 1 part per billion by volume nitric
acid (Gobbi et al. 1991). Since water vapor measured at Mc-
Murdo on two occasions in 1990 was found to be near 2 parts
per million by volume (Hofmann, Oltmans, and Deshler 1991),
this comparison indicates that the 1990 antarctic stratosphere
was highly denitrified when measurements began on 30 Au-
gust.

In the left-hand panel of figure 3 are measurements from a
particle counter flight within 13 hours of the lidar sounding.

SCATTERING RATIO

10 10 - i	21Q 1 1	10 10210
CONCENTRATION (cm -3)

180	190 200 210 220
TEMPERATURE K

Figure 3. Aerosol concentration per cubic centimeter (cm 3), in eight size ranges (left-hand panel), and temperature in degrees Kelvin and
lidar profiles (right-hand panel) on 6 September 1990, at McMurdo Station, Antarctica. The aerosol concentrations are for particles ^- 0.01
micrometer (gm) (condensation nuclei) to ^! 5.0 micrometer radius. The dashed lines at 0.15, 0.25, and 0.5 micrometer are smoothed curves
for the antarctic background sulfate aerosol at those sizes, determined on 21 September. The smooth temperature curves are calculated
condensation temperatures for water, ice, and nitric acid trihydrate (NAT) (Hanson and Mauersberger 1988). The solid (dashed) lines are
for 3 (2) parts per million by volume (ppmv) water and for this amount of water with 1 and 5 parts per billion by volume nitric acid (HNO3).
The lidar scattering ratio measured 13 hours after the aerosol sounding is on the right of the right-hand panel, with scale at the top.
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Clearly the polar stratospheric cloud layer at 15 kilometers is
measured by both the lidar and particle counter. Comparisons
of the lidar scattering ratio with the scattering ratio calculated
from particle-counter measurements has provided information
on the shape and composition of polar stratospheric cloud par-
ticles (Deshler et al. 1991).

J. Hereford, S. Gabriel, and K. Hofmann were at McMurdo
from 22 August to 3 November, and T. Deshler from 22 August
to 5 October. This work was supported by the National Science
Foundation grant DPP 87-15913. The lidar measurements were
funded by the Italian Antarctic Program under the FAADR
grant. A. Adriani, G. Gobbi, S. Ugazio, and M. Viterbini were
at McMurdo from 21 August to 14 October 1990.
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A study of polar
stratospheric clouds

at the South Pole
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This paper describes research performed during austral win-
ter 1990 taking balloonborne measurements of polar strato-
spheric clouds and frost point in the nighttime stratosphere
over Amundsen-Scott South Pole Station. Scientists believe that
polar stratospheric clouds help establish conditions for ozone
destruction by removing nitric acid from the vapor phase and
by providing a surface on which chlorine compounds can be
activated. Since polar stratospheric clouds form only at rela-
tively low temperatures, the South Pole clearly is one of the
most auspicious sites to study these clouds: the lowest strato-
spheric temperatures, as well as significant ozone depletion,
occur there.

A newly developed balloonborne instrument, a backscatter-
sonde, was used to obtain the polar stratospheric cloud profiles.
This instrument, described by Rosen and Kjome (1991a), has
been used to study polar stratospheric clouds in the north polar

vortex (Rosen, Oltmans, and Evans 1989) as well as to monitor
stratospheric aerosols at midlatitude. The data product gener-
ated by the backscattersonde is similar to that produced by lidar
systems. A balloonborne frost-point sensor with a successful
record in the Arctic and Antarctic also was used in this project
(Rosen et al. 1988; Rosen, Oltmans, and Evans 1989; Rosen,
Kjome, and Oltmans 1990).

The 1990 effort resulted in fewer soundings than initially
anticipated, but in general, the program was successful. Major
findings were published by Rosen and Kjome (1991b).

Preliminary results obtained with the frost-point sensor
showed that the entire troposphere and stratosphere inside the
vortex become saturated as the atmosphere gradually cools.
From combined frost-point and backscattersonde results, we
can deduce that continued cooling in winter causes not only
extensive polar stratospheric cloud formation but also signifi-
cant dehydration and denitrification in the stratosphere. The
extent to which dehydration and denitrification are exported to
higher latitudes is an important question and needs to be ad-
dressed by soundings from other locations.

A second effort was carried out at the South Pole in austral
winter 1991. Research was conducted to obtain more extensive
data on water vapor and polar stratospheric cloud development
at selected critical periods. Soundings during initial polar strat-
ospheric formation in May will define the necessary conditions
for type I and type II polar stratospheric clouds. Monitoring
characteristic low winter stratospheric frost points during
spring warming and final stages of the winter vortex provided
a measure of the permeability of the vortex "bottle."

This work was supported by the National Science Foundation
under grant DPP 88-16563. Fred Schrom and Carl Groeneveld
were primarily responsible for instrument preparation and
launching of the balloons at Amundsen-Scott Station. They
were assisted by David Ayers and Kitt Hughes. Their efforts
are greatly appreciated.
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Lidar measurements
of the middle atmosphere

at South Pole
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The antarctic ozone hole has generated much interest in the
composition and dynamics of the antarctic middle atmosphere.
Ground-based measurements from the interior of the continent
in winter are rare. In this article, we present lidar measure-
ments of polar stratospheric clouds and mesospheric sodium
profiles made on 25 June 1990 at the South Pole.

The University of Illinois at Urbana-Champaign (UIUC) so-
dium lidar was installed at the Amundsen-Scott South Pole
Station in December 1989. The lidar is composed of a flashlamp-
pumped tunable dye laser that is tuned to 589 nanometers and
a receiving system based on a 35-centimeter Cassegrain tele-
scope. The system configuration was developed in 1986 for an
airborne lidar campaign. Because the receiving system includes
an astronomical-quality telescope and narrowband etalon fil-
ters, the lidar can make measurements during both the day and
night. The etalon subsystem and its controller were designed
by Fred Roessler and John Harlander from the University of
Wisconsin. Although the UIUC sodium lidar does not include
a large telescope nor the latest in laser technology, it is a rugged
and reliable system capable of measuring aerosol, stratospheric
temperature, and mesospheric sodium profiles. Figure 1 shows
the total integrated photocount profile for 25 June 1990. The
profile shows enhanced scattering from polar stratospheric
clouds between 15 and 25 kilometers. Molecular scattering de-
cays with altitude up to 65 kilometers. Resonant scattering from
the sodium layer is evident from 75 to 110 kilometers.

Gardner, Sen,ft, and Collins installed the system at South
Pole during December 1989, and Collins wintered over to op-
erate the system, with assistance from Sliter, through October

1990. The lidar was operated during cloud-free conditions, from
17 December 1989 until 28 October 1990. A total of 420 hours
of lidar measurements were obtained.

Polar stratospheric clouds first formed in the last 10 days of
May. Initially these clouds formed in thin layers about 1 kilo-
meter thick close to an altitude of 22 kilometers. By mid-June,
polar stratospheric clouds had formed distinct layers 1-3 kilo-
meters thick over the entire 12-28 kilometer altitude region.
This structure is illustrated in figure 2, with backscatter profiles
plotted at 30-minute intervals over a 15-hour period. The fine
vertical structure evident on 25 June is typical of that observed
throughout the austral winter until September. Little change in
this vertical structure can be seen over the 14-hour observation
period, indicating that the clouds, as they are moved overhead
by advection, cover a wide horizontal expanse. By mid-Septem-
ber, with the return of sunlight to the antarctic stratosphere
and rising temperatures, the polar stratospheric clouds dissi-
pated. Thin, broken polar stratospheric clouds were observed
until mid-October.

Previous observations of the sodium layer have been limited
to interferometric, and lidar studies at Syowa station (69°S). The
sodium column abundance of approximately 6 x 10 atoms per
square centimeter is typical of that observed at Syowa in 1985
(Nomura et al. 1987), but lower than that observed at Svalbard
(78°N) in January 1987 (Gardner, Senft, and Kwon 1988) and at
Urbana (40°N) over a 6-year period (1980-1986) (Gardner et al.
1986). The height of the layer centroid, approximately 89 kilo-

University of Illinois South Pole Na Lidar
25 June 1990
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Figure 1. Total lidar photocount profile 25 June 1990. Scattering
from polar stratospheric clouds, the neutral atmosphere, and me-
sospheric sodium are evident. (km denotes kilometer.)
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Figure 2. Sequence of polar stratospheric cloud backscatter profiles. The profiles are plotted at 30-minute resolution. There is no appre-
ciable change In the fine vertical structure over the 15-hour observation period, indicating the large spatial scales of the clouds. (UT
denotes universal time. km denotes kilometer. Na denotes sodium.)
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Figure 3. Sequence of sodium profiles. The profiles are plotted at 20-minute resolution, and the peak density is 5,000 atoms per cubic
centimeter. The strong variation in the bottom side of the layer may be a tidal effect. Appearance of sodium as low as 74 kilometers altitude
Is evidence of the strong downwelling over the South Pole in winter. (UT denotes universal time. km  denotes kilometer. Na denotes sodium.)
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meters is comparable with Syowa and Svalbard for mid-winter,
but significantly lower than at Urbana. The lower edge of the
sodium layer extends as low as 74 kilometers, an observation
that has not been reported from any other sites. The extremely
low centroid is probably caused by strong downwelling over
the South Pole in winter. The root mean square width of the
layer approximately 5 kilometers is comparable to values re-
ported at Syowa, Svalbard, and Urbana. Sodium profiles are
plotted at 10-minute resolution in figure 3. There is a strong
variation in the bottom side of the layer with a period close to
12 hours. This 12-hour variation may well be connected to the
semi-diurnal tide propagating into the polar regions. The phase
progressions typical of gravity wave activity in the sodium layer
(Gardner and Voelz 1987) are evident. From the sodium density
profiles, it is possible to deduce the relative atmospheric den-
sity and horizontal wind perturbations. The value of the root
mean square horizontal wind perturbations of 26 meters per
second is typical of that observed at Urbana at mid-winter
(Senft and Gardner in press).

This work was supported by National Science Foundation
Grant DPP 87-18089. Funds were provided by the Division of
Polar Programs and the Division of Atmospheric Sciences under

the Coupling, Energetics, and Dynamics of Atmospheric Re-
gions (CEDAR) Program.
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Antarctic automatic weather stations:
Austral summer 1990-1991
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The National Science Foundation's Division of Polar Pro-
grams places automatic weather station units in remote areas
of Antarctica in support of meteorological research and opera-
tions. The automatic weather station data are collected by the
ARGOS Data Collection System on board the National Oceanic
and Atmospheric Administration series of polar-orbiting satel-
lites. Stearns (1987) gives the history of the automatic weather
station locations in Antarctica up to 1988. Stearns and Weidner
(1988, 1989, 1990) continue the history through 1990.

The basic unit measures air temperature, wind speed, and
wind direction at a nominal height of 3 meters above the surface
and air pressure at the electronics enclosure. (See table 1.) Some
units measure relative humidity at 3 meters and the air tem-
perature difference between 3 meters and 0.5 meters above the
surface at the time of installation. One unit was equipped to
measure eight levels of snow temperature.

The automatic weather station units are located in arrays for
meteorological experiments and operational support. (See table
2.) Some of the areas supported are:
• Barrier wind flow along the Antarctic Peninsula and the

Transantarctic Mountains;
• Katabatic wind flow down the slope to the Adélie Coast,

Reeves Glacier, Byrd Glacier, and Beardmore Glacier;

• Mesoscale circulation and the sensible and latent heat fluxes
on the Ross Ice Shelf;

• Climatology of Byrd, Siple, and Dome C stations;
• Oceanography in the Ross Sea;
• Meteorological support for flight operations at McMurdo,

Antarctica; and
• Monitoring for possible station locations and aircraft landing

sites.
Stearns and Wendler (1988) give examples of the research

carried out using the automatic weather station units in Ant-
arctica. Savage and Stearns (1985) present climatological infor-
mation collected by the units in Antarctica. The automatic
weather station data are available at 3-hour intervals on floppy
disks starting in 1980. The yearly data books contain the 3-
hourly data and monthly summaries. The data books still in
print are Sievers, Weidner, and Stearns (1988); Keller, et al.

Table 1. Meteorological variable, sensor, and
resolution for the polar automatic weather stations.

The pressure sensor drifts less than 0.2 millibars per year.

Variable	 Sensor	 Resolution

Air pressure	Parascientific model 215	0.05 millibar
Air temperature	Platinum resistance thermometer 0.125 °C

0.25 meters per
Wind speed	Belfort aerovane model 123	 second
Wind direction	Belfort aerovane model 123	20

Relative humidity Vaisala HMP-31 UT	 1 percent
Temperature

differences,
air and snow	Two thermocouple junctions	0.05 'C
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(1989); and Keller, Weidner, and Stearns et al. (1990). Monthly	only air pressure and temperature was created for these sites
means and extremes from 1980 to the present are available both	and placed in a wooden dog house, which was installed by
on paper and floppy disks.	 helicopter sling load to Seal Island at the north end of Young

Icing on the polar islands destroys the anemometers and	Island on 27 December 1990. The location of the Balleny Islands
aerovanes, making it impractical to try to measure wind speed	is shown in figure 1. Ten 80-amp hour batteries weighing 280
and direction. An automatic weather station unit measuring	kilograms were installed with a solar panel for charging the

Table 2. Automatic weather station locations in Antarctica for 1991

NOTE: The ARGOS ID and the World Meteorological Organization number (WMO No.) are for 1991. The WMO number is the location number for the
Global Telecommunications System. The Scott Island unit may be installed at a later date during 1991

ARGOS	 Altitude	 Site
Site No.	 ID	 Latitude	Longitude	(meters)	Start	 Stop	WMO

8914
8916
8919

8904
8934
8933

8903
8910

8906
8907
8927

8937
8935
8915

8913

8980

8931
8924
8911
8908
8900

8905
8909
8921
8923
8901

8926
8902
8920

8917
8930
8932

8918

D-1O
D-47
D-80

Dome C
Port Martin
Cape Denison

Byrd Station
Siple Station

Marble Point
Ferrell
Pegasus N.

Pegasus
Minna Bluffa
Linda 

Whitlock
Scott Island
Young Island 

Marilyn
Schwerdtfeger
Gill
Lettau
Martha II

Manuela
Shristi
Sushila
Sandra
Lynn

Larsen Ice
Butler Island
Uranus

Cape Adams
RACER Rock
AGO-Ala

Clean Air

a New sites for 1991.
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66.70°S
67.38°S
70.02°S

74.50°S
66.82°S
67.02°S

80.00°S
75.90°S

77.43S
78.02°S
77•9505

78.03°S
78.50°S
78.50°S

76.24°S
67.37°S
66.28°S

79.98°S
79•9405
80.03°S
82.59°S
78.38°S

74.92aS
74.72°S
74.41°S
74.48°S
74.21°S

66.9TS
72.20°S
71.43°S

75.01°S
64.16°S
77.52°S

90.00S

Adélie Coast

	139.800 E	 240

	

138.720 E	1,560

	

134.720 E	2,500

	

123.00E	3,280

	

141.390 E	 39

	

142.68E	 31

Stations

	120.00°W	1,530

	

83.92°W	1,054

Ross Island Region

	163.750 E	 120

	

170.800 E	 45

	

166.51E	 10

	

166.600 E	 10

	

166.51°E	 900

	

168.350 E	 50

Ocean Islands

	168.700 E	 275

	

179.97°W	 30

	

162.33E	 30

Ross Ice Shelf

	165.03°E	 75

	

169.83E	 60

	

178.63°W	 55

	

174.27°W	 55

	

173.42°W	 18

Reeves Glacier
	163.600 E	 80

	

161.58E	1,181

	

161.31 0 E	1,441

	

160.480 E	1,525

	

160 . 390 E	1,772

Antarctic Peninsula

	60.55°W	 17

	

60.34W	 91

	

68.93©W	 780

	

62.53W	 25

	

61.54W	 17

	

23.74°W	1,545

South Pole Station

	2,835	Jan

Feb 80
Jan 83
Nov 84

Feb 80
Jan 90
Jan 90

Feb 80
Dec 87

Feb 80
Dec 80
Jan 90

Jan 91
Jan 91
Jan 91

Jan 82
Dec 87
Dec 90

Jan 84
Jan 85
Jan 85
Jan 86
Feb 87

Feb 84
Dec 87
Jan 88
Jan 88
Jan 88

Oct 85
Mar 86
Mar 86

Jan 89
Nov 89
Jan 91

86

Feb 91

89262

89208
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Figure 1. Map of Antarctica showing the locations of the automatic
weather station units for 1991. The units in the rectangle about
Manuela site are shown in figure 2 and the units in the rectangle
about Ferrell site are shown in figure 3.

batteries. The weight of the batteries was expected to hold the
unit in place so it could be installed by helicopter without the
need for people on the ground.

The Polar Sea arrived at Terra Nova Bay on 1 January 1991.
The remaining parts of the Snow Cave automatic weather sta-
tion on Inexpressible Island were removed to the Polar Sea. The
Manuela Site unit on the southern tip of Inexpressible Island
appeared to be in good shape. The anchors for Pat site were
ablated out of the ice and the tower was tipped slightly. Due to
the difficulty of anchoring on ablating ice, the Pat site unit was
removed. The aerovane at Shristi site was replaced. Figure 2
shows the Reeves Glacier and Inexpressible Island units. Pat

1991 AWS SITES

Figure 2. Map of the 1991 locations of the automatic weather sta-
tion units in the Reeves Glacier area of Antarctica including Ma-
nuela Site. (M denotes meter.)

site was at the midpoint of a line from Manuela site to Teall
Nunatak.

The Polar Sea arrived at McMurdo, Antarctica, on 3 January
1991.

On 13 January 1991, an automatic weather station unit that
included a temperature profile system was installed about 300
meters south of the south end of the Pegasus runway and
approximately 200 meters east of the line of the runway. The
site (figure 3) was appropriately named Pegasus South.

On 16 January 1991, a flight was made to Byrd Station to
repair automatic weather station 8903 whose signal was not
being received. At the site, the boom was rotated 1200, and the
antenna cable and antenna were replaced. The old antenna
cable shield had parted from the connector, and the ground
connection through the shield to the antenna was broken. The
unit beeped, and upon our return to McMurdo Station, its
signal was being received.

The unit from Mount Erebus was returned to McMurdo Sta-
tion. The wind system, air temperature sensor, and the an-
tenna had been destroyed after 1 year on the highest point of
the volcano.

An LC-130 flight was made to Marilyn site on 18 January
1991. The temperature sensor was open at the cable to the unit.
The tower was raised by one 1.5-meter section, and a boom,
which included a relative humidity sensor and vertical temper-
ature difference, was installed.

On 22 January 1991, an automatic weather station unit was
installed on Minna Bluff (figure 3) at an elevation of about 900
meters. The tower, which is 1.86 meters high, is anchored to
rock boards using 15 meters of chain to the tower. Two anchors
were to the south, and one each to the east, west, and north.

A Twin Otter flight was made to the Reeves Névé on 23
January 1991. The electronics of the automatic weather station
units at Sushila and Sandra were removed for repairs.

Figure 3. Map of the Ross Island area of Antarctica showing the
locations of Ferrell, Pegasus North, Pegasus South, Minna Bluff,
and Linda sites for 1991.
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On 24 January 1991, a flight by Twin Otter was made to Gill
Site (figure 1). Automatic weather station 8925 was removed,
and 8911 was installed. The tower did not need to be raised.

A Twin Otter flight was made to the Reeves Névé on 26
January 1991. At Sushila site, the automatic weather station
electronics was reinstalled, and one box of batteries was added.
At Sandra site the automatic weather station electronics was
installed. At Lynn site the aerovane was replaced.

On 28 January 1991, a unit was installed east of Minna Bluff
in an area of hard snow surrounded by crevasses. The site was
named Linda. Figure 3 shows the location of the site.

The dog house for Scott Island (figure 1) was prepared and
moved to the helicopter pad for transportation by sling to the
Polar Sea. About 17 February 1991, the Polar Sea flew the unit to
Scott Island; however, the sling broke on the way over, and the
unit dropped into the ocean. The unit on Scott Island that
operated for 2 years had stopped and was removed from the
island.

We were assisted at McMurdo by Bruce Sinkula and Shawn
Smith of the Department of Meteorology, University of Wiscon-
sin, by Ensign Mark Sullivan, NSFA-Meteorology, and by the
crews of the NSFA helicopters, the Twin Otters, and the LC-
130s. On board the Polar Sea, CPO Pete Rose and his MSTs
helped with shipping and the removal and installation of au-
tomatic weather station units. The helicopter crews provided
excellent flight support.

On the Antarctic Peninsula, members of the British Antarctic
Survey removed the automatic weather station unit from Ur-
anus Glacier but were unable to replace the unit on the Larsen
Ice Shelf. Unit 8932 was deployed to the automatic geophysical
observatory site (AGO-Al) in Coats Land.

On the Adélie Coast, members of the Expeditions Polaires
Françaises were able to replace the Port Martin unit 8914 with
unit 8934 which had been in storage at Dumont d'Urville. The
wind speed systems had been destroyed, and new ones were

installed. Unit 8914 was installed at D-10. The unit does not
have a pressure gauge. D-80 and D-47 are not being received.

The automatic weather station program is supported by Na-
tional Science Foundation grants DPP 88-18171 and DPP 90-
15586. The British Antarctic Survey installs and services the
automatic weather station units in the Antarctic Peninsula area.
Expeditions Polaires Françaises installs and services the units
along the Adélie Coast.
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Wind speed, wind direction,
and air temperature

at Pegasus North during 1990

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

The blue-ice area south of White and Black islands is being
considered as a runway for wheeled aircraft. In 1989 and 1990,
one automatic weather station unit was located in the area to
monitor the meteorology of the region to find out if the site is
satisfactory for wheeled aircraft operations.

The first automatic weather station unit was installed on 22
January 1989 about 2 nautical miles south of the downed air-
craft named Pegasus. The unit was removed 11 November 1989
for installation on Mount Erebus and another unit was installed
on 23 January 1990 at 77.95°S 166.51°E near Malcolm Mellor's
Chalet at the north end of the Pegasus runway. On 13 January

1991, a second unit was installed about 300 meters south of the
south end of the runway and about 200 meters east of the line
of the runway 166.51°E. The second automatic weather station
unit is equipped to measure temperatures at depths in the ice
of 0, —0.05, —0.10, —0.20, —0.40, —0.80, and - 1.60 meters.
The ice is covered with snow that is variable in depth and the
ice at the site is not horizontally flat. Figure 1 in Stearns and
Weidner (Antarctic Journal, this issue) shows the locations of the
two automatic weather station sites near the Pegasus runway.
The data from the Pegasus North unit for 1990 will be given
here.

The automatic weather station unit at Pegasus North mea-
sures wind speed, wind direction, air temperature, and relative
humidity at a nominal height of 3 meters. Air pressure is meas-
ured at the electronics enclosure. The vertical air temperature
difference is measured between 3.0 meters and 0.50 meter.
Estimates of the sensible and latent heat fluxes to the air can
be made using the wind speed, vertical air-temperature differ-
ence, and the relative humidity.

The results for 1989 are presented by Stearns and Weidner
(1990). During 1989 between 22 January and 11 November, there
was no evidence of air temperature high enough to melt the
snow. During December 1990, the air temperatures were above
freezing frequency and accompanied with strong winds. Figure

Wind Speed & Temperature vs. Time
Pegasus North Site

December 1990, 3 hourly values
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Figure 1. Three-hourly values of air temperature and wind speed at Pegasus North for the month of December 1990. (ms- 1 denotes meters
per second.)

1991 REVIEW	 251



S
S •

S	S

I
S

..
-	 I

S.
S	•••S5•

S
S

S
I	 I	 I	 I

I is a graph of 3-hourly values of the wind speed and air tem-
perature at the Pegasus North site for December 1990. The air
temperature sensor is shielded from the Sun but is not me-
chanically ventilated so the temperature should be suspect if
the wind speed is less than 2 knots or 1 meter per second.
Figure 1 shows several occasions when the wind speed is above
1 meter per second and the air temperature is 2 to 4 °C above
freezing. Figure 2 presents the mean wind speed in a 10°-wide
wind direction interval as a function of the wind direction for
the interval. As in 1989 (Stearns and Weidner 1990), the pattern
is similar showing the highest mean wind speeds coming from
the direction of 195°. Figure 2 also shows the wind direction
frequency in percent as a function of the wind direction. The

most frequent wind direction is from 60° or from the direction
of Scott Base.

The table gives the monthly mean values of air temperature
and wind speed, the resultant wind speed and direction, and
the maximum wind speed and direction from the monthly cli-
matic summarizes for Pegasus North. The sensible and latent
heat fluxes are calculated from the 3-hourly values of air tem-
perature, wind speed, vertical air temperature difference, and
relative humidity. The total latent heat flux for the year is equiv-
alent to the sublimation of 94 millimeters of water from the
surface. The resultant wind direction is between 73° and 131°
while the monthly maximum wind speed are from 150° to 198°.
The pattern is similar in 1989. Figure 3 shows the wind speed
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Mean Annual Wind Speed for each Wind Direction Category
Pegasus North Site

1 January - 31 December 1990
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Wind Direction Frequency vs. Wind Direction Category
Pegasus North Site

1 January — 31 December 1990
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Figure 2. Mean annual wind speed and wind direction frequency in 100 wind intervals as a function of the wind direction for Pegasus North
for January through December 1990. (ms- 1 denotes meters per second.)
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Figure 3. Three-hourly values of wind speed and wind direction for March 1990 for Pegasus North. (ms- 1 denotes meters per second.)

Monthly mean air temperature, wind speed, sensible heat flux,
and latent heat flux, resultant wind speed and direction (VV/DD),

and maximum wind speed and direction (VV/DD) for Pegasus
North during 1990

Maximum
Month	Temperature  Speed' Resultant' wind 	QC	E0C

January	-5.4	3.1	2.2/73	12.2/182	15.5 24.1
February	-12.0	4.0	2.9/91	16.5/184	3.0 15.3
March	-19.5	5.2	2.6/119	26.2/198 -13.0 5.8

April	-24.2	4.8	2.2/122	26.4/191 -21.4 3.1
May	-25.5	4.0	2.7/83	27.7/185 -12.1 2.8
June	-30.6	3.9	2.3/106	28.4/187 -25.9 1.0

July	-31.1	3.3	2.3/79	26.2/195 -11.5 1.9
August	-35.7	3.8	2.0/86	29.7/192 -29.9 0.4
September	-33.8	3.3	2.0/77	18.5/187	-9.4 1.5

October	-22.6	4.1	3.2/82	16.8/150 -20.8 2.4
November	-10.2	3.5	1.4/100	23.1/163	-7.6 15.6
December	-2.4	4.8	2.5/131	19.3/170 -24.7 28.2

a In degrees Celsius.
In meters per second.
In watts per square meter.

every 3 hours for the month of March 1991 which had the
highest monthly mean wind speed. The two gusts lasted for 2
to 4 days and are typical of the high wind speed events at
Pegasus North. The wind direction during the gusts is from
the same sector as the maximum wind speeds given above.

The automatic weather station program is supported by
National Science Foundation grants DPP 88-18171 and DPP
90-15586.
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A boundary-layer study
near Ross Island

using acoustic remote sensing

ZHONG Liu, JERRY K. GEER, and DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Planetary boundary-layer studies in Antarctica have im-
proved greatly since the introduction of automatic weather sta-
tion data and satellite images. Due to the height limitation of
automatic weather station data, however, such boundary-layer
studies are restricted to phenomena which have a surface
expression (Neff 1981; Mastrantonio, Ocone, and Fiocco 1988).
A sodar (an abbreviation for sonic detection and ranging) can over-
come this limitation by providing three-dimensional wind and
backscatter data up to an altitude of several hundred meters.
During the 1990 campaign, we used a sodar at Williams Field
(figure 1), a place on the Ross Ice Shelf near the southwestern
tip of Ross Island strongly influenced by the surrounding com-
plex topography and by the mesoscale and synoptic-scale pres-
sure systems. The main purposes of the campaign were to test
out the sodar in the harsh antarctic environment and to gain
further understanding of the characteristics and evolution of
the boundary layer in such a complex setting.

The sodar used in this campaign is of a special configuration
designed by Radian Corporation especially for operations in
Antarctica (temperatures ranged from —32 °C to +3 °C and
wind speeds up to 18 meters per second were experienced).
The unit is compact relative to the most common sodar designs
and is constructed of durable, light-weight materials. It is also
mounted on skis for portability.

The fundamental principle of the sodar is quite straightfor-
ward, though it is possible to employ fairly rigorous signal-
processing techniques. The three-axis, monostatic sodar is

wbas" Oak	Cape Mackay

Ross Ice Shelf
Ik,'do Ic. .If	

Sodir it Wams Fletd

Figure 1. Topographic map of Ross Island, adapted from O'Connor
and Bromwich (1988). The sodar was located at Williams Field. (km
denotes kilometer.)

composed of three acoustic transducers mounted at the focal
points of three parabolic reflectors. These assemblies are each
enclosed in a protective fiberglass cylinder which has a layer of
acoustic dampening foam on its inside surface. Each one of
these three shielded transceivers constitutes what the design -
ers refer to as a leg.

These legs are mounted in line on a rack at specific orienta-
tions. The center leg lies along the vertical axis. The next leg
lies in the plane formed by the vertical axis and the long axis
of the rack but is oriented at an angle of 22.5 degrees away from
vertical. The last leg is also tilted at an angle of 22.5 degrees
but in a plane normal to the plane containing the axes of the
other two legs.

This particular sodar operates at an acoustic frequency of
2250 hertz. The sodar collects data by transmitting a 2250-hertz
pulse of selected duration in a round-robin fashion from each
of the legs. Immediately following the transmission of a pulse
from one leg, the same transducer switches to receiving mode.
Based on the known frequency, pulse duration, and leg orien-
tation, a specialized signal-processing card located in a micro-
computer expansion slot calculates the three dimensional wind
values and passes them to the computer to be written to disk
for subsequent analysis.

The 1990 campaign lasted from 19 October to 5 November.
During this period, we experienced a significant diurnal vari-
ation of the boundary layer under the influence of insolation.
In figure 2, the average 3-hour surface air temperatures over
this period show a maximum at 1200 local time and a minimum
at 0000 local time, respectively. The effect of surface heating
over the ice shelf also extends to a certain height. Intermittent
balloon sounding data show that the vertical temperature pro-
file on a typical day, which has some clouds around, evolves in
the following three stages. In stage I, the ground-based inver-
sion layer is raised aloft as the insolation increases. The maxi-
mum height rise did not exceed 200 meters during the cam-
paign. In stage II, the elevated inversion descends following
from the decrease of absorbed solar energy and gradually in-
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Figure 2. Average surface air temperature based on 3-hour obser-
vations from 19 October to 6 November 1990.

254	 ANTARCTIC JOURNAL



creasing net heat loss from longwave radiation. In stage III,
strong net heat loss from longwave radiation strengthens and
reconstructs the ground-based inversion layer. Hourly mean
resultant wind speed profiles derived from the sodar data fol-
low this diurnal change under 500-meter height with maxima
being found after midday and minima after midnight.

Studies of the blocking effect of Ross Island on stratified near-
surface air have been reported by Schwerdtfeger (1984), Slotten
and Stearns (1987), and O'Connor and Bromwich (1988). The
24-hour average resultant wind direction profile below 500 me-
ters altitude from the sodar records (figure 3A, solid line) shows
the following:
• a large wind direction deviation from the mean flow at low

levels due to the island deflection and the blocking effect of
Hut Point Peninsula up to 200 meters altitude;

• a gradual clockwise decrease of this deviation as the height
increases;

• unidirectional airflow above 326 meters.
Figure 3B, plotted from sodar horizontal wind records, shows
an example of the island blocking effect. The clockwise wind
directional rotation starts from the bottom level (northeast
wind) and ends up with a uniform wind direction (southeast
wind) above 300 meters altitude.

Strong sodar backscatter obtained during the campaign was
found to have a close relation with wind-shear magnitudes.
According to the acoustic scattering cross-section equation
(Batchelor 1957; Tatarskii 1971), received sodar backscatter sig-
nals are proportional to spatial temperature inhomogeneities.
Analysis of backscatter and wind-shear magnitudes supports
the idea that wind-shear magnitudes may be the key factor for
generation of temperature inhomogeneities. The wind shears
that appeared during the campaign are classified as follows:
• strong wind speed shear;
• wind direction shear accompanying strong wind speed;
• both wind speed and direction shears.
Thermal convection is not a major contributor to generation of
sodar backscatter in this area during spring.

Three-dimensional sodar wind data provide a variety of in-
formation on the structure of the boundary layer. The 24-hour
average resultant wind speed profile (figure 3A, dashed line)
shows a maximum wind speed at 75 meters, a feature that may
be classified as a low-level jet (Stull 1988). The hourly average
resultant wind speed profiles show the evolution of this jet,
which becomes less well-defined at midday and midnight.

In conclusion, the sodar deployment at Williams Field during
the 1990 campaign was successful, and it proved to be an effec-
tive tool for probing the behavior of the stable planetary layer.
An extensive field study of the katabatic winds near Siple Coast
using a combination of a sodar and a RASS (radio acoustic
sounding system for sensing the temperature profile) at each
of two camps is planned for all of November 1991.

This research was supported by National Science Foundation
grant DPP 89-16921 to David H. Bromwich.
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Figure 3. A. 24-hour resultant wind derived from sodar horizontal
wind records during the campaign. Solid line: 24-hour resultant
wind direction versus height. A clockwise rotation of wind direc-
tion results from the blocking effect of Hut Point Peninsula and
Ross Island. Dashed line: 24-hour resultant wind speed versus
height. A wind speed maximum is located at 75 meters altitude. (M
denotes meter. M/S denotes meters per second.) B. An example of
the blocking effect from 1200 to 1600 local time, 31 October 1990.
The vector length gives wind speed in meters per second, and the
orientation shows the wind direction with an easterly moving from
right to left. (M denotes meter.)
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Real-time, in situ measurement
of hydrogen chloride and

sulfur dioxide
in the plume of Mount Erebus
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PHILIP R. KYLE

Department of Geoscience
New Mexico institute of Mining and Technology

Socorro, New Mexico 87801

and sulfur dioxide. The detection concept is illustrated in figure
1. The response due to a 1-minute, 12-parts-per-million sulfur
dioxide exposure is shown in figure 1A. During the exposure,
the sulfur dioxide diffuses into the TEA, increasing the mass
of material on the crystal. This is seen as an increase in the
sensor signal. After the 1-minute exposure, the sulfur dioxide
TEA diffuses, and the signal returns to baseline as the mass on
the crystal decreases. A 449-hertz response was observed for

A6443
mQurNC^ SHIFT

The only significant source of gases and aerosols in the ant-
arctic atmosphere is Mount Erebus, the southernmost active
volcano. Using a multistage quartz crystal microbalance cas-
cade impactor, research teams have measured emissions at the
rim of Mount Erebus and throughout the continent to deter-
mine the impact Mount Erebus has on Antarctica (Chuan 1976,
Chuan et al. 1986; Meeker, Kyle, and Chuan 1985). The gaseous
makeup of the Mount Erebus plume has also been measured
by several methods (Stoiber, Malincomico, and Williams 1983;
Rose, Chuan, and Kyle 1983; Crowe et al. 1987; Finnegan et al.
1989). Previously, however, hydrogen chloride and sulfur diox-
ide concentrations emitted by Mount Erebus have not been
directly determined. We report here real-time, in situ measure-
ments of hydrogen chloride and sulfur dioxide gases in the
Mount Erebus plume. The measurements were made using a
modified quartz crystal microbalance cascade impactor.

The quartz crystal microbalance cascade impactor has been
the primary instrument used to measure the size distribution
and mass concentration of aerosols in the antarctic atmosphere.
The ambient aerosols, segregated by their size, are collected
when they impact a piezoelectric crystal, which serves as sen-
sitive mass balance. A piezoelectric crystal operates as a mass
microbalance by measuring the change in its oscillating fre-
quency due to a change in mass on the surface of the crystal.
When a carefully chosen chemical coating is applied to the
crystal's surface, the crystal becomes a selective and highly
sensitive chemical vapor sensor (Karmarker and Guilbault 1974;
Cooke, West, and Watts 1980). The crystal coating must have a
selective and specific response to the gas of interest but must
not respond to other, interferring gases present.

For our work, the crystal was coated with triethanolamine
(TEA), a substance which responds to both hydrogen chloride
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Figure 1. Example of chemical vapor detection using piezoelectric
crystal coated with triethanolamine. A. Response due to a 1-minute
exposure to 12 parts per million (ppm) of sulfur dioxide (SO 2) at
the 10-minute mark. This is a reversible interaction. B. Response
due to a 1-minute exposure to 2 parts per million of hydrogen
chloride (HCI) at the 10-minute mark. This is an irreversible inter-
action. (HZ denotes hertz; MHZ denotes megahertz.)
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12 parts per million of sulfur dioxide. This type of response is
referred to as a reversible interaction and is synonymous with
the separation process used in gas chromatography columns.
This is a very sensitive technique; concentrations below the
parts-per-million threshold can be measured.

The response due to a 1-minute, 2-parts-per-million expo-
sure of hydrogen chloride is shown in figure lB. The hydrogen
chloride reacts chemically with the TEA and forms a hydro-
chloride salt. As the hydrochloride salt is produced, the mass
on the crystal increases with a corresponding increase in sensor
signal. In this case, the signal does not return to baseline,
however, since this chemical reaction is irreversible. An 82-hertz
response was observed for 2 parts per million of hydrogen
chloride.

We can take advantage of these two different types of inter-
actions to measure sulfur dioxide and hydrogen chloride si-
multaneously using with the same sensor crystal (figure 2).
The total 540-hertz response is a composite signal consisting of
both sulfur dioxide and hydrogen chloride interactions. Beccuse
the sulfur dioxide starts to diffuse out of the TEA when the
gases are removed from the sensor, the concentration of sulfur

dioxide can be determined by calculating the difference be-
tween the maximum signal response and the new baseline. In
this example, the shift due to sulfur dioxide is 432
(540— 108 = 432), so the shift from hydrogen chloride is 108.
Comparisons with the responses in figure 1 show that there is
close agreement with sulfur dioxide, 432 versus 449, and the
hydrogen chloride response is somewhat higher than the single
exposure, 108 versus 82.

A four-stage quartz crystal microbalance cascade impactor,
described previously (Chuan 1976), was used in the field mea-
surements. The instrument was modified to be able to use the
first three stages to collect aerosols; the last stage contained the
coated crystal. The measurements were taken on 16 January
1991 on the rim of Mount Erebus as the plume drifted over the
side of the rim. The sensor was exposed to the plume for a
period, then a charcoal filter was placed on the inlet to remove
the chemical vapors and purge the crystal with pure air so the
sulfur dioxide could diffuse out of the TEA.

By comparing the signal traces with the calibration curves
such as those shown in figures 1 and 2, the concentration of
sulfur dioxide and hydrogen chloride were determined to be
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Figure 2. Example of simultaneous detection of 12 parts per million (ppm) of sulfur dioxide (SO 2) and 2 parts per million of hydrogen
chloride (HCI) with single crystal coated with triethanolamine. Sulfur dioxide signal, 432 hertz (Hz), is determined by the difference of total
signal shift (540 hertz) and shift from original baseline at 42 minutes (108 hertz). The hydrogen chloride concentration is the shift from the
original baseline determined at 42 minutes, 108 hertz.
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0.2 and 1.1 parts per million, respectively. The sulfur dioxide
concentration is in very close agreement to the correlation spec-
trometer determination of 0.28 parts per million of sulfur diox-
ide. Using independent estimates of the diameter of -the plume
and its rise rate and assuming uniform concentration across the
plume, the fluxes are calculated to be 30 metric tons per day of
sulfur dioxide and 90 metric tons per day of hydrogen chloride.
The average sulfur dioxide flux calculated from correlation
spectrometer measurements for January 1991 was 72±28 metric
tons per day. As for hydrogen chloride, the only comparison is
the chlorine-to-sulfure ratio obtained with the lithium hydrox-
ide-treated filters. The filter chlorine-to-sulfur ratio on the day
this measurement was made was 0.7. This would yield a cal-
culated hydrogen chloride flux of 25 metric tons per day, which
is lower than the 90 metric tons per day calculated from the
direct hydrogen chloride measurement. We will continue to
study these results and reconcile the two sets of measurements.

This work was supported in part by National Science Foun-
dation grant DPP 87-04319 to Bowers and Chuan and DPP 87-
14848 to Kyle.
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A case study of
katabatic wind-forced

mesoscale cyclogenesis
near Byrd Glacier

JORGE F. CARRASCO and DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Katabatic winds coming downslope from the interior of Ant-
arctica converge toward several broadscale topographic troughs
and inject enhanced jets of cold air into the warmer maritime
air over the coastal areas (Parish and Bromwich 1987). These
features can be observed on thermal infrared satellite images
as surface-level, dark (warm) streaks across ice surfaces near
sea level (Bromwich 1989a). Horizontal temperature gradients
in the boundary layer (called boundary Layer baroclinic zones)
can form as a result of these cold-air outbreaks and, in con-
junction with a weak surface trough, constitute sufficient con-
ditions for mesoscale cyclone formation (cyclogenesis; Brom-
wich 1989b). This has been extensively verified around Terra
Nova Bay by analyzing automatic weather station data and by
examining high-resolution satellite images (Bromwich and Par-
ish 1988; Bromwich 1989c, 1991); however, because of the gen-

eral deficiency of moisture over the Ross Ice Shelf and the lack
of appropriate surface data, mesoscale cyclones linked with
katabatic winds coming from Skelton, Mulock, and Byrd gla-
ciers have been infrequently analyzed to confirm this hypoth-
esis. Despite this lack of confirmation, it is known that the
western side of the Ross Ice Shelf is a cyclogenetic area linked
with these katabatic airflows from East Antarctica. This article
presents an example of mesoscale cyclogenesis that took place
in this area during February 1988. Automatic weather station
data, surface and 500 hectopascal synoptic analyses provided
by the Australian Bureau of Meteorology, and satellite infor-
mation were used to study this case.

The NOAA (National Oceanic and Atmospheric Administra-
tion) 10 thermal infrared satellite image at 1723 universal co-
ordinated time 17 February (figure 1) shows very distinctive
katabatic wind signatures (dark) coming downslope through
Byrd, Mulock, and Skelton glaciers. Note that the plumes
clearly spiral into a mesoscale cyclone centered slightly to the
south of automatic weather station 15. The previous image at
1313 universal coordinated time 17 February already showed
the katabatic features, and suggested an incipient cyclonic cir-
culation slightly to the east of Byrd Glacier. Data recorded by
automatic weather station 15 showed that the wind direction
turned clockwise from southwesterly to northwesterly between
0000 and 0300 universal coordinated time 17 February signaling
the time when the cyclonic circulation started to predominate
over this site. Regional pressure field analyses over the Ross
Ice Shelf, analyses that were constructed from automatic
weather station data, confirmed the development of a surface
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Figure 1. NOAA 10 thermal infrared satellite image (1.1-kilometer resolution) along with the automatic weather station wind data at 1723
universal coordinated time 17 February 1988. Numbers identify automatic weather station sites. Lines drawn to each site indicate the
direction from which the wind blows. Large barbs attached to each direction line denote 5 meters per second of wind speed, while half
barbs denote 2.5 meters per second. No barb means less than 1.25 meters per second. (km denotes kilometer.)

trough over the western side of the Ross Ice Shelf adjacent to	Glacier. Although the image centered the vortex between units
the Transantarctic Mountains during this time. Thus, the pres-	15 and 24, the automatic weather station analysis placed its
ence of a surface trough and a probable boundary layer baro-	center to the south of both sites (figure 3). During the same
clinic zone induced by the katabatic outbreaks created sufficient	period (around 0000 universal coordinated time 18 February),
conditions for the formation of a mesoscale cyclone near Byrd	another mesoscale cyclone formed over the southern Ross Sea
Glacier sometime between 0300 and 1200 universal coordinated	near Franklin Island (unit 13; see Bromwich and Parish 1988 for
time 17 February. From the pressure field analyses, a weak	discussion of this event), providing another example of the
cyclonic perturbation could be analyzed from 0900 universal	related development in both areas noted by Bromwich (1991).
coordinated time 17 February suggesting the most probable	The next satellite image at 1251 universal coordinated time 19
formation time of the mesocyclone.	 February shows both mesoscale cyclones in an apparently

On the next day (18 February), the satellite image at 1302	weakened state, but the image at 1438 universal coordinated
universal coordinated time (figure 2) shows a well-defined low-	time 20 February reveals a low-cloud spiral associated with a
cloud feature associated with the cyclonic circulation near Byrd	well defined vortex centered just to the southwest of automatic
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Figure 2. NOAA 9 thermal infrared satellite image with concurrent wind data at 1302 universal coordinated time 18 February 1988. (km
denotes kilometer.)

weather station 00. It appears that the two mesoscale systems
merged into one subsynoptic cyclone which reached its maxi-
mum development sometime on 20 February. Unfortunately the
lack of satellite information for about 25 hours impedes verifi-
cation of this conclusion. The progressive counterclockwise
turning of the wind at automatic weather station 00 from north-
northeasterly to southwesterly between 0300 universal coordi-
nated time 20 February and 0000 universal coordinated time 21
February, signals the east-southeastward passage of the com-
bined vortex toward Marie Byrd Land.

The surface synoptic analyses from 0000 universal coordi-
nated time 17 February to 1200 universal coordinated time 21
February revealed a broadscale cyclonic circulation affecting the
southern Ross Sea and the Ross Ice Shelf. Over the same pe-
riod, the 500 hectopascal analyses showed the passage of three

midtropospheric troughs over McMurdo Station: one around
1200 universal coordinated time 17 February, the second at 0000
universal coordinated time 18 February and third around 1200
universal coordinated time 20 February. The first was associ-
ated with the formation of the vortex near Byrd Glacier, and
second with the formation of the Franklin Island cyclone. The
initial development of the cyclone near Byrd Glacier was also
associated with the passage of the second trough. The third
trough transit occurred around the time that the combined
vortex intensified. It appears that cyclonic vorticity advection
at 500 hectopascals played a central role in the formation and
evolution of the mesoscale cyclone being discussed Here.

In summary, the probable establishment of a boundary layer
baroclinic zone induced by katabatic winds and a subsynoptic
trough along the Transantarctic Mountains created sufficient
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Figure 3. Mesoscale analysis at 1302 universal coordinated time 18
February (same time as figure 2) using the automatic weather sta-
tion data recorded by the NOAA 9 satellite. Numbered dots are
automatic weather station sites. The automatic weather station
wind data are plotted as described in the caption for figure 1. Solid
lines are isobars in hectopascals with 92[F0]992 hectopascals, and
dashed lines are isotherms in degrees Celsius. Large arrows join
the satellite-observed positions of the mesoscale vortices, one
originating around Franklin Island and the other near Byrd Glacier.
A: 1251 universal coordinated time 19 February; B: 1438 universal
coordinated time 20 February; C: 1057 universal coordinated time
21 February; D: 1732 universal coordinated time 21 February; and
E: 0532 universal coordinated time 22 February.

conditions for the formation of a mesoscale cyclone near Byrd
Glacier around 0900 universal coordinated time 17 February.
The cyclonic surface circulation could have advected moisture

from the open Ross Sea onto the ice shelf and generated clouds
which made the vortex visible on satellite imagery. The general
midtropospheric flow caused the eastward movement of the
vortex across the Ross Ice Shelf, while the passage of a mid-
tropospheric trough gave synoptic support for its development.
It seems to have merged with another mesoscale cyclone which
developed around Franklin Island. Although this combined
system did not develop beyond subsynoptic size, and arrived
at Marie Byrd Land in its dissipating stage, consideration of
this example in conjunction with the case examined by Brom-
wich (1989b) suggests that these types of mesoscale systems
may contribute significantly to the annual snowfall accumula-
tion over West Antarctica.

This research was supported by National Science Foundation
grant DPP 88-16792 to David Bromwich. The satellite imagery
was recorded by U.S. Navy personnel at McMurdo Station, and
obtained from Robert Whritner of the Antarctic Research Cen-
ter at Scripps Institution of Oceanography (National Science
Foundation grant DPP 88-15818).
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Numerical simulation
of the katabatic winds
over West Antarctica

DAVID H. BROMWICH and YANG Du

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Surface wind observations taken both at the few interior sta-
tions and by traverse party members have shown that katabatic
winds are the most significant climatological feature of the
lower portion of the atmosphere over Antarctica. Schwerdtfeger

(1970) indicated the dominant influence of antarctic topography
(figure 1) in shaping the surface windfield. Parish and Brom-
wich (1986) simulated the directional near-surface airflow char-
acteristics over West Antarctica and showed that the most sig-
nificant features are a small number of confluence zones where
cold drainage currents from a large interior area converge to-
ward the coast. The continental-scale drainage streamline sim-
ulation performed by Parish and Bromwich (1987) suggests that
numerous confluence zones may be found over the antarctic
continent. Parish and Bromwich (1991) modeled the directions
and speeds of surface airflow over Antarctica. The intensity of
the drainage flow is generally proportional to the steepness of
the terrain. The winds are relatively weak over the interior and
gradually increase during descent to sea level in response to
steeper ice terrain near the coast. This near-coastal pattern is
modulated by the impact of lateral convergence associated with
the confluence zones.
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Figure 1. The antarctic continental topography including stations, South camp (S), Upstream B (U) and North camp (N), mentioned in text.
The square denotes the modeling domain for which results are presented in figures 2 and 3. (km denotes kilometer.)

To understand more completely the dynamics of antarctic
surface winds, a detailed study of surface airflow over West
Antarctica is being conducted. Emphasis is placed on that part
of Marie Byrd Land upslope from Siple Coast where, in contrast
to most parts of Antarctica, terrain slopes are steeper in the
interior than adjacent to the coast. Preliminary results of nu-
merical modeling of airflow over West Antarctica are presented
here. A three-dimensional version of the model described by
Parish and Waight (1987) which follows Anthes and Warner
(1978) was used. It is written in terrain-following sigma coor-
dinates and contains 10 vertical levels. The vertical levels are
arranged so that the highest vertical resolution is in the lower
portion of the atmosphere (sigma levels 0.996, 0.985, 0.97, 0.95,
0.93, 0.9, 0.8, 0.6, 0.35, and 0.1). The simulations were con-
ducted with a 50 x 50 grid and a grid spacing of 40 kilometers.
The terrain slopes were taken from the accurate topographic
map of Drewry (1983). Because the computational domain in-
tersected the very steep Transantarctic Mountains, some ter-
rain smoothing was required to ensure numerical stability, but
it was done in such a way as to preserve as much of the original

terrain structure as possible. The model was integrated for 24
hours from an initial rest state, and the results represent well-
developed drainage during the polar night without the compli-
cations introduced by clouds or synoptic pressure gradients.

Integration of the model for West Antarctica showed that the
winds developed rapidly, and after 12 hours of integration,
there was little significant change. Figure 2 is the simulated
streamlines at 24 hours for the first sigma level approximately
representing the surface winds. The winds blow down from
the gentle interior to the coastal areas. The airflow converges
into several zones around the margin of the ice sheet. The
divergence zones are at the crest areas of the terrain. This is
consistent with the continental-scale streamline simulation for
Antarctica (Parish and Bromwich 1987). The most significant
convergence zone is found near Siple Coast where cold airflows
from a large interior section of West Antarctica are concen-
trated. Such a situation is considered to be a major factor in
shaping coastal katabatic winds. Parish and Bromwich (1986)
suggested that this convergence area may continually add large
amounts of cold air to the boundary layer circulation over the

262	 ANTARCTIC JOURNAL



Ross Ice Shelf. Bromwich, Carrasco, and Stearns (in press) have
recently presented extensive satellite evidence to support this
contention.

Figure 3 is the same as figure 2 but for wind speeds. The
strongest wind speeds, enclosed by the 10-meter-per-second
isopleths, are found over the steep coastal slopes. In the inte-
rior, the winds are weaker with the lowest speeds coinciding
with the highest points of the terrain. The model results also
show a 10-meter-per-second isopleth, which encloses South
camp location. Two other locations north of this site, known as
Upstream B and North camps, have lower simulated wind
speeds. This is generally in agreement with the winds observed
at these stations during summer. Bromwich (1986) analyzed
wind observations from these three temporary camps taken

STREAMLINES

during the 1984-1985 and 1985-1986 austral summers as part
of the Siple Coast glaciology project. Going from north to
south, the observed winds were found consistently to increase
in speed and become less variable in direction. This was in-
ferred to be due to the greater influence of the airflow conver-
gence at South camp. The limited area occupied by the 10
meter-per-second isopleth near South camp requires further
explanation. The opposing acceleration effects of lateral con-
vergence and slackening terrain slopes probably leads to this
situation. Thus, the observational and modeling analyses for
the Siple Coast area are mutually consistent.

This research was supported by National Science Foundation
grant DPP 89-16921 to David H. Bromwich. T.R. Parish provided
valuable assistance with the modeling.
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Automatic weather station
observations of strong katabatic
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For 9 months of the year, net radiative cooling characterizes
the heat budget of the ice slopes of the antarctic continent. As
a result, the surface wind regime over Antarctica is strongly
influenced by the underlying terrain. Katabatic winds are a
predominant boundary-layer phenomenon; some of the strong-
est surface winds on Earth are found along the coastal sections
of Antarctica. Currently underway is an observational study of
the intense katabatic winds found near Terra Nova Bay (75°S
163°E). Six automatic weather stations have been installed along
Reeves Glacier and upslope from the glacier on the plateau. All
stations were deployed by Charles Stearns and colleagues at
the University of Wisconsin, Madison. In addition, an array of
four automatic weather stations near Terra Nova Bay has been
deployed by the Italian Antarctic Expedition. Positions and re-
sultant wind data for the period from February 1988 through
January 1989 can be seen in Bromwich, Parish, and Pellegrini
(1990). Here, we will focus on data collected by automatic
weather station units 8905 and 8909, which are situated beyond
the foot and near the head of Reeves Glacier, respectively.

Composite depictions of the annual course of state parame-
ters for the entire automatic weather station array have been
prepared for the calendar year 1988. The trends were computed
by first determining daily averages (vector averages for wind)
and then passing the time series through a nine-point low-pass
filter to remove much of the high-frequency variance. Figure 1
shows the evolution of potential temperature and wind speed
during the course of 1988 for units 8905 (Inexpressible Island)
and 8909 (head of Reeves Glacier). Pronounced is the decrease
of potential temperature during February (days 32-60). The
rapid change is, in all likelihood, a result of the rapidly chang-
ing solar geometry and resulting decrease in solar insolation.
This sudden onset of winter has been alluded to in Bromwich
(1989). Accompanying the abrupt temperature decrease is a
pronounced increase in the intensity of the katabatic wind. In
a period of approximately 1 month, resultant wind speeds in-
crease in excess of 100 percent. By mid-April (day 110) winter
conditions are fully established with daily resultant wind
speeds near 15 meters per second at 8905 and mean potential
temperatures near 250 kelvin. Note that the potential temper-
ature trends at 8909 are nearly identical to those found at 8905,
indicating similar synoptic influences and/or local radiative con-
ditions. As noted in the aircraft studies of katabatic winds near

Terra Nova Bay by Parish and Bromwich (1989), values of po-
tential temperature are nearly identical at the head and foot of
the Reeves Glacier. This feature has also been noted in mod-
eling studies (Parish and Waight 1987) and is characteristic of
katabatic-prone areas. The wind speeds seen at 8909 are con-
sistently some 3-5 meters per second less than corresponding
wind speeds at 8905, implying that the katabatic flow acceler-
ates down the approximately 40-kilometer stretch of Reeves
Glacier. Bromwich (1989) has noted that the katabatic wind
exhibits little deceleration from the terminus of the ice edge of
Reeves Glacier and 8905 despite the 34-kilometer trek across
the flat Nansen Ice Sheet. Only minor enhancements to the
autumn changes are observed during the following 5 1/2 months
(days 110-274). The potential temperature trend observed dur-
ing the winter months suggests a coreless winter. Both poten-
tial temperature and wind-speed trends display a similar, al-
though possibly weaker, return to summertime conditions
during the austral springtime months of October and Novem-
ber (days 275-335). Short-term variations, presumably due to
the effects of transient synoptic systems, are present in both
potential temperature and wind speed throughout the entire
year.

To depict interrelationships in weather between the two au-
tomatic weather station sites, records were subjected to spec-
trum and cross-spectrum analysis. Results here will feature
wind speeds from the transitional period from January through
March 1988 only. Power spectra for wind speeds at 8905 and
8909 for this period are shown in figure 2. As is expected during
summer months, a diurnal cycle is present (peak at 1 day). In
addition, there is a suggestion of synoptic variability at 8905;
secondary peaks in the percentage of explained variance over
the 2-10 day time scale. Wintertime (May through July, days
121-213) power spectra at 8905 for wind and pressure (not
shown) display appreciable variance over time scales of 2-10
days, presumably associated with transient synoptic activity.

Cross-spectrum analysis shows that the wind speeds meas-
ured by the automatic weather station units are highly coherent
with each other. Wind speeds for the period from January
through March 1988 at sites 8905 and 8909 show a correlation
coefficient of 0.68. Similarly high coherence in wind speed (val-
ues in excess of 0.65) can be seen over nearly all frequencies at
surrounding automatic weather stations near Reeves Glacier
and situated on the sloping antarctic ice fields. Pressure differ-
ences between the head of the Reeves Glacier and Inexpressible
Island and the wind speed at Inexpressible Island were also
shown to be significantly correlated (correlation coefficient of
0.61). This suggests that katabatic winds are associated with a
horizontal pressure gradient directed down Reeves Glacier. Fig-
ure 3 shows the cross spectra. Note that a high degree of co-
herence is present over time scales of 1 to 7 days; no phase lag
is seen between the katabatic wind at Inexpressible Island and
the pressure difference along Reeves Glacier. This feature is
evident when comparing horizontal pressure differences be-
tween 8909 and 8905 during periods of high winds at Inex-
pressible Island. Analyses show that higher wind speed events
at 8905 are associated with correspondingly larger pressure
differences between 8909 and 8905 with higher sea level pres-
sures at the head of Reeves Glacier. For wind speeds in excess
of 30 meters per second at 8905, horizontal pressure differences
at these two sites are 7.5 hectopascals greater than what is
found during weak wind periods (8905 winds less than 10 me-
ters per second). This suggests that extreme katabatic winds at
Inexpressible Island undergo significant acceleration down the
glacier valley and perhaps along the flat Nansen Ice Sheet.
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Figure 1. Annual course of potential temperature (in degrees kelvin) and wind speed (in meters per second) at 8905 (Inexpressible Island)
and 8909 (head of Reeves Glacier) during 1988.
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Figure 2. Power spectra of wind speed at 8905 and 8909 during the period from January through March 1988.
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Satellite analyses of
katabatic winds

near Terra Nova Bay
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The surface windfield over the sloping ice fields of Antarctica
is characterized by pronounced spatial variability whereby ra-
diatively cooled air formed over large areas of the continental
interior converges and discharges across the coastline in a small
number of narrow regions (Parish and Bromwich 1987). Such
"confluence zones" provide a large supply of cold near-surface
air to the coastal slopes and allow the resulting katabatic winds
to become substantially stronger and more persistent. Terra
Nova Bay is one such area (Bromwich 1989a) and is being in-
tensively studied to characterize these features. A wide variety
of observational strategies is being employed including obser-
vations from an extensive array of automatic weather stations
(e.g., Bromwich and Parish 1988). Because the spatial variabil-
ity of the surface winds is so high, however, it is necessary to

interpolate between the automatic weather station observa-
tions. Thermal infrared satellite images, which can provide a
spatial resolution of 1.1 kilometers and which contain promi-
nent winter signatures of katabatic winds (Bromwich 1989b),
provide the necessary capability.

All available NOAA-AVHRR (National Oceanic and Atmos-
pheric Administration-Advanced Very-High-Resolution Radi-
ometer) satellite images at thermal infrared wavelengths, im-
ages that were collected at McMurdo Station on Ross Island
between July and September in 1988 and 1989, were reviewed
to describe the range of behavior exhibited by the surface winds
near Terra Nova Bay. A representative set of examples is pre-
sented here. As discussed by Bromwich (1989b), winter ther-
mal infrared satellite images of this area exhibit prominent
warm signatures of surface winds probably as a result of vig-
orous vertical mixing in stably stratified air masses due to
strong low-level winds. Low-level transport of drifting snow
over the polar plateau also contributes to the warm signatures
there. That coastal warm satellite signatures reflect the pres-
ence of cold air is apparently anomalous, but arises because
this warmth is confined to atmospheric levels adjacent to the
ice surface; higher up in the boundary layer the air is signifi-
cantly colder than the surrounding air masses. Confirmation of
this conjecture was obtained during November 1987 when two
instrumented aircraft flights down and beyond Reeves Glacier
found that negatively buoyant air at 175 meters above the ice

Figure 1. Winter thermal infrared satellite image of the Terra Nova Bay area illustrating the typical situation of a katabatic wind-forced
polynya (one of the largest ever noted). NOAA-10 1054 universal coordinated time 21 April 1988 AVHRR channel 4. Simultaneous automatic
weather station observations are plotted in black with the wind direction shown by the orientation of the line. The attached full wind barbs
indicate 5 meters per second of speed, and the half barbs signify 2.5 meters per second. The air temperature in degrees Celsius is listed
above and to the left. The station air pressure in hectopascals is entered to the right (sea-level values are given for those stations, at the
center and to the right, near sea level). The image is oriented north-south with north at the top. For scale, Drygaiski Ice Tongue protrudes
for 70 kilometers from Victoria Land into the Ross Sea.
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face-wind conditions over the plateau and at Inexpressible Is-
land are very similar to those in figure 1. In contrast to figure
1, however, there is no large polynya in Terra Nova Bay, and a
signature of the offshore katabatic airflow extends to the south-
east ending just beyond the eastern tip of Drygaiski Ice Tongue
(just visible in the reproduction). Presumably either the wind
speed or the low-level stratification is too weak to provide a
thermal signature over the relatively warm pack ice covering
the southwestern Ross Sea. The reason for the lack of a polynya
in Terra Nova Bay and the presence of only a shore lead along
the coast requires explanation (another example where this
condition persisted for an extended period has been found).
For the 24 hours preceding the image the wind speed at Inex-
pressible Island varied between 11 and 19 meters per second
and averaged 15 meters per second; thus, start-up of the strong
winds just before image time and resulting short time for the
ocean to respond to the moderate wind forcing cannot explain
the lack of a polynya. Furthermore, the presence of a wind
signature to beyond the confines of Terra Nova Bay illustrates
the surface presence of at least moderate wind forcing over the
region where the polynya is usually located. A plausible expla-
nation is that formation of a large polynya requires winds of a
minimum speed on the order of 25 meters per second for sev-
eral hours, and that the wind forcing did not approach the
required threshold conditions. For comparison, sustained wind
speeds averaging 27 meters per second and reaching 29 meters

per second were experienced at Inexpressible Island in the 30
hours preceding the time when the very large polynya was
imaged by figure 1.

Figure 3 presents an example of light winter winds at Inex-
pressible Island. Conditions over the plateau above Reeves Gla-
cier do not differ significantly from those present in figure 1.
The warm signature of katabatic airflow across Nansen Ice
Sheet (at center) is just visible. The Inexpressible Island auto-
matic weather station registers a 2.5 meters per second wind
from the southwest. The small polynya near Inexpressible Is-
land is a remnant from moderate katabatic winds that died
away 12 to 18 hours before the image. The strong winds re-
sumed early on 20 July, generally consistent with the typically
short duration of lighter winter winds (Bromwich 1989a). A
nearly cloud-free mesoscale cyclone is located between Terra
Nova Bay and Franklin Island to the southeast as can be in-
ferred from their pressure and wind readings; Bromwich (1991)
has shown that such cyclones develop with great frequency in
this area on a year-round basis. Little plateau evidence of con-
vergence into David Glacier can be seen through the cloud
cover, and there is correspondingly little evidence of katabatic
airflow across Drygaiski Ice Tongue. Fairly uniform fluctuations
of the katabatic winds throughout the Terra Nova Bay region
have been inferred from the automatic weather station records
and the changes from figures 1 to 3 are consistent with this
finding.

a

plk

ab

Figure 3. Winter thermal infrared satellite image of the Terra Nova Bay area showing an example of light coastal winds. NOAA-10 1656
universal coordinated time 19 July 1988 AVHRR channel 4.
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This research was funded by National Science Foundation
grant DPP 89-16134 to David H. Bromwich. The satellite im-
agery was recorded by U.S. Navy personnel at McMurdo Sta-
tion, and obtained from Robert Whritner of the Antarctic Re-
search Center at Scripps Institution of Oceanography (National
Science Foundation grant DPP 88-15818).
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Climate processes
on the antarctic plateau
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The following three reports (Brandt, Grenfell, and Warren;
Walden, Murcray, and Heuberger; and Harder, Grootes, and
Charlson; all Antarctic Journal, this issue) describe work done at
South Pole and Vostok stations from November 1990 to February
1991 on National Science Foundation grant DPP 88-18570, with
co-principal investigators T.C. Grenfell, P.M. Grootes, and R.J.
Charlson. The project consists of several sub-projects, all re-
lated to climatic processes, either with the present radiation
climate of Antarctica or with how evidence of past climate is
recorded in antarctic ice. The interior stations, South Pole and
Vostok, were chosen for these studies because measurements

at those sites are representative of a large fraction of the con-
tinent and they are locations where ice cores have been drilled.

The field team at South Pole Station consisted of Thomas
Grenfell, Stephen Warren, Richard Brandt, Susan Harder, and
Von Walden. Grenfell and Warren also went to Vostok Station
for 3 weeks to repeat an experiment that they had performed
at South Pole Station in 1986 on optical properties of snow to
see whether the 1986 results could apply to a larger area.

Several of the projects carried out in the summer will be
continued in a full-year experiment through the winter of 1992,
as described in the reports that follow.
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Optical properties of snow
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The interaction of the snow surface with solar radiation was
studied at South Pole and Vostok stations.

Snow albedo, snow grain sizes, and spectral irradiance. Snow
grain size is the most important variable controlling snow al-
bedo. We had previously measured spectral albedo and snow
grain sizes at South Pole Station in 1986 (Warren, Crenfell, and
Mullen 1986), and documented the various errors that can enter
albedo measurements. Day-to-day variations in grain size were
responsible for day-to-day variations in spectral albedo. The
results agreed with the theoretical model of Wiscombe and
Warren (1980a).

Because of the relative homogeneity of the Antarctic Plateau,
measurements at South Pole Station have been assumed to be
representative of most of East Antarctica, but we thought that
a test of this assumption would be in order. The flights to
Vostok Station this year offered us the opportunity to supple-
ment the South Pole Station measurements at a higher, drier
location 1,300 kilometers away. We measured spectral albedo
on several clear and cloudy days at Vostok Station using the
photometer described by Grenfell (1981), and photographed the
snow grains in the uppermost layers. We measured grain size
as a function of depth down to 30 centimeters, with vertical
resolution of 1 millimeter in the top centimeter, because the
properties of the uppermost layer were shown to be important
particularly in the solar infrared when we matched our South
Pole Station measurements with a multilayer radiative-transfer
model.

We are now analyzing these data to obtain albedo, including
corrections for the deviations from cosine response of the in-
strument together with the measured diffuse/direct ratio of
incident sunlight. The preliminary indication (before these cor-
rections) is that they are in agreement with the measurements
at South Pole Station and with the model. The variability in
spectral albedo from day to day due to grain-size variations is
apparently larger than any systematic variation with location
from South Pole Station to Vostok Station. These day-to-day
variations in grain size are due to ice-crystal precipitation ("dia-
mond-dust") events, surface frost events, aging of deposited
snow, and drift. The normal grain radius for rounded, wind-
packed snow is 50-100 micrometers, but the drifting snow par-
ticles we photographed were extremely small: 10-20-microme-
ter radii. These tiny grains can briefly cause high albedo in the
near infrared, especially at 1.8 and 2.3 micrometer wavelength,
but they apparently rapidly sinter to become larger grains.

We also measured the downward spectral irradiance under
clear sky and a variety of cloud conditions, for comparison with
atmospheric radiation models such as Wiscombe and Warren

(1980b). These measurements required absolute calibration of
the photometer, which was done both in Seattle and at South
Pole Station.

Absorptive impurities in snow. A survey of elemental carbon
(soot) pollution in the region of South Pole Station had been
carried out in 1986 to evaluate its potential effect on measure-
ments of snow albedo, as well as to determine soot content in
remote background air and snow. The results of that study were
published by Warren and Clarke (1990). It showed a plume of
soot pollution downwind of the station, but the plume was of
insufficient concentration to affect snow albedo. The remote
"background" site 13 kilometers upwind of the station had 0.1-
0.3 nanograms of soot per gram of snow, and the wavelength-
dependence of its absorption indicated that the absorption was
primarily due to soot, not crustal dust.

In conjunction with the albedo measurements at Vostok Sta-
tion, a soot survey was also conducted at that station. We con-
structed a clean area with plastic sheets in our Jamesway hut
for melting and filtering operations. Snow samples were col-
lected along lines in several directions away from the station,
then melted and filtered. By comparing the filters visually to a
set of standard filters, we were able to make a rough estimate
for each filter on site at Vostok Station, and to draw a prelimi-
nary contour map. The filters have now been returned to the
United States, where Tony Clarke will complete the analysis of
their soot content.

As at South Pole Station, the snow at Vostok Station is pol-
luted downwind, in the range 1-7 nanograms of carbon per
gram of snow. The site we chose for albedo measurement 1
kilometer upwind of the station is sufficiently unpolluted, so
the albedo is unaffected. We reached this site on foot, carrying
our instruments on a sled, to avoid contamination by motor
vehicles. Snow at two remote sites was also sampled, at 6 and
10 kilometers upwind. These filters are not dark enough to
estimate accurately by eye, so we await their analysis by Clarke.
Because the snow accumulation rate at Vostok Station is only
about 2.5 grams per centimeter per year, i.e. one-third that at
South Pole Station, when we have the remote soot content at
Vostok Station, we can estimate the partitioning between "wet"
and "dry" deposition for soot, by comparing it to the South
Pole Station value and assuming that the wet and dry deposi-
tion efficiencies are the same at both locations.

Regarding the influence of the station pollution, we tenta-
tively conclude (based on the visual estimations), first, that the
site used in the past at Vostok Station for snow pits in conjunc-
tion with ice-coring (very near our albedo site) is the cleanest
area at that distance from the station and, second, that the
albedo site used by the Vostok weather station is contaminated
with about 20 times the soot content of snow at the albedo site
behind the Clean Air Facility at South Pole. Even this larger
soot amount will reduce the albedo by only about 0.003, a
quantity too small to detect by radiation instruments.

Ultraviolet albedo of snow. A second portable spectral photom-
eter was used at South Pole Station to measure ultraviolet al-
bedo of snow. The measurements confirmed our theory and
1986 measurements (Warren et al. 1986) that the ultraviolet
albedo from 300 to 400 nanometers wavelength is nearly as high
as the visible albedo, about 0.97 This number is needed for
studies of sunlight-driven chemical reactions in the strato-
sphere involving ozone.

In preparation for this experiment, the instrument was cali-
brated for irradiance at several temperatures, and for the cosine
response at each wavelength. Calibrations were obtained for all
the spectral interference filters: of their spectral transmittance
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and the temperature-dependence of their peak wavelength. A
low-pass filter was installed to remove light leakage due to
higher order constructive interference.

Effect of sastrugi on bidirectional reflectance of snow. For satellite
remote sensing of the atmosphere above a snow surface (and
of the snow surface itself) using reflected sunlight, it is neces-
sary to know how the reflected radiation is distributed with
angle. This is because a narrow-field-of-view sensor on a sat-
ellite will measure the reflected radiance only in a particular
direction, and that measurement may be more or less than the
average radiance. The function that describes the distribution
of reflected radiance with angle, called the bidirectional reflec-
tance distribution function, is a function of four angles: solar
zenith and azimuth, and satellite zenith and azimuth. For areal
or temporal averages on many natural surfaces, only three an-
gles are needed to describe the function, because only the dif-
ference between the two azimuths is important, not their in-
dividual values. This assumption was made when developing
empirical bidirectional reflectance distribution functions from
Nimbus-7 satellite data (Taylor and Stowe 1984) for use in the
Earth Radiation Budget Experiment. In large areas of the polar
regions, however, all four angles are needed, because the snow
is eroded by the wind into sastrugi which are oriented parallel
to a prevailing wind direction. The bidirectional reflectance dis-
tribution function shows a forward peak when the solar beam
is parallel to the direction of the sastrugi and an enhanced
backward peak when it is perpendicular. Averaging over all
solar azimuths (relative to the sastrugi azimuth) causes back-
scattering to be averaged together with forward-scattering. The
conclusion of the Earth Radiation Budget Experiment analysis,
that snow is the most nearly isotropic of all Earth surfaces, may
therefore be partly a spurious result of this averaging.

The study of the effect of sastrugi on bidirectional reflectance
distribution function was pioneered by Kuhn (1974, 1985) who
made measurements at a few angles from the roof of the Clean
Air Facility at the South Pole. We have advanced his work by
conducting a thorough survey of combinations of solar azi-
muth, and viewing zenith and azimuth angles, at a few selected
wavelengths. We were also able to obtain greater accuracy by
mounting our instrument higher off the snow surface than
Kuhn did, now that the 22-meter meteorological tower is avail-
able. The increase in height is essential because it is important
to have a small angular field of view (about 15°) but still have a
"footprint" large enough to be representative of the surface,
i.e., to contain several sastrugi ridges and troughs within the
field of view.

We found the South Pole to be an ideal location for this type
of study because over the course of a day all solar azimuth
angles are sampled while the zenith angle changes minimally.
From the top of the 22-meter tower at the edge of the clean-air
sector, slightly more than 180° of the azimuth is undisturbed
snow, the other 180° contains buildings and footpaths. To com-
plete the bidirectional reflectance distribution function pattern
for the disturbed portion of the hemisphere, we use observa-
tions made 12 hours later, with the Sun 180° around in azimuth.

We attached the photometer using a fiber-optic link to a nar-
row-field-of-view radiance probe which was then mounted on
a goniometer. Measurements are made with 15-degree field of
view at 15-degree intervals in viewing zenith and azimuth an-
gles throughout the day (on cloudless days), at intervals of 1
hour (15 degrees of solar azimuth).

Some modifications to the instrument were made to prepare
it for use in the cold antarctic spring. The photometer and
datalogger are now housed in an insulated box, which is kept

warm by an electrical heating pad. Grounding wires are at-
tached to the datalogger, the photometer, and the human op-
erator to discharge the static electricity which we had found to
be a problem at temperatures below —35 °C. Hourly sets of
data were collected for the bidirectional reflectance distribution
function pattern at two wavelengths: 660 nanometer (to repre-
sent AVHRR Channel 1) and 900 nanometers (where Rayleigh
scattering from the sky is negligible). Some of the 900-nano-
meter results from 2-7 January are shown in figure 1. Even
though the sastrugi were substantially decayed and the Sun
was near its highest elevation, the effect of sastrugi on bidirec-
tional reflectance distribution function is still apparent. The
strong forward peak seen when the solar azimuth is aligned
with the sastrugi axis (11:30 Greenwich mean time; 2.8 times
the mean brightness) is reduced to 2.0 times the mean bright-
ness when the solar beam is perpendicular to the sastrugi axis
at 5:30 Greenwich mean time. The patterns at intermediate
times have a forward peak of intermediate strength and show
left-right asymmetry in the side-scattering.

These measurements will be continued during the period
from January through March 1992 as the solar elevation drops
from 23.5° to zero, and during the period from September
through December 1992 as the Sun comes up in the spring.

Snow temperatures. In preparation for the winter measure-
ments to be taken in support of the oxygen-isotope project
described in a companion paper by Harder, Grootes, and Charl-
son (Antarctic Journal, this issue), we built and calibrated an
array of thermistors. They were installed in the snow at South
Pole Station to measure the vertical temperature profile from 0
to 1 meter below the surface, with 2-centimeter resolution near
the top. The disturbed snow was allowed to equilibrate for 10
days before temperatures were recorded. When the Sun is shin-
ing, the thermistors can absorb more sunlight than the sur-
rounding snow, and so may record a higher temperature. We
attempted to minimize this by painting them white, but the
thermistors near the surface still gave spuriously high temper-
atures unless they were shaded from sunlight (figure 2). (The
low temperature at the snow surface shown in the figure was
caused by a decrease in the surface air temperature over the
previous 24 hours.) None of the published antarctic snow-tem-
perature measurements we are aware of have mentioned shad-
ing, although some researchers are now using reflective mylar
covers for thermistors to minimize radiative heating (Stearns
personal communication). This result, therefore, calls into
question some of the published measurements of snow tem-
perature in the sunlit season, measurements that may have
been made without shading. Shading is necessary, however,
only for thermistors in the top 20 centimeters. Our currently
deployed thermistor string uses aluminized mylar thermistor
covers which reduce the overestimation of sunlit snow temper-
ature to 0.3 °C.

This work was supported by National Science Foundation
grant DPP 88-18570.
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Figure 2. Temperatures measured at depths 0-600 millimeters
(mm) in surface snow at South Pole Stations, January 1991. The
snow was shaded by a large plywood sheet beginning at time = 5
minutes. The temperature drops suddenly as the thermistor equi-
librates with the snow, and then slowly as the snow cools in the
shade. The initial rapid drop is the indication that the thermistors
were absorbing solar radiation and, therefore, not measuring the
snow temperature when they were in the Sun.
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The radiation emitted by the atmosphere down to the surface
(called terrestrial or longwave radiation) falls mostly in the wave-
length range of 5-50 microns and is responsible for the green-
house effect. It is a large part of the surface energy budget
everywhere but becomes the dominant source of heat to the
Earth's surface at night and in the antarctic winter.

We are studying the spectrum of thermal infrared radiation
from the antarctic atmosphere in a collaborative project of the
University of Washington and the University of Denver. The
University of Denver's interferometer has recently been oper-
ated at South Pole Station (December 1989 through January
1991) to detect changes in abundances of trace gases in the

stratosphere by observing their emission lines. The instrument
is a Bomem interferometer, which has been modified to collect
radiance at several zenith angles with 1.50 field of view. The
instrument has a spectral resolution of 1 inverse centimeter and
uses a mercury-cadmium-telluride detector cooled by liquid ni-
trogen. We also operate an Eppley pyrgeometer which mea-
sures the broadband infrared flux from 5 to 50 microns.

Our collaboration is to use the spectral radiance measure-
ments for climate studies. For this purpose, we need ancillary
data on clouds, ice crystals, and profiles of temperature, hu-
midity, and ozone. Our goals are, first, to understand the con-
trols of the longwave energy budget of the Antarctic Plateau
and, second, to develop a well-calibrated data set for testing
atmospheric radiation models.

The spectral region covered by the interferometer (6-20 mi-
crons) encompasses the central portion of the blackbody spec-
trum for atmospheric radiation and the absorption and emis-
sion bands of important greenhouse gases, including carbon
dioxide, water vapor, ozone, and methane. The low water va-
por content of the antarctic atmosphere means that the other
gases will have greater importance than elsewhere on Earth.
This is especially true in the winter when precipitable water,
which is typically a few centimeters elsewhere on Earth, drops
to less than 0.01 centimeters over the east Antarctic Plateau
(Kuhn 1973).

A prerequisite for climate model calculations of greenhouse
warming and other climatic changes is the ability of radiation
models to calculate accurately the direct radiative effects of
atmospheric gases given temperature, ozone, and water-vapor
profiles. How to make these calculations is unclear because the
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Figure 1. Infrared spectrum for clear sky on 11 December 1990 for
an elevation angle of 45 0. ( Preliminary data; spectrum will change
when improved estimate of instrument response is applied.)

shapes of gaseous absorption lines in the far wings are not well
known. Therefore, it is necessary to have observations of long-
wave radiation in the real atmosphere (Ellingson, Ellis, and Fels
1991). An international project on the Intercomparison of Ra-
diation Codes in Climate Models has been established by the
atmospheric radiation community. Our measurements on the
Antarctic Plateau will be offered to researchers in the interna-
tional project so they can be used to test radiation models in
the most extreme temperature and humidity conditions found
in the Earth's atmosphere.

During the 1990-1991 austral summer field season at South
Pole, the interferometer and pyrgeometer were operated on the
top of Skylab for about 2 months. Figure 1 is a typical clear sky
spectrum taken on 11 December 1991 showing the contributions
of carbon dioxide, ozone, water vapor, and methane. The at-
mospheric window region is visible from about 8 to 13 microns.
The broadband flux measured by the pyrgeometer on clear days
was about 125 watts per square meter.

Figure 2 is the spectrum from an overcast sky on 9 January
1991, together with two blackbody curves, showing that the
brightness temperature of the cloud base is about 245 K. To-
gether with information about the temperature structure of the
atmosphere and the cloud base height, we can determine the
cloud emissivity (or optical thickness). The pyrgeometer meas-
ured 210 watts per square meter at this time.

We are now compiling a data set of atmospheric profiles of
temperature, ozone, and water vapor, obtained coincident with
our spectral measurements. We have temperature profiles and
some information of water-vapor profiles from the twice-daily
radiosondes launched by the South Pole Meteorological Office.
Ozone profiles are being obtained from the National Oceanic
and Atmospheric Administration, Climate Monitoring and Di-
agnostics Laboratory. Visual cloud observations, as well as
cloud photographs, were taken at the times that spectra were
recorded with the interferometer. In addition, we have near-
surface temperature measurements from two temperature sen-
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Figure 2. Infrared spectrum for overcast sky on 9 January 1991 for
an elevation angle of 15 0. ( Preliminary data; spectrum will change
when improved estimate of instrument response is applied.)

sors mounted at 2 and 11 meters above the surface on the
meteorological tower. The humidity measured by radiosondes
is inaccurate at low temperatures. During the 1990-1991 austral
summer, however, one balloon was launched carrying a frost-
point hygrometer which should yield more accurate water va-
por amounts. We coordinated the launch schedule with the
National Oceanic and Atmospheric Administration techni -
cians, so that we could obtain clear-sky infrared spectra coin-
cident with an accurate water-vapor profile.

Our data analysis and interpretation will focus on several
particular problems, including the comparison of spectral ra-
diance and broadband flux measurements with theoretical cal-
culations from longwave computer models, using the observed
profiles of atmospheric constituents as input. We will quantify
the contributions of greenhouse gases, ice crystals and clouds,
and meteorological conditions to the downward infrared radia-
tion at the Earth's surface. The effects of the strong near-surface
temperature inversion and "diamond-dust" ice crystals will be
of particular interest. This modeling will lead to parameteriza -
tions of the downward infrared over the Antarctic Plateau in
terms of atmospheric parameters such as inversion strength,
near-surface ice crystal amount, and clouds.

The interferometer is now undergoing modifications and cal-
ibration in Denver. It will be reinstalled at South Pole in Decem-
ber 1991 and will obtain spectra through the winter of 1992.

This work was supported by National Science Foundation
grants DPP 88-18570 and DPP 89-17643.
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Use of ice-core analysis to infer temperature and composition
of the paleoatmosphere requires knowledge of how isotopes
and impurities are incorporated into snow and how they may
migrate after deposition. We are studying oxygen isotopes and
sulfate aerosols to further our understanding of ice core data.

Oxygen isotopes. Seasonal cycles in isotopic oxygen-18 are ap-
parent in ice cores in regions with sufficient annual accumula-
tion to resolve them. Such cores usually also provide a detailed
record of chemical changes in the atmosphere over the years.
Airflow patterns frequently change with season, so to interpret
the ice-core data properly, researchers must know when the
chemical species found in the firn were deposited. The isotopic
composition of the snow can, when properly understood, pro-
vide such a seasonal indicator. The seasonal change in isotopic
oxygen-18 may also provide insights into the seasonal climate
changes, so studying the seasonal isotopic oxygen-18 signal is
important.

We will address two issues:
• What controls the isotopic composition of precipitation?
• Is the isotopic composition of snow altered by sublimation

after deposition?
To address the first question we collected individual daily

samples from every event of snowfall, diamond dust, and frost
at South Pole Station, December 1990 through February 1991.
Samples were also collected at Vostok Station by S.C. Warren,
T.C. Grenfell, and J. Kiddon. The corresponding weather re-
ports and radiosonde temperature-and-humidity profiles were
also recorded for the time of our stay. We will, thus, be able to
relate the isotopic oxygen-18 to relevant weather conditions
such as air temperature at different levels, surface air pres-
sure, height of the inversion layer, and wind speed and direc-
tion. The samples have not yet been analyzed for isotopic
oxygen-18.

The possible alteration of the isotopic composition of snow
after deposition is studied by determining the seasonal changes
in isotopic composition of near-surface snow. Vertical temper-
ature gradients in the snow may cause sublimation from the
warmer snow a few centimeters below the surface and depo-
sition of frost at the cold upper surface. The increase in heavier

isotopes in "summer" layers could partly be due to preferential
loss (by sublimation) of the lighter isotopes in previously de-
posited surface snow rather than a change in isotopic compo-
sition of summer snowfall. Therefore, the mean isotopic oxy-
gen-18 of firn may not be the same as that of precipitation.

A sampling location was established 6 kilometers from South
Pole Station on the 130° line, i.e. about 90° from the prevailing
wind, to escape the influence of the station on snow accumu-
lation. Two profiles 1.5 meters apart were sampled in a snow
pit in December. One-centimeter samples were collected in the
top 50 centimeters and 2-centimeter samples were collected
down to 2 meters. Stratigraphy was also recorded. The spatial
variability in the snow will be assessed by comparing the two
profiles of isotopic oxygen-18. This procedure was repeated in
January and February but only down to 1-meter depth. Each
pit was refilled after sampling. Each subsequent pit was dug 10
meters upwind of the previous one, i.e., close enough that the
stratigraphy was similar but far enough that its temperature
profile was not disturbed by the previous pit.

This sampling was also carried out at Vostok Station in De-
cember and January but with the sample spacing half that at
South Pole Station because the accumulation is only 2-3 grams
per square centimeter per year at Vostok Station. In spite of the
low accumulation and substantial surface relief, clear annual
layers were seen both at Vostok and South Pole stations similar
to those described by Mosley-Thompson et al. (1985), for rea-
sons discussed by Cow (1965).

Daily sampling of snowfall, and monthly pit studies, will be
carried out in the austral winter of 1992.

Sulfate aerosol. Measurements of impurities in ice cores are
interpreted as evidence of the history of atmospheric compo-
sition. The ratio of concentration in the snow (grams of impur-
ity per gram of snow) to concentration in the air (grams of
impurity per liter of air) depends on the mechanisms and effi-
ciency of removal processes and may not remain constant from
one climatic period to another. Variations in impurity concen-
tration in ice cores as a function of depth, which are normally
attributed to changes in atmospheric composition or snow ac-
cumulation rate, may also be due in part to changes in the
efficiencies of removal mechanisms.

Sulfate is an important factor related to climate variability
because most cloud droplets form on sulfate nuclei. The num-
ber density of these cloud condensation nuclei in the atmo-
sphere determines the number and size of droplets in water
clouds, which affects the cloud albedo and cloud lifetime.
Therefore, changes in cloud condensation nuclei number can
affect the Earth's radiation budget and possibly other climatic
variables as well, such as precipitation.

Since atmospheric sulfate is in the form of a particle rather
than a gas, its concentration in snow and ice depends not only
on the atmospheric concentration but also on the mechanisms
of deposition. Particles can be deposited either via "wet depo-
sition" (the particle functioning as a condensation nucleus or
ice nucleus, or scavenged by falling snow crystals) or via "dry
deposition" (direct attachment of particles to the ground sur-
face without first being incorporated into falling ice crystals),
as reviewed by Shaw (1979). A snow surface seems to be ideally
suited for dry deposition because it is porous. Air is pumped
in and out of the snow by small-scale turbulence, barometric
pressure changes due to synoptic weather systems, and the
systematic seasonal change in mean surface pressure. Sulfate
particles have radii of 0.01-0.3 micrometer and are expected to
diffuse to ice surfaces within the pore spaces in snow, and
attach there. Therefore, in snow the primary mechanism of dry
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deposition may be wind pumping rather than sedimentation
and Brownian diffusion. This process may be enhanced by
sastrugi, which increase the effective surface area for wind pen-
etration and create pressure differences across sastrugi which
could facilitate the filtering of aerosol particles out of horizontal
airflow (Cunningham and Waddington in preparation).

To investigate wet deposition, we collected samples of snow
from individual snowfall events at South Pole Station in austral
summer 1990-1991. These frozen samples have now arrived in
Seattle, and they will be analyzed for sulfate using ion-ex-
change chromatography. Simultaneous air sampling was also
done by drawing air through filters. The filter assemblies were
hung under a shield (to protect them from blowing snow),
above an insulated plywood box housing the pumps, at the
edge of the clean-air sector. The wind direction was carefully
monitored, and the pumps switched off whenever the wind
could possibly bring polluted air from the station or from an
airplane. These filters have also been returned to Seattle and
await analysis.

Falling snow will contain only the sulfate accumulated by
wet deposition. As snow ages on the ground, it will collect
additional sulfate by dry deposition. To investigate this hypoth -
esis, we sampled vertical profiles of snow in a pit with 1-cen-
timeter resolution. We also sampled sastrugi three-dimen-
sionally to look for differences in sulfate content on windward
versus leeward ends of sastrugi. These samples were taken at
the same site used for oxygen-isotope sampling, 6 kilometers
"southeast" of the South Pole Station. Samples from vertical
profiles and sastrugi were also collected at Vostok Station.

Estimation of the dry-deposition flux of sulfate due to wind-
pumping using the theory of Cunningham and Waddington
requires knowledge of the permeability of the snow, the spec-
trum of pressure fluctuations, the distribution of sastrugi on
the surface, and the survival time for interstitial aerosol parti -
cles before sticking to a snow grain. To estimate the aerosol
particle survival time, 10-centimeter-diameter cylinders were

pushed vertically into the snow to obtain snow columns of
varying depth. Air was then pulled through the cylinders into
a condensation-nucleus counter. The aerosol concentration de-
creased with increasing thickness of the snow columns, with
an e-folding depth of 1.6 centimeters. Together with the snow
porosity and volume of the sample, this gives an e-folding, or
average, residence time of 3 seconds for aerosol particles. The
residence time will depend on the pore geometry. The snow
we studied was granular, of density 0.35-0.4 grams per cubic
centimeter, and had grain radii of 50-100 micrometers, which
is typical for the Antarctic Plateau. A residence time of 3 sec-
onds means that pressure fluctuations on all time scales longer
than about 1 second should be considered in the estimation of
dry deposition.

Year-round sampling is important because aerosol counts are
highest in summer while snow accumulation is greatest in win-
ter. During the full-year project, we plan to collect daily samples
of air and of falling snow (also frost and rime) for sulfate anal-
ysis. We plan to take vertical samples of deposited snow
monthly.

This research was supported by National Science Foundation
grant DPP 88-18570.
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Year-round measurement
of atmospheric

infrared emission
at the South Pole
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The spectral distribution of the atmospheric emission in the
infrared was measured at Amundsen-Scott South Pole Station
during the period from December 1989 to January 1991. The
data obtained by a Michelson interferometer, located on the
roof of Skylab, include the column densities for water, carbon
dioxide, ozone, fluorocarbon- 11, fluorocarbon-12, and nitric

acid in the wavenumber region ranging from 500 per centimeter
to 1,500 per centimeter. Monitoring these components during
the austral winter gives important information about the
change in concentration during the long absence of sunlight,
contributing to the knowledge of the chemistry that influences
the depletion of the ozone layer.

The measurements are fully automated and require a mini-
mum of attention. A control program on a COMPAQ 286 PC
starts data collection every 17 hours. The valve of a Joule-
Thompson cryostat is opened, and nitrogen cools the detector
to 78 Kelvin. A plane mirror is rotated to four different posi-
tions, two blackbodies of different temperatures, and two sky
elevation angles of 15 and 45 degrees. The data are recorded on
the computer's hard disk or on floppy disks which need to be
exchanged once every 2 weeks.

The two outside blackbodies as well as an inside reference
blackbody are used for calibration. This allows the data ana-
lyzer to obtain the absolute radiance emitted by the atmosphere
and its spectral distribution.
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In November 1990, Renate Heuberger from University of
Denver went to South Pole to retrieve the data and to make
several changes in the insulation of the instrument to prevent
it from overheating during the summer. A first look at the data
indicated that the instrument was still working satisfactorily.
Steve Warren and Von Walden from University of Washington
were introduced to the system and watched over the measure-
ments for the rest of the summer.

Even though the system had been working exceptionally
well, a decision was made to overhaul the instrument. In Jan-
uary 1991, the instrument was returned to Denver, where sev-
eral changes were to be made to increase the scan speed of the
instrument and to replace the Joule-Thompson cryostat with a
closed-cycle cooler that would avoid restriction of the measure-
ment time caused by the quantity of available cooling gas.

The data from 1989-1990 are still being analyzed. Figure 1
shows a typical winter clear sky spectrum with the strong tem-
perature inversion seen in the carbon dioxide region (600-750

per centimeter). Figure 2 shows part of this region expanded
and compared to calculated carbon dioxide lines. Water lines
are shown in figure 3. The amount used for the calculated lines
will be used to retrieve the column density of nitric acid, found
in the region between 860 and 910 per centimeter together with
water lines. Since the measured concentrations in this wave-
number region are very small (see figure 1), the signal-to-noise
ratio during the winter is relatively small and several spectra
need to be averaged to get a usable result.

The improved system is scheduled to be brought back to
South Pole for another year. Steve Warren, who is planning
to winter over, will be in charge. Having him on site during
the austral winter will be a big advantage. He will be able to
observe not only the sky conditions at the time of each mea-
surement but also blowing snow and diamond dust, two phe-
nomena which have a dominating influence on emission mea-
surements from the ground. He will also be able to change the
scheduling program so there will be more data taken under
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Figure 1. Spectrum taken with the atmospheric emission radiometer from the South Pole on 7 September 1990. The instrument was viewing
150 elevation. (microwatts/cm 2 sr cm- 1 denotes radiance. cm- 1 denotes wavenumber.)
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clear-sky conditions. The 1990 experience showed that not
enough measurements are taken under favorable conditions if
they are taken at fixed time intervals.

The project was supported by National Science Foundation
grant DPP 89-17643 and the National Aeronautic and Space
Administration.
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Figure 3. Expanded region of the 15 0 elevation spectrum of 7 September 1990. Most of the features in this area are caused by water vapor.
(microwatts/cm 2 sr cm- 1 denotes radiance. cm- 1 denotes wavenumber.)

Temperature increase observed
in Adélie Land,

East Antarctica?

GERD WENDLER and DEAN PRICHARD

Geophysical Institute
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Fairbanks, Alaska 99701

A time series of a new data product—the outgoing longwave
radiation as derived from satellite—recently became available.
National Oceanic and Atmospheric Adminstration satellites
have collected these data since the early 1970s. They were re-

duced to a common monthly format on a 2.5° latitude-longitude
grid (Winston et al. 1979; Janowiak et al. 1985). Adjustments
for slightly different sensors were carried out.

Outgoing longwave radiation data have been used success-
fully in tropical regions, especially in relating their values to
rainfall over ocean surfaces (e.g., Prasad and Verma 1985). They
have been used more recently in polar regions (Wendler in
press), where models predict that a maximum warming should
occur because of increased carbon dioxide and other trace
gases.

The outgoing radiation for Mer Dumont d'Urville (offshore
area between 120° and 150°E and between 62.5° and 675°S) was
calculated. We chose an offshore area, because the temperature
is more uniform there than in coastal area of Antarctica, where
altitude differences cause greater variations in surface temper-
ature. A large annual variation can be observed (not shown),
with maxima close to 200 watts per square meter in summer,
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while in winter values drop to 170 watts per square meter. Year-
to-year differences occur, but because the annual cycle is so
strong, trends are difficult to detect. Hence, in figure 1 we
plotted the deviation series obtained by deducting the mean
annual curve from the time series. Linear regression of these
data points shows an increase of 1.8 watts per square meter, or
about 1 percent of the radiative flux over the 15 years. This
regression line is significant at the 95 percent level. Converting
this radiation trend into a temperature change, an increase of
0.6 °C would occur over this area, as seen from space, during
the last 15 years. If this trend were to continue, it would result
in a temperature increase of about 4 degrees per century.

It could be argued, on the one hand, that this trend is nothing
more than a function of using different satellites or, on the
other, that the temperature change is a result of a decrease in
ice concentration. Wendler and Prichard (in preparation)
showed that neither is the case.

The logical question is: are there are other data that verify
the increase in temperature? Dumont d'Urville, the main
French station in Antarctica, is the only long-term meteoro-
logical station in the study area. Located on a small island,
Dumont d'Urville is about 4 kilometers off the coast of the
continent (66°38'S 139°48'E) at an altitude of 43 meters. Mete-
orological data are available for the period 1957-1990. Figure

74	76	78	80	82	84	86	88	90

Year
Adelie Land Region

Figure 1. Deviation series (1974-1990) of the outgoing longwave radiation as seen from space (with the mean annual radiative flux deducted)
for Mer Dumont d'Urville. Note the increase in the values of 1.8 watts per square meter over the 16-year observation period.
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2A shows the normalized time series of the temperature with
the annual cycle removed. An increase of about 0.8 °C for the
34 years (which would amount to an increase of about 2.4 °C
per century) was observed. Automatic weather stations have
been deployed in Adélie Land since 1980. No clear trends can
be seen in these data collections, because the record is shorter
and also more fractured, due to breakdowns of the automatic
weather stations.

The observed temperature increase for Mer Dumont d'Ur-
yule is in general agreement with temperature trends observed
in high southern latitudes. Mean temperatures for the whole
antarctic region (60°-90°S) have been compiled by Boden, Kan-
ciruk, and Farrell (1990) for the period 1958-1990 (see figure
2B). An increase of about 1.1 °C for the period, or about 3.5 °C
per century, was observed.

In summary, satellite observations indicated a temperature
increase for this region of Antarctica. Such an increase is in
agreement with surface observations and model predictions.

This study was supported by National Science Foundation
grant DPP 87-14828. J.E. Janowiak supplied the data tape of the
radiative flux, and P. Pettré supplied the climatological data for
Dumont d'Urville.
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Astronomy, astrophysics, and
upper atmosphere studies

Helioseismology
from South Pole:

1990 high-resolution
campaign
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Helioseismology is a method used to study the properties of
the solar interior by measuring the Sun's natural Vibration fre-
quencies. These Vibrations are detected at the solar surface as
upward and downward motions and also as intensity Varia-
tions. The periods of the approximately 10 different oscillations
range from about 15 to less than 3 minutes, and the spatial
scales range from the entire solar circumference to about 1
megameter. The oscillation spectrum is crowded, so accurate
measurement requires good resolution both in temporal and
spatial frequency. South Pole is a unique site for obtaining he-
lioseismology measurements because long-duration observa-
tions interrupted only by bad weather are possible during the
austral summer. Scientists have taken advantage of this feature
most summers since 1979.

Progress in detector and data-recording technology has al-
lowed our group to increase the angular resolution of full solar
disk images from 2502 pixels (1981, 1987) to 5002 (1988) to 1,0002
pixels during the 1990-1991 field season. This increase allows
us to probe a greater range of depths within the Sun. We also
have lengthened the duration of our observations to improve
temporal frequency resolution. This permits more accurate de-
termination of the solar oscillation frequencies.

After arrival at South Pole on 31 October 311990, we started
recording solar images once per minute from 9 November 1990
to 13 January 1991. The images showed the Sun's brightness in
a 1-nanometer bandpass centered on the 393-nanometer cal-
cium-TI spectral line. Weather conditions were unusually bad

so that our duty cycle was only about 30 percent. Nonetheless,
analysis of the more than 100 gigabytes of recorded data shows
that a satisfactory temporal frequency response function was
obtained. Our telescope was capable of making high-resolution
images and, for the first time, our observations were limited
by atmospheric turbulence rather than by the instrument. Im-
age sharpness proved to be variable and seldom better than a
few arc seconds. A comparison of image quality with regular
balloonsonde measurements is in progress. The image quality
was such that oscillations of spherical harmonic degree up to
about 1,000 were detected.

Analysis of helioseismology data requires a major computing
effort, which is now in progress. Some recent results from our
previous runs have been published in the past year. (The ref-
erence list contains eight publications of recent results.)

In addition to our helioseismology observations, we used the
20-centimeter aperture telescope at South Pole Station visually
to observe Sirius and Alpha Centauri at high magnification in
30- and 15-knot wind conditions. Image quality was of order 1
arc second at small zenith angle and light wind, and it deteri-
orated at larger zenith angles and wind speeds. We also in-
stalled an inexpensive polar-orbiting weather satellite receiver
to help plan our observations. South Pole is a superb site for
the reception of data from these satellites since every one is in
range on each orbit. This first use of such a receiver at South
Pole was successful. It was left at the meteorology lab for com-
munity use.

The field party included the authors, D. Neff (National Solar
Observatory) and R. Aikens (Photometrics Ltd.). We are grate-
ful for the outstanding logistic support provided by South Pole
Station personnel. This work was supported in part by National
Science Foundation grant DPP 89-17626. The National Solar
Observatory is one of the National Optical Astronomy Observ-
atories operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the Na-
tional Science Foundation.
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The cosmic background radiation is the dominant radiation
field in the Universe. According to the Big Bang model, the
cosmic background radiation originated in a hot, dense phase
of the early Universe and had a blackbody spectrum as a result
of the well-established thermal equilibrium at that time. As the
Universe expanded, the cosmic background radiation cooled
while preserving its blackbody spectrum. A major prediction
of the Big Bang model is that the cosmic background radiation
has a blackbody spectrum to high precision. Events in the 10 to
20 billion years since the Big Bang (such as the formation of
galaxies or other structures) may have left signature distortions
in the cosmic background radiation spectrum. Our experiment
tests this prediction of the Big Bang model and constrains the
conditions and physical processes that dominated the early
Universe.

We began our program in 1982 with a collaboration between
groups led by G. Smoot (University of California at Berkeley),
G. Sironi (Universita' di Milano, Milan, Italy), N. Mandolesi
(TESRE/CNR, Bologna, Italy), B. Partridge (Haverford College,
Haverford, Pennsylvania), and L.Danese and G. De Zotti (Os-
servatorio Astronomico, Padua, Italy). Our goal has been to
conduct a coordinated, careful determination of the long-wave-
length cosmic background radiation spectrum (Smoot et al.
1985, 1987), where distortions from a blackbody spectrum are
likely to be largest.

The experiment is conceptually very simple. The measure-
ment uses a radiometer—a radio receiver whose output is pro-
portional to the input power—to measure precisely the differ-
ence in power between the sky and a cryogenic absolute
reference target. The cold reference target is designed and con-
structed to have its temperature (radiated power) known to
high precision; consequently, the comparison of the sky at ze-
nith to the target determines the temperature of the zenith sky.

The signal from the sky is the sum of signals emitted from
many sources: the cosmic background radiation, the atmo-
sphere, the galaxy, the nearby terrain, and so on. Careful de-
sign of the instrument and of the experimental technique can
greatly reduce the intensity of these unwanted signals, but they
cannot be eliminated completely. Each must be measured and
subtracted from the zenith sky signal, leaving the cosmic back-
ground radiation as the residual. By repeating this measure-
ment at several frequencies, with instruments of similar design,
we measure the intensity spectrum of the cosmic background
radiation.

Our first observations were conducted from a remote site in
California's White Mountains and covered the range from 0.3
centimeters to 12 centimeters, a range which we later extended
to 50 centimeters. As the experiment progressed to the tech-
nically more challenging longer wavelengths, the progressive
degradation of the California site from encroaching civilization
and its radio interference raised the need for new and better
site (Kogut et al. 1991). The size of the antennae (figure 1)
precluded a shift to balloon or rocket observations, leading us
to search for alternate sites on the ground. The South Pole

Figure 1. Measurement technique and concept. Operators invert
the 4-centimeter radiometer to compare the signal from the zenith
sky to the cryogenic target buried in the ice. The comparison fixes
the temperature of the zenith sky, from which we subtract all fore-
ground emission to derive the temperature of the microwave back-
ground. The dimensions of the other radiometers scale (approxi-
mately) with wavelength.
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proved to be an excellent choice. It is remote, so manmade
disturbances are minimal and controllable. It is at high altitude,
so the thickness of the atmospheric layer overhead is reduced.
It is a desert, so the atmospheric water-vapor content, the main
source of variation (and, therefore, uncertainty) in atmospheric
signal, is greatly reduced. The terrain is flat and cold reducing
potential ground emission. And, last but not least, the Amund-
sen-Scott Station offers outstanding logistic and organizational
support.

In the austral summer of 1989, we took six radiometers and
the cold-reference target to a site about 1.6 kilometers from
Amundsen-Scott Station. During the 4-week observational
campaign, we conducted extensive measurements of the at-
mospheric emission at 0.3, 4, 8, 12, and 37 centimeters, and of
the galactic emission profile and cosmic background radiation
temperature at 4, 8, 12, 20, and 37 centimeters. Technical sup-
port in the field was provided by F. Cavaliere and I. Gibson.
Results of the observations are in press (De Amici et al. 1990;
Sironi et al. in press) or in progress.

Our experiment measured the cosmic background radiation
temperature from 0.3 to 50 centimeters, complementing the
shorter-wavelength measurements of the COBE satellite (0.05
to 1 centimeters). COBE showed that for wavelengths shorter
than 1 centimeter the cosmic background radiation spectrum
is well described as a blackbody with no deviation exceeding
about 1 percent of the peak flux (Mather and Smoot 1990).
Combining our measurements with those of COBE shows that
the cosmic background radiation spectrum is consistent with a
single temperature (2.735 kelvin) blackbody spectrum to a few
percent over the wavelength range 0.05 to 30 centimeters. Fig-
ure 2 shows the measured cosmic background radiation tem-
perature vs. wavelength, with a few representative distorted
spectra. The distorted spectra are at the limits of what is con-
sistent with the measurements, and indicate energy release in
the early Universe as a percentage of cosmic background radia-
tion energy.

Our data and those from COBE limit the shape and amplitude
of possible spectral distortions, and restrict the energy release
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300	30	 3	0.3	0.03
41
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0.1	 1	 10	100	1000
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Figure 2. Recent and historically important measurements of the temperature of the cosmic background radiation. The results of recent,
precise measurements of the spectrum of the cosmic background radiation are shown. Squares denote results of the Berke ley-Milano-
Bologna-Haverford-Padova collaboration from nonpolar sites; triangles denote preliminary results from the 1989 campaign; stars denote
short wavelength results from interstellar cyanogen; lines denote results from COBE; inverted triangles denote upper limits from balloon-
borne experiments. For comparison, a few historically significative measurements from the late 1960s are shown (filled circles); notice
how the experimental error bars have dramatically decreased at all but the longest wavelengths. A few representative distorted spectra
are also shown. The dotted line is the spectrum for a 1-percent energy release at a time between about 1 year and 10,000 years. The dashed
line is spectrum expected for a 1-percent energy release at a time after about 10,000 years that heats the matter significantly. The lack of
distortion tells us that the recent intergalactic medium is not very hot. The dot-dashed lines indicate the spectral distortion expected for
an ionized intergalactic medium whose temperature ranges from cold to moderately warm (10,000 kelvin). (K denotes kelvin. GHz denotes
gigahertz. cm denotes centimeter.)
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in the early Universe (1 month to 100,000 years after the Big
Bang) to less than 1 percent of the energy in the cosmic back-
ground radiation. This, in turn, limits various models of galaxy
formation and clustering, as well as more exotic possibilities
such as primeval turbulence, primordial particle decay, or the
existence of large amounts of antimatter (Smoot et al. 1985;
Mather and Smoot 1990).

Our longest-wavelength measurements search for traces of
the intergalactic medium that should be left over from galaxy
formation. If it existed and were hot (millions of degrees), it
could account for the observed diffuse X-ray background. A
hot intergalactic medium, though, would distort the cosmic
background radiation at short wavelengths, a possibility ruled
out by the COBE satellite data. The intergalactic medium must
either be warm to cool, or there must be very little left after
galaxy formation. A warm or cool intergalactic medium can
distort the cosmic background radiation spectrum at very long
wavelengths, so our measurements will help resolve this prob-
lem.

We plan to make additional measurement of the long-wave-
length spectrum of the cosmic background radiation, both with
the radiometers used in 1989 and with new instruments, to
confirm the results obtained so far, to reduce the errors, and
to improve the wavelength coverage. Twenty-five years have
passed since the discovery of the cosmic background radiation,
and the search for spectral distortions is on. The field is still
developing and continues to be an exciting and fundamental
area of research for cosmologists and astrophysicists.

This project was supported by National Science Foundation
grant DPP 87-16548, by the U.S. Department of Energy, contract
DEACO376SF00098, and by ENEA-CNR, Progetto Nazionale
Antartide.
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The first optical determination of temperatures and winds,
derived from high-resolution measurements of oxygen atmos-
pheric bands, in the austral polar upper atmosphere is pre-
sented here. The temperatures obtained appear to indicate con-
tamination of the photochemically produced layer emission of
the atmospheric bands by auroral excitation. These variations
are simultaneously observed with atomic oxygen emission at
5577 angstroms, which is used as an indicator of auroral activ-
ity. These measurements illustrate the capabilities of this
method to obtain upper atmospheric kinetic temperatures and
winds from molecular species.

The oxygen atmospheric bands are known to be present in
the airgiow and to be enhanced under auroral conditions. The
airglow emission comes from a narrow height range centered
at about 92 kilometers. It is the result of oxygen photochemical
reactions in which the net result is the recombination of atoms
to molecules. The intensity of the green emission from atomic
oxygen at 5577 angstroms covaries (Rees 1989, pp. 146-156)
with the atmospheric bands in the airglow, but its altitude of
peak emission is higher at about 97 kilometers.

The band contains spectral information that can be used to
determine the wind and temperature at the height of emission.
It is normally assumed that the molecule is in rotational equi-
librium with the ambient gas; thus, the rotational temperature
is equal to the local temperature. It is also assumed that the
velocity distribution of emitting molecules is in statistical equi-
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librium with the ambient gas; hence, the doppler width and
doppler shift contain information on the kinetic temperature
and wind, respectively. In this paper, we present determina-
tions of the kinetic temperature and the wind from high-reso-
lution observations at Amundsen-Scott Station from the 0-1
band at 8660 angstroms.

The rotational temperature of the 0-1 atmospheric band in
the airglow has been found to be close to that for the oxygen-
hydrogen Meinel bands at 86 kilometers (Viereck and Deehr
1989), and it is also expected to be close to the kinetic temper-
ature of the 5577-angstrom atomic oxygen airgiow emission
since the average temperature profile varies slowly with height
in the altitude range 80-100 kilometers (CIRA86 1988). In the
absence of strong wind shears, the average winds measured by
high-resolution spectroscopy of these three emissions would
be expected to be similar. Further, occasions may be found
when the upward propagation of a large monochromatic wave
or a tide appears at each height with an observable phase
change. In this paper, only the molecular oxygen atmospheric
bands and the atomic oxygen green line are considered.

Auroral emission is present in diffuse and discrete forms for
a large proportion of the time at Amundsend-Scott Station.
Aurorally excited 5577-and 8660-angstrom emissions occur.
Their presence complicates the interpretation of temperature
and wind measurements mentioned above. Particle precipita-
tion can excite oxygen atoms directly to both the singlet-S and
singlet-D states. Radiative relaxation from the singlet-S state
generates 5577-angstrom photons at altitudes, typically be-
tween 95 and 150 kilometers, leaving the oxygen atom in the
singlet-D state. Below 200 kilometers, the highly metastable
singlet-D oxygen atom is more likely to decay to the ground
state by collision than by radiation. One possible quenching
reaction is excitation transfer from the singlet-D state of atomic
oxygen to an oxygen molecule which is excited above the sec-
ond vibrational level, resulting in the subsequent emission of
8660-angstrom light (Valiance Jones and Gattinger 1973, pp.
232-240). Accordingly the auroral stimulation of both the 5577-
and 8660-angstrom emissions depends on electron impact on
atomic oxygen, although the latter also depends upon the avail-
ability of vibrationally excited oxygen molecules. Since vibra-
tional excitation is commonly known to occur as part of the
final stage of energy degradation of precipitating electrons in
aurora, there is good reason to expect that a large enough
proportion of electronic ground-state oxygen molecules will be
vibrationally excited above the second level. Thus, a simplified
argument leads to the conclusion that the height range of both
emissions in the aurora should be comparable; therefore, de-
rived winds and temperatures should be grossly similar. If,
however, if the electron precipitation is very soft so as to favor
the excitation of singlet-D atoms, little 5577-angstrom excitation
would occur, but 8660-angstrom emission would be generated
in the F-region resulting in higher temperatures, possibly over
1,000 K, being found because of the strong contribution of the
high altitude, high temperature, emission in the light blending
together along the line of sight of the instrument.

This paper presents temperatures and winds derived from
high resolution observations at Amundsen-Scott Station of the
two emissions, 8660 angstroms and 5577 angstroms. The data
show that two conditions occur where the interpretation of the
assumed blending of light along the line of sight is relatively
simple, one where the averaging gives similar temperatures in
both, the other where the 8660-angstrom temperatures are
more characteristic of the upper thermosphere, that is, F-region
above 200 kilometers.

Since January 1989, through a joint project between the Uni-
versity of Alaska and the University Washington, a high-reso-
lution, servo-controlled two-channel Fabry-Perot spectrometer
has been in operation during the period of darkness at South
Pole Station. Much of this time has been used to study the
accepted tracers of winds and temperatures in the upper and
lower thermosphere, namely the atomic oxygen emissions at
6300 and 5577 angstroms, respectively. During part of April
1991, spectra of a 2-angstrom region of the 0-1 band of the
oxygen atmospheric system were obtained at 8660 angstroms
in one channel. Simultaneously, in the other channel, spectra
of 5577-angstrom line from atomic oxygen were obtained. Us-
ing a periscope to select light from the sky, measurements were
made in the four cardinal and four intra-cardinal points and
also in the zenith. For these data, the average exposure time
for a spectrum was 30 minutes. These data were processed to
give winds and temperatures averaged over the emission layer.

Figure 1 shows the temperature and relative emission rate
data for 21 April 1991 for both emissions. To display the emis-
sion rate data showing principally temporal changes, the values
have been presented as a running average over all directions of
view. For the period from midnight to 1500 universal time,
temperatures differ by varying amounts in the range 0-100 K
with a mean temperature which rises from about 250 K to 350
K. Later than 1500 universal time, the kinetic temperature of
the atmospheric bands rises several hundreds of degrees above
that determined from the green line. The curve of emission
rate of the 8660-angstrom emission is enhanced by aurora dur-
ing this period.

Figure 2 is a plot of the meridional (southward positive) and
zonal (eastward positive) horizontal components of the line-of-
sight wind determined from the motions measured from two
species for 22 April 1991. The velocity ranges found for each are
similar, with variations from zero to 60 meters per second.
There is an indication in the earlier part of the day that a time
delay over about 2 hours exists between the variations in wind
in the meridional components and a suggestion that the dom-
inant oscillation is a diurnal tide.

Temperatures and Emission Rates for 21 April 1991

Derived from 55774 and 8660A

Figure 1. Temperatures and averaged relative emission rates above
Amundsen-Scott Station on 21 April 1991, derived from observa-
tions of the 5577-angstrom emission from atomic oxygen and
8660-angstrom region from the oxygen 0-1 atmospheric band. (A
denotes angstrom. UT denotes universal time. E denotes emis-
sion.)

Legend

Temp 86604

* Temp error

o Teirp 55774

o E rate 8660A
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Figure 2. Plot of the meridonal (southward positive) and zonal (eastward positive) horizontal components of the line-of-sight wind deter-
mined from the motions measured from two species of 22 April 1991. The velocity ranges found for each are similar, with variations from
0 to 60 meters per second (m/s). There is an indication in the earlier part of the day that a time delay over about 2 hours exists between
the variations in wind in the meridional components and a suggestion that the dominant oscillation is a diurnal tide. (UT denotes universal
time.)

Although there have been several reported observations of
the rotational temperature of the oxygen atmospheric bands,
this is the first report of a simultaneous study of the kinetic
temperatures and winds from both molecular and atomic emis-
sions determined by measurements at high resolution.

The temperature results in the period from midnight to 1500
universal time are consistent with the contention that the
height ranges of emission are similar. This being so, consider-
ation of the temperature values would suggest that a significant
proportion of the emission must be in the upper mesosphere
region where the temperature is typically close to 200 K. Cur-
rent understanding (Rees 1989) of the atmospheric bands
suggests that there are two major sources of excitation: one
photochemical which occurs predominantly in the upper meso-
sphere and the other related to the excitation of singlet-D oxy-
gen and its collisional transfer to vibrationally excited molecular
oxygen in the lower thermosphere. The latter mechanism is
expected to maximize where the combination of falling molec-
ular collision rate with altitude is balanced by the rising avail-
ability of singlet-D oxygen excited by the aurora and by cascade
from the singlet-S state. As mentioned earlier, the height of
maximum emission of the atmospheric bands in the aurora
could rise to the upper thermosphere when the incoming elec-
tron flux is very soft. Temperatures in the upper thermosphere
are expected to be in the vicinity of 1,000 K (CIRA86); hence
when the observed blended temperature approaches 1,000 K,

a strong upper thermosphere source is expected to
be present. Otherwise, for temperatures in the region of 200-
400 K, photochemical mechanisms in the upper mesosphere
and lower thermosphere predominate.

For the period from 1500 universal time onwards, where the
atmospheric band kinetic temperature rises several hundred
degrees above that found from 5577 angstroms, the mechanism
of excitation transfer must predominate if the foregoing argu-
ments are true. Figure 1 shows that the intensity of the 8660-
angstroms enission has a high mean value between 1500 and
2000 universal time.

It should be noted that existence of a wind shear could easily
appear to be a temperature change, and the spurious indication
that the temperature has increased would affect both 5577-
angstrom and 8660-angstrom measurements similarly, al-
though not identically, if they remained in the same height
range. Derived temperatures increase in both cases, but be-
cause of the mass difference between the molecular and atomic
species, a blend of bulk shifts would appear as a larger tem-
perature rise for the atmospheric bands than for the green line
because of the different line widths. Hence, for a situation
where a wind shear in the emission layer is normal, we expect
the atmospheric band kinetic temperature to appear higher at
all times, all other things being equal.

This paper presents the first study of upper atmospheric
dynamics and thermodynamics using the doppler shift and
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width data from the oxygen atmospheric band. The simple
interpretation which may be applied for the case of a source
solely containing airglow is not applicable to the data obtained
from Amundsen Scott Station. Auroral emission in the lower
and upper thermosphere blends with the airglow to give tem-
peratures and winds that are averages weighted by volume
emission rate.

The analysis presented here is consistent with our current
understanding of the excitation of the atmospheric bands and
the atomic oxygen line in the aurora and airgiow when the
observed temperatures are in near agreement and in the 200-
400 K range. However, when the temperature derived from the
atmospheric band rises to upper thermosphere values, consis-
tency can only be maintained by supposing that the incoming
auroral particle spectrum has made a transition from typical
energies in the kiloelectronvolt range to near 100 electronvolts
or below. Therefore, it is deduced that such a transition oc-
curred at 1500 universal time on the 21 April 1991 and reversion
to the kiloelectronvolt range at 2100 universal time.

The derived winds show signs that a blend of doppler shifts
exists along the line of sight that may include changes of direc-
tion. Hence, the data do not provide input on any particular
height interval that is narrow enough to characterize a layered

circulation. It is probable that the line of sight integrates over
more than a vertical wavelength of upward propagating waves
present in that region of the atmosphere.

The program to study the dynamics and thermodynamics of
the thermosphere and mesosphere at Amundsen-Scott Station
is supported by National Science Foundation grant DPP 90-
17484.
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We have constructed instruments to measure the atmos-
pheric conduction current and the atmospheric electric field,
two fundamental parameters of the global-electric circuit. The
instruments were deployed at the Amundsen-Scott South Pole
Station in January 1991 and are designed to operate continu-
ously for up to 1 year without operator intervention.

An electrical potential difference of approximately 300 kilo-
volts exists between the ionosphere and the Earth's surface. It
has been widely accepted for many years that the collective
action of thunderstorms over the entire globe is the primary
generator of this global ionospheric potential. A secondary gen-
erator of ionospheric potential at high latitudes is driven by the
interaction of the solar wind with the geomagnetic field, re-
sulting in a potential that varies spatially across the polar cap
(Park 1976). The cross-polar-cap potential may vary from 30 to

100 kilovolts, depending on solar wind conditions. At high lat-
itudes, the total potential of the ionosphere is the superposition
of the cross-polar-cap potential and the global potential. The
ionospheric potential is manifested by an atmospheric electric
field at the surface of the order of 200 volts per meter, and the
ionospheric potential drives a conduction current through the
intervening atmosphere on the order of several picoamperes
per square meter. The atmospheric current and the electric field
at high latitudes respond to a mixture of lower atmospheric and
magnetospheric influences.

The atmospheric processes that generate the ionospheric po-
tential and regulate the conduction current flow commonly are
referred to as elements of the "global atmospheric-electrical
circuit." The primary scientific objectives of this project are the
study of the terrestrial and extraterrestrial sources and modu-
lations of the global circuit. The South Pole Station was chosen
as our instrument site for several reasons. Most important, the
station sits on the antarctic plateau, a region where the atmo-
sphere has the ideal qualities for making measurements of
global-atmospheric electricity because the measurements are
relatively unperturbed by local meteorological conditions
(Cobb 1977). Second, South Pole Station is located within the
geomagnetic polar cap; therefore, atmospheric electricity mea-
surements made at the pole are useful in investigating global
processes as well as large-scale electrical processes unique to
high latitudes. Third, the downward air-Earth current being
delivered to the surface of the antarctic polar plateau is larger
(approximately twice as large) than the global average because
of the high altitude of the plateau, which is, therefore, strongly
coupled to the global electric circuit. Finally, the local topogra-
phy of the antarctic plateau is flat and void of obstructions,
making it ideal for taking atmospheric electricity measure-
ments.

The initial operational phase of this project has three primary
objectives: to establish that the instruments will work in the
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antarctic environment for extended periods of time without
human intervention or establish what design modifications will
be required to achieve this, to determine the conditions under
which the variations in the measurements due to local mete-
orological effects are small enough to allow us to study global
electrical processes, and to determine if correlated, multiple-
sensor measurements are needed to distinguish global electri-
cal signatures from those caused by local effects. For the last
two purposes, we constructed two identical arrays of instru-
ments. Monitoring and caretaker services by a winter-over tech-
nician are available at the station if required.

We have established two identical instrumentation sites (ar-
rays 1 and 2) near South Pole Station, as shown in the field site
diagram of figure 1. Each array consists of three major com-
ponents; an atmospheric current sensor, an electric field sensor,
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and a data processing/power-supply unit. Each sensor is ele-
vated from the ice surface by separate support structures. The
data processing/power-supply units are buried under the ice
surface in vaults. Array 2 is located closest to the station in the
middle of the science quadrant. The site of array I is approxi-
mately 600 meters away from array 2. Processing of the data
from both arrays takes place in the Skylab, and the data are
recorded on the University of Maryland data-logging system.
The data from both arrays are transmitted via signal cable.
Power to array 2 is provided via cable from the Skylab, and
power to array 1 is via cable from the U.S. Geological Survey
(USGS) seismometer vault, located approximately 250 meters
from the Skylab.

The atmospheric current measurements are being made with
an instrument of the type described by Burke and Few (1978),
adapted to the present experiment. It has not been deployed
previously in the Antarctic. The atmospheric electric-field mea-
surements are being made with rotating-dipole electric-field
mills of the type developed at Stanford University (Park 1976).
They have been found to operate reliably under antarctic con-
ditions. Figure 2 shows the current sensor and the electric-field
mill in their deployed configuration at South Pole Station. A
block diagram of the instruments showing the data flow for
each array is shown in figure 3.

The current sensor employs a split spherical shell in the form
of two hollow stainless steel hemispheres with 17.8-centimeter
radii. The hemispheres are joined mechanically but are electri -
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i Field I
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I	I

USGS
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S-103	-
Array 2

Skylab
Tower

Dome

Amundsen - Scott
South Pole Station

1
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Figure 1. Diagram of the field site at the South Pole Station for the
experiment. The locations of the two instrument arrays are shown.
(USGS denotes U.S. Geological Survey.)

Figure 2. Atmospheric current sensor (sphere) and electric field
mill (foreground) shown in their deployment at the site of array 1.
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Figure 3. Block diagram showing the transmission and processing of data for each instrument array. Eight analog data channels from the
current sensor are multiplexed (Mux) and digitized (A/D) within the current sensor. The electronic digital signals strobe a light-emitting
diode (LED). The optical signal is transmitted via optical fiber cable and converted back into electronic signal by a photodiode (PD) circuit
in the vault box. Two analog data signals from the field mill are transmitted via cable to the vault box, where they are digitized. The current
sensor and field mill data are computer processed and converted to a serial data stream by a universal asynchronous receiver/transmitter
(UART) circuit for transmission via modem to a receiving modem in the Skylab. The data are then reconfigured by a UART/computer for
data logging.

cally isolated from each other by a thin (1-centimeter) horizon-
tal Teflon disk between them. The sensor electronics are inside
the sphere. The sphere is suspended and electrically isolated
from the ice surface, that is, there are no electrical paths from
the sphere to ground with impedance lower than through the
surrounding air. In this fashion, the conducting sphere as-
sumes the electrical potential of the air surrounding it. In prin-
ciple, the atmospheric conduction current is determined by
measuring the current flowing from the air into one hemisphere
through the internal electronics and out the other hemisphere.
A simple linear relationship exists between the current meas-
ured by the sensor electronics and the absolute atmospheric
conduction current. Given the simple geometry of the sensor,
the constant of proportionality is a known geometric factor
(Burke and Few 1978). A tower structure supports each current
sensor above the surface, consisting of three 4-meter-tall ver-
tical wood posts located at the corners of a 13-meter equilateral
triangle. The sphere is suspended 3 meters above the ice sur-
face by tensioned Kevlar support cables attached to the wood
posts. The current sensor has two other cables attached; a
shielded 4-wire electric cable supplies power to the sensor from
the vault box, and a fiber-optic data link between the sensor
and the vault box. The field mill is mounted on a wooden
support tower at a distance of 3 meters above the surface, 13
meters away from the current sensor triangle.

The deployment of two arrays of instruments is necessary to
distinguish unambiguously between atmospheric-electrical
signals of local and global origin. For example, during ideal
fair-weather conditions, we observed slight differences in the

measurements between the two arrays, probably caused by
turbulent mixing of an electrode layer of space charge near the
ice surface. The minimum separation distance between the two
arrays that is required to decouple their fair-weather electrical
signals of local meteorological origin is determined by the cli-
matology of the antarctic plateau. The vertical thickness of the
prevailing surface wind structure extends to the top of a nearly
permanent surface inversion layer (Dalrymple 1966). The max-
imum scale size of turbulent mixing of the surface winds is
about the depth of the layer, or about 600 meters; therefore,
the array separation distance of 600 meters is such that local
signals (due to turbulent or convective mixing of the surface
electrode layer) measured by the two arrays will be uncorre-
lated although, of course, they are close enough together that
polar cap or global signals will be correlated.

The University of Houston field team members, Edgar A.
Bering and Gregory J . Byrne, arrived at South Pole Station on
5 January 1991. Array 2 was deployed on 11 January at a site
chosen to be in an area that is easily accessible and to minimize
cable runs. The site of array 1 was then chosen to be a suitable
distance away from array 2. Array 1 was deployed on 15 Janu-
ary. The field team departed South Pole on 18 January, leaving
both arrays fully operational. Data from the first few days of
operation are given by Bering et al. (Antarctic Journal, this issue).

This research was supported by National Science Foundation
grant DPP 89-17464. We thank members of Antarctic Support
Associates at the pole for their assistance in deploying the ar-
rays, and Katherine Price for her winter-over technical assis-
tance.
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Initial results from
measurements of atmospheric

conduction currents
and electric fields
at the South Pole
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We have constructed instruments to measure the atmos-
pheric conduction current and the atmospheric electric field;
two fundamental parameters of the global-electric circuit. The
instruments were deployed at the Amundsen-Scott South Pole
Station in January 1991 as described in a separate paper (Byrne
et al., Antarctic Journal, this issue).

The air-Earth current is associated with the potential differ-
ence between the Earth's surface and the upper atmosphere.
According to classical theory, the primary generator of this
potential difference at low latitudes is the collective action of
thunderstorms over the entire globe (Israel 1973). Thunder-
storms charge the upper atmosphere globally to a potential on
the order of + 300 kilovolts with respect to the surface. Mea-
surements have indicated that the potential varies on time
scales from minutes to seasonal, but that at any given time, the
potential is approximately the same at all locations globally
(Norville and Holzworth 1987), except at high latitudes.

At high latitudes, a secondary generator is driven by the
interaction of the solar wind with the geomagnetic field (Park
1976), resulting in a potential across the polar caps. The cross-
polar-cap potential may vary from 30 to 100 kilovolts, depend-
ing on the states of the magnetosphere and solar wind. At high
latitudes, therefore, the potential of the upper atmosphere is a
superposition of the cross-polar-cap potential and the global
potential, so that the vertical current density will respond to a

mixture of lower atmospheric and magnetospheric influences.
The effect of different sources of upper atmospheric potential
at high latitudes can be isolated by use of current density data
from a network of sites within the polar cap to take "snapshots"
of the polar cap potential. These snapshots are a primary long-
term goal of the research in Antarctica described in this article.
It will be possible to make these snapshot measurements only
if local effects due to processes in the planetary boundary layer
(Hoppel, Anderson, and Willett 1986) and biases arising from
atmosphere-instrument interactions are negligible much of the
time.

To verify the feasibility of our approach, we constructed two
identical arrays of instruments (arrays 1 and 2) in the vicinity
of the South Pole Station as described by Byrne et al. (Antarctic
Journal, this issue). Each of the arrays consists of three major
components: an atmospheric current sensor, an electric field
sensor, and a data processing/power supply unit. Array 2 is
located closest to the station in the middle of the science quad-
rant. Array 1 is approximately 600 meters away from array 2.

This article will present the data from the 3 days recorded by
the field team, 15-17 January 1992. Figure 1 shows an overview
of 506-seconds averages of the data. The top panel shows the
electric field and the bottom panel shows the current from both
arrays. All instrumentally valid data are shown, but the data
have not been edited to remove periods of inclement weather.

The surface weather conditions during this 3-day interval
were quite varied. On 15 January 1991, the sky was completely
overcast by nimbostratus clouds at 250 meters from 0000 to
0900 universal time, with winds 4-10 knots. Light snow fell
from the start of the day until 1500. From 0900 to 2000 universal
time, there were broken altocumulus at 500-700 meters, with
0 to 5 knot winds. From 2000 universal time, 15 January to 1000
universal time, 16 January, there were scattered cirrus at 1,500
meters, with 5 to 8 knot winds. From 1000 to 1700 universal
time, the weather was clear with 11 knot winds. From 1700
universal time, 16 January to 0200 universal time on 17 January,
the weather worsened steadily, with low-lying altostratus
clouds moving in to produce fully overcast conditions with light
snowfall at 0200. The weather began to improve at 0500, with
the overcast conditions giving way to scattered cirrus at 1,500
meters by 0800. Winds remained in the 6 to 10 knot range. The
sky was clear from 1000 to 1600, with 13-15 knot winds. At 1600
universal time, scattered cirrus at 1,500 meters appeared and
remained for the rest of the day. Surface winds remained 13-
15 knots.

Portions of figure 1 contain data that have been seriously
perturbed by inclement weather. Inspection of the figure shows
intervals where the variance of the data is large and where there
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Figure 1. Data taken during the 15 through 17 January 1991 interval
are plotted as a function of universal time. The top panel shows
506-second averages of the electric field data from both arrays,
with array 1 (the array farther from the station) plotted as solid
lines and array 2 plotted as dashed lines. The bottom panel shows
the current density data. Positive values correspond to downward
fields and currents, the fair-weather direction. (V m' denotes
volts per meter. A rn- 2 denotes amps per square meter. UT denotes
universal time.)

was highly variable disagreement between the two arrays (dc
offsets will be discussed below). The intervals from 0000 to
approximately 1500 universal time on 15 January and from 0100
to 0600 on 17 January were periods of both snowfall and per-
turbed data. As expected, it appears that the snow grains were
charged, producing serious perturbations. On the other hand,
the data appear unperturbed for the rest of the period shown.
Thus, it appears that scattered high-altitude clouds and winds
as high as 15 knots are not problems for the measurement.

The valid data in figure 1 show a number of interesting fea-
tures. First, both the current and the electric field show a clear
diurnal variation consistent with the well-known Carnegie
curve (Parkinson and Torrenson 1931). It is interesting to note
that the field maximum each day occurred at 1400 universal
time, in contrast to the 1800 universal time maximum usually
found during Northern Hemisphere summer. A maximum at
1400 is consistent with a lack of thunderstorm activity in North
America and strong thunderstorm activity in east Africa and
Brazil, which is expected in January.

A second feature of major interest is the general agreement
between the data from the two arrays. Figure 1 shows conclu-

sively that local effects do not obscure signals of global origin
as long as it is not actually snowing.

On the other hand, there are two disagreements between the
data from the two arrays that need to be discussed. There is
an apparent offset between the values measured by the two
arrays in both data sets. Throughout electric field data and in
the current data after 1200 on 16 January, this offset corre-
sponds to a constant ratio between the two signals of 1.039,
with array 1 giving the larger values. We attribute this constant
difference to the presence near array 2 (approximately 100 me-
ters away) of the geodesic dome of the station, a meteorological
instrument tower, and a radio antenna tower. Before 1200 on
16 January, the current meter at array 1 measured a higher
current than array 2 whereas the field meters agreed. This
discrepancy appears to be a warm-up transient, possibly as-
sociated with the last cleaning of the insulators, which was
done in the field at low temperature. Judging from the inferred
conductivity data, we determined that array 2 had shown the
same effect earlier.

The data are shown in successively finer detail in figures 2
and 3. Figure 2 is a three panel figure showing 252-second

Figure 2. The top two panels show 256-second averages of the
same data as in figure 1 for the 36-hour interval starting at 1200
universal time on 16 January 1991. The third panel shows the at-
mospheric conductivity interred from the data in the top two
panels. (V m 1 denotes volts per meter. A rn 2 denotes amps per
square meter. mho m 1 denotes milliohms per meter. UT denotes
universal time.)
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Figure 3. Detail of figure 2 showing the 10-hour interval starting at
1000 universal time on 17 January. The top panel shows 70-second
averages and the lower two panels show 128-second averages. (V
rn' denotes volts per meter. A m- 2 denotes amps per square
meter. mho m' denotes milliohms per meter. UT denotes univer-
sal time.)

averages of 36 hours of data starting at 1200 universal time on
16 January. The third panel in figure 2 shows the conductivity
inferred by dividing the current density by the field. This panel
shows that the two arrays agree very well and that there were

small variations in the conductivity that were not coherent with
the diurnal variations in field and current. These facts indicate
that the instruments were measuring ambient phenomena, not
merely leakage resistance.

Figure 3 shows still finer detail. Note the high degree of
short-term correlation, particularly in the electric field data.
The current data were uncorrelated on time scales shorter than
roughly 100 seconds. The presentation of at least 2-minute av-
erages is required to obtain meaningful comparisons. The elec-
tric field data, on the other hand, agree reasonably well on time
scales as short as 10 seconds.

In conclusions, we have found that atmospheric electricity
instruments 600 meters apart near South Pole Station were
measuring signals of global origin, except when it was snow-
ing. We can detect variations of 1-2 percent amplitude. Finally,
the instruments can detect signals of global origin on time
scales of a few minutes.

The University of Houston field team members, Edgar A.
Bering and Gregory J . Byrne, arrived at South Pole on 5 January
1991. The field team departed South Pole on 18 January. This
research was supported by National Science Foundation grant
DPP 89-17464. We thank members of Antarctic Support Asso-
ciates at the Pole for their assistance in deploying the arrays,
and Katherine Price for her winter-over technical assistance.
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A comparison of
low-frequency pulsations
in electron precipitation

and magnetic fields
at South Pole Station

JOHN PAQUETTE and D.L. MATTHEWS

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

The University of Maryland 30-megahertz riometer and the
Bell Labs fluxgate magnetometer have recorded data continu-
ously at South Pole Station since 1982. The riometer provides a
measurement of the flux of energetic (greater than 5-10 kilo-
electronvolts) electrons precipitating into the ionosphere, while
the magnetometer detects the components of the geomagnetic
field in the H (north-south), D (east-west), and Z (vertical)
directions. Our survey of the data from these two instruments
reveals the existence of intervals of long-period (200-1,000 sec-
onds) pulsations appearing in both precipitation and fields.
Only those events showing three or more complete cycles and
occurring between 0600 and 1800 magnetic local time were con-
sidered; this produced a database of 252 events for the period
from 1982 to 1989.

One such correlated pulsation event is shown in figure 1. The
data shown in this and subsequent figures have been filtered
with a wide bandpass filter with cutoffs at 20 and 600 seconds.
The pulsations clearly are correlated and last for nearly an hour.
Note that the onset of pulsations in the two traces is nearly
simultaneous.

Figure 2 shows another such event but with an important
difference. Although the field and precipitation pulsations are
correlated in the latter part of the event as before, the onset of
precipitation pulsations occurs much earlier than the onset of
field pulsations. Cross power-spectral analysis confirms that
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Figure 1. Cosmic noise absorption (an indicator of energetic elec-
tron precipitation), is the upper curve and the H (north-south) com-
ponent of the geomagnetic field is the lower curve in this plot of
an hour-long interval on 16 May 1983. The data are 10-second av-
eraged and bandpass filtered. Note the nearly simultaneous onset
of pulsations in the two plots. (dB denotes decibel. nT denotes
nanotesla.)

the magnetic field data and the precipitation share a common
frequency of 2.5 millihertz.

To understand the significance of the disparity in onset times,
the origin of the correlated pulsations must be considered. Co-
roniti and Kennel (1970) outlined a mechanism whereby mag-
netic pulsations (perhaps originally excited at the magneto-
pause; see Chen 1974) in the frequency range of interest could
create precipitation pulsations at their own frequency by mod-
ulating the growth rate of whistler mode turbulence at the
magnetic equator. If precipitation pulsations and magnetic pul-
sations do begin at the same time at the magnetic equator, the
difference between the electron velocity (a few tenths of the
speed of light) and the Alfven speed (the speed at which mag-
netic disturbances propagate through a plasma; in this case, a
few hundred thousand kilometers per second) will lead to dif-
fering onset times as seen on the ground. At South Pole Station,
the expected disparity is on the order of several hundred sec-
onds.

To determine the onset objectively in cases such as the one
shown in figure 3, where oscillations at other frequencies may
occur in one of the traces, a computer program that determined
onset based on averaged variances was used. Analysis of the
pulsation events mentioned above using the onset finder pro-
gram indicated that in 30 percent of the events the onset of
precipitation pulsations preceded the onset of magnetic pul-
sations by more than 120 seconds; however, in 35 percent of
the events pulsations in precipitation and fields began within
less than 120 seconds of each other. Finally, 35 percent of the
events showed the onset of magnetic pulsations leading the
onset of precipitation pulsations by 120 seconds or more. The
dividing line was set at 120 seconds, because that is approxi-
mately half the expected delay introduced by transit time and
is about twice the estimated error of the onset finder program.

Those events which show precipitation pulsation onset lead-
ing magnetic pulsation onset are consistent with Coroniti and
Kennel's prediction, but those that show very little difference
in onset time between field and precipitation pulsations are
not. If the disparity in onset times is caused by the differing
travel times from the source to the station, the source region
for such events must lie much closer to the station than the
magnetic equator; in many cases, the data are consistent with
simultaneous onset in precipitation and magnetic fields. Al-
though a model once was developed suggesting that the ionos-
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Figure 2. This plot has the same format as figure 1, but the pulsa-
tions in the absorption begin almost 15 minutes earlier than the
pulsations in the magnetic field. (dB denotes decibel. nT denotes
nanotesla.)
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Figure 3. The presence of several frequency components makes
the determination of onset difficult in the magnetic field compo-
nent in this case. (dB denotes decibel. nT denotes nanotesla.)

pheric modulation of steady precipitation could lead to pulsa-
tion events of this type (Maehlum and O'Brien 1968), it is
unclear if such a mechanism is applicable here.

Another means of distinguishing these two classes of events
is provided by the Stanford University very-low-frequency de-
tector which also is located at South Pole Station. By averaging
the very-low-frequency signal in the 500 hertz to 1,000 kilohertz
band over the duration of each of the pulsation events, a single
number denoting the level of very-low-frequency activity dur-
ing each event was found. Some 70 percent of the events in
which the onset of precipitation pulsations leads the onset of
magnetic pulsations have a higher level of very-low-frequency
activity than the events with nearly simultaneous onsets. This
may be significant in that Coroniti and Kennel (1970) predict

that correlated pulsations events could occur during times of
enhanced very-low-frequency activity.

The last class of events, in which magnetic pulsations begin
before the associated pulsations in precipitation, may be attrib-
utable to movement of an area of precipitation into the riome-
ter's field of view, resulting in an apparent onset that is later
than the true onset. Such movement cannot explain events of
the first type, because the riometer is sensitive to a smaller area
than the magnetometer. Comparison to data from the imaging
riometer for ionospheric studies (IRIS), installed at South Pole
in 1988, (Detrick and Rosenberg 1990), confirms this explana-
tion for 12 out of the 15 events of this type for which good IRIS
data was available, during the years 1988 and 1989.

We would like to acknowledge L.J. Lanzerotti of AT&T Be!!
Laboratories for the use of the magnetometer data, and Stan-
ford University for the use of the very-low-frequency data.

The work at the University of Maryland was supported in
part by National Science Foundation grant DPP 88-18229.
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Imaging riometer
measurements of
F-region electron

density structures

Z. WANG, D.L. DETRICK, and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Radio-wave absorption in the F-region is not usually consid-
ered as a mechanism for riometer fluctuations, because the
critical frequency of the F-region is usually much lower than
the wave frequency. For example, riometer operating frequen-
cies are typically in the range 20-50 megahertz, whereas the
critical frequency of the F-region is commonly on the order of
2-3 megahertz. The F-region contribution to riometer absorp-
tion is small and essentially constant in this case and, thus, can
be regarded as part of the quiet day absorption. Abdu, De-
gaonkar, and Ramanathan (1967) and Ramanathan, Bhons!e,

and Degaonkar (1961) have suggested, however, that in certain
circumstances when the critical frequency of the F-region is
high (greater than 4-6 megahertz), the F-region absorption due
to electron-ion collisions might be as significant as the conven-
tional D- and E-region absorption associated mainly with elec-
tron-neutral collisions (see also Taubenheim 1976).

While studying South Pole riometer and auroral photometer
data for signatures of the dayside polar cusp, a localized region
of the magnetosphere where the entry of magnetosheath
plasma to low altitudes is most direct, several unusual events
were encountered. They show significant riometer absorption
and atomic oxygen, 630.0 nanometers, emission but no asso-
ciated ionized molecular nitrogen, 427.8 nanometers, emission.
The atomic oxygen emission is generally associated with pre-
cipitating electrons of several hundred electronvolts energy,
sufficient only to reach the F-region. The ionized molecular
nitrogen emission, on the other hand, is caused by precipitat-
ing electrons with kiloelectronvolt or higher energies that can
reach the D- and E-regions. It appears, therefore, that these
events are unrelated to D- and E-region ionization enhance-
ments. With the help of Halley Polar Anglo-American Coordi-
nated Experiment (PACE) high-frequency radar and Defense
Meteorological Satellite Program (DMSP) particle data, a study
of possible mechanisms for such events leads us to suggest that
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Figure 1. South Pole broadbeam riometer and photometer data for
the event of 10 June 1989. A 0.4-decibel increase in 38.2-megahertz
riometer absorption occurs at about 1500 universal time and fades
out after 1630 universal time. There is a sudden increase around
local noon (1530 universal time) in the intensity ratio of 630.0 nano-
meters emission to 4278 nanometers emission. (UT denotes uni-
versal time. MHz denotes megahertz. dB denotes decibel. kA de-
notes kilorayleigh. nm denotes nanometer.)

F-region electron density patches probably were responsible for
some of the anomalous riometer absorption events.

Figure 1 shows broadbeam riometer and photometer data
from South Pole Station (74° magnetic latitude) for an event that
occurred on 10 June 1989. The cusp was identified to be around
66° magnetic latitude between 1200 and 1600 universal time on

this day. Thus, South Pole presumably was well inside the polar
cap. The data of figure 1 show a 0.4-decibel increase in 38.2-
megahertz riometer absorption at approximately 1500 universal
time. There is also a sudden increase around local noon (1530
universal time) in the intensity ratio of 630.0-nanometer emis-
sion to 4278-nanometer emission. The absence of any appre-
ciable response in the 427.8-nanometer emission suggests that
electron precipitation with kiloelectronvolt energies or higher
did not contribute to the riometer absorption. In figures 2 and
3, we show data from the imaging riometer for ionospheric
studies (IRIS) (Detrick and Rosenberg 1988). During the period
between 1530 and 1540 universal time, the absorption in a lo-
calized region reaches a value between 1 and 1.5 decibels, and
the structures move poleward across the field of view (figure
2). The range of their velocities determined from figure 3 is
between 200 and 300 meters per second if we assume they are
at a height of 90 kilometers, a typical altitude where hard elec-
tron precipitation would result in riometer absorption. If we
assume, however, that the absorption results from features at
an F-region height of 200 kilometers, then the velocity range
will be between 450 and 650 meters per second.

To identify the origin of the riometer absorption, we exam-
ined the relevant data from the Halley PACE radar, DMSP sat-
ellites, and the South Pole ionosonde. PACE radar data show a
series of features formed in the cusp and then drifting poleward
across the polar cap. At the latitude of South Pole Station
around 1530 universal time the velocities of these features are
in the range of 400 to 600 meters per second, consistent with
the IRIS measurements if the absorption is assumed to be due
to F-region features. Furthermore, at this time, DMSP satellite
data indicate that soft precipitation was occurring at the South
Pole latitude with energies up to about 300 electronvolts and
total number flux on the order of 10° electrons per square cen-
timeter per second per steradian. This flux can produce only
0.05-decibel absorption by electron-neutral collisions. The flux
may contribute, however, to the formation of F-region patches.
Finally, the value of 9 megahertz measured for the critical fre-
quency of the F-region at South Pole between 1500 and 1600
universal time also suggests the presence of a large-scale F-
region patch.

In conclusion, significant riometer absorption can occur in
the cusp and polar cap in the apparent absence of electron
precipitation with energies sufficient to cause D-region ioni-
zation enhancements. Some of the anomalous absorption
events may be due to F-region electron density patches formed
in the cusp and drifting into the polar cap. Detailed information

South Pole IRIS, Day 161, 10 June, 1989
UT	7W	 •-ri

1520

1530

1540 _U_HH_J_H_H_H_H H

Figure 2. One-minute IRIS images of this event. The absorption structures in a localized region reach a value between 1 and 1.5 decibels
between 1530 and 1540 universal time and move upward (poleward) across the field of view. (UT denotes universal time. dB denotes
decibel.)

dB
1.5

1

0.5

1991 REVIEW	 299



1.1

0
1.2

0

2.2

0

1.3

0

1.0

0

1.2

0
1.4

0

0

about F-region patches, such as electron density and temper-
ature profiles, will be used to make a comparison of calculated
F-region absorption values with those actually measured.

This work was supported by National Science Foundation
grant DPP 88-18229. We would like to thank R.A. Greenwald,

K.B. Baker and J.R. Dudeney for PACE radar data, P. Newell
for DMSP data, and F.T. Berkey for South Pole ionosonde data.
We appreciate the assistance of John Cress, the winter-over
science technician at South Pole Station for the 1989 season.

1520	1525	1530	1535	1540	1545	1550
UT, South Pole IRIS, 10 June, 1989

Figure 3. Seven of 49 IRIS beams from two adjacent north-south columns. The top four are from one column, the lower three from the
column to the east. The different separations of the peaks in different beams indicate a velocity range between 200 and 300 meters per
second for the features moving poleward, if they are assumed to be at a height of 90 kilometers; however, if it is assumed that the
absorption results from features at a F-region height of 200 kilometers, then the velocity range will be between 450 and 650 meters per
second. (UT denotes universal time. dB denotes decibel.)
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Magnetic micropulsations observed on the ground are the
signature of plasma waves that have propagated from a mag-
netospheric source region. Their occurrence pattern and spec-
tral character are a consequence of both the generation mech-
anism and their path-modulation en route to the ground
observer.

Micropulsations in the 0.1-0.4 hertz band, known as Pcl-2
(Fukunishi 1981), have a diurnal occurrence pattern with a day-
time peak (Heacock 1974; Boishakova, Troitskaya, and Ivanov
1980; Popecki et al. 1990). Some interpretations have attributed
this to the localized nature of a proposed cusp source (Bol-
shakova et al. 1980) or to the propagation effects of sunlight on
the ionosphere (Sato and Saemundsson in preparation). This
survey of micropulsations at three high-latitude ground sta-
tions clearly shows a postmagnetic noon occurrence peak for
Pcl-2, even at South Pole, which has no solar day.

Inductions coils were operated at Sondre Stromfjord, Green-
land (750 geomagnetic latitude), Siple (-61') and South Pole
(-74') during 1986. The data for the entire year was Fourier
transformed and presented in spectrograms covering the 0.1-
5.0-hertz range. Events with well-defined spectral peaks (Pc-
type micropulsations) were selected, and information about
them was gathered into a database. The center frequency,
bandwidth, start and stop times, and other information were
recorded for some 4,500 events from all three stations. The

number of times wave power was seen in the 0.1-0.4-hertz
band during 1986 is plotted as a function of local magnetic time
in the figure. Local magnetic noon occurs when the magnetic
meridian of the station intersects a line joining the Earth and
Sun.

All three stations display a diurnal pattern, with a postmag-
netic noon peak. The presence of this pattern at South Pole
eliminates the explanation of sunlight-induced propagation ef-
fects, since South Pole has no solar day. The pattern persists at
South Pole, even during local winter. A single postnoon peak
at all three stations suggests a magnetospheric afternoon
source region. It also argues against the possibility of a cusp
source, which should display a noon-symmetric pattern in-
stead. The possible association of Pc1-2 occurrence with solar
wind parameters and internal magnetospheric energy sources
is currently being studied.

We would like to thank Hank Dolben for the extensive pro-
gramming support that made the data analysis for this project
possible. For the careful fieldwork necessary to establish and
maintain the South Pole and Siple micropulsation stations, we
would also like to thank Marc Lessard (1984, 1985), Hank Dol-
ben (1981), Ralph Varney (1975), and Mark Widholm (1981).

This work was supported in part by National Science Foun-
dation grant DPP 89-13870.
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The diurnal occurrence pattern for Pc1-2 (0.1-0.4-hertz) waves has
a post-magnetic noon peak at three high-latitude stations. The
horizontal axis is local magnetic time, divided into 20 minute seg-
ments. The vertical axis is the number of times (Qty) that wave
power in the 0.1-0.4-hertz band was observed in any 20-minute
segment of the day in 1986. The presence of a diurnal pattern at
South Pole indicates that it is from a magnetospheric afternoon
source and is not a propagation effect of sunlight on the iono-
sphere.
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Observations at high latitude often show that pulsations of
the Earth's magnetic field at Pc 3-4 frequencies (20 to 50 milli-
hertz) are accompanied by similar variations in the intensity of
very-low-frequency (500 to 2,000 hertz) radio emissions. These
so-called quasi-periodic, very-low-frequency emissions are, thus,
a lower frequency analog of the amplitude-modulated radio
signals of the commercial AM radio band.

A recent study by Engebretson et al. (1991) at South Pole
Station showed that simultaneous activity at Pc 3-4 frequencies
in magnetic field, auroral brightness, and very-low-frequency
emissions appeared when South Pole Station was near the foot-
print of magnetic field lines connecting to the outer boundary
of the Earth's magnetosphere (that is, near the cusp/cleft foot-
point). These observations have given new support to theories
that all of these variations are related to upstream waves lo-
cated in the solar wind just upstream from the region of its
interaction with the Earth's magnetosphere.

As a follow-up study, we have looked at the relationship
between quasi-periodic emissions and magnetic pulsations and
their spatial extent by using data obtained during September
1986 from three sites in Antarctica: Halley Bay and Siple sta-
tions lie close to the nominal position of the plasmapause (deep
in the magnetosphere), and South Pole Station is near the day-
side cusp, but at nearly the same longitude, relative to the
Earth's magnetic field, as Halley Bay.

It has been proposed that quasi-periodic emissions originate
in the magnetosphere as the result of the modulation of an
existing very-low-frequency hiss or chorus source by compres-
sional magnetic pulsations, and a straight-ahead path at equa-
torial latitudes has long been assumed for the entry of Pc 3-4
wave power from the region sunward of Earth. As a result,
most previous studies have assumed that the modulated very-
low-frequency emissions arise near the equator on field lines
in the magnetosphere which map directly down to each ob-
serving site (e.g., Sato and Fukunishi 1981). The very-low-
frequency signal itself is considered to arise from electrons
spiraling around the magnetic field, also near the equator.

A statistical study of quasi-periodic and magnetic activity at
Pc 3-4 frequencies showed that both peaked shortly before local
noon at each of the three stations. Although magnetic activity
was clear and strong at all three stations, quasi-periodic activity
was more common and stronger at South Pole Station (102
events) than at either of the lower latitude sites. A comparison
of quasi-periodic activity at South Pole and Halley Bay stations,
which are situated at nearly the same local time, showed that
when activity was observed at Halley Bay, there was essentially
always similar activity at South Pole, but the converse was not
necessarily true. Magnetic pulsations were found in more cases
than were quasi-periodic emissions; in fact, there were no cases
in our data set in which quasi-periodic emissions were present
without accompanying magnetic pulsations.

Figure 1 shows an example of simultaneously recorded ultra-
low-frequency and very-low-frequency signals from South Pole
and Siple stations. The modulations of very-low-frequency
power are highly correlated in both frequency and detailed
waveform at the two stations, suggesting a common localized

302	 ANTARCTIC JOURNAL



0.1

0.0

Cm>< —0.1.

—0.2 -4---
UT 14:45 14:47

J\JAJ\J

14:55	14:57

1.1

\J\Joo 0

15:0014:50	14:52

S I F LE /S O UTH OLE XB B	66257

0.2	 2.2

SI:PLE/SOUTI-I POLE VLF-2
	8625'7

0.5	 -0.5

0.3
CLR.
C/) 0.0
CQ
> —0.3

	

—0.5 -1----	 I	 I 0.5

	

UT 14:45	14:47	14:50	14:52	14:55	14:57	15:00

Figure 1. Waveform plots of the east-west component magnetic field signals XBB from search coil magnetometers (upper panel) and
bandpass filtered very-low-frequency (VLF) receivers in the 1-2 kilohertz frequency range (lower panel) at South Pole and Siple stations,
Antarctica, from 1445 to 1500 universal time (UT) 14 September 1986 (86257). In each panel the solid trace, with legend at the left, is from
Siple, and the dotted trace, with legend at the right, is from South Pole. (XBB denotes the east-west or "X"-component of the search coil
magnetometer signal.)

source, while ultra-low-frequency pulsations are less well cor-
related, showing both somewhat different frequencies and little
waveform coherence on short time scales. Although such a clear
correlation between very-low-frequency signals is not always
observed, it is not uncommon in our joint data set.

Upstream waves are known to occur when the interplanetary
magnetic field is oriented to within 45 degrees of the Earth-Sun
line, and their frequency is proportional to the interplanetary
magnetic field magnitude. During 14 September 1986 data from
Interplanetary Monitoring Platform 8 (IMP-8) satellite indicated
that the interplanetary magnetic field cone angle was within 10
degrees of being radial during the time interval shown in figure
1, and the interplanetary magnetic field magnitude of 5.5 nano-
teslas suggests that upstream waves would have a frequency
of 33 millihertz, roughly equal to the frequency of the waves
observed on the ground.

The good correlation between quasi-periodic emissions at
different locations can be shown using frequency spectra as
well. In figure 2, we show frequency spectra of magnetic and
quasi-periodic signals from the three stations for the interval
1340 to 1410 universal time 21 September 1986 (day 86264). The
very-low-frequency modulation (quasi-periodic) spectra show

similar double peaks at each of the three stations. Although
the magnetic field (ultra-low-frequency) spectra peak in
roughly the same frequency range, they exhibit little similarity
from station to station and differ from the quasi-periodic spec-
tra at all three stations. In this and most other examples, the
ultra-low-frequency spectrum at South Pole Station most
closely resembles the quasi-periodic spectrum.

We have found that although both ultra-low-frequency sig-
nals and very-low-frequency modulations appear to be con-
trolled by an upstream wave source. The waveforms and fre-
quency structures of quasi-periodic variations are often
remarkably similar at widely scattered stations, while the ultra-
low-frequency signals are not. There is at present no known
way of producing the modulations of the very-low-frequency
signals on the Halley Bay or Siple field lines at frequencies
different from those of the locally observed magnetic pulsa-
tions, so we are left with the idea that they must have arisen
elsewhere. Our data, thus, suggest that this class of quasi-
periodic signals, presumably produced in space, reach low al-
titudes only near the cusp and then propagate below the ion-
osphere to lower latitude stations. In contrast, the frequencies
of magnetic pulsations in the Pc 3-4 range probably have their
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frequencies determined in part by resonance conditions on
nearby magnetic field lines.

According to the usual model of generation of quasi-periodic
emissions, these data suggest that compressional ultra-low-fre-
quency pulsations, responsible for the modulation of very-low-
frequency signals, do not penetrate far inward from the dayside
magnetopause. This, in turn, raises questions about how Pc 3—
4 magnetic pulsations can reach to lower latitudes, because it
has been assumed that compressional ultra-low-frequency pul-
sations were the means of transport. An alternative possibility
is that the generation of quasi-periodic emissions via an ultra-
low-frequency modulation effect might be greatest where the
total magnetic field is the weakest and, thus, might be limited
to regions in the outer magnetosphere.

This work was supported in part by National Science Foun-
dation grants DPP 89-13870 and DPP 86-13783.
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(VLF) data near 1 kilohertz (kHz) from South Pole, Siple, and Halley
Bay stations, Antarctica, for the interval 1340 to 1410 universal time
(UT) 21 September 1986 (86264). The vertical scales (power) are in
arbitrary units.

o

304	 ANTARCTIC JOURNAL



A three-dimensional perspective
on cosmic-ray anisotropies
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Long-term measurements of the flow of cosmic rays near
Earth provide a vital observational basis for testing theories of
the transport and solar modulation of galactic cosmic rays.
These flows are manifested as small (typically less than 1 per-
cent) anisotropies in the flux of cosmic rays recorded by
ground-based detectors. The two components of the anisotropy
in the ecliptic plane are collectively called the "diurnal aniso-
tropy," because they are determined through analysis of the
diurnal variation recorded by a low-latitude or midlatitude de-
tector (Bieber and Chen 1991; Chen, Bieber, and Pomerantz
1991). The third component of anisotropy represents flows nor-
mal to the ecliptic plane and is called the "north-south" ani-
sotropy. It can be accurately measured by comparing fluxes
recorded at neutron monitor stations operated by the Bartol
Research Institute in McMurdo, Antarctica, and Thule, Green-
land (Bieber and Pomerantz 1986; Chen and Bieber in prepara-
tion).
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Figure 1. Three-dimensional cosmic ray anisotropy recorded dur-
ing 1961-1988. Top and middle panel display the amplitude and
phase of the diurnal anisotropy recorded by neutron monitors at
Deep River (closed circles) or Mount Washington (open circles).
Bottom panel displays the north-south anisotropy g,s measured
by neutron monitors in McMurdo and Thule (except for 1976-1978
when Alert station was used in place of Thule). Data points with
attached error bars are individual yearly means (corrected for geo-
magnetic effects), and the curves represent 3-year moving aver-
ages. Vertical lines denote years of sunspot minimum. The cosmic
rays producing these anisotropies are primarily protons with a
median energy of 1.7 x 1010 electron volts.

Three-dimensional cosmic-ray anisotropy. The top panel of figure
I shows the amplitude of the diurnal anisotropy expressed as
a percentage of the daily mean intensity, and the middle panel
represents the phase as the local time of maximum intensity.
The bottom panel shows the cosmic-ray north-south aniso-
tropy, which is actually a bidirectional anisotropy in the sense
that the direction of cosmic-ray flow reverses when the polarity
of the interplanetary magnetic field reverses. A positive value
indicates the particles flow northward when the magnetic field
points away from the Sun and southward when the field points
toward the Sun.

Significant long-term variations are evident for all three com-
ponents of the anisotropy. Both the north-south anisotropy and
the amplitude of the diurnal anisotropy vary with the 11-year
sunspot cycle, with minimum values occurring near sunspot
minimum (vertical lines through figure 1). In contrast, the
phase of the diurnal anisotropy exhibits a pronounced variation
with the 22-year solar magnetic cycle. The local time of maxi-
mum is significantly earlier during the 1976 solar minimum,
when the Sun's magnetic polarity is positive (outward magnetic
fields in the Sun's northern hemisphere), than during the 1964
or 1986 solar minima, when the Sun's polarity is negative.

Cosmic-ray gradients and scattering mean free path. By inverting
the cosmic-ray transport equations, we can use the anisotropy
measurements to derive new information on the parallel mean
free path, which characterizes the rate at which particles dif-
fuse parallel to the magnetic field, and on spatial gradients of
the cosmic-ray density. In accord with current understanding,
we assume that the perpendicular mean free path is 1 percent
as large as the parallel mean free path and quote a value only
for the latter.

Results appear in figure 2. The radial gradient, shown in the
top panel, is always positive indicating that the cosmic-ray den-
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Figure 2. A. Cosmic-ray radial density gradient Gr. B. Parallel scat-
tering mean free path X. C. Bidirectional latitude gradient G 1 , as
determined from neutron monitor observations of the three-dimen-
sional anisotropy. The bidirectional character of the latitude gra-
dient means that cosmic-ray density increases (G; zi >0) or de-
creases (G 1,<0) with distance away from the heliospheric current
sheet in either direction. Hatched areas denote years when the
Sun's magnetic polarity was in the process of reversing. These
reversals separate epochs of negative solar polarity (1961-1968
and 1981-1988) from epochs of positive solar polarity (1972-1979).
Other notations are as in figure 1. The astronomical unit (AU) is
the mean distance of Earth from the Sun, or about 1.5 x 1011 meters.
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sity increases with distance from the Sun, as expected. This
component of the gradient varies with the 11-year sunspot cycle
but shows little indication of a sensitivity to the Sun's magnetic
polarity. This observation poses a significant challenge to drift
models of solar modulation (KOta and Jokipii 1983; Potgieter
and Moraal 1985), which predict that the radial gradient should
be substantially smaller in epochs of positive solar polarity (for
example, the 1970's) than in epochs of negative solar polarity.

On the other hand, the bidirectional latitude gradient, shown
in the bottom panel of figure 2, exhibits a striking sensitivity
to the Sun's magnetic polarity. Its behavior shows that the
cosmic-ray density has a local maximum or minimum near the
current sheet according to whether the Sun's magnetic polarity
is respectively negative or positive, which is precisely in accord
with a key prediction of drift theory.

Perhaps the most surprising result of this analysis is shown
in the middle panel of figure 2. The parallel mean free path is
substantially larger during the sunspot minima of 1964 and 1986
than during the sunspot minimum of 1976. The only mecha-
nism known to produce such a sensitivity of the mean free
path to the Sun's magnetic polarity is scattering by magnetic
turbulence that has an imbalance, described as magnetic hel-
icity, between wave modes with left-hand and right-hand cir-
cular polarization (Bieber, Evenson, and Matthaeus 1987; Bieber
and Burger 1990). An imbalance at about the 50 percent level
suffices to explain the results presented in figure 2, which
suggests that magnetic helicity may play an important role in
the transport and solar modulation of high-energy cosmic rays.

We thank P. Evenson for useful discussions, and L. Shulman
and C.-H. Tsao for their roles in support of the Bartol Research
Institute neutron monitor program. This work was supported
by the National Science Foundation under grants DPP 88-18586
and ATM-9014806.
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JACEE (Japanese-American cosmic ray emulsion chamber ex-
periment) is a U.S.-Japanese collaboration that has performed
a series of long-duration balloon flight experiments over the
past 10 years, including flights from Australia to South America
(Wilkes et al. 1990). The purpose of the experiment is to study
the spectra, composition, and interactions of primary cosmic
rays at energies greater than 1 teraelectronvolt per nucleon

(Jones et al. 1987). A secondary motivation for our 1990 antarctic
flight was to evaluate the performance of JACEE emulsion
chamber detectors (Burnett et al. 1986) in the presence of high
background dose rates, to some extent emulating conditions
that might be encountered in space flight exposures and/or
future long-duration balloon flight campaigns.

*The JACEE Collaboration: K. Asakimori, Kobe Women's Junior Col-
lege; T.H. Burnett, University of Washington; M.L.Cherry, Louisiana
State University; S. Dake, Kobe University; J.H. Derrickson, Marshall
Space Flight Center/NASA; W.F. Fountain, Marshall Space Flight Cen-
ter/NASA; M. Fuki, Kochi University; J.C. Gregory, University of Ala-
bama at Huntsville; T. Hayashi, University of Alabama at Huntsville;
R. Holynski, Institute for Nuclear Physics, Krakow; J . Iwai, University
of Washington; A. lyono, Okayama University of Science; W.V. Jones,
Louisiana State University; A. Jurak, Institute for Nuclear Physics, Kra-
kow; J . Lord, University of Washington; 0. Miyamura, Hiroshima Uni-
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Antarctica offers several advantages over other long-duration
ballon flight routes: equipment remains under the control of
U.S. agencies throughout flight and recovery, and ballasting
requirements are greatly reduced by the absence of sunset.
Recovery is essential for emulsion chamber flights, but the sci-
ence package has minimal telemetry requirements, reducing
other burdens on flight operations facilities. The main invest-
ment of effort by experimenters occurs following successful
recovery. JACEE payloads are modular, with a basic unit of
mass 50-100 kilograms and can be readily handled under typ-
ical field conditions. In case of delayed recovery, the ambient
environment in Antarctica is much less hostile to photographic
media than is the environment in tropical latitudes.

The JACEE-10 experiment consisted of two boxes containing
emulsion chamber detectors and was flown as one of four ex-
periments on a joint gondola prepared by R.P. Lin and others
at the University California at Berkeley (Lin 1990). The detectors
(figure 1) consisted of stacks of lead plates, nuclear track emul-
sion (photographic) plates, X-ray films, and CR-39 etchable
plastic plates. Space and weight limitations restricted JACEE to
two chambers, each with 30 x 40 x 20-centimeter internal di-
mensions, 40 x 50 x 25-centimeter external dimensions (includ-
ing styrofoam insulation), and 75-kilogram net mass. Thermal
insulation consisted of high-density styrofoam, 1 inch thick on
sides and bottom, and 2 inches thick on the top surface; exter-
nal surfaces were painted with white high-titanium-oxide con-
tent paint. The insulating styrofoam was covered with at least
one layer of low absorptivity-emissivity ratio aluminized mylar.

The University of California at Berkeley provided thermistors
for temperature monitoring. The JACEE science team in Ant-
arctica included Jim Derrickson from Marshall Space Flight
Center/NASA and Mark Wilber from Seattle.

The emulsion chambers were assembled in Seattle, using
photographic materials supplied from Japan, and then shipped
commercially to Christchurch, New Zealand, for inclusion in
the National Science Foundation/U.S. Antarctic Program logis-
tics system. The equipment left Seattle on 21 November and
arrived on-site in Antarctica in perfect condition and well before
our own personnel.

Launch occurred on 20 December 1990, with the subsequent
flight altitude profile as shown in figure 2. The very constant,

JACEE-10 (Antarctica) Chamber Structure 12/90
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Figure 1. Emulsion chamber structure used for the JACEE-10 Ant-
arctic balloon flight. (Em denotes nuclear track emulsion; Pb de-
notes lead; cm denotes centimeter.

Table 1. Analysis of sample emulsion plates near the top and the
bottom of one of the JACEE-10 chambers.

Plate location	Fog densitya	Random track background 

Top	 0.82 (± 0.06)	 9.73 x 105
Bottom	 0.79 (--0.06)	 9.92 x 105
JACEE8c	0.50 (± 0.10)	 8.50x 10

a In developed grains per 1,000 cubic microns.
b In tracks per square centimeter.

From a midlatitude flight of comparable duration.

high altitude maintained with minimal ballasting was an im-
portant benefit of the continuous insolation obtained at polar
latitudes in summer. In the corresponding absence of nighttime
cooling, however, internal package temperatures rose to over
38 °C, as recorded by a simple maximum temperature recorder
in one of the emulsion boxes. This can be easily avoided in
future flights by using lower absorptivity-emissivity ratio sur-
faces and radiators if necessary. Following one circumnaviga-
tion, the flight was terminated by command on 29 December
after approximately 205 hours at float. The gondola landed
about 100 kilometers south of McMurdo Station. The landing
site was just within range of helicopter operations; recovery
crew members (including the JACEE scientists) dismantled the
gondola for helicopter retrieval, and materials were returned
promptly to McMurdo. The chambers were received in Seattle
about 2 weeks later in excellent condition.

Following disassembly and inspection, photographic mate-
rials were processed in our Seattle laboratory. Tables 1 and 2
compare the results from JACEE-10 with previous flights. De-
spite the rather high temperatures encountered during flight,
the emulsion quality, particularly the signal-to-noise ratio, is
essentially equivalent to that obtained in mid-latitude flights.
In the X-ray films (table 2), initially used as "triggers" to locate
events, the difference between fog densities in exposed and
unexposed (control) films is the relevant parameter. Due to the
timing of the antarctic campaign relative to film production
scheduling in Japan, it was necessary to use film near the end
of its shelf life, and pre-exposure densities were rather high.
Overall, however, these results suggest that further flight op-

Table 2. Analysis of background fog density (optical density of
developed film in signal-free areas) from JACEE-10 test X-ray

films compared to other JACEE flights. Control films were kept
in Seattle, and indicate factory-fresh background for the

particular processing times used (15 minutes in each case).

JACEE-9	JACEE-8
JACEE-10	(New Mexico	(Australia

(Antarctica)	September 1990)	February 1988)

Exposure
parameters
(in millibars)	3-4	 3-4	 4-5

Elevation
(in hours)	205	 43	 120

Control	 0.30	 0.17	 0.32

Exposed	0.96	 0.32	 0.57
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portunities in Antarctica would present a viable option for con-
tinuing our long-term program.

This research was supported by the National Science Foun-
dation (grants PHY 89-07990 and INT 88-16215), the Depart-
ment of Energy, the National Aeronautics and Space Adminis-
tration, and Japan Society for the Promotion of Science.
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Ducted whistlers and the burst loss
of radiation-belt electrons

to geomagnetically conjugate
ionospheric regions

W.C. BURGESS and U.S. INAN

Space, Telecom mu nica tions, and Radioscience Laboratory
Stanford University

Stanford, California 94305

Lightning-associated bursts of high-energy electrons appear
to precipitate from the radiation belts primarily or exclusively
because of Scattering in the magnetosphere by certain light-
ning-generated magnetospheric radio waves known as ducted
whistlers. If true, this hypothesis could help explain how thun-
derstorms contribute to the dynamic equilibrium of the radia-
tion belts. We present here a portion of the evidence that sup-
ports this hypothesis.

Precipitating bursts of radiation-belt electrons are studied by
examining their effects on radio signals received at Palmer Sta-
tion and at sites in the Northern Hemisphere. Narrowband
signals propagating subionospherically from distant very-low-
frequency, low-frequency, and medium-frequency transmitters
are monitored for sudden, characteristic amplitude perturba-
tions. These perturbations are attributed to transient, localized
disturbances of the ionosphere near the path traveled by the
signal (Poulsen, Bell, and man 1990) caused by the impact of
ionizing bursts of energetic electrons (Carpenter et al. 1984).

Multiple perturbations sometimes occur within a few
hundred milliseconds of each other on signals whose paths lie
in the Northern and Southern hemispheres, separated by thou-
sands of kilometers (Burgess and man 1990). Twin ionospheric
disturbances, one in each hemisphere, have been inferred for
these events. In these cases the two disturbances appear to
occupy geomagnetically conjugate regions, which is consistent
with the near-simultaneous precipitation of energetic electrons

from both the northern and southern "ends" of radiation belt
flux tubes. Figure 1 shows examples of this effect on two pairs
of signals propagating in opposite hemispheres through con-
jugate regions.

Signal perturbations observed at Palmer Station are almost
always time-associated with ducted whistlers, also observed at
Palmer Station (Inan and Carpenter 1986). Ducted whistlers are
very-low-frequency radio waves guided by irregularities in the
cold magnetospheric plasma (ducts) along the Earth's magnetic
field lines from near their source lightning flash, usually in the
Northern Hemisphere, to the geomagnetically conjugate loca-
tion in the opposite hemisphere. On the way they are dispersed
in frequency, with higher frequencies travelling faster than
lower frequencies. At the conjugate location, they return into
the Earth-ionosphere waveguide and can be monitored on the
ground (Helliwell 1965). In addition to launching ducted whis-
tlers, a lightning flash can also launch nonducted whistlers,
which neither follow field lines nor return to the Earth-iono-
sphere waveguide, and so are only observed on satellites (Ed-
gar 1976). Figure 2 shows the ducted whistlers associated with
two of the conjugate signal perturbations shown in figure 1.

Until now, there has been little evidence defining the relative
roles of the two different whistler modes in scattering and pre-
cipitating radiation-belt electrons; however, regardless of which
kind of whistler causes the scattering, the electrons can be
expected to precipitate near the magnetic field line on which
they were scattered. Since nonducted whistlers travel far from
the magnetic field lines followed by ducted whistlers, one
would expect precipitation induced by nonducted whistlers to
disturb the ionosphere in regions many hundreds of kilometers
away from the ionospheric reentry locations of ducted whistlers
launched at the same time. On the other hand, if precipitation
was induced by ducted whistlers, one would expect the dis-
turbed ionospheric regions to be close to the ionospheric reen-
try locations of the whistlers.

Recent work has often shown arrival bearings of ducted
whistlers at Palmer Station to be similar to arrival bearings of
signal paths perturbed in association with those whistlers. This
implies that ducted whistlers play the major role in the precip-
itation of lightning-associated precipitation bursts. An example
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Figure 1. Two pairs of subionospheric radio signals propagating in opposite hemispheres exhibit near-simultaneous (within a few hundred
milliseconds) amplitude perturbations in response to individual Northern Hemisphere lightning flashes. The upper pair of signals is
perturbed together at B and E; the lower pair at A, C, and D. Although event pairs D and E appear to coincide, the D pair actually precedes
the E pair by 2 seconds. The Northern Hemisphere signal paths which are perturbed lie nearly geomagnetically conjugate to the Southern
Hemisphere paths, which are perturbed simultaneously. The signal transmitter call signs, locations, and frequencies in kilohertz are: NAA
(Maine, 24.0 kilohertz); CD96 (Chile, 960.0 kilohertz); 48.5 (Nebraska, 48.5 kilohertz); and NPM (Hawaii, 23.4 kilohertz). The sites where the
signals are received are Arecibo, Puerto Rico (AR); Palmer Station (PA); and Huntsville, Alabama (HU). An asterisk after a transmitter or
receiver name indicates the geomagnetically conjugate location. (UT denotes universal time. Signal amplitudes are shown as a percentage
of full-scale range.)

of this association is shown in figure 3, where the whistlers
associated with events D and E arrive from the general direction
not only of the perturbed signal paths seen at Palmer Station,
but of the conjugate of the paths seen perturbed in the North-
ern Hemisphere. A 1800 ambiguity in the analysis technique
causes the two-sided appearance of the bearing results; how-
ever, analysis of the whistler dispersions indicates that both
whistlers came from geomagnetic latitudes north of Palmer Sta-
tion, so southward-bearing lobes can be disregarded.

If ducted whistlers alone are indeed responsible for a major-
ity of lightning-associated bursts of precipitation, then ground-
based observations of ducted whistlers and subionospheric sig-
nal perturbations may provide adequate information to assess,
routinely and quantitatively, the radiation-belt losses from
lightning.

This research was supported by the National Science Foun-
dation under grant DPP 90-20687 (Palmer Station) and by the
Office of Naval Research under grant N00014-82-K-0489 (Are-
cibo). Data collection at Huntsville was supported by the Na-
tional Aeronautics and Space Administration under grant
NAG8-778.
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Figure 2. An expanded view of the event pairs D and E shown in
figure 1. A spectrogram of broadband radio-wave data observed at
Palmer Station is shown for 5 seconds during which event pairs D
and E occurred, demonstrating that each pair was associated with
an individual ducted whistler; increasing darkness on the spectro-
gram represents increasing signal intensity. The strong, isolated
final component of whistler E gave indeterminate bearing results
and probably arrived closer to Palmer Station than the other whis-
tler components; it was not considered in the bearing analysis
displayed in figure 3. (UT denotes universal time. Receiver/trans-
miller station abbreviations defined in the caption for figure 1.)
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Figure 3. Arrival bearings for whistlers D and E (see figure 2) ob-
served at Palmer Station. North is offset in the bearing plots to
facilitate comparison with the map. Southward lobes may be dis-
regarded (see text). (Receiver/transmitter station abbreviations de-
fined in the caption for figure 1.)
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Services and support

Feature maps of ice streams
C, D, and E,

West Antarctica

TED A. SCAMBOS

ST Systems Corporation
Lanham, Maryland 20706

ROBERT A. BINDSCHADLER

Oceans and Ice Branch
National Aeronautics and Space Administration

Goddard Space Flight Center
Greenbelt, Maryland 20771

Satellite image data reveal a wealth of features that assist in
interpreting ice-flow dynamics and the flow history of the west
antarctic Siple Coast region. A map of features observed in ice
streams C, D, and E of the Siple Coast/Rockefeller Plateau area
has been created based on 10 overlapping Landsat thematic
mapper (TM) images and one advanced very-high-resolution
radiometer (AVHRR) image. This map reveals several geo-
graphic features not previously identified and emphasizes the
importance of satellite image mapping in the polar regions. The
Landsat TM images were purchased jointly by the National
Aeronautics and Space Adminstration (NASA) and the U.S.
Geological Survey (USGS) as part of the Siple Coast Project (see
Bindschadler, Brownworth, and Stevenson 1988). AVHRR im-
ages were provided by R. Whritner of the Scripps Institution
of Oceanography.

The map was created using the pcARC/INFO geographical
information system (GIS) and is available from the authors as
a pcARC/INFO file on floppy disk. An initial mosaic of the
Landsat images, at approximately 1:1,000,000 scale, was used
to identify a network of tiepoints for the individual scenes. By
entering this network into the GIS, subsequent mapping of
images at various scales could be combined into a single map.
Most of the mapped features were digitized from the Landsat
TM images, consisting of contrast-enhanced combinations of
bands 2, 3, and 4, at approximately 1:200,000 scale. The
grounding line (that is, the boundary between ice resting on
bedrock and floating ice of the Ross Ice Shelf) was digitized
from the AVHRR image at roughly 1:3,000,000 scale. AVHRR
has a greater brightness resolution, which facilitates mapping
of the subtle break in slope marking the grounding line (see
Bindschadler and Vornberger 1990).

Due to the absence of fixed features, such as rock outcrop-
pings, an accurate registration to a geographical coordinate
system was not attempted. Approximate geographic coordi-
nates are given in figure 1. An accurate registration of the
images is currently being undertaken by the USGS.

The mapped region (figure 2) consists of ice streams, former
ice streams, inter-ice-stream ridges, and floating shelf ice. The
Ross Ice Shelf is very flat in appearance, with a few occurrences
of short troughs oriented normal to flow and attributed to the
presence of bottom crevasses. Ice streams are characterized by
crevasses, relatively high-frequency and high-amplitude sur-
face undulations, and a high density of flowbands. Former ice
streams (specifically, ice stream C) are similar in appearance,
but lack surface crevasses and, in general, have more subdued
features due to burial after rapid flow ceased. Inter-ice-stream
ridges are characterized by smooth to very slightly undulating
surface topography, with flowbands absent or very faint. Dif -
ferentiating between the ice streams and the inter-ice-stream
ridges is difficult in the eastern (upstream) portion of the map,
because the ice streams widen, their margins become more
diffuse, flowbands become rarer, and the undulations within
the streams become more subdued. In the upstream regions,
inter-ice-stream ridges are characterized by areas of slightly
smoother topography bounded by ice containing very faint
flowbands (figure 3A).

The map provides a better delineation of the grounding line
at the outflow area of ice streams D and E than was previously
reported (for example, Rose 1979), and refines the shape of the
western margin of Siple Dome. Further, the images reveal sev-
eral additional lineations on the northern and eastern side of
Siple Dome that we believe represent relict ice stream margins
and flowbands. Crosscutting relationships of these features
and structures in ice stream C suggest that, if they represent a
different pattern of ice-stream flow, that pattern must be older
than the cessation ice stream C, which is estimated to have
ceased rapid flow approximately 250 years ago (Shabtaie and
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Figure 1. Sketch map of western West Antarctica showing loca-
tions of the feature map and the Landsat thematic mapper scenes
in figure 3A and B. (nm denotes nautical miles. km denotes kilo-
meters.)
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Figure 2. Feature map of ice streams C, D, and E of the Siple Coast/Rockefeller Plateau. (km denotes kilometers.)

Bentley 1987). Similar features are also observed near the
mouth of ice stream C (see Stephenson and Bindschadler 1990).

A variety of boundaries are observed at the margins of the
ice streams where they abut the more slowly moving inter-ice-
stream ridges (figure 3B). These were mapped as two boundary
types, characterized by the estimated degree of shearing rep-
resented by ice motion at the interface. Boundaries mapped as
solid lines are interpreted to have a high, shearing velocity
contrast. The "fence-post" hatchured map lines indicate less
distinct boundaries interpreted to have a smaller, less shearing,
velocity contrast. Boundaries of former ice streams are shown
as dashed lines, with no attempt made to determine their for-
mer velocity or shear.

Finally, the map includes the ice-surface elevation contours
from Rose (1979). These data were coregistered to the map
using prominent ice features, such as the confluence of ice

streams D and E, as reference points. The inclusion of these
data highlights the general concurrence of topographic fea-
tures, such as troughs and ridges, with the mapped ice streams
and inter-ice-stream ridges. The topographic data, however, are
not reliable at finer scales, and their conformance to the
mapped grounding line is poor. This is most apparent in the
on the downstream (west) side of Siple Dome.

This work was supported by National Science Foundation
grant DPP 89-46322.
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Advances in antarctic
surveying and mapping

JERRY L. MULLINS

U.S. Geological Survey
Reston, Virginia 22092

The U. S. Geological Survey's (USGS) Antarctic Surveying
and Mapping Program focused its activities during the 1990-
1991 season on the acquisition of global positioning system
(GPS) geodetic mapping control, doppler satellite surveying,
an international GPS campaign, seismology, and Doppler sat-
ellite tracking. The GPS geodetic mapping control, acquired in
cooperation with the New Zealand Department of Surveys and
Land Information, supported the cooperative United States!
New Zealand 1:50,000-scale mapping program in the McMurdo
Dry Valleys and on Ross Island.

The 1990-1991 field season was the first time the USGS's
mapping program employed GPS positioning as the means of
establishing new geodetic mapping control in Antarctica. The

USGS team of Philip D. Ibarra and Gordon H. Shupe, working
with a New Zealand team, established 16 new GPS stations.
The team reoccupied eight existing stations to tie the season's
control network to previous surveys. Over 40 GPS baseline
observations were incorporated into the final adjustment of
these station positions.

Three new mapping control stations—SHUPE, ERIN, and
CAPE TENNYSON—were established on Ross Island using
doppler satellite surveying techniques. The stations were po-
sitioned as part of a program to densify control on Ross Island
to support 1:50,000-scale topographic mapping. Also, the team
established eight new doppler satellite stations and reoccupied
two previously established stations in the vicinity of the pro-
posed Pegasus runway on the McMurdo Ice Shelf. These 10
stations will be reoccupied in subsequent field seasons to mon-
itor the direction and velocity of ice movement in support of
the Cold Regions Research and Engineering Laboratory's pro-
posed Pegasus blue ice runway project.

In addition, the USGS participated in the second phase of
the Antarctic GPS Observing Campaign, the forerunner of a
major international cooperative GPS observation campaign
proposed for the 1991-1992 austral summer season in the
southern hemisphere. The objectives of the international GPS
campaigns are to undertake investigations to determine the
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relative motion between the antarctic tectonic plates and the
adjoining plates and to establish a baseline between existing
and proposed antarctic Very Long Baseline Interferometry
sites.

The USGS team, with teams from other participating coun-
tries, conducted simultaneous observations at antarctic stations
22 January to 13 February 1991, for the first GPS International
Earth Rotation Service (IERS) and Geodynamics Experiment
(GIG'91) global observing campaign. The GIG'91 obtained a
quality data set from a network of globally distributed stations
that will assess the utility of GPS in relation to other IERS space
techniques. The IERS GPS campaign was an extensive, inter-
national collaboration with more than 50 participating agencies
and institutions from about 30 countries and produced a global
set of simultaneous GPS observations for geodynamic and geo-
detic studies. The antarctic continentwide GPS operations were
coordinated by the Australian Survey and Land Information
Group in Canberra, Australia, a member of the Scientific Com-
mittee on Antarctic Research (SCAR) Working Group on Geod-
esy and Geographic Information.

The USGS team collected GPS data continuously (24 hours
daily) at the McMurdo station using a dual frequency carrier
phase GPS receiver. Agencies from Australia, Germany, Italy,
Spain, Chile, Argentina, and the United States deployed GPS
receivers at nine stations, including the U.S. station at Mc-
Murdo. The GPS data collected at these stations are being pro-
cessed in Australia, Spain, Italy, and the United States.

The primary goal of the GIG'91 project is to investigate the
scientific potential of performing GPS observations on the con-
tinent of Antarctica. The poject offers an opportunity to eval-
uate the practical aspects of GPS survey operations in polar
regions. The experience is being used to access the utility of
integrating GPS surveys, conducted in support of potential
scientific projects with observations at GPS fiducial (continuous
tracking) reference stations located in Antarctica. The results
will identify key areas for further improvement in tracking in-
strumentation, field procedures, and in data analysis.

Planning for the 1991-1992 GPS campaign has begun. The

objective of the SCAR's Working Group on Geodesy and Geo-
graphic Information is to acquire high-quality geodetic data to
study geodynarriics affecting the Antarctic and adjoining tec-
tonic plates. Other programs, notably the Global Sea Level
component of the National Oceanic and Atmospheric Admin-
istration's Climate and Global Change Program, will be sup-
ported by the SCAR project. In addition to the sites occupied
during the 1990-1991 field season, the network will be ex-
panded to include stations at the Soviet Union, South African,
United Kingdom, and Japanese bases.

In January 1991, the USGS team conducted a geodetic survey
to establish the position of the true South Pole marker at
Amundsen-Scott Station. Based on this season's observations
and data from previous surveys, the ice sheet at the South Pole
continues to move approximately 10 meters per year in a
northwesterly direction. The team installed a permanent brass
marker identifying the 1990-1991 austral summer position. The
marker is inscribed, "Geographic South Pole 1-7-91 USGS."

The USGS has operated a Doppler satellite receiving station
year-round at Amundsen-Scott South Pole Station since the
1972-1973 season. The USGS South Pole team of William L.
Norton and Karen A. Peterson wintered-over during the 1990-
1991 season. The team collected satellite tracking data to estab-
lish precise ephemerides of geodetic satellites. Also, the USGS
operates and maintains seismometers at the South Pole. Due
to its remote location, South Pole Station provides essential
azimuth control deminiation of epicenters for disturbances that
occur in the southern latitudes and serves as a vital station in
the Worldwide Standardized Seismological Network.

The USGS maintains the SCAR Library for Geodesy and Geo-
graphic Information. The library's collection contains U.S. car-
tographic materials, aerial photographs, satellite images, geo-
detic control, and antarctic maps prepared by the U.S.
Geological Survey and agencies from other countries. The
SCAR library's collection is available to scientists, cartogra-
phers, and antarctic researchers.

These programs were funded by National Science Founda-
tion grant DPP 85-12516.
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Monitoring the dynamics
of the antarctic coastline

with Landsat images

B.K. LUCCHITTA and L.M. BERTOLINI

U.S. Geological Survey
Flagstaff, Arizona 86001

T.G. FERRIGNO and R.S. WILLIAMS, JR.

U.S. Geological Survey
Reston, Virginia 22092

The extent of advance or retreat of ice shelves and glacier
tongues along the antarctic coastline is known only for a few

well-studied areas; yet to assess changes induced by global
climatic variations properly, the entire coastline should be mon-
itored. Climate-induced changes in the area and volume of
polar ice sheets may severely affect the Earth's densely popu-
lated coastal regions; melting of the west antarctic ice sheet
alone would cause a sea-level rise of 3 to 5 meters (Mercer, 1978;
Thomas, Sanderson, and Rose 1979).

An extensive set of Landsat images covering Antarctica was
acquired in the early to middle 1970's. Recently, an international
consortium of the Scientific Committee on Antarctic Research
began a program to obtain new Landsat images over the ant-
arctic coastal region. Pairing these later views with scenes im-
aged earlier will permit changes in the coastline to be moni-
tored (Lucchitta and Ferguson 1986). Our pilot study showed
that the images, after scanning, digitizing, and registration,
can be manipulated by image-processing techniques. These
techniques enable us to compare the extent of shelf ice, glaciers,
and open-water or seasonal ice and to map and quantify the
changes. Our study also showed that many crevasse patterns

*	 .

WR

Figure 1. Stancomb-Wills Glacier Tongue of the Brunt Ice Shelf, Weddell Sea. Lyddan Island at top left. Movement vectors, obtained by
tracing crevasse patterns on Landsat images acquired 12 years apart. (Landsat images MSS 1579-08270, path 190, row 114, 22 February
1974, and MSS 50702-08511, path 181, row 113, 1 February 1986.) The vector lines originate at measured point (right end of faint white lines),
here shown on the earlier Landsat image. Glacier was divided into fields A, B, C (separated by heavy white lines). Grounding line is near
origin of heavy lines on right side of glacier, glacier has moved to the left.
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Figure 2. Graph showing the ice tongue increase in velocity toward
the shelf front. Baseline is near the grounding line. Velocities
range from about 1 kilometer per year at 20 kilometers from the
grounding line, to about 1.2 kilometers per year at 100 kilometers
from the grounding line. The velocities of path A are slowest, prob-
ably because the glacier tongue is pinned by the ice shelf and
Lyddan Island to the north. The velocities of path B in the center
are fastest. The velocities of path C are intermediate, probably
because the south side of the glacier is less confined, being bor-
dered by open water or "thin" ice shelf between tabular icebergs.
(km denotes kilometers.)

in the floating part of outflow glaciers retain their identity over
as long as 15 years, so that the patterns may be registered
digitally by using a computer-interactive display or optically by
using a stereoscope. From the registered points, the movement

of the crevasse patterns can be calculated giving an extensive
velocity profile of the glaciers. For example, 70 points on the
Stancomb-Wills Glacier and Ice Tongue, eastern Weddell Sea,
Queen Maud Land, yielded velocities ranging from 950 meters
per year near the grounding line to 1,200 meters per year at
100-kilometer distance seaward from this line. The statistical
error of the measurements along individual flowlines was de-
termined to be 3 to 5 percent. Our data agree well with a
velocity of 1,300 meters per year obtained on the ice tongue
just west and downstream from our measurements (Thomas
1973). This glacier and ice tongue have moved exceptionally
fast. Similar measurements are possible for most outlet glaciers
in Antarctica, and we have identified about 20 sets of presently
available paired Landsat images for further analysis. (See fig-
ures 1 and 2.)

Monitoring coastline changes and obtaining a baseline of cur-
rent glacier velocities will significantly improve our understand-
ing of the present antarctic environment and its sensitivity to
future changes in global climate.
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Antarctic Marine Geology
Research Facility
and Core Library,

1990-1991

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

A summary of work accomplished during the 1990-1991 proj-
ect year (1 June 1990 to 31 May 1991) by staff of the National
Science Foundation's Ar .arctic Marine Geology Research Facil-
ity and Core Library at the Florida State University is a litany
of familiar activities: the distribution of samples from the col-
lections, the receipt of new specimens, sediment description
work, and miscellanea.

Sample distribution. From the dredged, trawled, grabbed, and
cored sediments comprising the antarctic and southern ocean
collections in storage at the Facility, 1,109 samples were distrib-

uted to 19 scientists at 16 institutions in seven countries (Aus-
tralia, England, Germany, Japan, New Zealand, Sweden, and
the United States). Distributed on the basis of 25 separate re-
quests received by the Curator, the samples were taken:
• from 35 piston cores (257 samples), 48 trigger cores (96 sam-

ples), and 10 Blake trawls (39 samples) recovered aboard 17
of the 45 southern ocean coring cruises of USNS Eltanin;

• from 12 piston cores (196 samples) and two trigger cores (two
samples) recovered aboard four of the five coring cruises of
ARA Islas Orcadas to the South Atlantic Ocean and the Wed-
dell Sea;

• from 5 piston cores (377 samples) and 51 grab specimens (54
samples) retrieved aboard four austral summer cruises (1978-
1979, 1979-1980, 1981-1982, 1982-1983) of the U.S. Coast
Guard icebreaker Glacier;

• from 5 of the 15 Dry Valley Drilling Project (DVDP) drill cores
(49 samples), involving 37 of the 408 core boxes; and

• from 31 of the 216 boxes of drill core (39 samples) recovered
from the CIROS-1 and CIROS-2 drill holes (CIROS is Ceno-
zoic Investigations in the Western Ross Sea).
Thus, the 1,109 samples were removed from 109 different

cores, ten different trawls, and 51 different grab specimens
recovered aboard 25 cruises of three vessels, and from seven
drill holes. Recovery areas represented by specimens that were
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sampled include broad coverage of the South Pacific and South
Atlantic oceans, the Scotia, Tasman, Ross, and Weddell seas,
Croft Bay and Herbert Sound (James Ross Island), the George
V-Adélie Land coastal margins of Antarctica, and the DVDP
locations of Lake Vanda, Don Juan Pond, New Harbor, and
North Fork Basin.

To date (31 May 1991), a total of 203,993 samples are known
to have been distributed from components of the collections
since the inception of the Florida State University program in
1960, with more than 92 percent of this total being accounted
for by samples removed from specimens recovered during the
USNS Eltanin/ARA Is/as Orcadas circumpolar survey cruises that
began in 1962 and terminated in 1978. Of interest, too, is that
the 203,933 samples were received over the years by 296 differ-
ent investigators representing 126 institutions of 16 nations (Ar-
gentina, Australia, Brazil, Canada, England, France, Germany,
India, Japan, New Zealand, Scotland, Soviet Union, Sweden,
Switzerland, the United States, and Yugoslavia).

Receipt of new specimens. The only shipment made to the Fa-
cility this year is a collection of cored and grabbed sediments
recovered aboard RIV Polar Duke (cruise 90-7) from fjords, bays,
and coves off the western coast of the Antarctic Peninsula, and
from Croker Passage and the Gerlache and Bismarck straits
during December 1990 (Domack 1991). Received on 29 April
1991 were 16 piston cores (97.82 meters), 16 trigger cores (10.85
meters), 10 gravity cores (5.20 meters), 24 subcores of Smith-
McIntyre grabs, and 106 miscellaneous bag samples of sediment
from the various cores and grab specimens. Preliminary re-
search upon these materials will be under the direction of Eu-
gene Domack (Hamilton College) and Scott Ishman (Ohio State
University).

Two additional shipments were expected, but arrivals were
delayed. Now en route to the Facility, they comprise cores and
grab samples recovered from the Ross Sea/McMurdo Sound
area (near Beaufort Island) during a February/March 1990
cruise of RIV Polar Duke (Anderson and Bartek 1990), and from
the Bransfield Strait, Andvord Bay, Weddell Sea, and Herbert
Sound during a January 1991 cruise of this same vessel to the
northern Antarctic Peninsula (Anderson 1991). Piston, trigger,
and gravity cores (26 cores having an estimated total core me-
terage of 36 meters), and two grab samples are to be received.

Sediment description work. During the past year, work was
completed on the describing of sediments (18 piston and trigger
cores totaling 3746 meters) recovered aboard RJV Polar Duke
(cruise 89-IV) from the King George and central Bransfield ba-
sins (Bransfield Strait), and work begun a prior year on sedi-

ments recovered aboard Glacier during austral summer 1986-
1987 operations in the western Ross Sea (44 piston cores and
11 trigger cores totaling 52.81 meters) was continued (now,
about 90 percent complete). This work includes the determi-
nation of basal sediment ages of the piston cores based on
diatom zonations.

Miscellanea. Representative of the usual variety of service-
oriented duties and other tasks associated with the day-to-day
operation and administration of the Antarctic Research Facility
were the demands made upon time and material resources by
visitors (91 persons on the occasion of 23 visits), the fulfillment
of numerous requests for data, technical information, and lit-
erature (requests that are frequent and often consume extrav-
agant quantities of time and effort to satisfy, because of the
aforementioned service-oriented policy of cooperation that has
been firmly established at the Facility), and work with the com-
puter-maintained bibliographic database of publications con-
cerned with (and related to) research on samples removed from
the sediment collections. Last year's total count of 1,480 entries
into the database (Cassidy 1990) has been augmented by an
additional 90 publications that have been identified as eligible
for inclusion.

Funding in support of the curatorship of antarctic collections
for 1990-1991 has been according to the terms of amendment
15 to National Science Foundation contract C-1059 (DPP 75-
19723).
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Distribution of enteric bacteria
in antarctic seawater

surrounding the sewage outfall
at McMurdo Station

GORDON A. MCFETERS and SHELLEY K. WATTERS

Department of Microbiology
Montana State University
Bozeman, Montana 59717

Sewage wastes have been disposed in ocean environments
for many years. Large volumes of untreated sewage are re-
leased into estuaries, nearshore areas, and deep-ocean sites on
a continual basis by large urban centers globally. This practice,
however, is accompanied by an overall degradation of environ-
mental quality, as indicated by decreased numbers of resident
fishes and benthic fauna as well as potential human health
problems (Grimes 1986).

Little attention has been given to the environmental impact
of human activities on the pristine antarctic environment dur-
ing the early years of polar exploration. As a result, the accu-
mulation of waste of various types has become increasingly
noticeable around larger installations. That has been the case
at McMurdo Station where considerable attention has been fo-
cussed recently by the media and conservation organizations.
The Division of Polar Programs of the National Science Foun-
dation has responded by launching a major initiative to reduce
the level of environmental impact at McMurdo Station and other
polar centers of human activity.

The environmental circumstances at McMurdo Station raise
a number of important questions concerning the disposal of
untreated sewage into the ocean. From the human-health per-
spective, the source-water intake serving the desalinization
plant and the potable water system for the station is located
about 360 meters from the sewage outfall. That proximity is of
concern because the portion of the year when the population
of McMurdo Station is highest (October through January) is
also the time when the sewage discharge is maximal. Addition-
ally, the low seawater temperature (- 1.8 °C) could extend the
persistence of both indicator bacteria and pathogens since re-
duced ambient temperature has been shown to extend the sur-
vival of enteric bacteria in marine environments (Carlucci and
Pramer 1960; Halton and Nehlsen 1968; Baros, Hanus, and Mor-
ita 1975). Reduced temperature has also been shown recently
to induce enteric bacteria to enter a physiological phase with
reduced metabolic activity and extended persistence (Nilsson,
Oliver, and Kjelleberg 1991) that has been suggested as an im-
portant factor in the extended survival of pathogenic and in-
dicator bacteria in marine environments (Grimes et al. 1986).

This study was initiated to describe the persistence, distri-
bution, and environmental impact of enteric bacteria originat-
ing from the sewage outfall at McMurdo Station. The focus of
this communication is the distribution of the sewage plume in
the seawater. We will describe the preliminary results of a field
study that was carried out at McMurdo Station in 1990. A con-
firmation of these findings as well as experiments to address
the other aspects of the project are ongoing.

These studies were carried out at McMurdo Station, Antarc-
tica, during October, November, and December 1990. A sam-
pling grid was established on the sea ice in front of McMurdo

Station (figure). Samples were collected through 8-inch holes
drilled in the ice using a 2.2-liter Niskin bottle and placed in
sterile, 2-liter bottles. Samples were collected in the same zone,
relative to the sewage outfall, each day, and the Niskin bottle
was disinfected with hot water before the next day of sampling.
Samples were collected at each station 1 meter from the bottom
of the water column and immediately under the ice. Control
(pristine) samples were also collected at New Harbor and near
Danger Slope. Sample bottles were transported directly to the
laboratory without freezing where coliform enumerations were
done. Aliquots of the samples were filtered through membrane
filters (0.45-micrometer mean pore diameter, Millipore, Corp.)
according to established procedures (American Public Health
Association 1989) then placed on Tergitol 7 agar (Difco) supple-
mented with TTC as described by Carlucci and Pramer (1960)
that were incubated for 24 hours at 35 °C. Typical colonies were
counted and the number of coliforms per 100 milliliters of sea-
water calculated by the volume of water filtered. Bacteria from
each sample were confirmed using gas formation in lauryl tryp-
tose broth (American Public Health Association 1989). Sedi-
ment samples were also collected for coliform enumeration
from two experimental stations and one control (pristine) sta-
tion. Weighed sediment samples were mixed with autoclaved
seawater, shaken vigorously, then filtered and cultured, as with
the water samples. Coliform bacteria were also examined in the
bottom 20 centimeters of the sea ice at some stations by taking
ice cores with a 7.5 centimeters Sipre coring device. The ice
samples were melted with shaking at 35 °C then filtered and
cultured as with the water samples.

This report provides an overview of the results obtained from
the 1990 field season. A total of 42 samples was collected and
analyzed from the area adjacent to McMurdo Station. Here, we
present the results from eight samples. These results provide a

Map of McMurdo Station. Letters indicate approximate locations
of sampling sites.

1991 REVIEW	 319



Viable counts of coliform bacteria
obtained from samples taken at various sites in McMurdo Sound

Depth
Sampling	(in	Water columna
site	meters)	Top	Bottom	Sea ice 	Sedimentc

A	_d	1x106	-	-	2x105
B	26	1	9	-	-
C	6	3x102	2x102	2	-
D	24	3	8	-	-

E	12	2x102	3x102	3	4x102
F	9	2	12	-	-
G	22	1x103	25	41	-
H	24	57	9	1	-

Control	-	0	-

a In coliforms per 100 milliliters of seawater.
b In coliforms per 100 milliliters of seawater. Meltwater from the bottom 20

centimeters of a sea-ice core (75 centimeters in diameter).
In coliforms per 100 grams.

d Not detected.

Coliform levels in the bottom of the sea ice were consistently
low. This might be explained by the tendency of freezing to kill
these bacteria with fairly high efficiency.

The extreme environmental conditions surrounding Mc-
Murdo and other polar stations suggests that sewage disposal
merits special consideration under these circumstances. The
low water temperature is likely responsible for the extended
persistence of both bacterial and organic contaminants in the
seawater. Our ongoing studies on the survival and physiologi -
cal behavior of enteric pathogens and indicator bacteria will
provide additional information on the former, and we are plan-
fling experiments to examine the rate of biochemical oxygen
demand (BOD) reduction under ambient conditions to address
the latter consideration. In the long run, some form of waste-
water treatment might be advisable for a base as large as
McMurdo. This position is held by both Baross et al. (1975) and
Halton and Nehlsen (1968) who suggested that such discharges
should receive full treatment followed by disinfection.
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good approximation of the dimensions of the sewage plume in
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U.S. Navy support activities,
1990-1991

J02 KEVIN LAVERY and MARGARET R. REED, LCDR, USN

U.S. Naval Support Force, Antarctica
Port Hueneine, California 93043

During the 1990-1991 austral summer, personnel of the U.S.
Naval Support Force Antarctica (NSFA) provided communica-
tions facilities, weather information services, flight planning
and scheduling, air traffic control services, port services, med-
ical and dental care, galley services, material support, base

operation support, and fire-fighting capabilities to the U.S.
Antarctic Program. Additionally, aircraft support was provided
the U.S. Navy's Antarctic Development Squadron 6 (VXE-6),
units of the U.S. Air Force, and the 1091 Tactical Air Group of
the Air National Guard of Schenectady, New York. Support to
the program was also provided by U.S. Army personnel, under
the command of the Commander of NSFA; the U.S. Coast
Guard provided icebreaker support.

McMurdo Station operations. The nucleus of the U.S. Antarctic
Program (USAP) is McMurdo Station on Ross Island. This sta-
tion is the main staging area for all USAP projects at Amund-
sen-Scott South Pole Station and remote locations.

The parent military contingent, U.S. Naval Support Force
Antarctica, is divided into nine departments—administration;
communications; operations; supply; public works; medical;

320	 ANTARCTIC JOURNAL



terminal operations; morale, welfare, and recreation; and safety
and training.

The administration department oversaw the transfer and in-
flux of new personnel, as well as processed awards, promo-
tions, reenlistments, and financial matters. The department
also produced a weekly newspaper, the Antarctica Sun Times,
and supervised the Navy Broadcasting Service detachment,
which manages a two-channel radio and a three-channel tele-
vision station. The post office processed 149,698 pounds of
incoming and 80,862 pounds of outgoing mail.

The communications department processed a total of 84,271
messages during the 1990-1991 austral summer. Field party
communications were reliable during the austral summer, and
the Data Message Exchange system was used extensively. The
military affiliated radio system (MARS) shack processed over
800 outgoing phone patches and over 1,000 outgoing MARS
grams and received 172 MARS grams.

The operations department supported the efforts of over 100
individual science projects this season, actively employing LC-
130 Hercules aircraft in 26 of those missions. The department
used more New Zealand forces, reserve, and augmenting per-
sonnel during the 1990-1991 season to replace U.S. military
personnel called up for Operation Desert Storm. Although the
cost of loading cargo increased, there was no effect on season
operations.

The crash/fire division of the operations department re-
sponded to three fires, 24 false alarms, 26 aircraft emergencies,
and 32 drills during the austral summer. Maintenance efforts
performed on fire detection systems resulted in a 100 percent
operating rate by season's end.

One search-and-rescue mission on 21 November recovered
two USAP personnel from a D-8 tractor carrying an explosives
sled that had fallen into a crevasse. There were no injuries.

The McMurdo supply department processed arriving and
departing USAP cargo stocks and provided fuel for aircraft,
motor vehicles, and heating. At the end of the season in late
February, McMurdo's total figures for fuels on hand was
442,920 gallons of JP-4, 112,328 gallons of JP-5, 6,118,336 gallons
of JP-8, and 202,314 gallons of MOGAS (motor gasoline). In
February a new fuel-transfer hose was installed. The hose's
greatest improvement over standard Navy hoses was its num-
ber of pieces, 64 instead of 792.

NSFA's public works department was responsible for oper-
ating and maintaining Byrd Surface Camp and the Marble Point
Air Facility. Eight public works personnel were assigned to Byrd
Surface Camp during the austral summer season. Sixty-three
flights required support from the camp, and 115,092 pounds of
cargo and 62,831 pounds of fuel were delivered to the site.
Public works personnel also administered the hazardous waste
and materials program and constructed and maintained the
annual ice runway and ice and snow roads.

The McMurdo Station medical dispensary and dental clinic
saw 2,763 sick call visits during the austral summer season,
and the clinic at Amundsen-Scott South Pole Station had 112
visits. There were 23 medical evacuations from McMurdo Sta-
tion, and two from the South Pole Station. All personnel re-
quiring medical transport were accommodated during regular
logistics and science flights.

The terminal operations department, working with VXE-6,
sent three personnel to the Union Carbide plant in Bushton,
Kansas, in July 1990 to be trained to handle liquid helium and
nitrogen, which are used by U.S. scientists for cosmic radiation
studies. The department was instrumental in transferring 22
passengers and 12 long tons of cargo to the Soviet Union's

Vostok Station. U.S. Army personnel from Fort Eustis, Virginia,
and members of the New Zealand Army augmented the de-
partment. The Navy Cargo Handling Training Battalion from
Williamsburg, Virginia, assisted at McMurdo during the ship
offload.

The safety and training department pursued an active train-
ing and awareness schedule, including an all-hands safety
standdown on 15 December. During this time, various safety-
related lectures and briefings covered vehicle safety, safety mis-
haps, fire safety and prevention, and hazardous waste and
materials disposal. The department scheduled over 200 military
personnel to attend the antarctic snowcraft survival school and
the antarctic sea-ice survival school. In addition, 275 newcom-
ers were briefed on antarctic safety and the environment.

Detachment operations. NSFA carried out its mission at Mc-
Murdo Station and three other locations, spanning 10,000
miles. Because McMurdo is entirely dependent on the outside
world, two detachments—the unit's homeport headquarters at
Port Hueneme, California, and the Naval Antarctic Support
Unit (NASU) in Christchurch, New Zealand—provide addi-
tional technical and logistical support for the station. Before
deployment, department representatives, who act as liaisons
for both the summer support and wintering party at McMurdo,
are chosen to stay in Port Hueneme. They handle administra-
tive, supply, and logistics matters.

Formerly called NSFA Detachment Christchurch, the unit
was officially changed to Naval Antarctic Support Unit (NASU)
on 1 October 1990. In September 1990 NASU, the National
Science Foundation (NSF) New Zealand representative, and
NSF's support contractor moved their offices to the newly com-
pleted International Antarctic Center near the Christchurch In-
ternational Airport. This building serves as the entry point for
all southbound passengers and returning flights.

McMurdo summer operations ended in February, when con-
trol of the station was turned over to a National Science Foun-
dation Station Manager and a military Officer-In-Charge. This
action established the fourth location, Detachment McMurdo.

The 1991 wintering crew participated in the first mid-winter
medical evacuation (MEDEVAC) in Antarctica since 1966 on 3
June 1991. The patient, Peter Harding of the New Zealand Di-
vision of Scientific and Industrial Research at Scott Base, was
flown to a medical facility in Christchurch. The 96-hour mission
employed the talents of the wintering crew, NSFA, and VXE-6
personnel.

Aircraft operations. Air support provided by the U.S. Navy's
Antarctic Development Squadron Six (VXE-6) forms the life-
blood of science operations in the continent's interior. On 22
August, winter-fly-in operations began with the arrival of three
ski-equipped Hercules airplanes (LC-130) that flew eight turn-
around missions between McMurdo and Christchurch, New
Zealand. A total of five LC-130 cargo aircraft were deployed
during the 1990-1991 austral summer support season. Both
airplanes and crew responded well to the increased number of
field camps and open-field landings and takeoffs. Two aircraft
from the 109" Tactical Air Group, New York Air National Guard
(ANG), were provided to augment the LC-130 fleet for 2 weeks
in January.

Between October 1990 and February 1991, VXE-6 flew the
NSF-owned LC-130 airplanes 3,500.9 hours to transport 3,968
people, 3,743,645 pounds of cargo, 130,860 pounds of mail, and
324,995 gallons of fuel. These flights were augmented 162.7
hours flown by the two ANG LC-130s that transported 125
people, 154,632 pounds of cargo, 923 pounds of mail, and
27,032 gallons of fuel.
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Wheeled aircraft operations involving U.S. Air Force C-5A
Galaxy and C-141 Starlifter aircraft were conducted extensively
during the early part of the season. Additionally, the Royal New
Zealand Air Force (RNZAF) and Italian Air Force provided
C-130 aircraft support.

Warm temperatures dominated the McMurdo Sound area,
causing the ice runway to begin melting earlier than usual.
Continuing air operations under these circumstances required
an accelerated flight schedule. Consequently, maximum allow-
able cabin weight was not attained during the last three north-
bound Royal New Zealand Air Force flights. LC-130 turnaround
flights were begun also earlier.

The program's secondary air arm is the UH-1N helicopter
fleet, also operated by VXE-6. The squadron deployed six heli-
copters and was briefly augmented with one RNZAF UH-1H
for 60 days. The U.S. Coast Guard Aviation Detachment 125,
operating from the Polar Sea (WAGB-11), provided two HH-65A
helicopters for use at the Beardmore Glacier field camp, 250
miles south of McMurdo.

The VXE-6 UH-1N helicopters flew 1,364.7 hours, trans-
ported 2,251 passengers, and moved 680,790 pounds of cargo
and 1,250 pounds of mail. The RNZAF UH-1H helicopters flew
144.5 hours.

An alternate "blue ice" landing strip located 12 miles from
McMurdo Station, known as "Pegasus," was tested for flight
operations during the 1990-1991. LC-130 crews practiced land-
ings and takeoffs at the site during November, December, and
January, only to find that the aircraft skis sank into the ice a
few inches more than was expected. Final maintenance to re-
move compacted snow toward the end of the season conflicted
with redeployment schedules, and, consequently, the project
was put on temporary hold.

Weather operations. The meteorology division of the U.S. Naval
Support Force, Antarctica supports the scientists of the U.S.
Antarctic Program, VXE-6, oceanic vessels below 60°S, and
other Treaty nations requesting support.

Navy weather observers were assigned to McMurdo Station,
Byrd Surface Camp, Marble Point, Beardmore South Camp,
Amundsen-Scott South Pole Station, and the corridor aerogeo-
physics of the southeastern Ross transect zone (CASERTZ) field
camp. At McMurdo Station every 12 hours, weather observers
prepared reports that included sky condition, wind speed, air
temperature, humidity, sea-surface temperatures, and an ex-
tended 24-hour forecast. For vessels transitting to McMurdo
north of the 60°S latitude, the Christchurch, New Zealand,
weather office provided weather reports.

The Byrd Surface Camp weather team maintained all com-
munications equipment and checked navigation instruments.
They also assisted in cargo staging and operating heavy equip-
ment. Communications with McMurdo were difficult at times
due to intense solar activity.

One Navy aerographer's mate was assigned to Marble Point
Air Facility. During periods of good weather, observations were
taken and relayed to McMurdo every 3 hours, every hour in
inclement weather. The aerographer's mate also assisted in all
resupply and fueling operations at Marble Point.

Weather observers were also posted at Beardmore South
Camp and CASERTZ, each with duties similar to those person-
nel assigned in other outlying stations. This season marked the
first in which climatological data was collected in the CASERTZ
area.

Civilian science personnel were trained in certain weather
observations and the use of weather equipment. Their input

augmented that of several automated weather stations in the
area.

Two ice observers from the Naval Polar Oceanography Center
in Suitland, Maryland, were assigned to the McMurdo weather
office in December to provide ice reconnaissance support for
all vessels enroute to McMurdo. A refueling mission at the
Italian station Terra Nova Bay required a more thorough sea-
ice evaluation.

There was little need for international weather cooperation
this season. The Italian Antarctic Program, operating out of
Terra Nova Bay, was the only foreign program that communi-
cated with McMurdo's weather office on a regular basis, with
daily weather reports. Occasional reports for other interna-
tional stations were transmitted to Britain's Rothera and Halley
Stations and Germany's Filchner Station. There were periodic
reports transmitted to the Soviet station at Molodezhnaya and
the German station at Cape Williams. Forecasts also were pro-
vided to foreign aircraft, working with or for the U.S. Antarctic
Program.

The Christchurch weather office provided weather informa-
tion for all air and surface operations north of 60°S. Briefings
were given to VXE-6, components of the U.S. Air Force and
New York Air National Guard, Royal New Zealand Air Force,
and Italian Air Force. Both Military Sealift Command vessels
were also briefed.

Ship operations. Ship operations were vital for the support of
the McMurdo Station community during the 1990-1991 austral
summer season, with eight vessels visiting the McMurdo
Sound area. The U.S. Coast Guard icebreaker Polar Sea cut a
channel in McMurdo Sound so that the two supply ships, Gus
W. Darnell and Greenwave, could deliver fuel and cargo to the
station and remove wastes and other materials. The Italica, a
vessel from the Italian Antarctic Program, visited McMurdo
twice during the season. The Soviet Antarctic Program vessel,
Professor Viese, brought to McMurdo Soviet scientists who were
enroute to Vostok Station. The Polar Queen, supporting the Ger-
man Antarctic Program, visited McMurdo to offload passengers
and cargo. Two U.S. civilian cruise ships, the World Discoverer
and Frontier Spirit, made visits to McMurdo in late January and
February.

Departing Seattle 14 November, the Polar Sea made a port call
in Hobart, Tasmania, and embarked scientists from several
projects, as well as Bernhard Lettau, manager for ocean and
climate systems program of the National Science Foundation's
Division of Polar Programs.

Polar Sea reached the fast-ice edge 3 January, finding it 29
miles north of McMurdo. The ship moored at the McMurdo ice
pier 2 days later. At McMurdo, Polar Sea took on 49,886 gallons
of JP-5 for Marble Point Air Facility. Refueling and retrograde
operations at Marble Point began on 15 January and were com-
pleted when the ship returned to McMurdo on 17 January.

After receiving nearly 400,000 gallons of fuel from Gus W
Darnell, Polar Sea departed McMurdo on 8 February for the Ross
Sea to support two science projects. Returning 9 days later, the
ship headed for Scott Island to install and recover automatic
weather stations for two science projects in the western
Amundsen Sea. Departing McMurdo Station for Seattle, Polar
Sea embarked 14 Naval Support Force, Antarctica and Antarctic
Support Associates personnel for redeployment to the United
States.

On 19 December, the tanker Gus W. Darnell departed Theo-
dore, Greece, stopping over in Fremantle, Australia, on 7 Jan-
uary. Upon arrival in McMurdo on 19 January, the ship off-
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loaded 5,161,708 gallons of JP-8 and 96,967 gallons of JP-5. A
total of 396,858 gallons of DFM was transferred to the Polar Sea.
The supply ship Greenwave departed Port Hueneme, California,
for McMurdo Station, Antarctica, on 2 January. The ship deliv-
ered over 5,000 long tons of cargo and picked up over 2,200
long tons for return to the United States before departing
McMurdo with eight passengers.

The Italian ship Italica arrived in McMurdo from Terra Nova
Bay for two same-day visits on 15 and 29 January. Twenty pas-
sengers were transferred ashore for air transport to New Zea-
land. italica onloaded 24,565 gallons of JP-8 for transport to the
Italian station at Terra Nova Bay.

A Soviet science team arrived in McMurdo via the Professor
Viese 29 January to transfer cargo and passengers to the Soviet

station at Vostok. Professor Viese embarked 22 U.S. civilian and
military personnel for an historic trip to Lyttleton, New Zea-
land.

The German research vessel Polar Queen transferred three
passengers ashore at McMurdo 10 February for air transport to
New Zealand.

Two commercial cruise ships brought tourists to McMurdo
toward the end of the austral summer season. The first ship,
World Discoverer, arrived in McMurdo on 20 January and the
second ship, Frontier Spirit, on 15 February. Each ship made two
separate visits to the station. World Discoverer visited the station
again on 17 February and Frontier Spirit 20 days later. Tours of
the station for passengers from both cruise ships were given
by Navy and civilian station personnel.

Antarctic support operations,
1990-1991

Antarctic Support Associates
Englewood, Colorado 07652

On 1 April 1990 Antarctic Support Associates (ASA) officially
assumed responsibility for contractor support services to the
National Science Foundation's U.S. Antarctic Program (USAP).
During 1990-1991, more 730 contractor employees provided
support to USAP at the three U.S. stations and several remote
camps in continental Antarctica and the Antarctic Peninsula.
Project management, with headquarters in Englewood, Colo-
rado, oversees the provision of personnel, materials, and spe-
cialized logistics. Offices in Port Hueneme, California, and
Christchurch, New Zealand, support continental antarctic ac-
tivities, while support of Antarctic Peninsula and ship opera-
tions are provided through maritime agents in South America.

ASA's principal tasks include:
• support of USAP-sponsored scientific research projects and

visitor events;
• the operation and maintenance of facilities at McMurdo Sta-

tion, Williams Field, Amundsen-Scott South Pole Station,
Palmer Station, and field camps;

• engineering and construction of new facilities and the reno-
vation of existing infrastructure systems throughout the Ant-
arctic;

• operation of the research vessel R'V Polar Duke and other ice-
strengthened ships that are subcontracted by ASA for the
National Science Foundation.
Port Hueneme, California, and Christchurch, New Zealand,

branches. The Port Hueneme branch of ASA processed and
shipped more than 9 million pounds of supplies and cargo to
continental and Peninsula sites. Between August 1990 and Feb-
ruary 1991, more than 8 million pounds materials were sent via
air or ship transport to McMurdo Station for use there or for
use at outlying sites; an additional 266,000 pounds of materials
were shipped from Port Hueneme to South America for use at
sites, including Palmer Station, in the Antarctic Peninsula re-
gion.

In Christchurch, New Zealand, ASA personnel assisted more
than 1,000 civilian USAP participants. ASA arranged accom-

modations in New Zealand while participants waited to depart
for McMurdo Station, issued cold weather clothing, manifested
them to Antarctica, and arranged for their return to the United
States. In September 1990, the ASA Christchurch office, along
with the NSF Representative for New Zealand and the Naval
Antarctic Support Unit of Naval Support Force Antarctica,
moved from its old facility to the new International Antarctic
Center near the Christchurch International Airport.

McMurdo Station. At McMurdo Station, ASA personnel sup-
ported science projects, managed the Eklund Biological Center,
the Thiel Earth Science Laboratory and the Berg Field Center,
and provided construction and maintenance support at Mc-
Murdo Station and Williams Field.

At two large field camps, ASA personnel provided special
support, including constructing the camp. One camp on the
Siple Coast supported 16 researchers conducting 6 projects as
part of the corridor aerogeophysics of the southeastern Ross
transect zone (CASERTZ) project. Support at the CASERTZ
camp included air support by a Twin Otter airplane through
ASA's subcontract with Kenn Borek Air, Ltd. The other major
field camp was near the Beardmore Glacier. At this site, ASA
supported 31 researchers conducting 9 projects. Smaller camps
were also supported at Cape Crozier, New Harbor, Lake
Fryxell, Lake Bonney, and Lake Vida.

Besides supporting 61 science projects, Berg Field Center
personnel worked to change the old "Survival School" training
program and develop a new "Field Safety Training Program"
to meet the individual needs of each group of participants.
Field safety training instructions at the Berg Field Center taught
all sea-ice courses and outdoor safety orientation lectures and
designed eight special training courses that included special
training for work in the dry valleys and on sea ice, two courses
to prepare personnel for wintering at McMurdo and South Pole
stations, and an advanced snowcraft survival course. During
the austral summer season, instructors trained 582 science
team members, ASA employees and U.S. Navy personnel, 153
New Zealand Antarctic Research Program personnel, and 43
other special participants, including U.S. Coast Guard person-
nel.

ASA personnel working at the Eklund Biological Center con-
tinued and refined the laboratory waste management plan that
includes segregating and collecting solid and hazardous waste.
These refinements, along with new enforcement policies, re-
sulted in increased compliance by ASA staff and science per-
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sonnel. At the end of the season 82 barrels of hazardous labo-
ratory and photographic chemical wastes and 36 barrels of
radioactive waste were turned over to waste management per-
sonnel for proper disposal.

In addition to regular construction and support for 55 science
teams, construction and maintenance efforts by ASA's engi-
neering division emphasized projects that were part of NSF's
safety, environment, and health initiative during the 1990-1991
austral summer. Forty-four major construction and mainte-
nance projects were accomplished at McMurdo Station and Wil-
liams Field. These included:
• continued construction of the new science, engineering, and

technology center, with emphasis on Phase I;
• completion of dormitory 209;
• removal from Winter Quarters' Bay of D-8 Caterpillar tractor

that fallen through the sea ice early in the austral summer;
• installation of four pre-fabricated modules at Williams Field

for use by researchers participating in the long-duration bal-
loon launches;

• construction and maintenance of a 50-acre balloon launch
pad at Williams Field for the long-duration balloon launches;

• construction and installation of a science and living module
for use U.S. investigators working the Russian station Vostok
in central East Antarctica.
In February 1991 National Science Foundation representa-

tives decided to end burning of waste materials at the Fortress
Rocks landfill. To meet the station's needs for disposing of
burnable wastes, ASA personnel designed and procured ma-
terials to build a temporary incinerator. The incinerator was
built and tested during the 1991 austral winter.

As part of the increased effort to improve environmental
practices at U.S. stations, 470,402 pounds of non-hazardous
and 138,074 pounds of hazardous waste were processed at
McMurdo Station and loaded on to the supply ship Green Wave
for return to the United States. Among these waste materials
were 32,215 pounds of cardboard, paper, plastics, aluminum
cans, metal scraps, and hazardous waste, which were shipped
to McMurdo Station from the South Pole for processing and
shipment back to the United States for disposal.

McMurdo Station commenced winter operations on 28 Feb-
ruary 1991. During the 1991 winter, the station was staffed by
183 ASA employees and 5 NSF researchers, in addition to Navy
personnel from Naval Support Force Antarctica.

Amundsen-Scott South Pole Station. Austral summer activities
at South Pole Station, which began with the opening flight to
the site in late October 1990, focused on support to 39 science
and technical teams, as well as on the continuation of work
required to maintain, upgrade, and extend the useful life of the
station facilities. Science support projects included successfully
fielding the cosmic microwave background radiation project
and constructing the foundations for a new microwave tele-
scope to be installed during the 1991-1992 austral summer.

Seasonal operations and maintenance projects at South Pole
Station included:
• installing the second of three new engine-generator sets in

the station's main power plant;
• completing repairs to the foundation of the geodesic dome to

restore its structural integrity;
• replacing five of the station's nine fuel bladders to prevent

potential failure;
• repairing the station water system when leaks developed in

the main snow melter and a water-holding tank near the
power plant;

• improving sanitary conditions at the summer/emergency
camp and replacing the fire-damaged emergency galley;

• removing snow drifts around the cargo year and berms, the
geodesic dome, summer camp structures, and station arch-
ways.
Amundsen-Scott South Pole Station began winter operations

on 16 February 1991 with a complement of 16 ASA and five
science personnel wintering at the site.

Palmer Station. Situated near the tip of the Antarctic Penin-
sula, Palmer Station is supported by ice-strengthened vessels
bringing personnel and supplies to the site via ASA's husband-
ing agents in South America. During the austral summer re-
search season, which began in mid-September, the station sup-
ported 16 research projects. The research and support
population peaked in December 1990 with 46 personnel at the
station.

In addition to the routine facilities maintenance tasks, ASA's
operations and maintenance personnel were involved in a num-
ber of critical upgrade and rehabilitation projects including
installing fire-suppression systems in the power plant, emer-
gency generator room and the hazardous waste storage build-
ing and replacing bolts and gaskets in the fuel line to prevent
leaks.

During the 1990-1991 austral summer, Palmer Station expe-
rienced an increase in the number of visits by tour ships that
brought over 1,400 tourists to the station. Besides these orga-
nized visits, research ships from Chile, Argentina, Great Brit-
ain, and Brazil anchored in Arthur Harbor and visited the sta-
tion. ASA personnel also assisted NSF personnel with a special
visit to the station by representatives from 15 of the Antarctic
Treaty Consultative Party (ATCP) nations.

Various safety, environment, and health projects were also
accomplished. In February 1991, a joint fuel-spill exercise with
Argentina was held to prepare personnel in the event of a major
spill from the submerged Bahia Paraiso. Five new or refurbished
safety programs were established. These included a glacier
search-and-rescue team, a Zodiac search-and-rescue team, a
medical trauma team, an oil-spill response team, and a fire
response team. Work also continued to complete the clean-up
of Old Palmer Station.

Science teams were supported at Palmer Station until mid-
June 1991 when winter operations began.

Ship Operations. The research ship Polar Duke spent 249 days
at sea during 1990-1991, covering more than 31,000 nautical
miles. The ice-strengthened ship support 18 science projects in
marine biology, physical oceanography, and marine geology
and geophysics, along with a number of small field camps.
Helicopters were used from the Polar Duke for the first time,
supporting a geology project in the Tres Montes and Peninsula
Taitao areas of the Chilean Canals.

A chartered ship, the M/V Erebus, was used during 1990-
1991 to accomplish various tasks, including removing debris
from Old Palmer Station and transporting National Park Service
personnel to Stonington Island for an archeological survey of
the old U.S. station East Base. The Erebus also transported
personnel and cargo to and from the Antarctic Peninsula and
brought the ATCP visitors and other personnel to and from
King George Island to Palmer Station.

ASA support services were provided under National Science
Foundation, contract number DPP 89-22832.
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Back cover. Circular Thalassiosira spp. and elongate Core-
thron spp. with spines attached were collected from the near-
surface waters of Andvord Bay during Polar Duke cruise
90-7 The diatoms were separated on a 0.4 micrometer Nuleo-
pore filter, carbon coated, and photographed at 174 times on
Polarpan type 52 medium contrast 3-inch-by-5-inch film on

the geology department's Cambridge Stereoscan 5200 scan-
ning electron microscope at Colgate University. The photo-
graph was taken by undergraduate Sarah F. May as part of
NSF-RU! grant DPP 89-15977 to Eugene W. Domack and
Charles E. McClennen. (See article on page 112.)
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