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Cover. Bottom trawling for fish near Low Island (6309'S
5808'W) in the South Shetland Islands (62 0S 580), a group
of more than 20 islands and islets lying northward of the
Antarctic Peninsula. From the deck of the ice-strength-
ened research ship Polar Duke, Mark Eichenberger, an
employee of the National Science Foundation's support
contractor ITT/Antarctic Services, Inc., and a Polar Duke
crew member prepare to recover an 18-foot otter trawl. To

deploy the trawl from the fantail of the NSF-leased re-
search ship, the crew members used a deep-sea trawl
winch and stern A-frame. Fish caught in the trawl were
used by Dr. William Detrich, Ill, to study the assembly and
structure of cold-stable microtubule proteins; Dr. Detrich
presents some of his findings from these investigations
in a paper that begins on page 219 of this issue of the
Antarctic Journal of the United States.
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U.S. antarctic activities, 1986-1987

For more than three decades, U.S. scientists have identified,
classified, and studied marine and terrestrial life, oceanic pro-
cesses, geologic and glacial characteristics, and upper at-
mosphere phenomena in Antarctica. Today they are applying
their knowledge of this unique polar environment to scientific
problems related to global processes and history. While pursu-
ing these investigations, U.S. scientists, along with scientists
from other Treaty nations, have helped promote the goals of the
Antarctic Treaty—continued peace in the region, cooperation,
and protection of the antarctic environment.

Research projects, which are part of the U.S. Antarctic Pro-
gram, are conducted by scientists from universities and col-
leges, private organizations, and Federal agencies. To support
these researchers, the United States employs ships, aircraft,
and military and civilian personnel. The National Science Foun -
dation (NSF) plans, funds, and manages both research projects
and support operations, while the U.S. Navy, the Coast Guard,
and a civilian contractor (ITT/Antarctic Services Inc.) provide
logistic support in Antarctica.

The 162 papers in this issue of the Antarctic Journal of f/ic United
States reflect the scope of this program, as well as the changes
and advances in the U.S. program. The papers, prepared by
program participants, describe field work during 1986-1987,
preliminary analyses of data, studies of data gained earlier, and
the activities of support organizations in the field and the Unit-
ed States. The assistance of the principal investigators and pro-
ject directors is gratefully acknowledged.

Science highlights

National Ozone Expedition I (NOZE 1). In 1985 British re-
searchers reported that a remarkable change was occurring in
the ozone layer above Antarctica. Observations made near Hal-
ley Bay in East Antarctica indicated that over the last decade
total ozone above the continent had decreased as much as 50
percent during each austral spring. Supporting these observa-
tions were Nimbus 7 satellite data reported by scientists from
the National Aeronautics and Space Administration (NASA).
Their daily ozone maps compiled from data collected between
1979 and 1985 showed that the spring ozone depletion extended
over much of Antarctica, creating a "hole" in the ozone layer
about the size of the United States.

These data showed that seasonal fluctuations in ozone were
greater than natural variations observed in other parts of the
world—an observation that prompted concern for the cause of
and the potential effects of such an extreme environmental
perturbation. Scientists advanced differing theories (including
those related to antarctic climate dynamics and atmospheric
chemistry) to explain the phenomenon. However, all agreed
that the ozone depletion was related to unique properties of the
antarctic environment—particularly the extreme cold during
winter and spring and possibly processes involving polar strat-
ospheric clouds.

Responding to these concerns, NSF, NASA, and the National
Oceanic and Atmospheric Administration (NOAA) organized
the first National Ozone Expedition (NOZE I) to McMurdo

Station in 1986 to study the phenomenon. From August to
November 1986, 18 scientists from NOAA's Aeronomy Labora-
tory, the University of Wyoming, the State University of New
York at Stony Brook (SUNY-Buffalo), and NASA's Jet Propul-
sion Laboratory (JPL) measured and studied the antarctic strat-
osphere and ozone "hole," gaining new data that described the
depletion as it occurred.

Observations and measurements made during NOZE I
strongly suggested that atmospheric chemistry, particularly the
chemistry of manmade halocarbons, apparently contribute sig-
nificantly to the ozone depletion. University of Wyoming inves-
tigators, using balloon-borne instruments, established that the
depletion is limited vertically to an area between 10 and 22
kilometers (6 to 14 miles). The NOAA team, combining their
data with the University of Wyoming data, showed that the
ozone hole developed rapidly during early September. Obser-
vations by University of Wyoming and SUNY-Buffalo re-
searchers supported the theory that dynamical processes were
unlikely to directly cause the depletion.

According to data obtained by SUNY researchers, about
50-100 times more chlorine monoxide (which is central to all
proposed halocarbon theories) than theoretical models pre-
dicted was present at the 20-kilometer altitude. Additionally,
measurements by NOAA observers showed that a closely re-
lated compound, chlorine dioxide, also was present in abun-
dances 50 times greater than predicted levels. Overall, NOZE I
observations strongly supported the theory that the highly dis-
turbed chlorine chemistry of the antarctic lower stratosphere
has a significant role in the development of the ozone "hole".

Many questions remained unanswered, and work continued
during the austral 1987 spring. The NOZE II team studied the
role and chemistry of polar stratospheric clouds, as well as
made additional measurements during the late austral winter
and early spring to establish the temporal development of the
hole. If the chlorofluorocarbons are depleting the ozone above
Antarctica, then this is the first evidence that the global environ-
ment-is sensitive to man's activities.

(Reports on this research appear on pages 242-248 of this
issue of the Antarctic Journal of the United States.)

Ocean sciences. Although marine scientists have surveyed the
oceans surrounding Antarctica and studied the physical charac-
teristics of these waters, they most often work during the austral
summer. Much is still unknown about processes and phe-
nomenon occurring during the winter. Between June and De-
cember 1986, U.S. and West German scientists, along with
scientists from other countries, studied winter processes in the
Weddell Sea during 6 months that encompassed sea-ice growth
and retreat. The results of this multidisciplinary project, the
Winter Weddell Sea Project, are helping to expand scientific
understanding of this region, one of the major sources of true
bottom water in the world ocean.

Two 80-day cruises were made by the West Germany research
ship Polarstcrn—ANT V/2 from 27 June to 17 September 1986 and
ANT V/3 from 28 September to 14 December. During Leg V12
scientists from Lamont-Doherty Geological Observatory of Co-
lumbia University, Alfred Wegener Institute for Polar and Ma-
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rifle Research, and the Servicio Hidrografia Naval of Argentina
studied the physical and chemical characteristics of the sea and
measured interactions among atmosphere, sea ice, and ocean.
They collected data on meteorology and sea ice from the ice
margin to the antarctic continent near the prime meridian and
over Maud Rise. During Leg V13, scientists worked along the
coastal zone extending from Atka Bay at about 71°S to the
eastern Filchner depression at about 77S. Their research
focused on biology but also included investigations of physical
and chemical marine properties, climate dynamics, and sea ice.

During Leg V/2, participants targeted the ice-edge zone, the
interior pack ice northeast of Maud Rise, Maud Rise and
vicinity, and the continental margin for study. An icebreaker,
Polarstern could navigate most ice conditions encountered and
enabled science teams to survey closely the first three areas.
Heavy ice and high wind prevented them from making similar
surveys along continental margin.

Lamont-Doherty Geological Observatory researchers ob-
tained 155 profiles with a conductivity-temperature-depth
(CTD) profiler and collected 10-liter water samples. Personnel
from Oregon State University routinely analyzed these water
samples for salinity, dissolved oxygen, and nutrients. Profiles
also were take with helicopter-borne, portable CTD monitors.
Before, during, and after work in the pack-ice, investigators
supplemented temperature data from CTD surveys with ex-
pendable bathythermographs, which were deployed along
lines from Bahia Blanca, Argentina, to the ice edge and from the
ice edge to Capetown, South Africa. Over 200 probes were used
during the cruise.

From these surveys and other measurements, they gained
new information about oceanic conditions in and near the Wed-
dell Sea ice edge. At 6°E and approximately 55°50'S, the ice edge
roughly coincided with the point where water from the interior
of the Weddell Sea mixed with warmer circumpolar water. Be-
low the sea ice, water showed significant mixing with Weddell
deep water. Within this layer, the water was low in oxygen, high
in silicates, but relatively warm and salty—characteristics con-
sistent with the mixing of significant amounts of deep water
with water from upper oceanic layers. Overall, deep-water en-
trainment increased with latitude. Southward the mixed layer
consisted of as much as 50 percent deep water, introduced
during the late autumn when ice covers the region. This mixing
brings heat and salt into the upper layers of the ocean.

They found that Maud Rise distinctly affects oceanic condi-
tions. Within a 200-400-meter interval, called the "Maud Halo,"
relatively warm deep water surrounds the rise. This water,
drawn from the east, may shed eddies to the west of Maud Rise.
The density of the mixed layer directly over Maud Rise is almost
the same as the warm deep water that flanks it. Some inves-
tigators suggest that the warm deep water converges on Maud
Rise, feeds upwelling over the Rise crest, and diverges at the sea
surface and that this coupling may significantly affect the heat/
salinity balance of the surface water in the Weddell Gyre.

Scientists from Scripps Institution of Oceanography, who
participated in both 80-day cruises, measured dissolved at-
mospheric chlorofluorocarbons (freons) and levels of at-
mospheric carbon-dioxide and nitrous-oxide at the sea surface
and in the atmosphere. These measurements provided data for
their investigation of ventilation, mixing and transport in sub-
surface waters, of deep-water entrainment, and of air-sea ex-
change processes in ice-covered surface waters.

Their findings agreed with data obtained by other inves-
tigators. In the cold, deep waters of the eastern limb of the
Weddell Gyre, north of Maud Rise (at about 65°S), water below

about 2 kilometers (1.25 miles) had high freon concentrations—
reflecting the recent addition of Weddell Sea bottom water.
South of Maud Rise, in warmer, more saline deep waters, most
of the water below 2 kilometer had half as much freon—reflect-
ing the presence of less-ventilated, warm deep-water of circum-
polar origin. Close to the continental slope, freon con-
centrations rose again. Measurements of carbon dioxide and
nitrous oxide indicated that during the summer surface waters
in this region are undersaturated in carbon dioxide (principally
because of photosynthetic removal) and near saturation in nitro-
us oxide (because of air-sea exchange). In the winter, deep-
water entrainment, low photosynthetic activity, and the imped-
ance of air-sea exchange by ice cover cause these water to be
supersaturated in both gases.

(Reports on this research appear on pages 88-89 and 97-103
of this issue of the Antarctic Journal of the United States.)

Earth sciences. Near the tip of the Antarctic Peninsula between
the Weddell and Scotia Seas lies Seymour Island. This rugged,
barren island, one of several islands in the James Ross basin, has
extensive sedimentary deposits that are providing geologists,
paleontologists, and other earth scientists with an important
record of Antarctica's geologic history during the last 100 mil-
lion years. Discoveries made since 1982 in the James Ross basin
have lead scientists to reconsider various theories. These theo-
ries include whether a land bridge existed between Antarctica
and South America and whether modern marine organisms
originated in southern hemisphere waters and moved north to
temperate regions as southern waters cooled. One of the impor-
tant fossils found in this area was the first fossil of a land
mammal ever found in Antarctica.

During the 1986-1987 austral summer, 12 scientists from Pur-
due University, Kent State University, Ohio State University,
and the University of California at Riverside went to Seymour
Island. The group, supported by the Coast Guard ice-strength-
ened ship Glacier, maintained two camps—managed by ITT!
Antarctic Services Inc—a primary camp at the south end of the
island and smaller camp on the island's northern end.

Among their discoveries were the remains of a 1.8-meter tall,
flightless bird, the jaw of a large crocodile, fossil lobsters, and a
nearly complete fossil whale skeleton. These finds, along with
earlier discoveries and geologic data, provide new data on not
only regional history but also the climatic and biogeographic
history of the Southern Hemisphere. The existence of the fossil
flightless bird and fossil remains of the crocodile (believed to be
a terrestrial animal) on Seymour Island supports the theory that
Antarctica and South America were connected between 40 and
100 million years ago. The discoveries also suggest that an
ecologically diverse population of land-dwelling animals and
plants inhabited the Peninsula region during this time.

The 50 fossil lobsters, ranging in age from 55 to 70 million
years old, appear to corroborate the theory that modern marine
organisms that now inhabit continental shelves and slopes in
temperate areas originally may have come from southern wa-
ters. Preliminary analysis of these and other macrofossils also
indicate that marine benthic population of this region did not
change abruptly in response to the proposed extinction event at
the Cretaceous-Tertiary boundary (65 million years ago).

(Reports on this research appear on pages 3-15 of this issue of
the Antarctic Journal of the United States.)

Marine biology. Since the beginning of the twentieth century,
biologists have identified and characterized the organisms that
inhabit the southern oceans. With much of this work com-
pleted, they now are able to focus on the behavior, evolution,
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and adaptations of organisms and on the structure and function
of marine ecosystems.

One such project is a multi-disciplinary investigation of pel-
agic ecosystem structure and processes that result from the
presence and dynamics of the marginal ice zone. Known as
Antarctic Marine Ecosystem Research at the Ice-edge Zone
(AMERIEZ), the project involves four cruises, the first of which
occurred in 1983, into the pack ice of the Weddell Sea.

The second cruise, which included 46 scientists, began in late
February 1986 and concluded at the beginning of April. Glacier
and the research ship Melville, which is operated by Scripps
Institution of Oceanography as a part of the University-Na-
tional Oceanographic Laboratory System (UNOLS), supported
the researchers. During the 25-day cruise in the Weddell Sea
pack ice, the researchers occupied 104 stations. Melville stations
extended 200 kilometers away from the ice edge while Glacier
stations extended 80-100 kilometers into the pack. After travel -
ing the maximum distance possible into the pack, helicopters
from Glacier carried investigators to points 50 kilometers farther
south into the heavy pack for sea-ice sampling and video recon-
naissance, seal and bird surveys, and on one occasion scuba
diving operations adjacent to an iceberg.

This cruise provided new information on the seasonal vari -
ability and dynamics of the ice-edge ecosystem. The re-
searchers found that the marginal ice zone was exceedingly
narrow with the transition from open water to consolidated
pack ice only about 1-5 kilometers. The pack ice contained
considerable amounts of multiyear ice; air temperatures were
below freezing for all but 4 days. Winds out of the west spread
the pack ice 5-25 kilometers toward the east, opening semi-
protected leads and small polynyas where new ice formed
rapidly.

The hydrographic regime near the ice was well defined. Sur-
face temperatures were at freezing in the pack ice and increased
to - 0.5°C 150-250 kilometers seaward of the edge. The density
structure, determined by conductivity-temperature-depth pro-
files, showed a relatively fresh upper mixed layer with a strong
pycnocline at a depth of 20 to 30 meters. This phenomenon
decreased in depth with distance from the ice edge—both sea-
ward and iceward. The physical regime indicated that the ice
pack had not yet begun a major expansion through freezing.

Although general productivity in the lower trophic levels
appeared to be well below the level observed during the spring
1983 AMERIEZ cruise, this was not true for the highest trophic
levels. If a major ice-edge bloom, similar to previously observed
spring blooms, had occurred, indicators of phytoplankton
standing crops, such as chlorophyll a, suggested that its effects
had abated earlier. Inorganic nutrients such as nitrate, silicic
acid, and phosphate were high throughout the study area, and
substantial concentrations of ammonium ion were present in
the surface layer, especially near the ice edge and just under the
outer pack ice. The researchers believe that low surface irra-
diance and grazing by zooplankton probably limited primary
productivity.

They also found that most biological activity in the water
column was confined to the upper 40 meters, as compared to
spring when it extended to 150 meters. However, within the ice
pack itself, their data show that, like spring, ice floes had the
highest concentrations of biomass and biological activity. Un-
like the water column, both autotrophic and heterotrophic pro-
duction in ice floes was substantial. This production included
microbes such as bacteria; ice algae, heterotrophic protists, and
zooplankton such as larval/juvenile krill; and amphipods that
were feeding within a variety of sea-ice microhabitats. Birds and

mammals were present in densities similar to those found in the
spring.

(Reports on this research appear on pages 167-191 of this
issue of the Antarctic Journal of the United States.)

Support highlights

1986-1987 austral suniner activities. Eight round-trip flights to
McMurdo Station from Christchurch, New Zealand, began the
1986-1987 austral summer. These flights between 20 and 28
August 1986 brought 145,000 pounds of cargo and mail to
winterers on Ross Island and 195 passengers, including the
NOZE I field team.

Between August 1986 and April 1987, approximately 350
NSF-supported researchers conducted 81 projects on the con-
tinent and in surrounding waters. They worked at four U.S.
stations (McMurdo, Amundsen-Scott South Pole, Siple, and
Palmer), at remote field camps, aboard two U.S. Coast Guard
ships and two research ships, and with antarctic programs of
other countries. Supporting these investigators were more than
500 employees of a civilian contractor (ITT/Antarctic Services,
Inc., ITT/ANS), 747 members of the Naval Support Force Ant-
arctica (NSFA), the Antarctic Development Squadron Six
(VXE-6), and other military units, 372 crew members aboard the
Coast Guard icebreakers, and 45 civilian crew members aboard
the supply ship and tanker.

Military personnel, under the command of the Commander,
Naval Support Force Antarctic (CNSFA), flew airplanes and
helicopters, managed the operation of the supply ships,
provided health care and weather forecasting services, operated
the long-range communications system at McMurdo Station,
and performed some maintenance work at McMurdo Station.
ITT/ANS employees provided support at McMurdo Station and
operated Williams Field (McMurdo Station's skiway on the Ross
Ice Shelf), Amundsen-Scott South Pole, Siple, and Palmer sta-
tions, the ice-strengthened research vessel Polar Duke, and re-
mote field camps. Also ITT/ANS employees completed the out-
side structure of two new three-story dormitories and a heavy
vehicle maintenance shop. This work enabled 1987 winterers to
work on the interiors of these buildings and prepare them for
use during the 1987-1988 austral summer. Additionally, they
completed a new water distillation plant, capable of distilling
from sea water 80,000 gallons (approximately 320,000 liters) of
fresh water per day. The plant uses waste heat from McMurdo's
power plant.

During the 1986-1987 season, VXE-6, the Navy air squadron
that supports the U.S. Antarctic Program, flew the program's
ski-equipped Hercules airplanes (LC-130) and Navy UH-IN
helicopters 4,654.4 hours to transport 8.2 million pounds (3.8
million kilograms) of mail, cargo, fuel, and 7,346 passengers.
Squadron personnel also participated in a search-and-rescue
operation near McMurdo Station when, while hiking, two civil-
ian contractor employees fell into a crevasse. Despite an 18-hour
effort, the search-and-rescue team was not able to save the two
men.

In February 1987, the U.S. Coast Guard icebreaker Glacier
completed its last year of support to the U.S. Antarctic Program
after more than 30 years of service. Glacier, built by the Navy in
1954 and commissioned in 1955, was designed to support ant-
arctic research. Its first cruise to Antarctica was in 1955, when it
arrived at Ross Island to support U.S. scientists during the
International Geophysical Year. In 1986 an inspection revealed
that the ship's hull had deteriorated to a point that made it
impossible for Glacier to continue to perform icebreaking duties,
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and Glacier was reclassified as an ice-strengthened ship. "Big
Red," as the icebreaker was nicknamed, was decommissioned
in June 1987 at its home port Portland, Oregon.

LC-130 recovery operation. One of the 1986-1987 austral sum-
mer's most significant support projects was the effort by civilian
and Navy personnel to recover a downed LC-130 airplane from
East Antarctica. The airplane, which crashed in East Antarctica
on 4 December 1971, had been buried in more than 30 feet of
snow for 15 years.

In November 1986 six ITTIANS employees, assisted by mem-
bers of the French antarctic program, made a 135-mile traverse
from the coast to the crash site. When they arrived at the site,
only the top 3 feet of the airplane's vertical stabilizer was visible.
After working 10 to 12 hours each day, 7 days a week, for a
month, the men were able to tow the disabled airplane from the
33-foot excavation pit and park it on the surface by Christmas
Day 1986. Once on the surface, they were able to examine the
airplane. They found that the dry, cold antarctic environment
had preserved it perfectly.

By early January 1987, an inspection team had determined
that the airplane could be repaired. A VXE-6 maintenance team
removed four damaged engines and three propellers and re-
turned them to McMurdo Station for shipment to the Naval
Aviation Depot (NAD) in Cherry Point, North Carolina, where
they were repaired. When the camp closed on 21 January 1987,
all equipment and supplies were consolidated and inventoried
so these would be ready for use in November 1987 when final
repair work will be completed.

(Reports on the activities highlighted above, as well as reports
by other organizations that support the U.S. Antarctic Program
in the United States and Antarctica, begin on page 292 of this
issue of the Antarctic Journal of the United States.)

Science policy

Because polar research has become more prominent and
NSF's responsibilities to the polar research community have
increased, the chairman of the National Science Board (NSB)
established a special committee in June 1986. He directed the
group to review NSF's role in polar research and make recom-
mendations to the Board by June 1987. The committee, chaired
by Rita Colwell of the University Maryland, included five NSB
members—Perry L. Adkisson (Texas A&M University), Warren
J. Baker (California Polytechnic State University), Craig C. Black
(Los Angeles County Museum of Natural History), and K. June
Lindstedt-Siva (Atlantic Richfield Company).

During eight meetings between August 1986 and February
1987, more than 45 experts, representing fields of polar research
and organizations concerned with polar science and engineer-
ing, provided the group with information on research, interna-
tional activities and policy, support operations, and environ-
mental, industrial, and legal concerns. The 15 recommenda-
tions, resulting from the study, will guide the Board as it
develops programs in polar research. By improving support to

polar research, NSF will enhance the contributions of polar
research to national objectives and scientific understanding.
This initiative also contributes to NSF'S assigned mission to
maintain U.S. strength in scientific research and improve sci-
ence, mathematics, engineering education by foster oppor-
tunities that produce need scientific and engineering expertise.

Although the group considered arcti.c and antarctic research
and policy, several recommendations focus on the U.S. ant-
arctic program. These are:

• The U.S. program should acquire a research ship with ice-
breaking capability to work in Antarctica.

• Health, safety, and environmental protection practices, es-
pecially for the U.S. Antarctic Program, should be studied
and upgraded where necessary.

• The U.S. Navy's VXE-6 Squadron should remain an integral
part of the U.S. Antarctic Program; however, NSF manage-
ment should review support provided by the Naval Support
Force Antarctica and transfer to a civilian contractor those
duties that they might do more cost effectively (as suggested
by the U.S. Navy).

• Through the Antarctic Treaty system, the United States
should make stronger recommendations concerning tour-
ism. NSF should lead this internal effort. In the United
States, national legislation should be sought to ensure that
tourists are properly insured or indemnified before visiting
Antarctica. NSF should seek assistance from nongovernmen-
tal groups to develop guidelines for tourism in the polar
regions, specifically in Antarctica.
The Director of the National Science Foundation will submit

the agency's implementation plan to The National Science
Board in March 1988. The Board will review the plan and decide
how NSF should proceed. Copies of the Committee's final re-
port, The Role of the National Science Foundation in Polar Regions: A
report to the National Science Board, are available through the Polar
Coordination and Information Section, Division of Polar
Programs.

Budget

Fiscal 1987 support of the U.S. Antarctic Program, provided
through the National Science Foundation, totalled $117,000,000
in the following categories:

• total amount awarded to institutions for scientific projects in
atmospheric sciences, biological sciences, earth sciences,
glaciology, oceanography, and information and advisory
services $12,500,000 and direct support (costs normally in-
cluded in a grant for work at institution but provided in
Antarctica from program resources) $15,600,000. This com-
prises $28,100,000 in total science support.

• construction and procurement $29,200,000

• logistics and support $59,700,000.
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Terrestrial geology and geophysics

Geologic studies of the Black Coast,
Antarctic Peninsula

P.D. ROWLEY

U.S. Geological Survey
Denver, Colorado 80225

B.C. STOREY

British Antarctic Survey
Cambridge CB3 OET, England

A. B. FORD

U.S. Geological Survey
Menlo Park, California 94025

H.E. WEVER

British Antarctic Survey
Cambridge CB3 QET, England

In 1986-1987, a joint British Antarctic Survey (BA5)/U.S. Geo-
logical Survey (usGs) field party (Storey led and Rowley, Ford,
and Wever participated) mapped the geology of 12,000 square
kilometers of the previously unvisited central Black Coast, east-
ern Palmer Land (figure). Earlier mapping by BAS to the north
and by USGS to the south (British Antarctic Survey 1982) showed
that this part of the Antarctic Peninsula represents a Jurassic (or
older) to Cretaceous magmatic arc and related sedimentary
basins. The purpose of the joint project was to study the rocks in
the central Black Coast and to compare them with those of
adjoining areas.

Three principal rock units have been recognized north and
south of the central Black Coast: (1) silicic to intermediate, calc-
alkalic volcanic rocks of the Antarctic Peninsula Volcanic Group
(Thomson 1982), which to the south includes the Mount Poster
Formation of Middle and Late Jurassic age (Rowley, Schmidt,
and Williams 1982); (2) mostly black, fine-grained clastic sedi -
mentary and metasedimentary rocks, which to the north are
named the Mount Hill Formation (Singleton 1980) (of undocu-
mented age) and to the south are named the Latady Formation
(Williams et al. 1972) (of Middle and Late Jurassic age); and (3)
plutons of greatly varied size and of mostly silicic composition
which to the north yield Early Cretaceous isotopic ages (Pank-

hurst 1980; British Antarctic Survey 1982) and to the south are
named the Lassiter Coast Intrusive Suite of mostly Early Cre-
taceous age (Vennum and Rowley 1986). The volcanic rocks of
the Antarctic Peninsula Volcanic Group represent the Jurassic
part of the magmatic arc, which generally underlies the axis of
the Antarctic Peninsula. The Latady Formation intertongues
with the Antarctic Peninsula Volcanic Group and lies to the east
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of this unit. The Latady Formation was derived from the vol-
canic arc by erosion (Williams et al. 1972; Rowley and Williams
1982; Laudon et al. 1983; Rowley et al. 1983; Rowley, Kellogg,
and Vennum 1985; Storey and Garrett 1985), and it was inter-
preted to be deposited in a back-arc basin (Suárez 1976). The
Mount Hill Formation is probably correlative with the Latady
Formation (Singleton 1980). The Jurassic volcanic and sedimen-
tary rocks were folded parallel to the trend of the Antarctic
Peninsula and locally thrust eastward (Kellogg 1979, 1980;
Rowley et al. 1983), after which they were intruded by arc-
related Cretaceous plutons.

The central Black Coast also consists in large part of the same
three rock units. Volcanic and metavolcanic rocks of silicic to
intermediate composition, mostly ash-flow tuff and volcanic
mudflow breccia, occur along the crest of the Antarctic Penin-
sula and are assigned to the Antarctic Peninsula Volcanic
Group. A folded and cleaved, dark sequence of argillite, sil-
tstone, shale, and minor sandstone east of the volcanic rocks is
tentatively correlated with the Mount Hill Formation. The sedi-
mentary rocks and some, if not all, of the volcanic rocks in the
central Black Coast were then folded and in turn intruded by
large, mostly silicic, granitoid stocks and batholiths.

In addition to the three major rock units, a series of dis-
tinctive, highly deformed zones are exposed in the central Black
Coast. The deformed rocks include foliated mafic plutonic
rocks, homogeneous to layered quartzofeldspathic gneiss and
interlayered schist, mylonite, pseudotachylite, and fault brec-
cia. The deformed rocks are similar to a metamorphic complex
described by Singleton (1980) in the northern Black Coast. Al-
though Singleton suggested that the metamorphic complex
may be Paleozoic and correlative with the "basement complex"
of Adie (1954), more recent work by Meneilly (1983) and Men-
eilly et al. (1987) demonstrated that much of the complex formed
by intense shearing of Lower Jurassic early arc rocks and per-
haps younger arc rocks. Comparable rocks have not been re-
ported from south of our field area.

Preliminary analysis of structural data from the deformed
rocks indicates that they represent fault zones showing normal,
reverse, and strike-slip movement, similar to those described
by Meneilly (1983) and Meneilly et al. (1987). The deformed
zones can be traced laterally into two relatively unsheared pro-
toliths. The first is a sequence of black to dark-gray, massive,
amygdaloidal basaltic rocks exposed in the eastern and central
parts of the field area. The unit is interbedded with thin- to
medium-bedded, light-gray, fine- to medium-grained
quartzite, and it locally intertongues westward with gray, por-
phyritic to massive, silicic volcanic rocks. Singleton (1980) in-
cluded similar basalts within the Mount Hill Formation to the
north and Rowley et al. (1987) mapped them also in the
Sverdrup Nunataks to the south. This unit is informally named
the amygdaloidal basalt of Kamenev Nunatak; it may be part of
the Antarctic Peninsula Volcanic Group.

The second protolith consists of intermediate to mafic plu-
tons, notably gabbro, which locally contain cumulus textures
and associated pyroxenitic ultramafic material. Sheared plu-
tonic rock at Musson Nunatak, Mount Whiting, Schirmacher
Massif, eastern Blanchard Nunataks, Dietz Bluff, and Bergen
Nunataks may be of Early Jurassic age, like that identified by
Meneilly (1983) and Meneilly et al. (1987), but such an age
assignment will have to await isotopic dating. Some similar
plutons are unsheared, as at Rowley Massif, Cape Knowles,
and nunataks east of Hjort Massif, and these rocks probably are
the same age as the sheared plutons. The amygdaloidal basalt of

Kamenev Nunatak may have been extrusive products of the
mafic plutons.

A single occurrence of deformed metasedimentary rocks dif-
ferent from the Latady and Mount Hill Formations is exposed
on the eastern scarp of Hjort Massif. It consists of quartzite,
shale, and siltstone informally named the metasedimentary
rocks of Hjort Massif. The stratigraphic position of the unit is
uncertain; although these rocks are overlain by about 100
meters of amygdaloidal basalt of Kamenev Nunatak, a slight
discordance in attitude between these two units when viewed
from a distance suggests that the volcanic rocks have been
structurally emplaced.

The central Black Coast contains geologic elements found to
the north and south. Future studies will concentrate on de-
formed and undeformed volcanic and plutonic suites and their
relation to the development of the back-arc basin, which may
have had an early extensional phase of basaltic volcanism (Men-
eilly 1983; Meneilly et al. 1098). The deformed volcanic and
plutonic rocks may represent large shear zones formed during
closure of the basin and the consequent folding of the sedimen-
tary fill.

The field party was placed in the central Black Coast by BAS

Twin Otter on 9 December 1986, and evacuated on 17 February
1987. BAS ships carried the field party from Port Stanley,
Falkland Islands, to Antarctica, and return; we thank E.M.S.
Phelps and his crew of the R.R.S. John Biscoe and M.J. Cole and
his crew of the R.R.S. BransfIeld for their efforts. We are grateful
to Charles Swithinbank and M.R.A. Thomson for arranging
this cooperative project; to General Assistants A.R. Simpson
and P.T. Marquis, also members of the field party, for numerous
forms of assistance; to John Hall and many others at Rothera
base, Adelaide Island, for considerable logistic support; to pi-
lots Richard Hasler and M.R. Bailey for air support; and to K.S.
Kellogg and J.M. O'Neill for technical review of the manuscript.
For the USGS geologists, transportation and expenses from the
United Kingdom to Antarctica and return were paid by BAS,

salary was paid by USGS, and some travel and miscellaneous
expenses were paid by National Science Foundation grant DPP

85-17151.
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Seymour Island expedition, 1986-1987

WILLIAM J. ZINSMEISTER

Department of Earth and Atmospheric Sciences
Purdue University

West Lafayette, Indiana 47907

The expedition to Seymour Island on the northeast tip of the
Antarctic Peninsula during December and January of the
1986-1987 austral summer marks the fourth major field effort to
Seymour Island sponsored by the National Science Founda-
tion's Division of Polar Programs (Zinsmeister 1982, 1985). As
with the previous three expeditions (1981, 1984, and 1985), this
year's expedition resulted in a number of major paleontologic
and geologic discoveries which are providing new insight, not
only into the geologic history of the Antarctic Peninsula but also
to our understanding of the climatic and biogeographic history
of the Southern Hemisphere.

Because of past discoveries, a large party (12 scientists and a
camp manager) was sent to Seymour Island. The party consis-
ted of William J. Zinsmeister, Chief Scientist, Purdue Univer-
sity; Rodney M. Feldmann, Kent State University; David H.
Elliot, Ohio State University; and M.O. Woodburne, M.A.
Kooser, and Judd Case, University of California, Riverside. In
addition to the senior personnel, Jeff Stilwell, Dan Chaney, Fred
Barbis, and Tim Kelley served as field assistants to the science
programs. Rob Robbins, Antarctic Services, acted as camp man-
ager during the season.

In contrast to the 1985 season which was conducted from the
K/v Polar Duke without helicopter support, this season was sup-
ported by the Coast Guard icebreaker USCGC Glacier. Support by
the USCGC Glacier allowed for the extensive use of the Coast
Guard helicopters which enabled members of the field party to
conduct field work on James Ross, Vega, and Cockburn islands.

The primary objectives of field party were to make a detailed
survey of the faunal changes across the Cretaceous/Tertiary (K/T)
boundary and to search for additional vertebrate fossils in the
Late Eocene part of the sequence at the north end of the island.
As a consequence, two camps were established: a primary
camp at the south end of the island to study the KIT part of the
sequence and a northern camp for vertebrate fossil program.
The use of the four-wheel, all-terrain vehicle allowed for travel
and movement of supplies and personnel between the two
camps.

In contrast to the 1985 season, weather conditions were ideal
and only a total of I day was lost to poor weather. As a con-
sequence to the excellent weather conditions that prevailed, a
number of important scientific discoveries was made during the
season. The highlights of the field season are summarized here.
• A nearly complete basiliosaurine whale skeleton in the Upper

Eocene La Meseta Formation was discovered. This specimen
represents the oldest occurrence and most complete spec-
imen of a Late Eocene whale discovered in the Southern
Hemisphere.

• Partial jaw fragment of a large crocodile from the La Meseta
Formation.

• Skeletal elements of large phororhacoid (large land bird),
which attained a height of approximately 2 meters, were
found. The occurrence of this land bird, together with the
crocodile remains, provides additional evidence of a continu-
ous land connection between southern South America dur-
ing the early Tertiary.

• Stratigraphic study of the KIT shallow-water sequence on
Seymour Island is unique, because deposition across the
sequence was continuous, whereas other shallow-water K/T
sections are characterized either by a hiatus or a condensed
section.

• Preliminary analysis of the macrofossil fauna across the K/T
boundary indicates that in contrast to other K/T boundary
sections, there is no abrupt change in the marine benthic
fauna but rather a gradual transition over approximately 40
meters of section which includes the boundary.
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• A number of ammonites were collected above the KIT
boundary as defined by dinocysts. This apparent di-
achroneity of the KIT boundary between different groups of
marine organisms highlights the problem of no formalized
definition of the KIT boundary and illustrates the problem of
defining the KIT boundary in a section where there was con-
tinuous deposition.
This research was supported by National Science Foundation

grant DPP 84-16783.
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New fossil vertebrates from Seymour
Island, Antarctic Peninsula

MICHAEL 0. WOODBURNE and JUDD A. CASE,

Department of Earth Sciences
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The 1986-1987 field season on Seymour Island (figure 1)
yielded new remains of an extinct whale, a large flightless
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Figure 1. Map of Seymour Island and the Antarctic Peninsula region.
The La Meseta Formation is of late Eocene age. All other rock units
are older (Late Cretaceous to Paleocene). Fossil localities produced
marsupials, crocodiles, and plants (RV-8200) and the phororhacoid
bird (RV-8405). The whale site is just below the "F" in La Meseta
Formation. ("Km" denotes "kilometer?' "Fm?' denotes "formation.")

terrestrial bird, the first postcranial skeleton of a penguin-like
bird, and a lower mandible of a small crocodilian. All of the
fossils were recovered from the La Meseta Formation of late
Eocene age (approximately 40 million years old).

The whale material comprises part of the skull and the ver-
tebrae and ribs of much of the thoracic region. The material is
well preserved and shows that it pertains to a basiliosaurine, a
member of the archaeocete (ancient-toothed whale) group. Ac-
cording to Ewan Fordyce, University of Otago, New Zealand,
who collected the specimens, these remains constitute the best
documentation of this kind of whale in the Southern Hemi-
sphere. The animal, which apparently lived in shallow marine
waters, may have been about 10 meters long. The specimens are
now under study by Fordyce.

A wide variety of nominally marine penguin-type birds has
been recovered in this and past seasons from Seymour Island.
The partial postcranial skeleton recovered this time will en-
hance functional comparisons between these ancient birds and
their modern counterparts.

A large (about 2 meters tall), predaceous terrestrial (flightless)
bird that apparently pertains to the phororhacoid group lived
on Seymour Island in the late Eocene, as shown by a portion of
its beak recovered this season (Case, Woodburne, and Chaney
in press-a). The group is also known from South America, from
the Oligocene to the present (Marshall 1978). Although modern
representatives are about the size of a road-runner, the ancient
birds were of large size and apparently filled the ecological
niche of a large carnivore in the Eocene and Oligocene. Al-
though the legs were relatively slender, the body and head were
massive, as shown in reconstructions based on South American
fossils (figure 2).

The Seymour Island material pre-dates the known age of the
group in South America, and some of the bird footprints re-
ported from yet earlier Eocene (approximately 46 million years
ago) rocks on King George Island (Covacevich and Rich 1982;
Watts 1982) may pertain to this group, as well. In any case, the
presence of such derived birds in the american and antarctic
Southern Hemisphere indicates that their ancestors must have
inhabited this region well before the time the fossils reported
here were preserved. Furthermore, the flightless nature of these
birds requires a solid overland pathway by which they dis-
persed between South America and peninsular Antarctica. This
strengthens the proposals made earlier (Woodburne and
Zinsmeister 1984; Case, Woodburne, and Chaney in press-b)
for the existence of such a land connection, based on the pres-
ence in La Meseta rocks of two kinds of marsupials and
Not hofagus (southern beech) plants. The presence in these same
deposits of small crocodiles is consistent with this proposal,
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Figure 2. Reconstruction of an extinct phororhacoid bird similar to
the Seymour Island form (adapted from Sinclair and Farr, 1932, Plate
A).

although the marine habitus of some modern crocodiles ren-
ders the proposed terrestrial adaptation for the Seymour croco-
dile a little more speculative. The Seymour Island form is,
however, the first crocodilian known from Antarctica (Gas-
parini 1980).

This work is partially supported by National Science Founda-
tion grants DPP 82-15493 and 85-21368.
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Late Cretaceous fossils from
Cockburn Island collected during the
1986-1987 expedition to the Antarctic

Peninsula

The Cretaceous strata is exposed on the steep slopes below
the basaltic flows that cap the island. Talus from overlying
basalts cover most of the flanks of the island. The Cretaceous
sediments are exposed only in the small gullies cut through the
talus deposits. A section was measured through the Cretaceous

During the Swedish South Polar Expedition 1901-1903, Nor-
denskjoid (1905) and Andersson (1906) reported the occurrence
of late Cretaceous and early Tertiary sediments on the flanks of
Cockburn Island (figures 1 and 2). Although Cockburn Island
(64°13'S 56°50'W) is only approximately 3.2 kilometers from
Seymour Island, virtually no systematic work has been done on
the island since Andersson's paper in 1906. During the course of
the 1986-1987 expedition to Seymour Island, two excursions
were made to Cockburn Island to investigate the stratigraphy
and paleontology of the Cretaceous and Tertiary strata.

Figure 1. Cockburn Island, Antarctic Peninsula. James Ross Island
in background. View to the south.
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Figure 2. Cockburn Island, Antarctic Peninsula. Seymour Island in
background. View to the southeast.

sequence exposed along one of the small gullies at the south end
of the island. The sediments consist approximately of 150
meters of unconsolidated gray and brown concretionary silty
sandstones and siltstones with occasional indurated intervals.
Both micro- and megafossils were collected while measuring
the section. Although megafossils are not abundant on Cock-
burn Island the following taxa were collected: the ammonites
Dipiomoceras iambi Spath, Gunnarites cf. antarcticus (Stuart Well-
er), "Maorites" sp., and Pseudophyiiites peregrinus Spath; the ser-
pulids Rotuiaria spp.; the bivalves Pinna cf. andersoni Wilckens,
the oyster Pycnodonte (Phygraea) cf. vesicuiosa (Sowerby), Ento-
hum sp., Panopea sp., Malietia sp., Lucina sp., and Limatula ant-
arctica (Wilckens); the gastropods "Cassidaria" sp., 'Eunaticina"
sp. and a pyramidellid?; excellently preserved specimens of the
lobster Hoploparia stokesi (Weller) (figure 3) in small concretions;
crinoid fragments; coral; an irregular echinoid and spines; and
fish scales. Most of these fossils occur in brown to gray fine-
grained calcareous sandstone horizons throughout the section.

Although Cockburn Island is geographically close to the well
exposed Maastrichtian and Campanian Lopez de Bertodano
Formation on Seymour Island (Rinaldi et al. 1978; Zinsmeister

Figure 3. Decapod crustacean Hoploparia stokes! (Weller) in silty
sandstone concretion.

1982), the composition of the fauna on Cockburn Island indi-
cates that the Cretaceous strata on Cockburn Island is most
likely equivalent to the Campanian sequence exposed on the
north end of Snow Hill Island.

This research was supported by National Science Foundation
grant DPP 84-16783 to W.J. Zinsmeister.
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Field investigations of the Tertiary
strata on Seymour and Cockburn

islands

DAVID H. ELLIOT and DAVID E. RIESKE

Byrd Polar Research Center
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

As part of the Seymour Island expedition of 1986-1987, the
uppermost unit (unit 10) of the Lopez de Bertodano, the Sobral,

and the Cross Valley formations were investigated, and the
Tertiary strata on Cockburn Island were examined (figure). The
objectives of the field program were to investigate the deposi-
tional settings of the strata and to collect samples for sedimen-
tological and petrological analysis, particularly with reference
to the volcanic record. This program is building on the earlier
work of Macellari (1984, in press) who conducted bio-
stratigraphic studies on the Lopez de Bertodano and Sobral
formations and Sadler (in press) who mapped the Tertiary beds
on Seymour Island in detail. Two detailed sections were meas-
ured through the uppermost Cretaceous/Paleocene Lopez unit
10 and the Paleocene Sobral in the southern half of the island
and one partial section was measured at Cape Wiman. The field
relations of the (?)Paleocene Cross Valley were studied, and a
detailed section was compiled.

Unit 10 of the Lopez and the lower part of the Sobral are
somewhat similar sedimentary packages despite the presence
of a regional disconformity between the two formations. The
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Simplified geologic map of Seymour and Cockburn islands, Ant-
arctic Peninsula. ("km" denotes "kilometer:')

beds are characterized by their fine grain size and, except in the
lowermost Sobral, by pervasive bioturbation. The upper Sobral
is marked by increasing grain size, the preservation of cross
bedding and other sedimentary structures, and increasing
lithification. Glauconite is widespread, and where in sufficient
concentration, forms distinctive beds. These sediments were
deposited in a shallow water (shelf) setting, and Macellari (1984,
in press) interpreted the beds as a regressive sequence. The
Cross Valley (Elliot and Trautman 1982; Sadler in press), in its
lower part, is a canyon fill consisting largely of poorly sorted
coarse sands and conglomerate. The upper part is a fine-
grained sand and sandstone sequence. Fossil wood is relatively
common throughout these Paleocene rocks and in many places
is associated with conspicuous yellow limonitic staining. Ma-
rine invertebrates are sparse except in the lower Sobral,
however their occurrence does support the interpretation of the
upper Sobral formation and Cross Valley as marine sequences.

The sequence at Cape Wiman is lithologically similar to the
Sobral, particularly that part of the Sobral from the lower

glauconite-bea ring beds upward. The uppermost beds, tenta-
tively assigned to the Cross Valley, yielded sparse marine inver-
tebrates; the correlation remains uncertain, and further work is
necessary to resolve the field relations.

Petrologically, the lower Sobral contains tuff beds, and many
of the clay-rich beds in the Lopez 10 and Sobral may also have a
volcanic origin. Sandstones carry abundant lithic clasts as well
as varying amounts of glauconite; the quartz content appears to
increase upsection. Beds forming the uppermost unit in the
Sobral contain tuffs. The lower Cross Valley is dominated by
volcanic detritus which includes visible pumice fragments,
whereas the upper Cross Valley is more quartzose. A substan-
tial volcanic record is contained in these Paleocene strata.

The disconformity between the Lopez 10 and Sobral at the
southern end of the outcrop belt has demonstrable relief of
about 10 meters, but the apparent thinning of the Lopez 10
toward the south coast is in large part attributable to faulting
which is visible only in the sea cliffs. This north-south faulting
may be present elsewhere and may account for some of the
problems encountered in the correlation of beds in the upper-
most Lopez 9 and lower part of Lopez 10, problems that relate to
the Cretaceous/Tertiary boundary and the mapping of various
glauconite beds. East-west faulting is also present but observed
displacements are very small.

Examination of the Cross Valley Formation and measurement
of attitudes of the strata led to the conclusion that it is not, as
recently suggested, a member of the Sobral Formation. The
lower part does appear to be a canyon fill, but the regional dip to
the southeast is noticably less than that of the Sobral. The
formation, as originally defined, consists of a lower coarse-
grained volcanic sequence overlain by an upper finer grained
sandstone sequence. Observations and discoveries by W.J.
Zinsmeister point to the upper part properly belonging to the
La Meseta Formation. A disconformity or angular unconfor-
mity probably separates the two parts of the Cross Valley but
the limited time available after these discoveries precluded es-
tablishing the field relations. The field and age relations of the
Cross Valley have yet to be clarified.

Cockburn Island has been examined in a reconnaissance
manner by the Swedish South Polar. Expedition (Andersson
1906) and by the British Antarctic Survey (see Adie 1958), but
little information is available in the literature on the Cretaceous
and Tertiary strata known to crop out below the capping basalts.

The Tertiary strata were examined briefly and were found to
consist of a lower glauconitic sand sequence overlain by a se-
quence of thinly bedded alternating sands and muds which
display cut (or slump) and fill structures. Marine invertebrates
were recovered, but the poor preservation means they are un-
likely to be age diagnostic. The measured attitudes on the Terti-
ary strata vary significantly, and dips of up to 22° were recorded,
suggesting at least tilting of the beds. This is in contrast to the
adjacent Cretaceous beds which are gently dipping and with
which they are in fault contact. Although the thinly bedded
sequence has similarities to the lower part of the La Meseta
Formation at the western end of Cross Valley, the relations to
Tertiary beds on Seymour Island are uncertain.

This research was supported by National Science Foundation
grant DPP 85-19080. The logistic support provided by IJSCGC
Glacier is gratefully acknowledged.
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Late Cretaceous fossils from Ula
Point, James Ross Island, collected

during the 1986-1987 expedition to the
Antarctic Peninsula

JEFFREY D. STILWELL and WILLIAM J. ZINSMEISTER

Department of Earth and Atmospheric Sciences
Purdue University

West Lafayette, Indiana 47907

A 1-day reconnaissance visit was made to Ula Point (64°7'S
57°10'W), on the eastern coast of James Ross Island on 5 January
1987 (figures 1 and 2). The purpose of the visit was to measure
the Upper Cretaceous sequence at Ula Point and to make pal-
eontological collections. The Cretaceous sediments at Ula Point
are part of the Snow Hill Island Series which crops out on James
Ross, Vega, and Snowhill islands (Andersson 1906; Zinsmeister
1982). The sequence at Ula Point is characterized by unce-
mented sands with intercalated sandy clays and clays with
concretionary horizons and occasional fine-grained glauconitic
sandstone beds.

"	1-F
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Figure I. Ula Point, James Ross Island, Antarctic Peninsula. View to
the southeast.

Figure 2. Fossil specimens were collected as lag on the gentle to
moderate slopes in the sequence shown.

A conspicuous element of the Ula Point fauna is the great
abundance of the serpulids, Rotularia spp., which in some cases
cover the gentle slopes. Ball (1960) stated that Rotularia is rarely
present at Lachman Crags and Cape Lamb but common at The
Naze. Rotularia specimens are also found in vast numbers on
Snow Hill and Seymour islands (Macellari 1986) as well as Ula
Point. Megafossils are relatively rare and occur mainly as
weathered molds and casts. The fossils collected include the
following: the ammonites Maorites cf. densicostatus (Kilian and
Reboul), Jacobites cf. crofti Spath including an unusual pathologic
specimen, Gun narites spp. and Pseudophyllites cf. peregrinus
Spath; the nautiloid "Eutrephoceras" sp. the bivalves Acesta cf.
snowhillensis (Wilckens), Entolium sp., and Cucullaea sp.; the
gastropods Eunaticina arctowskiana (Wilckens), Amberleya cf.
spinigera (Wilckens), an archaeogastropod and a naticid?; the
scaphopod Eodentalium grandis Medina and del Valle; fhe de-
capod Hoploparia stokesi (Weller); and teredid bored wood.

Spath (1953) described some Lower to Middle Campanian
ammonites (jacobites and Gunnarites) "North of Cape Gage" (pre-
sumably Ula Point) and Bibby (1966) discussed the presence of
Jacobites, Gunnarites, and Rotularia there but made no mention of
any other taxa present. As with the Humps Island faunal as-
semblage, most of the specimens occur in concretions and ex-
tensive preparation is needed before a final faunal analysis can
be made. This preliminary report suggests that the data from
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Ula Point will provide important stratigraphic and faunal data
concerning the Late Cretaceous history of the James Ross basin.

This research was supported by National Science Foundation
grant DPP 84-16783.
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Late Cretaceous faunal assemblage of
Humps Island collected during the

1986-1987  expedition to the Antarctic
Peninsula

JEFFREY D. STILWELL and WILLIAM J. ZINSMEISTER

Department of Earth and Atmospheric Sciences
Purdue University

West Lafayette, Indiana 47907

During the 1986-1987 expedition to Seymour Island, a 1-day
visit to Humps Island (figure 1) was made to measure a section
through the poorly known Upper Cretaceous sequence that
exists on the island. Humps Island is located on the extreme
northeastern part of the Antarctic Peninsula just northeast of
James Ross Island (63°59'S 57°25'W). A large collection of excep-
tionally well-preserved macro invertebrates and other fossils
was taken from an outcrop on the western part (figure 2) as well

V	 a,
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Figure 1. Humps Island, Antarctic Peninsula. View to the west.

Figure 2. Fossil locality on the west side of the island. A large
number of well-preserved specimens were collected from this
horizon.

as from exposures on the eastern part of the island. The Upper
Cretaceous sediments on Humps Island belong to the Snow Hill
Island Series which crops out on James Ross, Vega, and Snow
Hill islands (Andersson 1906; Zinsmeister 1982) and is com-
posed of variegated, loosely consolidated sands and sandy clays
with interbedded calcareous siltstone concretions. The siltstone
concretions contain abundant fossils which are overlain by Late
Cenozoic volcanic rocks of the James Ross Island Volcanic
Group.
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Figure 3. A. A well-preserved kossmaticeratid ammonite, Gunnarites, (0.75 x); and B. Coleoid cephalopod, Naefia (6.5 x), both collected from
the horizon shown in figure 2.

Most of the fossils collected were weathered or derived from
these concretions as lag on the moderate to gentle slopes. Al-
though some of the fossils are weathered, many exquisitely
preserved specimens, mainly ammonites (figure 3A), were col-
lected. These include the following taxa: the ammonites Gun-
narites cf. flexuosus Spath, Gunnarites pachys Spath, Gunnarites cf.
kalika (Stoliczka), Gunnarites n.sp. A, Gunnarites n.sp. B, Gaud-
ryceras (Neogaudryceras) pict urn Yabe, Partschiceras (= Phy-
Ilopachyceras) forbesianurn (d'Orbigny), Neograharnites kiliani
Spath, Pseudophyllites cf. peregrinus Spath, "Kitchinites" sp.; a
nautiloid Eutrephoceras sp.; a species of belemnite; the coleoid
cephalopod Naefia sp.; the bivalves Panopea clausa Wilckens,
Goniornya sp., Lahillia sp., Entoliurn sp., Thracia sp. and other
unidentifiable specimens; the gastropods Eunaticina
arctowskiana (Wilckens), Perissoptera sp., "Taiorna" sp., "Turritella"
sp. and other unidentifiable specimens; rynchonellid
brachiopods; the abundant serpulids Rot ularia spp.; the de-
capod Hoploparia stokesi (Weller); scaphopods; corals; fish scales
and bone; and teredid bored wood fragments. The discovery of
the coleoid Naefia sp. on Humps Island is the first confirmed
report of this group from Antarctica, known previously only
from Chile and India (Doyle 1986).

Except for a short discussion by Bibby (1966) on the collection
(25 specimens of ammonites) made by W.N. Croft and others of
the Falkland Islands Dependencies Survey in 1945 and 1946, a
discussion of the serpulid Rotularia taxa by Ball (1960), and a
discussion of specimens of the ammononite fauna made by
Howarth (1966) and Spath (1953), little has been written on the
Humps Island faunal assemblage. Bibby (1966) linked the
Humps Island beds to the Lachman Crags beds of which their
faunas are related, but according to him, the Humps Island
exposures probably belong to a higher horizon than the Lac-

hman Crags beds and are close to the base of the beds exposed
at Cape Lamb. Howarth (1958, 1966), however, contended that
the ammonite faunas at Lachman Crags, Cape Lamb, The Naze,
Snow Hill Island, and Humps Island can only be considered as
contemporaneous and are of upper Lower Campanian to Mid-
dle Campanian in age.

This research was supported by National Science Foundation
grant DPP 84-16783.

References

Andersson, C. 1906. on the geology of Graham Land. Bulletin of the
Geological Institute of Uppsala, 7,19-71.

Ball, H.W. 1960. Upper Cretaceous decapoda and serpulidae from James Ross
Island, Graham Land. (Falkland islands Dependencies Survey Scien-
tific Reports, No. 24.)

Bibby, J.S. 1966. The stratigrapliy of part of north-east Graham Land and the
James Ross Island Group. (Scientific Report of the British Antarctic
Survey, No. 53.)

Doyle, P. 1986. Naefia (Coleoidea) from the late Cretaceous of southern
India. Bulletin of the British Iv! useumn of Natural History (Geology), 40(4),
133-139.

Howarth, M.K. 1958. Upper Jurassic and Cre,maceous ammonite faunas of
Alexander Land and Graham Land. (Falkland Islands Dependencies
Survey Scientific Reports, No. 21.)

Howarth, M.K. 1966. Amnmnommites froin the Upper Cretaceous of the James
Ross Island Group. (British Antarctic Survey Bulletin, No. 10.)

Spath, L. F. 1953. The Upper Cretaceous cephalopod fauna of Graham Land.
(Falkland Island Dependencies Survey Scientific Reports, No. 3.)

Zinsmeister, W.J. 1982. Upper Cretaceous-Lower Tertiary stratigraphy
of Seymour Island, Antarctica. Journal of the Geological Society of Lond-
on, 139(3),779-786.

10	 ANTARCTIC JOURNAL



Fossil lobsters from Seymour Island,
Antarctica

RODNEY M. FELDMANN

Department of Geology
Kent State University

Kent, Ohio 44242

Examination of the decapod crustacean fauna of Seymour
Island, Antarctic Peninsula, has been in progress during the
past 4 years. During the field season of 1983-1984, several
specimens of fossil lobsters were collected from the Late Cre-
taceous Lopez de Bertodano Formation. Examination of these
organisms has resulted in the refinement of the description of
Hoploparia stokesi Weller, a species previously described from
sites on James Ross Island (Ball 1960) and noted on Seymour
Island (del Valle and Rinaldi 1975). Additionally, a single lobster
specimen was collected and referred to Linuparus, a genus pre-
viously reported from the Southern Hemisphere at a single site
in Africa (Tshudy and Feldmann in press).

As a result of these preliminary investigations, it was recog-
nized that there was a strong potential for further enhancement
of our understanding of decapods in the Antarctic. Therefore,
during the 1986-1987 field season, extensive collections of fossil
decapods were made. More than 440 specimens were collected
from sites on Seymour Island and adjacent James Ross, Vega,
Humps, Cockburn, and Snow Hill islands (figure 1).

Comments regarding the significance of specimens collected
from the adjacent islands are premature, except to note that
decapods previously have not been reported from Vega,
Humps, Cockburn, or Snow Hill islands. However, several
general conclusions can be drawn based upon specimens col-
lected from Seymour Island.

Whereas brachyuran decapods—crabs--have been noted to
be abundant and diverse in the Eocene La Meseta Formation of
Seymour Island (Feldmann and Zinsmeister 1984; Feldmann
1985), none has been collected in the subjacent units. Instead,
the decapod fauna in the Cretaceous and Paleocene rocks con-
sists entirely of macrurans—lobsters.

Decapod crustaceans are generally common throughout the
upper units, units 7 through 10, of the Lopez de Bertodano
Formation. These units are known as the molluscan units (Mac-
ellari 1986). Invariably, the specimens are found in concretions.
Diversity and numerical abundance of lobsters seems to in-
crease upward in the section. At the lowermost localities, in unit
7, Hoploparia stokesi (figure 2) is the only species represented.
Above that, however, Linuparus n. sp. and a second new spe-
cies, possibly referable to the genus Metanephrops, occur in
association with H. stokesi.

The rocks of the Lopez de Bertodano Formation range in age
from Campanian to Paleocene (Macellari 1986). The boundary
between the Cretaceous and Tertiary occurs within unit 10, the
uppermost unit of the formation, and has been considered to
occur within a sequence containing several glauconite beds
(Macellari 1986). Nearly 100 fossil lobsters have been collected

from 20 sites spanning this boundary, thus providing an excel-
lent opportunity to examine the effects of the presumed Cre-
taceous/Tertiary (K/T) boundary event. Furthermore, numerous
lobsters were collected for the first time from the overlying,
Paleocene age, Sobral Formation. Although final analysis of the
specimens has not been undertaken, preliminary field observa-
tions suggest that the decapods did not experience a major
extinction at this time. Instead, the new species, tentatively
referred to Mefanephrops, appears near the base of unit 10, in
association with a diverse assemblage of ammonite
cephalopods, and continues into the Sobral Formation.
Hoploparia stokesi has also been identified above, as well as
below, the KIT boundary.

During the examination of decapods from the Lopez de Ber-
todano Formation, it was noted that different regions of lobster
skeletons were selectively preserved (Feldmann and Tshudy
1987). Approximately 45 percent of the specimens, collected in
1983-1984, were anatomically incomplete; invariably the ab-
dominal region was absent. Feldmann and Tshudy (1987) spec-
ulated that selective scavenging by cephalopods may have been
responsible for this phenomenon. These results will be retested
by detailed examination of the large sample of fossil lobsters
collected during 1986-1987; however, preliminary results seem
to suggest that the same general relationships will be observed.

Thus, the collection of numerous macrurous decapod crusta-
ceans from sites within the James Ross Basin has extended the
geographic range of decapods throughout the basin and has
extended their stratigraphic range into the Paleocene as well.
Diversity of decapods seems to increase near the K/T boundary.
Taxa occurring in uppermost Cretaceous rocks also occur in
overlying Paleocene rocks. The lobsters appear to be unaffected
by the presumed K/i boundary event. Although processes of
selective predation and scavenging seem to affect the preserva-
tion potential of different anatomical parts of lobsters, pre-
served on Seymour Island, the area stands as one in which
decapods are unusually abundant.

The field work for this study was supported by a National
Science Foundation grant to William J. Zinsmeister and labora-
tory work was supported by National Science Foundation grant
DPP 84-11842 to Feldmann. (This article is Contribution 358,
Department of Geology, Kent State University, Kent, Ohio
44242.)
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Figure 1. Location maps showing the position of sites from which macrurous decapod crustaceans have been collected in the Lopez de
Bertodano and Sobral formations. The geological map and stratigraphic section are adapted from Sadler (in press) and are reproduced with his
permission. ("KIT" denotes "Cretaceous/Tertiary.")
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Figure 2. Hoploparia stokesi Weller. Latex cast of a specimen from
the Lopez de Bertodano Formation, preserved as a molted, but
complete, carapace and abdomen. (Bar scale equals 1 centimeter.)

Palynological investigations of the
James Ross Island basin, Antarctica

ROSEMARY A. ASKIN

Department of Earth Sciences
University of California

Riverside, California 92521
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cysts, acritarchs) palynomorphs and documentation of their
distribution patterns. The dinocyst assemblages have proved
particularly useful for biostratigraphy (Askin in press), and the
land plant-derived spores and pollen should add useful infor-
mation on climatic evolution of the area. Unlike terrestrial sedi-
ments, which can contain palynomorphs of relatively local deri-
vation, the mainly nearshore marine sediments of Seymour
Island contain spores and pollen transported from a wide range
of terrestrial habitats and microclimates. Thus these as-

During December 1986 and January 1987, additional sam-
pling of Campanian to Eocene sediments was carried out for
palynological study in the James Ross Island basin (figure),
northeastern Antarctic Peninsula. The 300 samples collected are
mainly from Seymour Island and cover certain intervals of
interest in more detail than was previously available. Data from
these samples will refine and extend the palynomorph zonation
proposed for the upper Campanian to Paleocene part of the
succession (Askin in press). Parts of the upper Lopez de Ber-
todano Formation, including the glauconitic interval that spans
the Cretaceous/Tertiary boundary, and parts of the Eocene La
Meseta Formation were sampled.

Short helicopter-supported visits also were made to three
nearby islands to collect from ?Campanian sections. The three
sampled localities are Cockburn Island, Humps Island, and Ula
Point on eastern James Ross Island (figure).

Fossil palynomorphs are ubiquitous in the Seymour and
nearby island sedimentary succession and occur, often abun-
dantly, in all 935 samples processed to date. It is expected that
the newly collected samples also will be productive, bringing
the samples available for this study to a total of over 1,200.

The present phase of this project includes taxonomic descrip-
tion of nonmarine (spores, pollen) and marine (dinoflagellate
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semblages will provide a broad view of the prevailing pal-
eoclimatic conditions.

The Cretaceous cryptogam (ferns and lower plants) spores of
Seymour Island (Askin in preparation) include an overwhelm-
ing abundance of Stereisporites antiquasporites and
Laevigatosporites ovatus. These two species, plus fewer numbers
of S. regiuln, usually total over 75 percent of the spore compo-
nent. The abundance of Stereisporites (the spores of Sphagnum
moss), along with some Azolla sp. (water fern), suggests moist
conditions with ample standing water, consistent with humid
temperate paleoclimates indicated both by the palynomorph
assemblages (dominated by podocarpaceous conifer pollen)
and by other lines of evidence (e.g., fossil wood; Francis 1986).
Alternatively, hydrodynamic properties of the small Ste-
reisporites and Laevigatosporites spores may have contributed to
their concentration. Analysis of all the acid-insoluble organic
components of the sediments (palynomorphs, plus cuticle,
amorphous and algal matter, and woody debris) should help

answer such questions, by providing inferred data on proximity
to shoreline, higher vs. lower energy environments, and so on.

I thank F.C. Barbis and T.R. Kelley for 1986-1987 collection of
samples, and the Captain and crew of USCGC Glacier for logistic
support. This research is supported by National Science Foun-
dation grant DPP 83-14186.
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A study of the internal annual growth
lines of the Late Eocene mollusk

Eurhomalea antarctica

BRENDA L. DEXTRAZE and WILLIAM J. ZINSMEISTER

Department of Earth and Atmospheric Sciences
Purdue University

West Lafayette, Indiana 47907

During the last decade, much work has been done using the
internal growth increments annually recorded in bivalve shells.
These growth increments are believed to record the slowing
down or cessation of growth of the bivalve during the cold
winter months (Panella and MacClintock 1968). These growth
lines are analogous to tree rings and are very useful environ-
mental indicators. They record the ambient seawater tem-
peratures (Urey et al. 1951) as well as the geochemical history of
the seawater in which the bivalve lived (Eisma, Mook, and Das
1976). In this study, the internal annual growth lines of two Late
Eocene antarctic mollusks (Eurhomalea antarctica and E. newtoni)
from Seymour Island (64.5°S) were compared to the growth
lines from a Recent Eurhomalea species (E. lenticularis) from two
South American localities, Chile at 34.5°S and Patagonia at 55°S.

No significant difference can be seen between the growth
increment patterns of the Chilean and Patagonian specimens.
These individuals of Eurhomalea show a long period of growth
broken by thin annual increments. It is believed that this pattern
reflects fast growth during most of the year and slow growth
during the winter months (figure).

Eocene shells from Seymour Island show a different type of
growth increment pattern: an extremely short period of growth
followed by a thick winter line.

In most cases, temperature regime is considered to be the
primary cause of growth increment patterns in bivalves. In this
case it does not appear that the temperature regime dictated the
growth increment patterns. This is because O temperature

profiles from the planktonic forams in the oceans surrounding
Antarctica (Kennett 1977) show that the sea-surface tem-
peratures in the southern oceans during the Late Eocene were
not significantly different from the sea-surface temperatures off
the coast of Chile today.

It is believed that the difference in patterns is due to low levels
of plankton productivity in the winter months at the high lati-
tudes when the daily levels of sunlight are not high enough to
maintain significant photosynthetic levels. In a recent study,
Tilzer and Dubinsky (1987) found that respiration rates in phy-
toplankton are temperature-dependent, with respiration rates
decreasing with temperature. Plants lose carbon during respira-
tion so the mass balance of the population is controlled by the
respiration rate. The phytoplankton are therefore able to main-
tain a positive mass balance during the long antarctic winter
because they are able to conserve carbon and stored energy at
such low temperatures. If the temperature was raised even a
few degrees, then the respiration rates increased enough that it
was impossible for the phytoplankton to maintain this positive
mass balance.

During the Late Eocene, the average surface seawater tem-
peratures in the southern oceans were approximately 9° to 12°C
higher than they are today (Kennett 1977). According to Tilzer
and Dubinsky (1987), the phytoplankton population would
have been greatly reduced during the winter months. There-

Thin section of Eurhomalea lenticularis from central Chile, 34.5°S.
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fore, organisms that depended on algae as a principal nutrient
source, such as bivalves, would have been adversely affected.

It is therefore being proposed that E. antarctica shows that its
growth was restricted, due not to the environmental tem-
perature regime, but to the fact that its growing season would
have been very short compared to that at lower latitudes. In this
case, bivalve growth patterns could be very useful as pal-
colatitude indicators.

This research was supported by National Science Foundation
grant DPP 84-16783.
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Ontogenetic morphometrics of some
Upper Cretaceous foraminifera from

the southern high latitudes

BRIAN T. HUBER

Byrd Polar Research Center
and

Department of Geology and Mineralogy
Ohio State University

Colunibus, Ohio 4321()

Several factors have impeded efforts toward improving the
Upper Cretaceous planktonic foraminiferal biostratigraphy of
the southern high latitudes: (1) rarity of thermophilic taxa used
in the standard zonal schemes, (2) apparently slow evolution-
ary rates, and (3) high morphologic variability of several indige-
nous planktonic species. The latter factor has caused consider-
able taxonomic confusion in studies of Upper Cretaceous
globigerine foraminifera from Deep Sea Drilling Project hole
511 (Falkland Plateau) and Seymour Island (Antarctic Penin-
sula). Specimens from these localities, which were previously
classified as Rucoglobiçerina rugosa (Plummer), R. pilula Belford,
R. pustulata Bro;dinnimann, R. rotundata Bro;dinnimann, and
Hedbergella montnouthensis (Olsson) by Sliter (1976), Krashenin-
nikov and Basov (1983) and Huber, Harwood, and Webb (1983),
show considerable intraspecific morphologic overlap, and they
differ significantly from the original type descriptions (Huber in
press). The proper taxonomic designation of these mor-
photypes is important because they dominate the antarctic and
Falkland Plateau planktonic foraminiferal assemblages. Their
original taxonomic assignments were based only on external
characteristics of the foraminiferal shells, without regard to the
ontogenetic features preserved within. To achieve taxonomic
stability within this group, it became apparent that more de-
tailed morphologic information was needed.

New methods were used to observe the developmental on-
togeny of the Falkland Plateau and Seymour Island specimens
and compare them with topotypes of the species listed. One
procedure involves a series of test dissections and observations
under the scanning electron microscope using techniques sim-

ilar to those described by Huang (1981). Removal of the ventral
chamber walls was achieved through the use of a very finely
ground needle mounted on a Sensaur micromanipulator, which
enables precisely controlled movement in all three dimensions.
Examination of the internal morphology using this method
reveals valuable information on the ontogenetic changes in (1)
wall surface ornament and porosity, (2) apertural position, (3)
chamber size, and (4) number of chambers per whorl (figure 1,
items 1, 3, 4, 5, and 6; figure 2, items 1, 3, 4, 5, 6, and 7).

High resolution X-radiograph images of planktonic for-
aminifera were produced by adapting techniques described by
Arnold (1982) (figure 1, item 2; figure 2, item 2). Equatorial views
of the X-ray 1 x images were analyzed using morphometrics
software in conjunction with a Leitz orthoplan microscope, a
digitizing tablet, and a microcomputer. The chosen parameters
include presence/absence and numerical attributes as well as
linear and areal measurements which characterize the on-
togenetic morphological changes. Internal morphologic charac-
teristics considered as taxonomically useful include: (1) number
of chambers in the penultimate whorl, (2) ontogenetic changes
in the cross-sectional chamber area and shape, (3) position of
the generating curve, and (4) ratio of the penultimate and ante-
penultimate chamber areas. The advantage of using this meth-
od is that data can be generated rapidly from large foraminiferal
populations, and it can easily be analyzed statistically.

Results of this study indicate that the upper Campanian!
Maastrichtian specimens from the Falkland Plateau and
Seymour Island, which were previously included in Hedbergella
and Rugoglobigerina, are growth morphovariants of a single,
new, high-latitude rugoglobigerinid species whose distribution
is probably restricted to the southern high-latitude austral
province. Specimens which were previously identified as Hed-
bergella mon;nouthensis at these high latitudes are now consid-
ered as juvenile and kummerform adult forms of the new
rugoglobigerinid species. The gerontic morphotypes of this
taxon, formerly considered as Rugoglobigerina pilula, R. rugosa,
R. pustulata, and R. rotundata, show substantial variability in
maximum test diameter, cross-sectional area ratio of the ulti-
mate and penultimate chambers, and position of the generating
curve. They differ from typical species of Rugog!ohigerina in that
surface ornamentation is predominantly composed of ran-
domly arranged pustules, with only rare occurrence of mend-
ionally aligned costellae. Kummerform chambers occur in mod-
erate frequency and umbilical cover plates (tegilla) are rare.
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Figure 1. Scanning electron micrographs and X-ray micrograph (item 2) of an upper Campanian specimen of Rugoglobigerina n. sp. showing
ontogenetic changes in its morphology. This specimen bears faintly developed meridional costellae on the adult chamber surface and a
tegillum. Note the rapid rate of chamber size increase and smoother wall of the pre-adult chambers. ("mm" denotes "millimeter:')

Figure 2. Scanning electron micrographs and X-ray micrograph (item 2) of an upper Campanian specimen of Rugoglobigerina n. sp. from Deep
Sea Drilling Project hole 511 (core 24-5, 69-71 centimeters) from the Falkland Plateau. Note that the ontogenetic development of this form is
similar to the specimen shown in figure 1. ("mm" denotes "millimeter:')

16	 ANTARCTIC JOURNAL



Examination of the pre-adult morphology of planktonic for-
aminifera using the methods described above provides addi-
tional criteria for understanding their taxonomy and phy-
logenetic relationships. Although this study was concerned
with a single time-slice in the Late Cretaceous, analysis of strat-
igraphic changes in the ontogenetic morphometry of particular
taxonomic groups will certainly improve high-latitude bio-
stratigraphy and provide further insight to paleoceanographic
and paleoclimatic evolution.

Samples provided by the Deep Sea Drilling Project (East
Coast Repository, Lamont-Doherty Geological Observatory)
are gratefully acknowledged.

This research was partially funded by National Science Foun-
dation grants DPP 85-17625 and Di p 84-20622. Jam grateful to the
curators at the Scripps Institution of Oceanography for making
the Deep Sea Drilling Project samples available to me.
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Evidence from the Beardmore Glacier
region for a late Paleozoic/early

Mesozoic foreland basin

• An Early Permian facies transition from terrestrial to marine
toward the orogenic belt.

• The existence of two major source areas, the east antarctic
craton and calc-alkaline volcanics from a convergent paleo-
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New data and interpretations from our 1985-1986 field season
in the Beardmore Glacier region lend support to the hypothesis
that the Upper Paleozoic/Lower Mesozoic sedimentary se-
quence is part of a major foreland basin that paralleled the
margin of the east antarctic craton. This foreland basin com-
prises at least four distinct stratigraphic basins (figure 1):
Ellsworth Mountains (EM), Central Transantarctic Mountains
(cTM), southern Victoria Land (svL), and northern Victoria Land
(NvL). The stratigraphy of these basins has been summarized at
length by Elliot (1975).

Foreland basins are elongated depressions that develop on
continental crust, typically near the edge of a craton, inboard of
a fold/thrust belt. Lines of evidence supporting the foreland
basin hypothesis include:
• The widespread similarity of stratigraphic sequences from

antarctic basins suggesting that they are genetically related.
• Post-Early Permian to pre-Middle Jurassic folding in the

Ellsworth and Pensacola mountains indicating the existence
of an orogenic belt.

• The thickening of time-equivalent sequences toward the
orogenic belt.
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Figure 1. Location map showing extent of stratigraphic basins.
("EM" denotes "Ellsworth Mountains"; "CTM" denotes "central
Transantarctic Mountains"; "SVL" denotes southern Victoria
Land"; "NVL" denotes "northern Victoria Land?')
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Pacific margin, the latter becoming increasingly important
with time.

• A Late Permian reversal in fluvial paleocurrent directions in
the CTM basin concomitant with the introduction of volcanic
detritus.

• The fluvial architecture of Upper Permian and Triassic depos-
its in the CTM basin, suggesting both deposition in large low-
gradient alluvial fans derived from the orogenic belt and
rapid subsidence in the basin.
Figure 2 shows a cross-section of our reconstruction of the

hypothetical foreland basin. Orientation of the basin was obliq-
ue to the present trend of the Transantarctic Mountains. The
various stratigraphic basins are regarded as representing seg-
ments of the foreland basin from the orogenic belt toward the
craton in the following order: EM CTM - SVL - NVL. Equivalent
time-stratigraphic intervals thin progressively inboard. Per-
mian and Lower Triassic strata wedge out in northern Victoria
Land where very thin Upper Triassic fluvial deposits rest di-
rectly on crystalline basement (Collinson, Pennington, and
Kemp 1987).

The most compelling evidence for a foreland basin is the
bimodal provenance of quartzitic and arkosic sands from cra-
tonic basement, and volcaniclastic sands from a caic-alkaline
paleo-Pacific margin source. The occurrence of volcanic tuffs in
the Lower Permian in the EM basin and throughout the Triassic
in the CTM basin indicates contemporaneous volcanism rather
than erosion of older volcanics. The introduction of volcanic
detritus was diachronous from basin to basin. The oldest vol-
caniclastic sediments occur in the EM basin in Lower Permian;
they appear in the CTM basin in Upper Permian, and in the SVL

and NVL basins in Triassic. Major drainage was longitudinal to
the axis of the foreland basin and sandstone composition was
controlled by location with respect to the axis of deposition.

Barrett and Kohn (1975) identified a Permian drainage divide
between the CTM and SVL basins across which paleocurrent data
indicated dispersal in opposite directions. Drainage reversal
supposedly occurred with uplift in the CTM basin at the transi-
tion from Permian to Triassic after which time all drainage
flowed toward NVL. However, new paleocurrent data in the CTM

basin indicate that the drainage reversal occurred in mid-Per-
mian concurrently with the introduction into the basin of vol-
caniclastic sand from the paleo-Pacific margin. Uplift within the
CTM basin seems unlikely as a cause for drainage reversal,
because no evidence of major erosion or rejuvenation exists for
that time. However, Late Permian folding and uplift in the
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Figure 2. Generalized cross-section of foreland basin. ("m" denotes
"meter:' "L" denotes "lower:' "U" denotes "upper:')

orogenic belt may have produced large alluvial fans that pro-
graded into the CTM basin causing the drainage reversal.

The Upper Permian Buckley Formation and Lower Triassic
Fremouw Formation in the CTM basin were deposited by
braided streams. These deposits are unusual in that a high
percentage of flood-plain sediment is preserved. The concept of
flood-plain destruction by erosion and lateral migration of
braided channels is approached as a universal axiom; however,
emphasis in the literature on Holocene streams has been on
confined non-aggrading systems. Unconfined braided streams
have been described from humid, low-gradient, alluvial fans in
the Himalayan foreland (Brahmaputra River, Coleman 1969;
Kosi River, Wells and Dorr 1987). Lateral migration of streams
across Himalayan fans is by avulsion. During floods, much of
the fan surface, including flood plains, is inundated. For low-
gradient, humid, alluvial fans, thick flood-plain deposits can be
preserved under conditions of rapid subsidence relative to avul-
sion periodicity (c.f., Allen 1978; Bridge and Leeder 1979). Un-
der conditions of slow subsidence, only channel deposits are
preserved; overbank sediments are reworked and flushed from
the system. With rapid subsidence, flood-plain deposits are
removed from the "zone of reworking" and preserved. Preser-
vation of flood plain deposits in the CTM basin is consistent with
rapid subsidence and deposition in an unconfined braided
fluvial system on a humid, low-gradient alluvial fan.

Further evidence for the fan model is found in the Lower
Triassic between the Shackleton and Beardmore glaciers. In
Early Triassic a large trunk stream that flowed along the axis of
the foreland basin in CTM was fed quartzose sands from the east
antarctic craton on one side and volcaniclastic sands from the
paleo-Pacific margin on the other (Collinson, Kemp, and Eggert
1987). Paleocurrent vectors west of the Beardmore Glacier are
generally northwestward toward SVL, but to the east, par-
ticularly around the Shackleton Glacier, they appear to shift
southwestward from the direction of the paleo-Pacific margin.
Concomitantly, Lower Triassic sandstones are increasingly vol-
caniclastic eastward toward the Shackleton Glacier area and the
calc-alkaline volcanic source along the paleo-Pacific margin
(Vavra 1984).

This work was supported by National Science Foundation
grant DPP 84-18354.
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Paleotectonic implications of the
Permo-Carboniferous Pagoda

Formation, Beardmore Glacier area
JULIA M.G. MILLER and BARBARA J. WAUGH

Department of Geology
Vanderbilt University

Nashville, Tennessee 37235

Sedimentologic aspects of the glaciogenic Pagoda Formation
place constraints upon the paleotectonic setting of the
Beardmore Glacier area during Permo-Carboniferous time and
pertain in particular to the proximity of this region to the paleo-
Pacific margin of Gondwana. Glaciogenic beds form the base of
the Victoria Group. Rare palynomorphs from the uppermost
Pagoda Formation show that these rocks are of Permo-Car-
boniferous age (Askin personal communication). In the central
Transantarctic Mountains, Permo-Triassic units of the upper
Victoria Group were deposited on the cratonic side of a back-arc
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Figure 1. Selected stratigraphic columns through the Pagoda Formation in the Beardmore Glacier area showing interpretation of glacial
advance and retreat. ["MP" denotes "Markham Plateau" (northwest). "MC" denotes "Mount Counts" (north face). "ME" denotes "Mount
Elizabeth?' "Mu" denotes "Mount Hermanson?' "m" denotes "meter"] For more details see Miller (in preparation).
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or foreland basin which lay behind a caic-alkaline volcanic arc
(Barrett, Grindley, and Webb 1972; Elliot 1975; Collinson in
preparation).

Facies within the Pagoda Formation include diamictite, sand-
stone, and shale. The characteristics of each are described by
Lindsay (1968, 1970), Miller and Waugh (1986), and Miller (in
preparation). The facies association is consistent with deposi-
tion in a terrestrial region close to the terminus of a temperate
glacier. There is no sedimentologic evidence which suggests
proximity to the continental margin. Moreover, a very high
carbon/sulphur ratio from two Pagoda shale samples indicates a
nonmarine depositional environment (Berner personal
communication).

Within the formation, episodes of glacial advance and retreat
can be recognized principally through analysis of facies se-
quences. On the basis of the preserved sedimentary record,
major advance-retreat cycles can be distinguished from more
minor pauses in sedimentation, fluctuations of the ice margin,
or changes in basal ice dynamics, which are represented by
individual sedimentary features within diamictite units (Miller
in preparation). Three or four major glacial cycles are commonly
present, and up to six may be visible in thicker, northern Pagoda
sections (figure 1). Between the Ohio Range and northern Vic-
toria Land, thicknesses of Permo-Carboniferous glaciogenic
rocks range from 0 to 375 meters (Lindsay 1968). Within this
region, the Pagoda Formation is unusually thick (100 to 375
meters, figure 1), particularly considering that it records ter-
restrial deposition and preservation of several erosional and
depositional episodes (glacial advances and retreats). The thick-
ness may be due to either greater subsidence in the Beardmore
area as compared to neighboring areas or infilling of an irreg-
ular paleotopography.

Paleo-ice flow and paleocurrent transport in the Beardmore
area were dominantly toward the southeast (figure 2; see also
Lindsay 1968, 1970). Paleoslope indicators show more scatter,
possibly with a dominant slope toward the southwest (figure
2C). Regionally in the Transantarctic Mountains, the paleo-ice
flow directions approximately parallel the trend of the outcrop
belt with some divergence in the vicinity of the Queen Maud
Mountains (Coates 1985). The probable distribution of ice cen-
ters (Lindsay 1970; Frakes, Matthews and Crowell 1971; Coates
1985) and the directions of ice movement indicate that the Per-
mo-Carboniferous continental margin did not lie close to the
present outcrop belt.

Clasts in Pagoda diamictites are dominantly granitic rocks
and quartzite. Other high- and low-grade metamorphic rocks
are also common and some sedimentary rocks occur (see also
Lindsay 1968). Petrographic data for Pagoda sandstones and
selected diamictites are shown in figure 3. Together, the clast
and petrographic data show that Pagoda sediments were de-
rived from a stable continental block region with some contribu-
tion from a quartz-rich recycled orogen (Dickinson et al. 1983).
Very rare volcanic lithic fragments exist in a few Pagoda rocks,
but Precambrian and Paleozoic rocks of the East Antarctic craton
provided most of the debris.

Figure 2. A. Paleo-ice flow directions from orientation of striated
surfaces within Pagoda Formation. One data point gives unique
transport direction toward southeast: vector mean calculated on
assumption that others also reflect transport to south and east. B.
Paleocurrent data for Pagoda Formation. C. Orientation of fold axes
of soft-sediment folds in Pagoda Formation.
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Figure 3. Triangular diagram showing petrographic composition of
Pagoda Formation sandstones ("ss," N = 54) and diamictites
("dmct," N 21). ("Om" denotes monocrystalline quartz?' "F" de-
notes "feldspar?' "Lt" denotes "lithic fragments," including poly-
crystalline quartz.)

In summary, the terrestrial glacial facies assemblage, paleo-
ice flow directions, and provenance data for the Pagoda Forma-
tion indicate deposition in a stable cratonic region distant from
the paleo-Pacific margin of East Antarctica. There is no evidence
for an active continental margin in the vicinity of the present
central Transantarctic Mountains during Permo-Carboniferous
time. These data, therefore, lend support to reconstructions of
the Pacific margin of Gondwana which place microcontinental
blocks, now in West Antarctica and New Zealand, adjacent to
the present continental outline of East Antarctica (Daiziel and
Elliot 1982).

This study is based on data collected from 17 Pagoda sections
in the Beardmore Glacier area visited during November and

December 1985. The research was supported by National Sci-
ence Foundation grant DPP 84-18445.
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This note summarizes our work on the late Precambrian to
early Paleozoic basement of the central Transantarctic Moun-
tains from 1 June 1986 through 1 June 1987 and is intended to
supplement two reports published in the 1986 review issue of
the Antarctic Journal (Borg et al. 1986; Borg and DePaolo 1986).
Current results of specific aspects of this work are available in
three abstracts (Borg and DePaolo 1987a, 1987b; and Goodge
and Borg 1987).

Field program. Geologic mapping and sampling of granitic and
metamorphic rocks was done in the Gabbro Hills in November
1986. Early Paleozoic plutonic rocks occupy a large proportion
of the region (approximately 80-90 percent) and are mainly
diorite, tonalite, and granodiorite with only one gabbroic plu-
ton (compare with McGregor 1965). December was spent com-
pleting our mapping and sampling of the Miller Range which
was begun in 1985-1986. Work on the structural geology of the
Miller Formation and the Nimrod Group has confirmed and
elaborated on our findings described last year (Borg et al. 1986).
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Laboratory program. The laboratory program is directed to-
ward using the isotopic and chemical compositions of granitic
and metamorphic rocks to elucidate the tectonomagmatic evo-
lution of the east antarctic craton (EAc) margin in Early Paleozoic
time. This work has already yielded results that substantially
modify previous models. Figure 1 is a neodymium evolution
diagram showing 143neodymium/'neodumium in epsilon no-
tation (€Nd) for granitic and metamorphic rocks calculated at the
time of granite emplacement, approximately 500 million years
ago. These data demonstrate that the Miller Formation is com-
posed of Archean material. This was not clear from previous
geochronological studies. Our data, when combined with
structural relations, suggest that an Archean portion of the EAC

is nearby under the polar ice sheet and strongly suggest that the
bulk of the EAC may be of Archean age. The late Precambrian
geoclinal turbidites (Goldie Formation) have isotopic composi-
tions that require a sedimentary source other than the exposed
preexisting basement rocks. This observation is important for
reconstructions of the Paleozoic tectonics. Proterozoic base-
ment (approximately 1.8-2.0 billion years old) is inferred to be
present in the Miller Range on the basis of the isotopic composi-
tions of the peraluminous granites. Metaluminous granites east
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-30 ..
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Figure 1. Neodymium evolution diagram for granites of the central
Transantarctic Mountains and related metamorphic rocks. ("Met-Al
GHI" denotes "metaluminous Granite Harbor Intrusives." "Per-Al
GHI" denotes "peraluminous Granite Harbor Intrusives." "Fm" de-
notes "formation:' END(i)denotes 143neodymium/1 neodymium com-
position in epsilon notation. "Ga" denotes "giga annum" or billion
years.)

Mesozoic Ferrar Group and Mesozoic-
Permian Beacon Super Group

Cambrian Granite Harbour Intrusives

Cambrian Byrd Group

Precambrian Beardmore Group
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Figure 2. Geologic sketch map of the central Transantarctic Mountains. Sample locations are shown by circles. Section line A-B is perpen-
dicular to structural trends of the Ross Orogeny and relates to figure 3.
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of the Marsh Glacier are inferred to be products of mixing
between a depleted-mantle component and a crustal compo-
nent.

An important feature of the data is the pattern of variation
over the region. Figure 2 shows the study area, locations of
analyzed samples, and a cross-section line perpendicular to
structural trends of the Ross Orogeny. Figure 3 shows ENd of
several rock types (calculated for crystallization ages of 500
million years) projected onto the section line. Three crustal
elements or "terranes" are indicated. The oldest is the Miller
Formation, which is composed of Archean material but is con-
fined to the upper plate of a major east-directed thrust zone in
the Miller Range. This material was not involved in formation of
the granites. A second terrane is crystalline crust of Proterozoic
age located between the thrust zone and the Marsh Glacier. It is
identified by the presence of peraluminous granites (wholly
crustal melts) in the Miller Range, and its neodymium model
age is fixed by the isotopic compositions of these granites (fig-
ure 1). The third crustal element, defined by the metaluminous
granites in the axis and the eastern side of the Transantarctic
Mountains, is characterized by continuous variation of initial
ENd of the granites from ENd equals approximately -8 to 2
across the range. These granites are mixtures of mantle-derived
magma and a Precambrian component similar to that which
produced the peraluminous granites of the Miller Range. It is
inferred that this region is underlain by thinned Proterozoic
crust. The pattern of isotopic variation in the metaluminous
granites is compatible with westward subduction of oceanic
crust beneath the EAC at the time of granite genesis. The discon-
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Figure 3. Neodymium composition ( 143neodymium/ 1 neodymium in
epsilon notation, N) at 500 million years ago plotted against dis-
tance across the Transantarctic Mountains. ("Met-Al GHI" denotes
"metaluminous Granite Harbor Intrusives." "Per-Al GHI" denotes
"peraluminous Granite Harbor Intrusives." "Fm" denotes
"formation.")

tinuity in the isotopic and chemical compositions of the granites
at the Marsh Glacier is interpreted as a transition between
thinned and normal-thickness crust.

These data have important implications for the early Pal-
eozoic tectonic evolution of this segment of Antarctica and are
also important in defining the age, nature, and extent of the
Precambrian basement of Antarctica. Our continuing analytical
work is aimed at broadening the geographic coverage of the
isotopic variations in the granitic rocks and better defining the
isotopic signature of other metamorphic rocks of the region. The
pattern of isotopic variation we are finding in the central Trans-
antarctic Mountains is an important feature of the basement
which we believe may be traceable northward. These isotopic
"markers" will be valuable in working out the structural de-
velopment of the Transantarctic Mountains.

We would like to thank VXE-6, National Science Foundation,
Polar Operations and Antarctic Services, Inc., for their efforts in
support of our field work. This research was supported by
National Science Foundation grant DPP 83-16807.
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Early Permian paleogeography and
tectonics of the central Transantarctic

Mountains: Inferences from the
Mackellar Formation
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Nashville, Tennessee 37235

The Lower Permian Mackellar Formation of the Beardmore
Glacier area consists of interbedded black shale and sandstone.
It records the transition between glacial and fluvial deposition
and reflects initial infill of a starved post-glacial basin (Barrett
1970; Elliot 1975; Miller and Frisch 1986; Frisch and Miller in
preparation). Although the Mackellar Formation pinches out in
the vicinity of the Nimrod Glacier just north of the Beardmore
area (figure 1), correlative units traceable for 1,000 kilometers
extend southward through the central Transantarctic Moun-
tains (cTM) and Ellsworth Mountains (Elliot 1975; Bradshaw,
Newman, and Aitchison 1984; Collinson in press).

Occurrence of marine trace fossils in the Permian post-glacial
black shale unit in the Ellsworth Mountains (Polarstar Forma-
tion) suggests that this area was near the paleo-Pacific margin
(Collinson, Vavra, and Zawiskie in press). Subsidence along the
continental margin is indicated by the much greater thickness of
the Polarstar Formation than of correlative units in the CTM. A
volcanic arc presumably located near the continental margin
supplied sediment during deposition of the Polarstar Formation
and during deposition of younger Permian fluvial deposits in
the CTM (Collinson and Isbell, Antarctic Journal, this issue).

Paleogeographic and paleotectonic questions addressed in
this study of the Mackellar Formation were: (1) Was the
Beardmore area located near the continental margin? (2) Was

the basin actively subsiding? (3) Did the volcanic arc supply
sediment to the area? Integration of sedimentologic, ichnologic,
and petrologic data indicates that the part of the basin in which
the Mackellar Formation was deposited did not have open cir-
culation with waters of normal marine salinity, implying a posi-
tion cratonward of the continental margin, that the basin was
subsiding, but less rapidly than the Ellsworth Mountain basin,
and that it did not receive volcaniclastic sediments from the
island arc.

Salinity. Although diversity is low and trace fossils generally
are not abundant, the biogenic structures suggest a freshwater
to brackish environment of deposition. The most distinctive
trace fossil is a small endostratal trail which closely resembles a
millipede trace from Devonian overbank deposits illustrated by
Bridge and Gordon (1985). Less distinctive traces from the
Mackellar Formation are very similar in morphology and size to
those found in fine-grained overbank facies in the Upper Per-
mian coal-bearing Buckley Formation of the Beardmore region.
Notably absent are both trace fossils typical of marine turbidite
sandstones lithologically similar to those of the Mackellar For-
mation, and body fossils of the marine Eurydesina fauna which
are found elsewhere in Permian marine rocks of Gondwana
(e.g., Banks and Clarke 1987). Providing corroborating evi-
dence for a fresh to brackish water depositional environment
are extremely high carbon-sulfur ratios (Berner personal com-
munication; see Berner and Raiswell 1984, for explanation of the
method).

Subsidence. The Mackellar Formation records periods of quiet
water sedimentation punctuated by rapid influxes of sand car-
ried down gentle slopes by turbid density currents (Frisch and
Miller in preparation). The turbidity currents were generated by
deltaic lobes building into the basin primarily from the north
(Miller and Frisch 1986). Most localities have one to three large-
scale (25-meter) coarsening upward sequences, which reflect
progradation of deltaic lobes (figure 2). Elsewhere in epiconti-
nental settings where subsidence was negligible, progradation
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Figure I. Area of outcrop of the Lower Permian Mackellar Formation
and its lithologic equivalents in the central Transantarctic ("CTM")
and Ellsworth ("EM") mountains. Dots indicate Transantarctic
Mountains, dashes show outcrop area of Mackellar Formation and
equivalents. The Mackellar Formation pinches out north of the Nim-
rod Glacier.

0
Figure 2. Representative stratigraphic section of Mackellar Forma-
tion in the Beardmore Glacier region. Brackets indicate coarsening-
upward sequence. ("m" denotes "meter:')
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by successive lobes has removed the upper parts of coarsening
upward sequences (Brown 1979). Therefore, preservation of the
tops of these coarsening upward sequences in the Mackellar
Formation implies subsidence. This subsidence was sufficient
to mask effects of post-glacial isostatic rebound. However, sub-
sidence in the Beardmore region, where the Mackellar Forma-
tion typically is 100 meters thick, was much less than that in the
Ellsworth Mountains, where the Polarstar is 1,000 meters thick
(Collinson, Vavra, and Zawiskie in press).

Provenance. Petrographic analysis indicates that the source of
Mackellar sandstones was a granitic terrain (Frisch and Miller in
preparation), although the weathering history was variable
(Krissek and Homer, Antarctic Journal, this issue). Forty samples
of fine and very-fine grained sandstone fall within the conti-
nental block provenance of Dickinson and Suczek (1979) (figure
3). This is consistent with paleocurrent data, which suggest a
northward source; with presence of granitic and metamorphic
rocks toward the north; and with the northward pinching-out of
the Mackellar Formation. Notably absent from Mackellar sand-
stones is any evidence of a volcanic component in the source
area. Unlike the Polarstar Formation to the south, the deposi-
tion of the Mackellar Formation appears to have been isolated
from volcanic activity on the paleo-Pacific margin. Though
somewhat altered by post-depositional processes, the composi-
tional and textural maturity of Mackellar detritus implies a short
transport distance and a relatively rapid burial, thereby preserv-
ing the original detrital mineralogy.

Summary. Interbedded shale and sandstone of the Mackellar
Formation was deposited in a sediment-starved post-glacial
basin. Quiet water deposition was disturbed sporadically by
turbidity currents spawned by southerly prograding deltaic
lobes. Preservation of entire coarsening-upward sequences im-
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Figure 3. Quartz-feldspar-lithics diagram with provenance fields of
Dickinson and Suczek (1979) showing modal composition of sand-
stones from Mackellar Formation.

plies that subsidence exceeded sedimentation and isostatic re-
bound. Trace fossils and carbon-sulfur ratios indicate a fresh to
brackish setting, probably inland from the continental margin.
Absence of volcanic detritus in the Mackellar sandstones sup-
ports the model of diachronous volcanism proceeding from the
Ellsworth Mountains to the central Transantarctic Mountains
(Collinson and Isbell, Antarctic Journal, this issue).

This research was based on field work done from November
1985 to January 1986 and was supported by National Science
Foundation grant DPP 84-18445.
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Provenance evolution recorded by
fine-grained Permian clastics, central

Transantarctic Mountains
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During austral summer 1985-1986, we collected approx-
imately 310 samples of fine-grained clastics from 24 measured
sections in the Permian sequence of the central Transantarctic
Mountains (figure). Our fieldwork and our collaborative efforts
with other sedimentologists from Ohio State University and
Vanderbilt University were summarized by Krissek and Homer
(1986). Our objective is to extract provenance and paleoclimatic
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Geographic distribution of measured sections, Beardmore Glacier
area, central Transantarctic Mountains.

information from these fine-grained sediments, using their
mineral and chemical compositions as well as principles estab-
lished by other workers (e.g., Griffin, Windom, and Goldberg
1968; Keller 1970; Nesbitt and Young 1982). Because the Permian
sequence in the central Transantarctic Mountains records the
transition from a glacial regime (Pagoda Formation), through
subaqueous clastic (deltaic) deposits (Mackellar Formation), to
fluvial sequences (Fairchild Formation) with coals (Buckley For-
mation), such an examination promises to provide valuable
insight into the timing and nature of this paieoenvironmental
change.

Samples that have experienced minimal post-depositional
alteration have been recognized on the basis of five criteria:

• presence of kaolinite (de Segonzac 1970; Carroll 1970);
• low illite crystallinity index, indicating relatively abundant

less-ordered (i.e., low temperature) illites (Weaver 1960;
Guthrie, Houseknecht, and Johns 1986);

• low illite polytype parameter, indicating relatively abun-
dant less-ordered (i.e., low temperature) lMd illites (Max-
well and Hower 1967);

• low vitrinite reflectance value, indicating limited heating of
organic components (Dow 1977; Guthrie et al. 1986); and

• high organic carbon content.
Of the 53 samples examined in this study, 19 meet two or

more of the criteria for least-altered samples outlined above.
The data for these samples are listed in table 1, where the
samples are grouped stratigraphically and geographically (ar-
ranged from north to south for each formation). Least-altered
samples are used to interpret provenance in the discussion
below. This interpretation assumes that the least-altered sam-
ples contain a higher proportion of detrital material than the
more highly altered samples.

The composition of least-altered Pagoda samples suggests
that variable amounts of detrital lMd and 2M illite were mixed
during Pagoda deposition; the detrital 2M illite input probably
reflects the dominance of physical weathering processes under
glacial conditions, while the detrital lMcl illites may have been
eroded from preexisting soils or sedimentary rocks. The high
relative chlorite/illite abundance ratios also indicate the impor-
tance of physical weathering processes in the Pagoda source
areas. The four least-altered Mackellar samples exhibit a
marked geographic difference in composition, contrasting the
two northern and the two southern samples. The criteria exam-
ined here suggest that a northern source of the Mackellar experi-
enced relatively humid weathering conditions during this time,
thereby providing kaolinites, less-ordered ilhite forms, and a
predominance of ilite over chlorite to the basin. A southern or
western source of the Mackellar, however, was still dominated
by physical weathering, as recorded by detrital 2M illites and
abundant chlorite at section MB. Compositions of the four least-
altered Fairchild samples suggest that physically weathered and
chemically weathered clastics were mixed throughout the basin
during Fairchild deposition.

Three least-altered samples from the lower halves of the
Buckley stratigraphic sections exhibit a marked compositional
similarity across the study area, which indicates that chemical
weathering processes were dominant in all source areas during
deposition of the "lower" Buckley. These compositional charac-
teristics point directly to the regional onset of a warm, humid
paleoclimate during deposition of the Buckley; similar condi-
tions are also suggested by the abundance of coals in the Buck-
ley. Four least-altered samples from the upper halves of the
Buckley stratigraphic sections have variable compositions. Pos-
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0.18

Level
(m is meter)

223m
#10
#15

40m

284m
45m
90m

92m
202m

91m

38m
160m
38m

104m

129m
24m
41m
54m

Section

MPU
WG
WG

LP

MMD
MA6
MBb

MK
CID
MD
MB

MMC
TGA

MB
MB

MMZ
MMP
TGA

Cl

Formation

"Upper"
Buckley

"Lower"
Buckley

Fairchild

Mackellar

Pagoda

RMAe

I>C
I>>C
I>>C

K>l>C
I>C
K>I>C

C>I
C>I
C>I

C>I
K>I
C>I
C>I

C=I
C=I
C>l
C>I

Table 1. Compositional data for least-altered Permian samples from
the central Transantarctic Mountains

a %C denotes organic carbon content (weight %).
I ICI denotes illite crystallinity index, i.e., X-ray diffraction peak intensity ratio (10A/10.5A).

IPP denotes illite polytype parameter, i.e., X-ray diffraction peak intensity ratio (2.80A/2.58A).
d %R0 denotes vitrinite reflectance.

RMA denotes relative mineral abundance, based on basal diffraction peak area (C denotes chlorite, I denotes illite, K denotes kaolinite).
No data available.

sible explanations for this variation include (1) mixing of or-
dered and disordered detrital illites across the study area, and
(2) formation of illites, diagenetically, from smectite produced
by alteration of volcanic detritus, which is abundant in sand-
stones of the "upper" Buckley (Collinson and Isbell 1986).

Table 2. Chemical index of alteration (CIA)
(Nesbitt and Young 1982) values for Permian samples

from the central Transantarctic Mountains

Level
Formation	Section	(in meters)	CIA 

Buckley	 MMD	 417	 83.7

	

MMD	 270	 83.1

	

MBb	 80
	 79.6

Fairchild	 MMD	 115	 78.0
Mackellar	 MK	 79	 78.6

	

MMD	 11	 73.8

	

Cl	 132	 77.2

	

MB	 125	 71.8

	

MB	 38
	 69.8

Pagoda	 TGA	 41	 73.0

a Low CIA values indicate a predominance of physically weathered mate-
rials, while high values indicate a predominance of chemically
weathered materials.

These least-altered samples outline the transition from
source areas dominated by physical weathering to source areas
dominated by chemical weathering during Permian deposition
in the central Transantarctic Mountains. In detail, however,
preliminary data show that this transition first appears in the
northern portion of the study area in the Mackellar Formation
and may not be observed in the sourthern portion of the study
area until the "lower" Buckley rocks. These interpretations of
temporal and lateral variations in provenance are supported by
the limited number of geochemical analyses available at this
time, which have been used to calculate chemical indices of
alteration (Nesbitt and Young 1982; table 2).

The results of this study indicate that careful consideration of
the mineral and chemical composition of fine-grained sedi-
ments can provide valuable provenance and paleoclimatic data
to a basin-analysis study. This project was funded by National
Science Foundation grant DPP 84-18354.
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Anatomically preserved Dicroidium
from the Transantarctic Mountains
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The genus Dicroidium represents a major component of the
Triassic Gondwana flora, with 20-30 species described from
throughout the Southern Hemisphere (e.g., Retallack 1977; An-
derson and Anderson 1983). This foliage genus is represented
by a dichotomizing frond with morphologica l ly variable pin-
nules arranged pinnately. Leaves assignable to Dicroidium are
thought to represent the vegetative leaves of the Corystosper-
males, an enigmatic group of Mesozoic pteridosperms. Despite
the fact that taxa are well known from a number of localities and
certain species have been important as biostratigraphic indica-
tors (e.g., Anderson and Anderson 1983), little is known about
the anatomy, ecology, plant habit, phylogenetic relationships,
and other biological aspects of these plants. Although frond
morphology and cuticular features have been described for
most species from compression/impression specimens,
nothing is known of the internal anatomical features of this leaf
form.

Permineralized peat from the Fremouw Peak locality in the
central Transantarctic Mountains of Antarctica (Smoot, Taylor,
and Delevoryas 1985) contains three-dimensionally preserved
Dicroidiuin fronds, and provides the first opportunity to de-
scribe the anatomic features of this form. A combination of
weathered surfaces revealing leaves in paradermal surface view
(figure 1), closely spaced serial peels of transverse sections
(figure 2), and macerated cuticle fragments (figure 3) has been
studied to reconstruct the frond anatomy and morphology of
the Dicroidium leaf. This approach allows for the direct com-
parison of this permineralized material with previously de-
scribed compression/impression specimens.

Surfaces reveal fronds of at least bipinnate organization with
odontopteroid pinnules (figure 1). Pinnules are bluntly lobed
and contain several sets of dichotomizing veins each. Individual

pinnules are up to 5.0 millimeters long and 3.0 millimeters
wide. Within the pinna rachis, the midrib is noticeably more
prominent than lateral veins (figure 1). Internally, Dicroidiurn
pinnules are characterized by prominent vascular bundles, each

T:

•.	A	. 

1 
41

Figure 1. Weathered surface of silicified peat block showing charac-
teristic Dicroidium pinnules. 10,200 C3 Side. (x 2.7)

Figure 2. Transverse section of Dicroidium pinnule. Note prominent
vascular bundles surrounded by bundle sheath, and well-differenti-
ated mesophyll. 580 C Bot. #la. (x 27)
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Figure 3. Portion of macerated curicle showing structure and ar-
rangement of stomata, subsidiary and epidermal cells. (x 400)

surrounded by a bundle sheath and a well-differentiated meso-
phyll showing both palisade and spongy layers (figure 2). The
foliage contains numerous scattered resinous cells throughout.
Leaves are amphistomatic with more stomata occurring on the

abaxial surface. The cuticle is thin but resistant, and shows
dicyclic stomata with incomplete rings of subsidiary cells (fig-
ure 3), a feature characteristic of many species of Dicroidium
(e.g., Anderson and Anderson 1983).

Specimens from the Fremouw Peak locality provide the first
evidence of the anatomical features of Dicroidium fronds and
show well-organized mesophyll, thin but resistant, amphi-
stomatic cuticles, and a frond-like organization. Descriptions of
this sort are invaluable in providing detailed information about
the Triassic flora that in turn can be used as a data base for
subsequent studies regarding climatologic and ecologic param-
eters of the Triassic Gondwana landscape. Moreover, the Fre-
mouw Peak specimens afford the opportunity to reconstruct an
important group of Mesozoic gymnosperms that some believe
may provide clues to angiosperm origins.

The research was supported by National Science Foundation
grants DPP 86-11884 and BSR 84-10399. Logistical support was
provided by members of U.S. Navy squadron VXE-6.
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An unusual gymnospermous
reproductive organ of Triassic age
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One of the least-known periods in geologic time relative to
plant evolution is the Triassic. Although Triassic plant remains
have been documented, almost all are preserved as impression/
compression specimens in which critical information about the
internal tissues is lacking. Thus, to date our understanding
about Triassic plants has had to rely on morphological features
of predominantly two-dimensional fossils. For this reason the
discovery of Triassic plants that are three-dimensionally pre-
served in silica is particularly significant because it provides the
opportunity to detail the anatomy of plants of this time period.

The material was collected during the 1985-1986 field season
from a col north of Fremouw Peak (84°16'S 164'21'E, Buckley
Island Quadrangle) and occurs as blocks of allochthonous peat
in the upper Fremouw Formation. This early/middle Triassic

site has yielded a diverse array of well-preserved plant organs
including several reproductive structures.

One of the most interesting gymnospermous reproductive
organs is a cupule-like structure containing several seeds (fig-
ure 1). In transverse section the seed-bearing unit is oval mea-

Figure 1. Section of gymnospermous reproductive organ containing
three seeds showing nature of enclosing laminar unit. (x 31.25)
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suring approximately 1.5 x 2.5 centimeters. At the proximal
end, the structure is cylindrical and appears to surround the
ovules completely. Distally, the unit appears to be open along
one side and is laminar in organization. Histologically, the base
of the laminar unit is constructed of two cell types; along the
inner surface are small thick-walled cells that grade into larger
cells with thinner walls near the periphery. A single vascular
strand enters the base of the organ and repeatedly divides to
vascularize the ovules.

The number of ovules ranges from two to five per unit, with
each ovule attached to the inner surface by a reduced stalk.
Ovules measure approximately 1.0 millimeter long and 0.8 mil-
limeter at the widest point. In some specimens it appears that
the ovules are attached at different levels to the surface of the
organ, while other sections suggest they were borne in a single
row. In transverse section, the ovules are triangular in outline
with the integument thickened in the angles (figure 2). One of
the unusual features of the integument is its parenchymatous
organization, consisting of ovoid cells that appear to be ran-
domly oriented. At the base of each seed is a large cluster of
vascular elements with annular-scalariform secondary wall
thickenings. Tissue preservation is poor at the distal end of the
seed, but it appears that a simple pollen chamber was present.
Within the confines of the seed coat is a delicate nucellus, and
occasional contents that we interpret as remnants of the mega-
spore.

While still incompletely known, the organization of this seed-
bearing unit is nevertheless highly significant. During the Car-
boniferous there were at least four distinct groups of plants
possessing fern-like foliage that reproduced by means of seeds.
Many of these seed ferns are well known anatomically, and
features about their reproductive biology have added signifi-

Figure 2. Transverse section of seed showing thickened areas of
integument and histology of seed coat. (x 50)

cantly to our understanding of seed-plant evolution. In con-
trast, the seed ferns of the Mesozoic, while equally diverse and
perhaps more widespread, are known almost exclusively from
impressions and compressions in which internal tissue systems
are rarely preserved. Moreover, these preservation types make
it particularly difficult to interpret the relationship of plant
organs to each other in three dimensions. Information of this
type is critical in understanding the origin and evolution of the
seed ferns.

One of the more perplexing problems in paleobotany centers
around the origin and possible ancestor of the flowering plants.
At one time or another every major group of Mesozoic seed
plants was considered to be ancestral to the angiosperms. In
recent years, the Mesozoic seed ferns have received the most
attention in this respect, principally because each of the major
orders possesses ovule-bearing parts that demonstrate degrees
of seed enclosure. The enclosed versus unprotected nature of
the ovules has persisted as one of the fundamental mor-
phological differences between angiosperms and gym-
nosperms. The discovery of the Caytoniales by Thomas (1925)
and more recent analysis of the glossopterids by Retallack and
Dilcher (1981) suggest these groups as potential angiosperm
precursors based to a large degree on the nature of the ovule-
bearing parts and their position as possible morphological ho-
mologues with angiosperm carpels. More recently, zavada and
Taylor (1986) have suggested that seed enclosure was a common
trend during the Mesozoic and was the first step in intercalating
sterile tissue between pollen and ovule, thus providing a possi-
ble substrate for incompatibility reactions.

The antarctic Triassic plant material described in this account
represents the first example of a structurally preserved ovule-
bearing organ attributable to the Mesozoic seed ferns. As such it
offers the first opportunity to elucidate fully the relationship of
the ovules to the structure that bore them, so that details about
the reproductive biology can be determined. We are still some
distance from understanding the parent plant that produced
this interesting ovule-bearing organ and how it might relate to
other members of the flora, which is dominated by foliage of the
Dicroidium type. Nevertheless, the unusual morphology of this
organ coupled with its excellent anatomical preservation offers a
rare opportunity to detail Mesozoic seed plants at a time that
many believe is critical in understanding the origin of the
angiosperms.

This work was supported by National Science Foundation
grant DPI, 86-11884. Logistical support was provided by mem-
bers of U.S. Navy squadron VXE-6.
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Studies of antarctic fossil plants: An
association of ferns from the Triassic

of Fremouw Peak
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An interesting fossil fern assemblage occurs at the Fremouw
Peak locality near the Beardmore Glacier. The locality is within
the Upper Beacon Subgroup and is regarded as Triassic in age
(Barrett 1969). The plants occur in clasts of silicified peat and the
anatomical preservation can be excellent. One of the floral as-
semblages characteristic of the locality is a fern-cycad associa -
tion. Where the cycad Antarcticycas schopfii (Smoot, Taylor, and
Delevoryas 1985) occurs, the dominant component of the re-
maining rock matrix includes several small ferns. Five new taxa
of ferns have been delimited, and all appear to be members of
the Filicales, the dominant fern order today. The anatomy of
these Triassic fern stems is surprisingly modern in appearance,
and quite unlike the Paleozoic filicalean ferns which have been
described. This Triassic flora constitutes the first occurrence of
essentially modern ferns in the geological record.

The largest of the new antarctic fern stems measures 2.0-11.0
millimeters in diameter and has a strongly dorsi-ventral organi-
zation (figure 1). The stem possesses an endarch, ectophloic
siphonostele embedded in a bi-zoned cortex, and the pith may
be composed of thin or thick-walled parenchyma. Vascular
traces to the leaves are produced only on the upper surface of
the stem, as would be expected in a creeping rhizomatous plant.

Figure 1. Transverse section of creeping fern stem with four leaf
bases in attachment (at arrows) to the upper surface. (x 11.5)

Roots are produced from the outer surfaces of the stem and
petioler.

A second stem type is smaller (1.0-4.0 millimeters in diame-
ter) and produces widely spaced leaves (figure 2). The stem has
an endarch, ectophloic siphonostele with a homogeneous par-
enchymatous pith and cortex. The C-shaped bundles which
vascularize the leaves are produced at very wide intervals,
indicating a rhizomatous habit. Roots may be produced from all
surfaces of the stem.

The third stem is also small (1.0-4.0 millimeters in diameter)
and produces widely spaced leaves (figure 3). The stem in this
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Figure 2. Transverse section of a small ectophloic siphonostelic
stem with one leaf trace in the cortex. (x 16)
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Figure 3. Transverse section of a small amphiphloic siphonostelic
stem with a leaf trace departing from the stele (at arrows). The
central area of fibers is not preserved. (x 32)
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fern possesses a mesarch, amphiphloic siphonostele embedded
in a parenchymatous cortex. The pith is often scierified.

In these stems there is relatively little support tissue. Only the
vascular strand and thickened cells of the cortical or pith tissues
function to reinforce the plant. An upright growth habit would
be very unlikely for any of these ferns.

The co-occurrence and similar growth habit of these three
ferns is interesting and points to a similar habitat choice. The
lack of large air spaces or lacunae in the cortex suggests these
stems were not aquatic. The cycad Antarcticycas (which is associ-
ated with the ferns in the matrix) also appears to have a branch-
ing, probably subterranean stem like the extant cycad Zamia.
Considering the need for water during the gametophyte gener-
ation of these ferns, the most likely habitats would have been in
a forest understory, riparian, or a sheltered glen area.

This work was supported in part by National Science Founda-
tion grants DPP 86-11884 and BSR 8440399.

References

Barrett, P.J. 1969. Stratigraphy and petrology of the mainly fluviatile Permian
and Triassic Beacon rocks, Beardmore Glacier area, Antarctica. (Ohio State
University Institute for Polar Studies Report Number 34.) 1-32.

Smoot, EL., T.N. Taylor, and T. Delevoryas. 1985. Structurally pre-
served fossil plants from Antarctica. I. Antarcticycas, gen. nov., a
Triassic cycad stem from the Beardmore Glacier area. American Journal
of Botany, 72, 1410-1423.

Comments on the vertebrate fauna
from the Fremouw Formation

(Triassic), Beardmore Glacier region
Antarctica
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As previously reported (Hammer et al. 1986), a diverse new
fauna of reptiles and amphibians was recovered from the upper
member of the Fremouw Formation in the deglaciated Gordon
Valley (figure) during the 1985-1986 austral summer. Gordon
Valley is located near Mount Falla in the Beardmore Glacier
region of the Transantarctic Mountains. Specimens from this
locality are under preparation and several new forms have now
been identified. In addition, a paleoecological analysis of the
lower Fremouw vertebrate community is in progress.

All previous collections of fossil vertebrates from the lower
Fremouw are considered biostratigraphically equivalent to the
Lystrosaurus zone of South Africa (Hammer and Cosgriff 1981;
Colbert 1982). It is apparent from its stratigraphic position that
the fauna from the Gordon Valley locality is younger than that of
the lower Fremouw. It also appears to share at least two genera
with the Cynognathus zone of South Africa. Included in the
collection from Gordon Valley is the right mandible of the
cynodont reptile, Cynognathus, and what appears to be a partial
maxilla of the large anomodont, Kannemeyeria. The Cynognathus
zone, which occurs directly above the Lystrosaurus zone, has
been renamed the Kannemeyeria assemblage zone by Keyser and

Upper Fremouw Formation vertebrate locality in the Gordon Valley.
(Photo taken by W.R. Hammer.)

Smith (1978), since specimens of the herbivorous dicynodont
Kannemeyeria are much more common than the carnivorous
Cynognathus. The Gordon Valley assemblage represents the first
non-Lystrosaurus zone terrestrial vertebrate fauna from the
Transantarctic Mountains.

At least two other synapsid reptiles occur, including a nearly
complete maxilla of a large gomphodont cynodont. Three tern-
nospondyl amphibians represent new species and probably
new genera. Included among the amphibian material is a well-
preserved mandible belonging to the family Benthosuchidae, a
family previously unreported from the Antarctic and notably
uncommon in Gondwana. Other amphibian taxa include a pos-
sible capitosaur and an extremely large temnospondyl of un-
determined affinity.

As the new material is prepared and described, specific com-
parisons with faunas of similar age from other Gondwana con-
tinents will be made. Since previous studies of antarctic verte-
brates have established close faunal affinities between Ant-
arctica, South Africa, and Australia, it will be of particular
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interest to see if this new community maintains the strong
correspondence evident for the lower Fremouw, or if Antarctica
developed a unique fauna during the later portion of the Early
Triassic.

A paleoecological analysis of the lower Fremouw Formation is
advancing concurrent with the description of this new fauna.
Extensive collection of the lower Fremouw over four field sea-
Sons has led to a data base that may allow us to determine
preferred paleoenvironments for certain taxa. New specimens
collected from the Coalsack Bluff and Graphite Peak localities
during the 1985-1986 field season are under study, and a com-
plete analysis of the collection made during the 1977- 1978 field
season (Cosgriff et al. 1978) has recently been completed.

This research is supported by National Science Foundation
grants DPP 85-11334 and DPP 84-18354.
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Multiple phases of early Paleozoic
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New structural data from the lower Paleozoic Douglas Con-
glomerate in the northern Churchill Mountains (figure 1) indi-
cate that the conglomerate was deformed at least three times
before the deposition of the overlying Devonian beds of the
Beacon Supergroup. Recognition of these post-Lower Cambrian
and pre-Devonian events makes all existing tectonic models for
the area too simplistic.

Our geological investigation of the northern Churchill Moun -
tains revealed extensive outcrops of Douglas Conglomerate that
were not observed or visited by previous field teams (Burgess
and Lammerink 1979; Skinner 1964, 1965; Stump et al. 1979);
consequently we produced a new geological map and propose
new structural interpretations. In addition, south of the map-
ped area at location 14 (figure 2) trilobites were collected from
the Shackleton Limestone and, at location 17, a previously unre-
corded, 1000-meter-long exposure of pillow lava was examined
and sampled.

Figure 1. Location map showing position of area mapped within the
central Transantarctic Mountains and the extent of the Churchill
Mountains between the Byrd and Nimrod glaciers. ("MH" denotes
Mount Hamilton, "CC" denotes "Crackling Cwm," and "MD" de-
notes Mount Dick.)

The field team (Rees, Girty, Panttaja, and Braddock) was put
into the field by an LC-130 ski-equipped Hercules airplane on 24
November 1986 and picked up from the same location on 5
January 1987. The landing site was located on the Nicholson
Peninsula (80°42'S 159°23'E). Overland travel by snowmobile to
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Figure 2. Generalized geologic map illustrating distribution of
Shackleton Limestone and Douglas Conglomerate outcrops map-
ped during the 1986-1987 field season in the northernmost Church-
ill Mountains. Note two Major D contractional faults that have been
folded by a 02 synform. Outcrops at "Crackling Cwm" (CC) are
tectonically interleaved Shackleton and Douglas formations and all
faults are not shown. Numbers indicate areas where detail structural
data was collected. ("MH" denotes Mount Hamilton.)

the Mount Hamilton area (figure 3) was significantly hampered
by a broad sastrugi field and numerous white-out days.
Throughout the field season, we commonly experienced an-
noying, low to moderate velocity, katabatic winds.

Our primary objective for this project was to collect from the
Douglas Conglomerate sufficient field data and laboratory data
so that we may determine the age, tectonic setting, provenance,
and deformational history of the formation. A synthesis of field
data and limited laborarory analyses have already enhanced

our understanding of the Early Paleozoic history of the region
(Rees and Rowell 1987; Rees and Rowe!l in press.)

Structural data were recorded from the Douglas Con-
glomerate at ten locations (figure 2). At most locations, abun-
dant small-scale, tight to isoclinal folds are deformed by north-
east, or northeast and northwest striking asymmetric folds, or
their associated axial plane cleavage. These two sets of struc-
tures are in turn locally transected by a set of northeast-striking
kink bands. This often repeated pattern suggests a hierarchy of
structure-forming events that are designated D 1 , D2, and D3 in
order of relative ages of formation. Major faults shown in figure
2 dip steeply to the northeast or northwest and are interpreted
to be contractional or reverse faults developed during D 1 . Sim-
ilar types of faults also were observed at "Crackling Cwm," but
mapping there is still incomplete. Folds and faults attributed to
D 1 deformation record northwest-southeast directed con-
traction. Significantly, the faults shown in figure 2 are folded,
along with S, by a large northwest plunging D 2 synform. Con-
jugate D2 sinistral and dextral verging folds and associated
cleavages record northeast-southwest shortening. D 3 kink
bands were produced locally by a northwest-southeast
contraction.

The timing of these events is not well constrained nor is the
age of the Douglas. Nevertheless, deposition of the con-
glomerate post-dates folding and uplift of the Lower Cambrian
Shackleton Limestone on which it rests with marked angular
unconformity in the southern Churchill Mountains (Rees et al.
1985; Rowell et al. in press; Rowell, Rees, and Braddock 1986;
Rowell and Rees in press). Furthermore, preliminary po-
tassium/argon dates derived from clasts from the Douglas sug-
gest that their source area was uplifted during the Ross
Orogeny. It therefore is possible that all three deformational
events recorded in the Douglas Conglomerate occurred after
the Ross Orogeny and before the deposition of Devonian
sediments.

Sedimentological data and samples of the Douglas were col-
lected from ridges and nunataks numbered 1 through 12, ex-
cluding outcrop 7 (figure 3). Preliminary detrital mode analyses
of sandstone and rudstone units suggest both a recycled orogen
(sensu Dickinson and Suczek 1979) and basement uplift (sensu
Dickinson et al. 1983) provenance for the Douglas. Clasts are
primarily limestone eroded from the Shackleton and several
types of sandstone and quartzite probably derived from the
Proterozoic basement. Less common are granitoid, rhyolite,
basalt, chert, and dolomite clasts whose sources are not yet
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Figure 3. A perspective sketch of the field area illustrating ridges and nunataks from which field data and samples were collected from the
Shackleton Limestone, Douglas Conglomerate, and a pillow lava sequence. ("MD" denotes Mount Dick, and "MH" denotes Mount Hamilton.)

34	 ANTARCTIC JOURNAL



known. The framework modes and their sources suggest depo-
sition in a foreland basin but do not preclude accumulation in a
pull-apart basin. Resolution of basin type is hindered because
sequences are fragmentary, folded, and sheared, thus obscur-
ing stratigraphic relationships and thicknesses. In addition,
basin type has not been clarified by lithofacies analysis because
the lithofacies imply development of alluvial fans and fan deltas
in lacustrine and marine environments (Rees and Rowell in
press) and all such associations are common to both basin types.

This work was supported in part by National Science Founda-
tion grant DPP 85-18157 to the University of Nevada Las Vegas.
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Paleoenvironmental studies of
nonmarine diatoms in Quaternary
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Nonmarine sediments from ice-free areas of southern Vic-
toria Land contain a largely unexploited paleoclimatic resource.
Diatom assemblages within lacustrine sediment sequences are
being used to evaluate Quaternary paleoenvironments in the
McMurdo Sound region. In the first phase of the study, begun
during the 1986-1987 field season, lacustrine and associated
deltaic sediments were sampled at outcrops in lower Taylor
Valley, the Cape Chocolate region, Wright Valley, Brown Penin-
sula, East Dailey Island, and Ross Island. Results from two
sequences near Cape Chocolate and one in lower Taylor Valley
are reported here. These samples were processed for diatom
analysis using a method (Scherer in preparation) which allows
the establishment of absolute abundance (diatoms per gram of
dry sediment). This relationship allows comparison of diatom
productivity and sediment input.

Diatoms within these sediments are compared with modern
floras in sediment from Lake Vanda in Wright Valley and nu-
merous meltwater streams and ponds distributed throughout
Wright Valley, lower Taylor Valley, Cape Chocolate, Ross Island,
Brown Peninsula, and on the McMurdo Ice Shelf around East
Dailey Island. Modern diatom assemblages within these sam-
ples, as well as those reported in the literature, provide an
analog for ecologic interpretation of fossil assemblages and
their sedimentary environments. Older nonmarine diatom flo-
ras from upper Pliocene/Pleistocene sediments from DVDP-15
and CIROS2* drill cores in McMurdo Sound and Ferrar Fjord
are also under study. A paleoecologic model is being con-
structed based in part on these results.

Discontinuous outcrops of lacustrine and deltaic sediments
are scattered along valley walls and dry basins of southern
Victoria Land (Debenham 1921; Speden 1960; Péwé 1960; Kel-
logg et al. 1980). These generally represent only high stands of
previous lake levels, and thus do not contain continuous strat-
igraphic successions. A high-resolution Late Quaternary pal-
eoclimatic signal, based on diatom, sedimentologic and chemi-
cal analyses, may be extracted from the near-continuous
sediment records underlying certain modern lakes. The only
available record of this kind is the upper 4 meters of DVDP-4A in
Lake Vanda. Although badly disturbed by drilling, this succes-
sion showed evidence of major changes in sedimentation, in-
cluding periodic evaporite deposition (Brady 1981). Continuous
sedimentary records underlying modern lakes need to be ex-

* "DVDP" denotes Dry Valley Drilling Project and "CIROS" denotes
Cenozoic Investigations of the Ross Sea.
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tracted using methods that preserve stratigraphy and sedimen-
tary structures.

Kellogg et al. (1980) studied diatom fossils from Late Wiscon-
sin nonmarine perched deltas in Taylor Valley and defined six
diatom assemblages. They used these assemblages to evaluate
lake-level history but were unable to draw specific pal-
eoecologic conclusions due to a paucity of modern ecologic
data. Kellogg et al. (1980) reported nine diatom taxa as endemic
to southern Victoria Land, including six species which they
described as new. These findings conflict with the results of a
recent algal monograph (Seaburg et al. 1979) which reports no
nonmarine diatom taxa as endemic to southern Victoria Land.
For this study, diatoms were identified using the taxonomic
assignments of Kellogg et al. (1980). Some taxonomic revision to
accomodate the above discrepancy will ultimately be necessary.

Certain diatoms are cosmopolitan in antarctic nonmarine aq-
ueous environments (e.g., Navicula multicopsis and varieties,
Navicula quciternaria, Navicula shackleton i, Nitzschia westii), de-
spite widely differing ionic concentrations between various
bodies of water. However, it is the distribution of ecologically
restricted taxa that permit assemblage differentiation and pal-
eoecologic interpretation. Many extant species range back at
least into the Pliocene (Brady 1981) suggesting that a pal-
eoecologic model based on ecologically restricted nonmarine
diatoms from modern environments has potential for applica-
tion to pre-Quaternary sediments. The following is a descrip-
tive analysis and comparison of sediments studied, with pal-
eoecological notes.

Salmon Stream, Cape Chocolate. Lacustrine sediments near
Salmon Stream in the Cape Chocolate region were described by
Speden (1960) and discussed by Miagkov, Nedeshava, and
Riaboba (1976) and Kellogg et al. (1980). Our recent field studies
brought to light some new observations. A thick succession of
finely laminated, moderately calcareous sediments on the north
shore of Salmon Stream, near the snout of Salmon Glacier, has
been overridden by subsequent glacial activity. The lacustrine
succession is overlain by a compact tillite and stratigraphy is
disrupted by numerous small thrust faults. Five samples from
this sequence were studied. Samples are rich in nonmarine
diatoms, averaging 6.5 million valves per gram. Marine diatom
fragments are rare in this sequence. The diatom assemblage is
dominated (65-75 percent) by a small centric diatom, Melosira
charcotii (figure a—c). This diatom is known from intertidal pools
along the Antarctic Peninsula and associated islands (Peragallo
1921; Frenguelli and Orlando 1958) but has not been previously
reported from the Ross Sea sector of the antarctic. Specimens of
M. charcotii are common in meltpools on the McMurdo Ice Shelf
today, especially near tidal cracks, but were not found in iso-
lated inland waters or under exclusively marine conditions. The
published ecology for M. charcotii and the distribution of this
diatom in the McMurdo Sound region suggests an association
with tidally influenced ice-shelf conditions and other marine-
proximal, brackish water environments. Melosira charcotii is also
common in Pleistocene nonmarine intervals recovered from
DVDP-15 and CIROS-2 drill cores in McMurdo Sound. These
intervals, up to approximately 80 meters thick, contain an ex-
clusively nonmarine diatom flora, as reported by Brady (1978,
1981, 1982) and Harwood (1986), respectively. The sediments of
Salmon Stream and McMurdo Sound drill cores could reflect
nonmarine conditions at the ice edge during advance or retreat
of grounded Ross Sea ice in McMurdo Sound.

Hobbs Glacier, Cape Chocolate. A 3-meter-thick outcrop of finely
laminated, (average of 0.8 millimeters per laminade) highly
calcareous sediments is located adjacent to the snout of Hobbs

a-c: Melosira charcotii Peragello, Salmon Creek, Cape Chocolate.
(2000 x) d-f: Chrysomonad cyst, Ochromonas miniscula Conrad
(?), Lake Vanda, Wright Valley. (2000 x)

Glacier. Small, discontinuous outcrops of similar material are
scattered throughout the vicinity. Advances of the Hobbs
Glacier since 1903 have apparently destroyed similar deltaic
sediments (Denton and Hughes 1981). The sediments collected
from the outcrop contain an average of 1.2 million diatoms per
gram, based on six samples. The diverse nonmarine as-
semblage is dominated by Navicula ccntenta, Navicula gibbula,
and Hantzschia amphioxys. Marine fragments are uncommon.
Melosira charcotii is absent from this sequence.

Commonwealth Glacier, Taylor Valley. A 4-meter-thick exposure
of lacustrine and associated deltaic sequences crops out at the
snout of Commonwealth Glacier. The sequence has evidence of
high sedimentation rates and rapid shifts in sedimentary regi-
me, including several distinct units and a variety of soft sedi-
ment deformational structures. Nonmarine diatoms occur in
low concentrations in this succession. Low nonmarine diatom
abundance reflects high sediment input rather than low pro-
ductivity. Despite the differing character of sediment units, the
diatom assemblages in the samples studied are fairly consistent
in absolute abundance and taxonomic compositions. Non-
marine diatom abundance in four samples from the lighter
colored units averages only 200,000 per gram.

Contrary to the observations of Kellogg et al. (1980), who
report an absence of Nitzschia westii in Commonwealth Glacier
lacustrine sediments, N. westii is common in all samples studied
from this outcrop. Reworked nonmarine diatom-rich sediment
clasts from older deposits are present in this succession. The
clasts contain abundant Navicula shackletoni and common Melo-
sira charcotii. The occurrence of these clasts and common marine
diatom fragments indicates significant sediment transport and
redeposition.

Lake Vanda, Wright Valley. Recent sediment from the anoxic
basin of Lake Vanda was evaluated using the same methods as
above. This sample has about 3 million nonmarine diatoms per
gram of sediment. Species composition is unlike the diatom
assemblages present in outcrop or modern meltpool samples.
While several cosmopolitan diatoms are present, most notably
Navicula multicopsis and varieties, the dominant diatom is Pin-
nularia cymatopleura. Several forms are present which were not
observed in outcrop samples or in modern shallow meltpools.
These included Amphora delicatissima, which has been reported
from Lake Miers (Baker 1967).
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A small (5-8 micron) siliceous cyst formed by a planktonic
chrysophyte (Ochromonas niiniscula?) (figure, d-f) makes the
greatest contribution to the siliceous microflora in this sedi-
ment. The sample contains more than three times as many of
these chrysomonad cysts as diatoms, amounting to 10 million
cysts per gram, making them an important ecological marker.
The distribution of this algal species has been previously de-
scribed as abundant in Lake Vanda but rare in Taylor Valley
lakes (Seaburg et al. 1979). The cysts are found in very low
abundance in other nonmarine sediments, despite wide dis-
tribution. Chrysomonad cysts have been found forming under
winter ice in Scandinavian lakes (Cronberg 1973), suggesting
that cyst formation provides a survival strategy during winter
and perhaps other times of environmental stress. Abundant
occurrence of this fossil in a sediment sequence may suggest
conditions similar to Lake Vanda today, i.e., thick, clear ice and
deep, chemically and thermally stratified water. Oxygenated
shallow antarctic lake floors are host to a complex community of
mat-forming filimentous blue-green algae, which accumulate
stromatolitic laminations (Parker et al. 1981). Benthic diatom
floras are found in association with these algal mats. By con-
trast, the microfossil assemblage in sediments from the deep
anoxic basin of Lake Vanda is dominated by planktonic forms,
reflecting productivity in the water column under the ice but a
relatively inactive benthic community. These assemblage dif-
ferences may be useful in reconstructing past lake conditions.

These results are very encouraging, but further work is
needed. Detailed ecologic and distributional studies on the
modern diatom floras will refine the paleoenvironmental
model. To apply this model best, long, undisturbed cores
should be extracted from the bottom of several modern dry
valley lakes. Continuous sedimentary successions and the lack
of bioturbation make these records attractive for high resolution
paleoclimatic studies. The record spanning the last few 1,000
years maybe compared with the antarctic ice-core record. Long-
er time-scale lacustrine successions may contain trends for com-
parison with nearshore antarctic marine core records. These
sedimentary successions have the potential for providing an
excellent record of terrestrial Quaternary climate change in
Antarctica.

This research was supported by National Science Foundation
grant DPP 85-17625 to Peter-Noel Webb. Lake Vanda sediment
material was collected under National Science Foundation grant
DPP 85-16465 to William Green and was generously provided for
this study. Peter Webb and Dave Harwood made helpful com-
ments regarding the manuscript.
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Abrasion in ice-free areas
of southern Victoria Land,
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Abrasion is ubiquitous in the ice-free areas of southern Vic-
toria Land, Antarctica. It also appears to occur in ice-covered
areas, reflecting the abrading power of strong winds moving ice
crystals. The amount of abrasion, although highly variable,
depends on sediment supply, wind speeds, and turbulence, as
well as on heterogeneity of target materials. Abrasion rates
determined from a single year of observations are probably not
representative of long-term averages, although they do indicate
in general the order of magnitude of abrasion. The field values
are nearly two orders of magnitude lower than laboratory mea-
surements, mostly reflecting the differences between duration
and cumulative exposures for the two types of studies.

Abrasion of targets. Abrasion targets and associated sediment
were returned from each of eleven sites established in
1983-1984 (Malin 1984) after approximately 1 year (minimum
exposure was 355 days; maximum exposure was 405 days). The
maximum abrasion of basalt was 0.028 grams per square cen-
timeter per year, of dolerite 0.018 grams per square centimeter
per year, and of non-welded volcanic tuff 0.7 grams per square
centimeter per year. These are equivalent to about 100, 50, and
500 micrometers, respectively. Average abrasion was 0.006
grams per square centimeter per year (20 micrometers), 0.005
grams per square centimeter per year (15 micrometers), and
0.135 grams per square centimeter per year (100 micrometers)
for basalt, dolerite, and tuff, respectively.

Variability in abrasion is attributed to sample heterogeneity,
the stochastic supply of abrading material, and the stochastic
nature of turbulent flow across a surface.

Field values for abrasion are between factors of 125 and 250
lower than the laboratory measurements (e.g., Miotke 1979,
1982). This difference is understandable, because abrasion
probably occurs only during brief, sediment-transporting
events, which cumulatively last for only hours per year. Labora-
tory numbers cannot in themselves be used to estimate the age
of "ventifacts" without considerable detailed information about
the setting in which the ventifacts occur.

Areas along the lower flanks of valley walls and near sedi-
ment supplies along fluvial drainages or margins of lakes are
currently much more active (by as much as two orders of magni-
tude) than are those within the Olympus and Asgard Ranges.

Of particular interest is the fact that the most damage occurs
where the wind appears to be concentrated by valley topogra-
phy, consistent with cold, dense, "gravity-driven" winds. Con-
temporary wind modification in the ranges appears relatively
small. This may have important implications to conclusions
drawn from studies on cryptoendolithic organisms and their
role in weathering their rock habitat (e.g., Friedmann and Weed
1987).

Allan Hills samples. Samples of dolerite, sandstone, and non-
welded tuff were exposed to windblown snow and ice at the
Allan Hills "blue ice" site for 359 days. The windblown "sedi-
ment" was not collected because no convenient mechanism was
found to sample and preserve these materials properly. The
average mass losses were: dolerite, 0.007 grams per square
centimeter per year; sandstone, 0.001 grams per square cen-
timeter per year; and tuff, 0.003 grams per square centimeter
per year, about one-fourth the average mass loss in the dry
valleys. Although Miotke (1979, 1982) argued against the often-
cited possibility of ice crystals participating in abrasion, the first
year's results from the Allan Hills "blue ice" site suggests that
this phenomenon does occur.

These results should not be applied directly to antarctic mete-
orites because of the following:

• The abrasion rate peaks at a height of several tens of cen-
timeters above the surface of the ice, and lower values
(about a factor of 10 lower) were measured at 7 centimeters
height; thus meteorites, which protrude only a few cen-
timeters above the ice, will experience much less abrasion
(an estimate is about 0.1 centimeter per 1000 years or less).

• The year of exposure, 1984, had anomalously high winds
and enhanced sediment transport; the 5-year sample to be
returned in 1988-1989 should provide a more valuable
guide to average abrasion rates. The average could be as
much as one or two orders of magnitude (reducing the
affect on meteorites to 0.001 centimeter per 1000 years),
probably more in keeping with other measures of mete-
orite surface residence times (Nishiizumi personal
communication).

This research was supported by National Science Foundatin
grant DPI' 82-06391 to Michael Malin.
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Olivine megacrysts and macrocrysts
in an alkaline basalt from Ross Island,
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Samples of alkaline basalt used in this investigation represent
parts of the DVDP-2 core (Dry Valley Drilling Project, borehole
no. 2) drilled in 1973 on Ross Island, Antarctica. A well-defined,
44-meter-thick lava flow (unit 13) was examined from top to
mid-flow. Intra-flow compositional variations of olivine may be
used to interpret chemical evolution of the host magma.

Basaltic rocks from DVDP-2 are extremely fresh, containing
dominant olivine and pyroxene. Geochemistry of the Ross Is-
land region had been investigated with some detail by Goldich
et al. (1975) and Kyle (1976, 1981). Forbes (1963) studied ultra-
basic inclusions from basalts of the Ross Island area and re-
ported strain bands in olivine. Weiblen et al. (1978), having
analyzed 56 clinopyroxene samples from DVDP cores and vol-
canic rocks on the surface of Ross Island, noted four types of
occurrences: xenocrysts, megacrysts, zones of phenocrysts,
and groundmass pyroxenes. They pointed out that this classi-
fication is not entirely unambiguous because small xenocrysts
may be mistaken as groundmass pyroxene and overgrown
xenocrysts may be regarded as phenocrysts.

MACROCRYST
STRAIN-FREE STRAINED	MICROCRYST METERS BELOW

855.	 74.7
85*5 79-3	85- i	° 751	 4.9

Figure 1. Intra-flow compositional variations of strain-free and strained macrocrysts and matrix microcrysts in DVDP-2 basalt. Dots indicate
areas analyzed and numbers are in mole percent Fo.
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BASALT BASALT

Because complexities in olivine cannot be observed pe-
trographically, we conducted an electron microprobe study of
several types of olivine in DVDP-2, unit 13

• megacrysts or discrete nodules,
• strained and strain-free macrocrysts which may be phe-

nocrysts or xenocrysts, and
• microcrysts in the matrix.

Most macrocrysts (0.5-1.0 millimeter) are anhedral, set in a
fine-grained matrix. Their rounded margins resulted from re-
sorption in the melt. Many of the large olivine crystals show
undulatory extinctions due to the presence of sub-grains, al-
though there are also completely strain-free crystals. Both types
of macrocrysts were selected at depths of approximately 2, 5, 12,
and 23 meters below the top of unit 13 and analyzed on an
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Figure 2. Plot of electron microprobe analyses of olivine in DVDP-2,
unit 13, sample 12412. Dots indicate areas analyzed. a. Traverse
across olivine megacryst. b. Traverse across olivine macrocryst
from core to rim.
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electron microprobe. Chemical compositions of the center and
edges of each grain were determined. Compositions of olivine
at the core were found to change progressively from Fo 89 to Fo75
(Fo = mole percent forsterite, Mg 2SiO4) from top to mid-flow (at
23 meters). This trend may be a function of intra-flow cooling
rates. A slower cooling rate at mid-flow favors iron enrichment
in olivine.

Compositions of olivine rims show no discernible systematic
trend within the flow. Rims of macrocrysts occurring in a thin
section may show dissimilar compositions which may even
vary from edge to edge in a single crystal (see figure 1). Micro-
crysts of olivine in the matrix are progressively enriched in iron
toward mid-flow, changing from Fo 7 , to Fo 70 . 5 from top to mid-
flow. Representative analyses are shown in the table.

Many megacrysts were found throughout the core. Most of
them are nodules of olivine including trace amounts of spinel
and phlogopite. Part of a nodule we analyzed is depicted in
figure 2a which also presents results of a microprobe traverse.
Interior grains of this nodule show a homogeneous composi-
tion of Fo8 , even at grain boundaries. Margins of this nodule
adjacent to the surrounding magma have a uniform composi-
tion of Fo 75. The transition zone is about 200 microns in width.
Figure 2b shows a similar transition zone at the edge of a
macrocryst. Two types of phlogopites (A and B, table) are pres-
ent in this nodule. They have magnesium to magnesium-plus-
iron ratios of 0.72 and 0. 84, respectively, but both contain equal

Microprobe analyses of olivine and phiogopitea

Megacryst	 Microcryrst

Olivine	Phlogopite
Olivine

Oxide	Center	Edge	A	B	in matrix

amounts of titania (9 weight percent). This megacryst, com-
posed of olivine whose primary composition is Fo 85, phlo-
gophite, and spinel, is probably a partially digested xenolith
derived from the uppermost part of the Earth's mantle from
which the magma evolved.

Chemical data indicate that olivine macrosrysts in the alkaline
basalt are derived from disaggregation of mantle xenoliths.
These macrocrysts, therefore, are not phenocrysts. During the
ascent of magma, mantle-derived ultramafic megacrysts frag-
mented in the melt. This mechanism explains
• compositional variations in olivine macrocrysts. Outer grains

of a fragmented olivine megacryst (xenolith) are enriched in
iron, whereas, interior grains are enriched in magnesium. All
of these grains are xenocrysts.

• inhomogeneities in rim composition in single olivine grains.
When an olivine grain is detached from a disintegrating
megacryst to form a macrocryst, the outer rim of this grain
shows iron enrichment, whereas, the inner rim is more en-
riched in magnesium. Composition of edges of a single grain
has been observed to vary by as much as 6 weight percent Fo.

• formation of undulatory extinctions due to the presence of
sub-grains caused by recrystallization during the ascent of
magma. At a later stage, when macrocrysts further disinte-
grate into smaller grains, the latter become strain-free.
Our results also indicate that systematic intra-flow chemical

variations observed in macrocrysts and microcrysts are related
to progressive decrease in cooling rates from top to mid-flow.
The abundance of mantle xenoliths incorporated in the magma,
their position within the flow unit, and the extent they had been
digested in the melt play an important role in determining the
evolutionary path of the host magma and the final petrological
characteristics of the basalt.
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The aqueous chemistry of weathering
solutions in dolerite of the Allan Hills,

Victoria Land, Antarctica

JAMES CONGA and JUDITH WRIGHT

Battelle Pacific Northwest Laboratories
Richland, Washington 99352

Elevations in Victoria Land above about 700 meters receive
sufficient summer precipitation to accumulate ample evidence
of chemical weathering. One of the most common forms is the
development of etch pits in the dolerite cobbles that litter the
surface (figure). These pits are formed by the dissolution of
primary rock by water, and range in size from millimeters to
several centimeters. Conca and Maim (1987) determined that
these pits contain a secondary mineral assemblage of illite,
quartz, hematite, and soluble salts that is precipitated directly

Etch pits developed in a dolerite cobble as a result of dissolution.

from solution as a lining on the interior wall of the pit. This
study investigates the water-rock interactions that occur within
these pits.

During the austral summer, small amounts of precipitating
snow melts on rock surfaces that have been warmed by solar
heating to temperatures above freezing. These summer wetting
events were recreated in the laboratory on pitted cobbles re-
turned from the Allan Hills during the 1985-1986 field season.
The results presented in this report are from a single experi-
ment in which an 8 x 3 x 1.5 centimeter pit was partially filled
with 10 milliliters of water of antarctic snow composition
(Legrand and Delmas 1984). The system was kept at 5°C
throughout the experiment. In the field, the solutions are be-
tween 0°C and 5°C. Five-hundred microliter water samples
were collected from the pit at seven residence times until evap-
oration was complete (tables 1 and 2). Water chemistry results
were obtained using a Dionex 2010 ion chromatograph (Ic)
using standard eluents and ic procedures. Water samples were
filtered through 0.25-micron Gelman microfilters at the time of
sampling.

Table 1 shows the results. Species in solution are produced by
dissolution and precipitation primarily of secondary phases
within the pit. The measured evaporation rate was a constant
0.11 ± 0.01 milliliters per hour. Table 2 gives the concentrations
corrected for evaporation as though there were a constant vol-
ume of water in the pit between one residence time and the next.
Therefore, any change in concentration from one residence
time to the next reflects non-evaporative processes such as
dissolution/precipitation, adsorption/desorption, exchange re-
actions, volatilization, or metabolic activity. Ammonium and
calcium begin coming out of solution along with nitrate and
sulfate at between 10 and 25 hours, followed by sodium, magne-
sium, and potassium coming out of solution with fluorine and
chlorine at about 35 hours. Results from our other experiments
and further discussion of these results are presented elsewhere
(Conca and Wright in preparation).

Greenland and Lovering (1966) found that in a basaltic sill
some of the fluorine resides in the few fluorine-rich minerals
such as fluorite, apatite, and micas, but over half of the fluorine
is contained in the glass or mesostasis of the rock. No fluorine

Table 1. Water chemistry (in milligrams per liter)
of pit-filling solution-Etch pit R2P1a

Species
	(1 8 wt.%)

	
6 mm
	

5 hr.	10 hr.	25 hr.	35 hr	50 hr.

Na	 2.6
	

1.0
	

2.7	 3.9
	

4.8
	

7.6
	

9.1
	

10.8
NH
	

2.7
	

2.0
	

8.3
	

9.7
	

10.8
	

12.0
	

11.5
	

12.3
K
	

6.0
	

0.041
	

0.054
	

0.067
	

0.073
	

0.090
	

0.102
	

0.093
Mg2'
	

1.6
	

0.12
	

0.59
	

0.95
	

1.2
	

1.8
	

2.1
	

2.5
Ca 21	 2.3

	
0.46
	

1.4
	

1.9
	

2.4
	

4.3
	

3.4
	

3.6
pH
	

5.0
	

4.7
	

4.9
	

5.0
	

5.2
	

5.4
	

5.3
	

5.4
HCO3'
	

5.0
	

4.94
	

8.42
	

14.7
	

31.8
	

21.5
	

19.4
	

14.3
F
	

5.4
	

0.20
	

3.0
	

4.0
	

4.6
	

5.9
	

6.9
	

8.4
Cl
	

4.3
	

0.02
	

1.5
	

1.4
	

1.7
	

2.5
	

3.6
	

4.0
NO3	 3.0

	
2.7
	

10.6
	

9.1
	

10.3
	

12.6
	

11.9
	

15.6
SO
	

2.3
	

3.3
	

12.4
	

15.3
	

17.9
	

23.4
	

22.4
	

29.4
F/Cl
	

10.0
	

2.0
	

2.9
	

2.8
	

2.4
	

1.9
	

2.1
NO3/NH4	 1.4

	
1.3
	

0.9
	

1.0
	

1.1
	

1.0
	

1.3

a "A" denotes the rock number; P' denotes the pit number.
I Calculated.
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Table 2. Water chemistry (milligrams per liter)
of pit-filling solution-Etch pit R2P1, corrected for evaporation

Species	(1 8 wt.%)	6 mm.	1 hr.	5 hr.	10 hr.	25 hr	35 hr.	50 hr.

Na	 2.6	 1.0	 2.7
NH	 2.7	2.0	 8.2
K	 6.0	0.041	0.053
Mg 24	 1.6	0.12	0.58
Cal	 2.3	0.46	1.4
pH	 5.0	4.7	 4.9
HCO3 D	 5.0	4.94	8.42
F	 5.4	0.20	3.0
Cl	 4.3	0.02	1.5
NO3	 3.0	2.7	10.5
S024	 2.3	 3.3	 12.3
F/Cl	 10.0	2.0	 2.9
NO3/NH4	 1.4	 1.3

a Residence time after which there is a loss of species from solution.
b Calculated.

	

3.7
	

4.5
	

5.8
	 7.Oa	 5.0

	

9.6
	boa	 9.1

	
8.9
	 5.7

	

0.066
	

0.069
	

0.070
	0.079a	0.043

	

0.90
	

1.1
	

1.4
	 1.6a	 1.2

	

1.8
	

2.3
	33a	2.6

	
1.7

	

5.0
	

5.2
	

5.4
	

5.3
	

5.4

	

14.7
	

31.8
	

21.5
	

19.4
	

14.3

	

3.8
	

4.3
	

4.5
	 53a	3.9

	

1.3
	

1.6
	

1.9
	 2.8a	 1.8

	

8.6
	

9.6
	9.6a	9.2

	
7.2

	

14.5
	

16.6
	17.8a	17.2

	
13.5

	

2.8
	

2.4
	

1.9
	

2.1

	

0.9
	

1.0
	

1.1
	

1.0
	

1.3

measurements have been made on the dolerites of Victoria
Land, but an average of 377 fluorine analyses on basaltic rocks
from Japan, Hawaii, Germany, Iceland, and the Columbia River
Plateau gives an average fluorine content of 373 parts per mu-
lion (Wedepohl 1978) and a fluorine-to-chlorine ratio (F/Cl) of 2.
The fluorine-to-chlorine ratio in rainwater is approximately 0. 1.

After 1 hour, the ratio of fluorine to chlorine in the pit-filling
solution reached 2 and remained close to 2 until complete evap-
oration. The total amount of dissolved fluorine after 1 hour was
0.0269 milligram. This represents the complete breakdown of
about 72 milligrams of parent rock, or thousands of times more
than can be dissolved in a single wetting event. This indicates
that secondary product dissolution controls the transient ac-
queous chemistry in these pits and remains in the pit long after
they are formed. However, an average f/Cl of about 2 for the
duration of this and other similar experiments indicates that the
original source of the constituents in solution is the dolerile
itself.

Occasionally windblown quartz sand can be found in etch
pits, although none was observed in the rock used in this
experiment. Sand grains could contribute silica to solution, but
the dissolution rate for crystalline quartz is so much lower than
for the amorphous to poorly crystalline products in the pits that
this contribution is probably negligible (Rimstidt and Barnes
1980). This will not be the case for wind-deposited secondary
products from other pits, but there is also no indication that this
is an important mechanism. Secondary products must be
periodically removed by the wind because most pits are essen-
tially empty and there are no disturbances to these cobbles or
surrounding soil that would suggest that fluvial activity is re-
sponsible. Physical removal should not significantly change
elemental ratios in the secondary products because these prod-
ucts are extremely fine-grained and well-mixed.

Under most surface conditions, the presence of nitrogen
compounds in natural waters is usually attributed to biologic
activity (Wedepohl 1978). However, there is considerable evi-
dence that nitrate and ammonium ion occurring on rock sur-
faces in the Antarctic are produced abiotically (Parker et al. 1982)
by atmospheric discharges of aurorae and lightening. Even in
endolithic microbial communities, Friedmann and Kibler (1980)
determined that nitrogen compounds were not a limiting factor

in growth because of the extremely low productivity of these
communities. Furthermore, there is no evidence of endolithic
communities in the etch pits. Isolated organisms and groups
may occur, but their effect on the nitrogen balance in the pit-
filling solutions should be minimal (Friedmann and Kibler
1980).

Antarctic precipitation contains about 90 parts per billion of
nitrate and only 3 parts per billion of ammonium ion, a ratio of
30. However, the nitrate-to-ammonium-ion ratio NO,/NH, in
the pit-filling solutions is about 1. In unweathered dolerite all
nitrogen exists as ammonium ion (NH 4). No measurements of
nitrogen contents have been made on the dolerites of Victoria
Land, but shallow intrusion into sediments results in nitrogen
contents of several hundred parts per million (Wedepohl 1978).

Fluorine, chlorine, nitrate, and ammonium ion may be useful
tracers in this system because they enter salt phases that dis-
solve congruently during each wetting event. To maintain a
NO,/NH, of about I in the pit-filling solution and a fluorine-to-
chlorine ratio of 2 or equal to the dolerite, requires approx-
imately 1 liter of snow water for every gram of rock dissolved.
This implies that once a pit is initiated it will enlarge at a rate that
is proportional to the precipitation rate and to the catchment
area for the pit. The breakdown of the 100 grams of dolerite
represented by the volume of etch pit R2PI with a unit catch-
ment area requires approximately 100 liters of cumulative pre-
cipitation. At a high moisture flux of 1 centimeter per year the
age of etch pit R2PI is 100,000 years, whereas at a conservative
flux of 1 millimeter per year the age is I million years. An
intermediate moisture flux gives a formation age for pit R21`I of
half a million years, which is consistent with Cherry and
Noltimier's (1985) age of 0.69 million years for resurfacing dur-
ing deposition of Sirius Formation till in the Allan Hills. One
ramification of this long formation time is that no fluvial or
glacial activity has occurred in ice-free areas exhibiting these
etch pits since well before Ross Sea I glaciation (approximately
50,000 years ago) and possibly not since the Alpine II stage
(400,000 years ago) (Denton, Armstrong, and Stuiver 1971).

We would like to thank Dick Holland for the use of his lab
facilities and lively discussions, and Bob Sharp for his insightful
criticism. Special thanks to Nachiketa Das for patiently sharing
his expertise in ic microanalysis with us. This research was
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MAGSAT magnetic anomalies of the
continental margin and adjacent

marine areas of Antarctica
RALPH R.B. VON FRESE and GERY T. KOVATCH

Department of Geology and Mineralogy
and

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210-1293

Earth-orbiting satellites over the past two decades have
provided consistent global magnetic anomaly data sets which
have given us unique insight on regional petrologic variations of
the crust and upper mantle, and crustal thickness and thermal
perturbations. Efforts to investigate the utility of these anoma-
lies for studying the tectonics and crustal structure of Antarctica
and surrounding marine areas have focused to date on the 3°
MACSAT anomaly map produced by Ritzwoller and Bentley
(1982) (Ritzwoller and Bentley 1983; von Frese and McGue 1986;
von Frese et al. 1987). The geologic utility of the 3° MAGSAT
magnetic anomalies is limited, however, by the long wave-
length averaging (Goyal, von Frese, and Hinze in preparation
and by the degree to which the published map is contaminated
by external geomagnetic field variations including ionospheric
Birkeland currents (Cheng and Bentley 1986).

To investigate these effects, 0.5° anomaly values produced
separately from dawn and dusk orbits registered on the MAGSAT
CHRONINT tapes by Arkani-Hamed and Strangway (1985) were
studied. We used a wavenumber covariance analysis (Arkani-
Hamed and Strangway 1986) to compare the dawn and dusk
maps for spatial coherency of anomalies which is an inherent
property of magnetic signals from the lithosphere. Our results
show that features of the 0.5° anomalies with wavelengths
shorter than about 6° at 400 kilometers elevation reflect mostly
noise due to averaging of anomaly values over orbits with
elevation differences as great as a few hundred kilometers.

This orbital track noise of averaging precludes the use of the
0.5° magnetic values for improving the resolution of
lithospheric anomalies which are smaller than about 6°.
However, larger anomaly features were found to be consistent
to within about 1 to 3 nanoTeslas in both the dawn and dusk
maps. Accordingly, the coherent components (> 6°) of the
dawn and dusk maps were combined by averaging the two
anomaly values at each grid node. To facilitate geologic analysis
and comparisons with gravity data, the resultant averaged mag-
netic anomalies were reduced differentially to the radial pole as
shown in figure 1. Tectonic features of the study area are given
in figure 2 as broadly generalized from a variety of publications.

The radially pollarized anomalies of figure 1 reflect the effects
of lithospheric sources or external magnetic field variations
which are spatially coherent in the dawn and dusk data sets
over the region between 40°S and 77S. They are generally
consistent with the radially polarized anomalies of the 3° scalar
anomaly map of Ritzwoller and Bentley (1982) produced by von
Frese and McGue (1986) in the region of overlap covering 55°S to
77°S. The margin of East Antarctica in particular is characterized
by radially polarized maxima over Wilkes Land and Enderby
Land, and prominent minima over Queen Maud Land. Anoma-
ly minima also characterize the Weddell Sea and many of the
oceanic basins. Oceanic rises in general are associated with
magnetic maxima, whereas in the more extended coverage rep-
resented by figure 1, active ridges are characterized by a com-
plex pattern of relatively positive magnetic anomalies.

Discrepancies between the radially polarized 3° anomalies of
von Frese and McGue (1986) and figure 1 largely reflect dif -
ferences in orbit selection criteria, anomaly averaging tech-
niques, and other processing procedures that were used to
produce the two maps. The most prominent inconsistency in
the two maps occurs for the marine region north of the Weddell
Sea between - 45°W and 15°E which includes the Scotia Plate,
part of the Atlantic-Indian Ridge, and Maud Rise. Figure 1
suggests that this region may represent lithosphere which is in
general positively and strongly magnetized, whereas in the
radially polarized 3° data the negative anomaly components are
more prominently displayed. We are currently working to nor-
malize the MACSAT orbital data to a constant elevation by three-
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Figure 1. MAGSAT 0.50 scalar magnetic anomalies differentially re-	Figure 2. Generalized tectonic features of the antarctic region south
duced to the radial pole of 60,000 nanoTeslas for the antarctic region	of 400S.
between 40 0S and 770S. Anomalies are contoured at 2 nanoTesla
intervals at 400 kilometers elevation.

Table. Symbols for figure 2 (solid diagonal pattern outlines regions of rock outcrop.)

Abbreviation	 Tectonic feature	 Abbreviation	 Tectonic feature

BASINS (dashed diagonal pattern):	 PLATEAUS (small dot pattern):
AB	 Agulhas Basin	 APt	 Agulhas Plateau
AIB	 Atlantic-Indian Basin	 CPt	 Campbell Plateau
AmB	 Amery Basin	 CzPt	 Crozet Plateau
ArB	 Argentine Basin	 FPt	 Falkland Plateau
AuB	 Aurora Basin	 KPt	 Kerguelen Plateau
BSB	 Byrd Subglacial Basin	 TPt	 Tasman Plateau
CB	 Cape Basin
CzB	 Crozet Basin	 RIDGES:
PB	 Pensacola Basin
PSB	 Polar Subglacial Basin	 AIR	 Atlantic-Indian Ridge
SAB	 South Australian Basin	 MAR	 Mid-Atlantic Ridge
SEPB	 Southeast Pacific Basin	 MR	 Macquarie Ridge
SIB	 South Indian Basin	 PAR	 Pacific-Antarctic Ridge
SWPB	 Southwest Pacific Basin	 SEIR	 Southeast Indian Ocean Ridge
TB	 Tasman Basin	 SR	 Scotia Ridge
WSB	 Wilkes Subglacial Basin	 SWIR	 Southwest Indian Ocean Ridge

LANDS:	 RISES:
DML	 Dronning Maud Land	 CRs	 Chile Rise
EL	 Enderby Land	 EPRs	 East Pacific Rise
WL	 Wilkes Land	 MRs	 Maud Rise

MOUNTAINS:
SEAS:

GM	 Gamburtsev Mountains
TM	 Transantarctic Mountains	 RS	 Ross Sea

WS	 Weddell Sea
MICROPLATES:

AMP	 Antarctic Peninsula Microplate	 TRENCHES:

EMP	 Ellsworth Microplate	 BST	 Bentley Subglacial Trench
FMP	 Filchner Microplate	 HT	 Hjort Trench
MMP	 Marie Byrd Land Microplate	 PCT	 Peru-Chile Trench
TMP	 Thurston Microplate	 SST	 South Sandwich Trench
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dimensional collocation (Goyal, von Frese, and Hinze in prepa-
ration) to improve the spatial resolution of anomalies and to
obtain further insight on effectively reducing satellite observa-
tions for magnetic anomalies of the lithosphere.

This research was supported by National Science Foundation
grant DPP 83-13071.
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Widespread distribution
of a new conchostracan species

(Lower Jurassic)

PAUL TASCH

Department of Geology
Wichita State University
Wichita, Kansas 67208

A new species of the fossil conchostracan Cyzicus (Liocstheria)
was originally described from my collections from Storm Peak
(84°35'S 163°55'E), and subsequently found at Carapace
Nunatak (76°54'S 159°27'E), and in the David Elliot collection
(Tasch 1987) from Agate Peak (72°58'S 163°48'E). A more recent
David Elliot collection from Gair Mesa, (73°28'S 162°52'E), had
the same new species (Tasch 1987).

Correlation coefficient data for the new species clustered
together Storm Peak, Carapace Nunatak, Agate Peak, and sev-
eral Gair Mesa sites. Comparable population statistics (Dixon
1983) used as a check, also indicated closeness of the new
species at the four sites (90 percent confidence level).

These data indicate extended but discontinuous nonmarine
distribution of the new species (12° latitude, 4° longitude). The
lake district so delineated may serve as a climatological refer-
ence area.

This research was supported by National Science Foundation
grant DPP 84-21235.
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Thermal interaction between back-arc
volcanism and basin sediments in the

Bransfield Strait, Antarctica

ERWIN SUESS, MARTIN FISK, and DAVID KADKO

College of Oceanography
Oregon State University
Corvallis, Oregon 97,331

The Antarctic Peninsula formed as an island arc between
early Jurassic and Miocene times when the Pacific plate was
subducted beneath the antarctic plate. The South Shetland Is-
land chain was originally part of this arc but has since become
separated from it by opening of the Bransfield Strait. The sepa-
ration is consistent with classical back-arc rifting but the dura-
tion and regional extent of this process have remained contro-
versial as well as the type of crustal material from which
magmatism is derived. The hydrothermalism in the Bransfield
Strait is typical for volcanism-sediment interation in a marginal
basin. The long-range scientific objectives are to understand the
types of sediment-water-rock interactions and resulting gas and
fluid circulation patterns at different types of plate boundaries.
We wish to quantify and model reactions, transport of water,
gases, and dissolved constituents generated by thermal action
at plate boundaries and the sediment cover and to develop
criteria for recognizing and differentiating reactions and mass
fluxes at different tectonic environments. The specific objec-
tives of the Bransfield basin project were:

• To ascertain the extent and type of reactions of thermally
driven fluids advecting through the organic carbon-rich
sediments of the Bransfield Strait basin;

• To map the distribution and isotope characteristics of ther-
mogenic hydrocarbon gases emanating from the thick sedi-
ment cover over the ridge flanks;

• To determine the mineralogy and chemistry of basaltic
dikes penetrating the sediments at the axis of spreading;

• To explore for other evidence of hydrothermal activity at
the seafloor and in the lower water column along the thinly
sedimented spreading axis.

Fiscal year 1986 was the first of 2 years of National Science
Foundation supported investigations in the Bransfield Strait.
With additional support from the Oregon State University
Foundation we conducted, as scheduled, a field program dur-
ing November and December, 1985, aboard the German polar
research vessel PRSV Polarstern (Suess and Wefer 1987).

SEABEAM hat hymetry. We completed a detailed bathymetric
survey of the eastern part of the Bransfield Strait basin and
significantly expanded our 3.5 kilohertz coverage begun under
a previous Office of Naval Research supported project (figure
la,b). Hydrothermalism in the sediments was delineated by the
acoustic anomaly pattern adjacent to the presumed volcanic
center. The southeastern part of the basin is bounded by faults
and shows a symmetric subsidence with the depositional center
delineated by significantly thicker turbidite layers (figure 2).

Sediment coring and pore fluids. We cored a transect across the
area of acoustic turbidity and obtained pore water, dissolved
gases, and sediment geochemical data. It was readily apparent
from the pore water dissolved chloride and major cations that
hydrothermal reactions are taking place between the basaltic
intrusions and organic-rich sediments. These chemical anoma-

ly patterns were used to simulate numerically rates and direc-
tion of a lateral flow of altered fluids across the basin (Han and
Suess in preparation). The pore fluids move laterally across the
basin, 5 meters below the seafloor, at the rate of approximately 7
meters per year northward with gradually decreasing flow rates
of approximately 1 meter per year. The lateral flow is fed from a
recharge area, where bottom water is drawn down through fault
planes along the topographically lower southern margin of the
basin and discharges along the topographically higher margin
in the north.

Thermogenic hydrocarbons. The dissolved and adsorbed frac-
tions of light hydrocarbon gases were used to diagnose a low-
temperature alteration process generating hydrothermal pe-
troleum. During migration these products mix with biogenic
methane from microbial carbonate reduction which is typical
for the rapidly accumulating organic-rich sediments of the
Bransfield Strait. Methanogenesis and methane oxidation by
sulfate reduction are important early diagenetic processes in the
uppermost sediment column. It is during these microbially
mediated reactions that precipitation of a rare calcium carbonate
hexahydrate mineral takes place (Whiticar et al. in preparation).

Rock dredging. Fresh basalts were recovered from two seam-
ounts and from two 100-meter high volcanic hills. Thin sections
and microprobe analyses of some of the fresh glasses and co-
existing phenocrysts indicate andesites and icelandites. Phe-
nocrysts of olivine, plagioclase, augite, and iron-rich chrome
spinel are common. The preliminary data indicate that some of
the rocks are similar to iron-rich andesites found on rifted
oceanic platforms, such as Iceland. Thus the volcanics of the
Bransfield Strait offer an excellent opportunity to answer im-
portant questions about the formation of marginal basins and
associated volcanic rocks.

Water column. The seawater composition in the Bransfield
Strait basin showed several strong signals for hydrothermal
input, namely helium-3 anomalies and high concentrations of
manganese. The temperature and radon distributions were not
significantly different from the background values, although, in
concert with helium-3 and manganese; two small temperature
anomalies were established. Over a ridge of the Low Island
basin a change of +0.025'C was measured, whereas in the
eastern part of the King George basin only <+ 0.005°C were
registered. Helium-isotope measurements were performed in
collaboration with Z. Top (Rosenstiel School of Marine and
Atmospheric Science, University of Miami) and P. Schlosser
(Institut fu;dir Umweltphysik, University of Heidelberg). The
maximum helium-3-anomaly was approximately 20 percent in
the lower portion of a hydrothermal plume (station 301) drifting
off the submarine volcano at the eastern King George basin.
Generally, the helium-3-anomaly was around 6-8 percent. Dis-
solved manganese contents mirror the data, and are shown in
figure 3.

Our results clearly indicate tha the eastern portion of
Bransfield Strait basin is a site of presently active submarine
volcanism at water depths of about 2,000 meters. Volcanic ac-
tivity is related to extensional tectonism in the Bra nsfield Strait,
a phenomenon which would be expected from back-arc rifting.
As a consequence, a great deal of hydrothermal interaction and
fluid advection occurs at this heavily sedimented ridge crest
segment. Hydrothermalism in sediments is delineated by the
acoustic anomaly pattern adjacent to the presumed volcanic
center. Within this zone of alteration, hydrothermal petroleum
is generated and seeps to the seafloor. It is easily identified by
stable carbon isotope and deuterium/hydrogen characteristics
as well as by its compositional spectrum of light alkanes.
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Figure la. Antarctic Peninsula, Bransfield Strait, and area of inves-
tigation. (Depth contours are in kilometers.)

Figure lb. Bathymetry: Eastern part of King George basin,
Bransfield Strait. Contour interval: 20 meters > 1,900 meters; 50
meters < 1,900 meters (uncorrected meters). Bars denote dredge
stations; stars denote hydrographic stations; dots denote coring
stations.
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Figure 2. Bathymetry and sediment isopach map of the eastern part
of the central Bransfield Strait basin. The sediment cover thickens
toward the south of the basin. The acoustic turbidity pattern deline-
ates the area of hydrothermal activity and submarine volcanism in
the basin. Fresh glassy pillow basalts were dredged from the sur-
rounding extrusions; hydrothermal petroleum was detected in all
cores taken from this area; normal faults develop along the southern
margin of the basin. From Han and Suess (in preparation).

In pore fluids of the basin sediments the major seawater
cations characteristically deviate from those in fluids unaffected
by hydrothermalism. We think that an overall hydration reac-
tion involving volcanic glass and pore fluids leads to uptake of
dissolved magnesium, the release of calcium, and a significant
increase in chlorinity of the pore fluids. This anomalous dis-
solved chloride pattern has been used to delineate the rate and
flow direction of the hydrothermal circulation cell in the
Bransfield Strait sediments. Submarine volcanic activity related
to back-arc rifting appears to drive a fluid circulation cell by
thermal input. The horizontal fluid pathways are preferentially

Figure 3. Dissolved manganese in the water column; the dashed line
delineates background manganese of Bransfield Strait waters (Sta-
tions 282, 279). At station 301 the lower portion of a hydrothermal
plume was encountered drifting off the submarine volcano; at other
stations manganese input from the seafloor is evident (for locations
see figure 2).

through turbidite layers. The discovery of fresh pillow basalts
and the distribution pattern of dissolved helium and man-
ganese in the water column has helped to localize the centers of
active submarine volcanism. These tracers will be used as well
for flux estimates of hydrothermal input to the basin.

This work was supported in part by National Science Founda-
tion grant DPP 85-12395, Office of Naval Research grant
N00014-84-C-0218, and by a grant from the Oregon State Uni-
versity Foundation.
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Evolution of the Scotia Ridge:
Orogenic processes at convergent

plate boundaries

IAN W.D. DALZIEL

Institute for Geophysics
University of Texas at Austin

Austin, Texas 78759

Field work in the 1986-1987 season involved studies of the
Elephant Island group subduction complex, South Shetland
Islands, and of the high-grade metamorphic rocks of Cordillera
Darwin in the southernmost Andes. In addition, a single-chan-
nel seismic survey was undertaken using RIv Polar Duke. This
survey concentrated on the Hero fracture zone, its termination
at the South Shetland Islands fore-arc adjacent to the Smith
Island subduction complex, and the southwestern end of the
Bransfield trough back-arc basin.

I.W.D. Dalziel and A.M. Grunow completed field studies on
Elephant Island and Clarence Island that form the background
for new laboratory studies of the subduction and uplift pro-
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cesses along the Antarctic Peninsula margin. Argon-40/ar-
gon-39 age spectrum studies have already indicated a Paleozoic
age for the blue schist metamorphism on Smith Island
(Grunow, Dalziel, and Harrison 1987), but no ages older than
late Mesozoic have been obtained from the Elephant Island
group. The seismic reflection profiles show a complex zone of
deformation in the fore-arc region between Smith Island adja-
cent to the termination of the Hero fracture zone. This could be
related to the localized uplift of the subduction complex rocks
forming the island.

The field work in Cordillera Darwin conducted during May
1987 by Daiziel and R. L. Brown of Carleton University, Ottawa,
Ontario, Canada, provided strong evidence that the Beagle
Channel marks the trace of an oceanward dipping low-angle
normal fault, the Beagle Channel detachment. The presence of
the fault is indicated by ductile footwall fabrics and brittle hang-
ing wall structures. Both sets deform the Upper Cretaceous
Beagle suite granites and an early Cenozoic age is likely for the
main displacement. Thus Cordillera Darwin is a tectonically
denuded metamorphic core complex similar to the Shushwap
complex of British Columbia and other complexes along the
Pacific margin of the North American craton. It is, however,
unique in the Andes (Dalziel and Brown 1987).

Laboratory studies have continued based on earlier field
work in the project. The first direct radiometric dates have been
obtained from the Rocas Verdes ophiolitic rocks of the south-
ernmost Andes. Zircons from the Larsen Harbour Formation of
South Georgia collected on a cruise of iIv Polar Duke in 1985
yield internally concordant lead-207/uranium-235 and lead-206/
uranium-238 ages of close to 150 million years (Mukasa, Dalziel,
and Brueckner 1987). Paleomagnetic data obtained from sam-
ples collected on the same cruise indicate, as expected, that
South Georgia has not changed latitude since the mid- to Late

Cretaceous. The data do, however, suggest a counter clockwise
rotation of 30±23 degrees since that time (Beaver, Dalziel, and
Kent 1987).

Finally, laboratory studies of material and data collected on
earlier cruises have revealed crossite in the metamorphic rocks
of the Diego Ramirez Islands, southernmost Chile. This
provides a link with the subduction complexes of the South
Shetland Islands (Wilson et al. 1987).

This research was supported by National Science Foundation
grant DPP 86-43441.
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Tectonic development of West
Antarctica and its relation to East

Antarctica: Joint U.S./U.K. program
1986-1987

IAN W.D. DALZIEL

Institute for Geophysics
University of Texas at Austin

Austin, Texas 78759

R.J. PANKHURST

British Antarctic Survey
Cambridge, United Kingdom CB3 OFT

Field work in the Joint United States/United Kingdom West
Antarctic Tectonics Project during the 1986-1987 season was
limited to aeromagnetic flights flown by a British Antarctic

Survey Twin Otter aircraft with fuel supplied by usAI at Siple
Station. The area of operation was between the Bellingshausen
Sea and the Ronne Ice Shelf. Approximately 15,000 kilometers
of track was flown with spacing of 20-25 kilometers. The result-
ing data will allow further evaluation of the sub-ice geology and
crustal structure of the Antarctic Peninsula, Thurston Island,
Ellsworth-Whitmore Mountains, and Haag Nunataks blocks of
West Antarctica.

Reduction of data from earlier work, obtained as part of the
same project, has resulted in a regional magnetic anomaly con-
tour map of the Ellsworth-Thiel Mountains sub-ice ridge con-
toured at 25-nanoTesla intervals. The regional magnetic field of
this area is generally flat reflecting the thick sequence of Pal-
eozoic sediments exposed in the Ellsworth Mountains. Anoma-
lies of 500 nanoTeslas amplitude and 30 kilometers wave length
are present, however, extending from over 100 kilometers along
strike. These anomalies attain their greatest expression over
exposures of granite and gabbro in nunataks such as Pagano
Nunataks and the Hart Hills respectively, and are attributed to
large bodies of mafic composition at mid-crustal depth (Garrett,
Maslanyj, and Danaske in press). The field setting and geo-
chemical data indicate that these igneous rocks are not related to
either subduction or continental collision but rather represent
the products of a major thermal event associated with, and
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possibly a prime cause of, the initial break-up of the superconti-
nent of Gondwana (Daiziel et al. 1987a and 1987b; Millar and
Pankhurst 1987; Storey and Daiziel 1987; Storey et al. in press a
and in press b; Vennum and Storey 1987a and 1987b).

New paleomagnetic data from Lower Cretaceous rocks col-
lected in 1984-1985 from the Thurston Island block indicate that
on the basis of paleomagnetic constraints the Antarctic Penin-
sula, Ellsworth-Whitmore Mountains and Thurston Island
blocks define a single entity for which the name Weddellia has
been proposed. Some motion between these blocks is possible
within the limits of error of the paleomagnetic data, but be-
tween the Middle Jurassic and the Early Cretaceous Weddellia
remained attached to West Gondwana (Africa-South America)
while East Antarctica moved southward, i.e., dextrally with
respect to Weddellia (Grunow, Dalziel, and Kent 1987a and
1987b). Weddellia rotated clockwise 300 and moved sinistrally
approximately 2,500 kilometers relative to East Antarctica to its
present-day position. This suggests that the main, if not initial,
opening of the Weddell Sea occurred in the Early to mid-
Cretaceous.

Finally, laboratory studies resulting from field work as part of
the project in the Thiel Mountains in 1983-1984 have estab-
lished a late Cambrian or Early Ordovician age for the Thiel
Mountains porphyry, the shallow water volcaniclastic and vol-
canic rocks of the Mount Walcott Formation, and the Reed Ridge
granites (Pankhurst et al. in press). The concluding field season
of the present project will be undertaken in the Pensacola
Mountains in 1987-1988. The main objective will be to compare
the structure and orogenic history of the Paleozoic successions
of the Pensacola Mountains and the Ellsworth-Whitmore
Mountains block.

This research was supported by National Science Foundation
grant DPI' 86-43404.
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Meteorite Studies

The antarctic search for meteorites
during field season 1986-1987

W.A. CASSIDY

Department of Geology and Planetary Science
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

Members of the field party this year were Christian Koeberl
(Austria), Louis Lindner (The Netherlands), Austin Mardon
(Canada), John Schutt (U.S.A.), Keizo Yanai (Japan), and I
(U.S.A.). We were put in by LC-130 at the site of the 1985-1986
Beardmore Camp on 6 December 1986 and established our
camp near Lewis Cliff (84°17'S 161°05'E). We occupied this site
until 20 January 1987 and were picked up at the Beardmore
Camp on 21 January for our return to McMurdo Station. We
carried out meteorite recovery, mapping, ice sampling, and
reconnaissance activities. Figure 1 shows the meteorite strand-
ing surface on which the meteorite fragments had been concen-
trated. Based on field identification, this is the tentative classi-
fication of specimens from the Lewis Cliff ice tongue:

Ordinary chondrite-545
Carbonaceous chondrite-6
Achondrite-3
Stony iron-0
Possible meteorite-17

AM

The great majority of finds occupies the category ordinary
chondrite. The proportion of fragments of this type seems much
too high, suggesting that we were recovering multiple spec-
imens from one or more ordinary chondrite falls.

Meteorites are stranded on a given surface of exposed ice due
to a combination of factors that we do not completely under-
stand. We think that by the time they reach a stranding surface,
many specimens have been transported great distances from
the sites where they fell, but we do not know the sizes and
shapes of the upstream gathering areas. Using a model de-
scribed by Whillans and Cassidy (1983), we assume the ice of
the stranding area to be stratified, with older ice near the down-
stream end and younger ice near the upstream end. Meteorite
distributions across the stranding area could reflect details of
the concentration model, therefore the locations of all our finds
were mapped. Later, as the body of analytical data on the re-
covered specimens grows, the maps can be used to study a
number of possible variations across the stranding surface.
These include distributions of number density, mass density,
meteorite types, and terrestrial ages. The maps also will be
useful in pairing considerations, when we attempt to estimate
the number of actual falls represented on a given stranding
surface.

Stranding surfaces are also areas of special interest in ice
studies because they almost certainly are sites where ancient ice
is available for sampling in virtually unlimited quantity. In
addition, meteorites found there provide an independent
source of information about the stranding surfaces. A feature of
the Lewis Cliff site is that it is crossed or partially crossed at
irregular intervals by bands of dust that crop out at the ice
surface (figure 2). Our program included mapping of these dust

Figure 1. The ice tongue at Lewis Cliff. The rectangular area of ice
extending toward the left into a large moraine is the stranding sur-
face upon which large numbers of meteorite fragments have been
concentrated. Photo taken looking northeast from a point approx-
imately over Morse Nunataks (84016'S 160050'E). Coalsack Bluff
(84014'S 162°25'E) is in upper right quadrant.

Figure 2. Dust band in the ice. A block of ice has been cut out, using a
chain saw. The dust band crops out at the surface and dips into the
ice toward the south. The dust band can be seen clearly along the
back (southern) wall of the cut, and less distinctly where its outcrop
extends along the surface on either side of the cut.
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bands to study their possible utility in establishing a relative
stratigraphic sequence and sampling them for petrographic
study and possible absolute age determination (cf. Fireman,
1986).

We had only 2 days available in which to engage in reconnais-
sance for new stranding surfaces but did locate one in the
vicinity of Goodwin Nunataks (84°38'S 161'31'E). The site con-
tains numerous meteorites, of which we collected only one. It
was collected because of its unusual appearance; I have since
learned that it may be a mesosiderite (Roberta Score personal
communication). (This specimen is not listed above.)

The Gunter Faure party, working at Reckling Peak, Elephant
Moraine, and Allan Hills, found and collected 22 meteorite

fragments for us during their field season. Thus, in total num-
bers of recovered specimens, the season was our most produc-
tive one to date. This research was supported by National Sci-
ence Foundation grant DPP 83-14496.
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Meteorite studies: Terrestrial and
extraterrestrial applications, 1987

M.E. LIPSCHUTZ

Department of Chemistn
Purdue University

West Lafayette, Indiana 47907

Meteorite studies have long been known to yield crucial
information on solar system history (Lipschutz 1986a). In the
past, the reference population for these has been meteorite
falls, i.e., nonantarctic observed falls that were recovered a!-
most immediately. That picture changed markedly with the
antarctic meteorite discoveries and these may well constitute a
different, and better, reference standard for studies of extrater-
restrial material (Lipschutz 1986a; Lipschutz and Cassidy 1986).
Furthermore, antarctic meteorites offer a unique laboratory for
studying terrestrial, especially ice sheet, problems (Lipschutz
and Cassidy 1986). After reviewing the history of antarctic
meteorite discoveries (particularly by the U.S.) and current
scientific investigations of some of these objects, Lipschutz and
Cassidy (1986) listed some terrestrial and extraterrestrial prob-
lems for which substantial advances can be expected from fu-
ture investigations. These include: new information on the orig-
in of solar systems objects or regions; evidence for temporal
compositional variations in the meteoroid complex; advances in
determining the age of ancient ice; a better understanding of
past climate changes and their effects on ice sheet dynamics.

In our laboratory, we use radiochemical neutron activation
and atomic absorption techniques to determine trace and ultra-
trace concentrations (at the part-per-million to part-per-trillion
level) of 12 to 15 elements in each sample. These are chal-
cophile, siderophile, and lithophile elements that are sensitive
to thermal episodes during genetic events. Hence, their relative
and absolute concentrations record preterrestrial and terrestrial
histories that can be deduced from study of the meteorites. This
topic was summarized by Lipschutz (1986a) for analytical chem-
ists. More complete discussions of genetic information from
study of moderately and highly labile elements are given by
Palme, Larimer, and Lipschutz (in press) and Lipschutz and
Woolum (in press), respectively.

Part of the interest in antarctic meteorites comes about be-
cause they include samples of types otherwise rare in the non-
antarctic population or previously unknown ones. These last
include four lunar samples, two being paired pieces of a single
fall. Before our study of one of the pair, Yamato Mountains (Y)
82192, there was no consensus as to whether the three lunar
samples were launched earthward at above escape velocity,

2.4 kilometers per second by more than one impact. Mobile
trace element trends in the first two samples clearly differed,
the pattern in Allan Hills (ALH A) 81005 indicating a typical lunar
highlands rock into which 1.3±0.5 percent Cl chondrite-equiv-
alent had been admixed. In contrast, '' 791197 is among the
most trace-element rich lunar samples known (Lipschutz
1986b). Results for the third sample, y 82192, reveal a pattern
like that in AHL A 81005 with subtle differences: early, rapid
admixture of 2.4±0.8 percent Cl-equivalent into the Yamato
sample; and evidence for an ancient meteorite impact compo-
nent (Dennison, Kaczaral, and Lipschutz 1987). The consensus
is now for three distinct lunar source regions, hence three
separate massive impacts on the Moon. On the 100,000-year
time scale sampled by Antarctica, massive impacts on the Moon
were not uncommon, thus strengthening the likelihood of mul-
tiple impacts large enough to eject martian samples above es-
cape velocity, 5.0 kilometers per second (Lipschutz 1986a;
Lipschutz and Cassidy 1986). As an aside, a substantial portion
of '' 82192 was shock-melted in an impact; mobile elements are
slightly but measurably depleted during this episode as they
are in high-intensity impacts on asteroids (Dennison et al
1987).

Most of the nearly 8,000 antarctic meteorites (representing
1,200 to 3,800 separate falls) are rather common meteorites but
these, too, tell an interesting story. From comparative study of
16 trace elements in 44 nonantarctic H (for high iron) chondrites
(Lingner et al. 1987) with 14 of these elements in 45 antarctic
samples (Dennison and Lipschutz 1987), substantial composi-
tional differences were found.* Contents of 8 of 14 elements in
Victoria Land H5 samples (average terrestrial age, 300,000 years)
differ at statistically significant levels from those of contempo-

* H chondrites are the most common of antarctic meteorites, the ti/t, (for
low-iron chondrites) ratio being 3. Among nonantarctic samples, the
ratio is 1, a highly significant difference indicative of the different
nature of the two populations (Lipschutz 1986a; Lipschutz and Cas-
sidy 1986).
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rary nonantarctic falls or of a small population of Yamato Moun-
tains samples (average terrestrial age, 100,000 years). Five of 14
elements differ significantly when Yamato Mountains and non-
antarctic populations are compared (Dennison and Lipschutz
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Figure 1. Comparison of indium (In) versus thallium (TI) data in H
chondrites: top, nonantarctic falls; bottom, antarctic samples. The
shaded region, which acts as a fiducial mark, represents the envel-
ope of compositions predicted to result from condensation of a
gaseous nebula with solar photospheric (Cl) composition at 5 x
10 to 5 x 10 atmospheres. There is no indium or thallium de-
pendence on degree of shock-loading (recorded by gas retention
age or petrographic properties) in H chondrites: L chondrites show
such a dependence (Lingner et al. 1987). The two populations dis-
tribute differently on the plots, indicating different genetic
conditions.
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Figure 2. Cesium (Cs) versus mean leaching factor for eight ele-
ments in weathered H5 chondrites normalized to less-weathered
ones of types A and B. Samples of weathering type B/C (open
symbols) are interspersed with those of type C (filled symbols)
indicating the absence of a one-to-one correlation of weathering
type with extent of leaching. Qualitatively, numbers 1 and 2 spent
least time on the ice sheet surface and 7 through 12, the most.
Sample 1 is the exposed part of ALH 82102, the only meteorite ever
collected emerging from the ice (Lipschutz and Cassidy 1986).

1987). These data indicate that, on average, antarctic and nonan-
tarctic H chondrite populations have different thermal histories,
hence different origins, and hint that as the age difference
decreases between comparison populations, the number of sig-
nificant compositional differences also diminishes. This dif-
ference is also evident on comparison of physical properties
(thermoluminescence, shock history, cosmogenic man-
ganese-53 contents) or element pairs (figure 1). We are currently
in the midst of a similar study of the oldest igneous rocks-
howardites, eucrites, and diogenites—that date back to the
formation of the solar system, 4.6 billion years ago.

Chemical data may also serve to qualitatively rank meteorites
by time spent on the ice sheet surface (which, with the travel
time in the ice sheet, gives the terrestrial age, measurable from
cosmogenic radionuclides). Dennison and Lipschutz (1987) re-
port that trace elements are depleted in highly weathered ii
chondrites, probably by leaching and that eight elements (co-
balt, gold, antimony, cesium, tellurium, bismuth, indium,
thallium) provide an index for H chondrite weathering on the ice
sheet (figure 2).

This research was supported in part by National Science
Foundation grants DPI 84-15061 and National Aeronautics and
Space Administration grant NAG 9-48.
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Peleus till, a distinctive basal ice deposit, outcrops
throughout the central and eastern portion of one of the dry
valleys, Wright Valley, up to an elevation of 1,150 meters (Pren-
tice 1982). The glacier that deposited this till flowed eastward
down Wright Valley toward the Ross Sea with much of its base at
the pressure melting point (Prentice et al. 1985). Peleus till along
with an array of other glacial features was originally assigned to
a tremendous antarctic ice sheet that submerged this portion of
the Transantarctic Mountains and so occupied both East and
West Antarctica (Denton et al. 1984; Prentice 1985). However,
new data collected during the past year suggest an alternative
hypothesis for Peleus till which is the subject of this paper. This
alternative has important implications for past and future ant-
arctic ice dynamics.

Our alternate hypothesis is that Peleus till was deposited by a
thin temperate glacier that was wet-based because of a warm
climate. This hypothesis differs from the original one prin-
cipally concerning the maximum thickness and thermal charac-
teristics attained by Peleus ice. The temperate valley glacier
alternative is important, because it suggests that, in a warmer-
than-present climate, the west antarctic ice sheet was absent
and that the east antarctic ice sheet could have been larger than
at any time during the last several hundred thousand years. The

potential configuration resembles the output of an ice sheet
sensitivity experiment run at a sea-level air temperature 100
warmer than modern (Oerlemans 1982). The temperate glacier
alternative has implications for how the antarctic ice sheet may
respond to future carbon-dioxide-induced warming.

Temperate glacier evidence. The evidence that favors the tempe-
rate valley glacier alternative is as follows:
• Peleus till has not been found in reconnaissance of the moun-

tains adjacent to central and eastern Wright Valley. Had the
Peleus ice mass overridden these mountains, it probably
should have deposited some till there.

• Sandstone gravel is virtually absent in Peleus till. Sandstone
gravel should be abundant if Peleus ice overrode the moun-
tains adjacent to the valley from the southwest (Denton et al.
1984). This is because sandstone outcrop in these mountains
is extensive and transport distance from the mountains into
the valley is too short for complete gravel comminution.

• Tongues of Peleus-equivalent till project out of western
Wright Valley southward into the mouths of cirques in the
Asgard Range (Ackert in preparation). The morphology of
these tongues suggests deposition at the margin of an ice lobe
restricted to Wright Valley.

• The valley glacier alternative is replicated in nearby Beacon
Valley (Potter personal communication). Here, till similar to
Peleus till reaches an upper limit that outlines an ice lobe
projecting from eastward-flowing ice in Taylor Valley up into
Beacon Valley.

• Subantarctic marine diatoms in a fjord deposit directly be-
neath Peleus till suggest that this fjord was significantly
warmer (approximately 5° C) than modern fjords in the re-
gion (Denton, Prentice, and Burckle in press). We infer from
this that the local climate prior to the Peleus glaciation was
significantly warmer than it is today.
These data lead us to prefer the valley glacier alternative

explanation of Peleus till to the giant ice sheet hypothesis.
However, the latter as well as other more complicated hypoth-
eses cannot as of yet be ruled out.

Temperate glacier reconstruction. Figure 1 depicts a sketch of the
ice mass that deposited Peleus till consistent with the temperate
glacier alternative. Because the upper ice surface intersects the
highest Peleus outcrops in the valley, the displayed thickness is
a minimum for peak Peleus glaciation. An important question is
whether this ice lobe was part of an alpine glacier system re-
stricted to the Transantarctic Mountains or was supplied by the
east antarctic ice sheet.

To answer this question, we assessed the mass balance of the
Peleus ice system for the case of its restriction to the Transan-
tarctic Mountains. A highly negative mass balance would sug-
gest that such an ice system was prohibitively ephemeral. Fig-
ure 2 shows Peleus ice surface area and suggested mass balance
versus elevation for the alpine system case. The upper limit of
Peleus till in the central valley approximates the altitude of the
Peleus equilibrium line. The field of Peleus balance gradients
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Figure 1. Schematic profile of the temperate valley glacier that deposited Peleus till in Wright Valley. The modern profile of the Upper Wright
Glacier is dashed. Ice temperatures, based on the presence of basal till, are at or very near the pressure melting point. Arrows at the ice base
reflect ice flow downward to a wet-melting bed. This reconstruction is one extreme alternative to explain Pefeus till. ("m" denotes "meter?' "km"
denotes "kilometer?')

(activity index equals approximately 3 millimeters per meter)
incorporates gradients for many glaciers in southwestern
Greenland (Weidick 1984; Braithwaite 1986) which we consider
good modern analogs for this Peleus alternative (Kuhn 1984).
Mass balances calculated from these considerations are all high-
ly negative (figure 2). Mass balances calculated by a different
scheme based simply on equilibrium line altitudes and an aver-
age effective balance gradient (Braithwaite 1984) are even more
negative. We infer that the Peleus ice lobe could not have been
maintained by Transantarctic Mountain accumulation alone but
required considerable influx from the east antarctic ice sheet.

Ice sheet contours inland of the Peleus ice lobe were recon-
structed so as to increase the accumulation area of the Peleus ice
lobe sufficiently for this ice system to achieve a plausible mass
balance. Figure 3 presents one possible mesoscale reconstruc-
tion of the Peleus ice lobe and adjacent ice sheet consistent with
available data. Peleus ice surface contours probably paralleled
the Transantarctic Mountain crest. Note that, by this recon-
struction, the paleo-ice sheet was sufficiently thick that no local
ice dome, such as the McMurdo Ice Dome, existed.

Age control. Marine diatoms in the fjord deposit directly be-
neath Peleus till at Prospect Mesa suggest that Peleus till is no
older than late Pliocene, about 3 million years (Burckle et al.
1986). However, preliminary strontium-87/strontium-86 data
from pecten shells within this same deposit suggest a max-
imum age of 4 to 5 million years for the Peleus till. The latter
estimates are preferred because of the probability for mid-to-
high latitude diachroneity of biostratigraphic datums. Peleus till
is constrained to be older than 2.0 million years on the basis of
radiometric dates on volcanic rocks stratigraphically above Pel-
eus till.

Conclusion. A temperate valley glacier hypothesis is preferred
to explain Peleus till. From this we suggest that, under warmer-
than-present climate, the proximal sector of the east antarctic
ice sheet was thicker than it is today and that sea-level tem-
peratures in the Ross Sea were too warm for a marine ice sheet to
have existed. If these inferences can be extended to the rest of
East and West Antarctica by further investigation, a new warm-

climate configuration for the antarctic ice sheet emerges. Such
ice sheet configurations represent the proving grounds for nu-
merical ice sheet models employed to predict antarctic ice sheet
response to future carbon-dioxide-induced warming.

This work was supported by National Science Foundation
grant DPP 83-18808. We thank Mauri Pelto for mass-balance
discussions.
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Figure 2. Mass balance of the Peleus temperate ice system if it were
restricted to the Transantarctic Mountains. Ice surface area versus
elevation is to the left. Mass balance versus elevation is to the right.
A range of balance gradients midway between that of the polar
Taylor Glacier (Robinson 1984) and the maritime temperate Taku
Glacier (Mayo 1984) is suggested for the Peleus glacier. The mass
balance for this hypothetical alpine glacier system (upper right) is
prohibitively negative. ("m" denotes "meter." "km 2" denotes
"square kilometers?')
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Volcanic-rich Ross Sea drift, which marks a former grounded
ice sheet in McMurdo Sound, is prominent and nearly continu-
ous along the west coast of the sound (figure 1). On coastal
foothills this drift sheet has a morphologically distinct outer
boundary, but on valley floors it does not exhibit distinct outer
limits. Perched deltas, strandlines, and carbonate beds show
former proglacial lakes in some valleys. Such lakes may have
floated Ross Sea ice tongues and rafted drift, thus precluding
distinct outer drift limits. Radiocarbon dates of Glacial Lake
Trowbridge* in Miers Valley and Glacial Lake Washburn farther
north in Taylor Valley show thick blocking Ross Sea ice in valley
mouths during late Wisconsin time (Clayton-Greene, Hendy,
and Hogg in press; Stuiver et al. 1981; Denton, Prentice, and

* Glacial lakes discussed in this paper no longer exist.

Miers Valley

Marshall Valley
;•	<!-.	s'

Figure 1. Oblique aerial photograph of dry valleys on the west coast
of McMurdo Sound between the Royal Society Range (in the far
distance) and the Koettlitz Glacier (left and in the foreground). Dark-
colored Ross Sea drift is intruded into ice-free valleys exposed to
the coast. On the extreme right is Marshall Valley and in the center is
Miers Valley with Lake Miers and the Miers and Adams glaciers in the
middle distance. The dark ring apparent on Lake Miers is composed
of ice-supported drift mounds. Trough Lake is in the top left of the
photograph.

supraglocial

aeol Ian

englaci

glacial

jo

al

L

basal .

0
--------.----

lake

ice
7

7

I acus t r i tie

Figure 2. Schematic representation of the possible mechanism for transporting glacial debris in permanently ice-covered proglacial lakes.
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Burckle in press). However, available radiocarbon dates cannot
be used to infer details of Ross Sea glacial fluctuations until
valley-floor drift features are understood.

Miers Valley exhibits Ross Sea drift with a large basaltic com-
ponent, including kenyte. Drift mounds occur in two forms. In
eastern Miers Valley drift mounds rest on thin laminated calcite
and silt beds of Glacial Lake Trowbridge (Clayton-Greene et al.
in press). In western Miers Valley a thin sediment veneer and
prominent ice-cored drift mounds up to 2 meters high occur on
the floating ice cover of present-day Lake Miers. Similar features
occur on Deep Lake at Cape Barne (Hendy, Selby, and Wilson
1972) and on Trough Lake (Lyon 1979.)

Previous investigators concluded that drift now in mounds
on Lake Miers originated from the lake bed. Bradley and Palmer
(1967) proposed that sediment froze to ice around the lake
margins during winter. Compressive forces and ice diapairs
then caused upward doming, with the sediment eventually
being thrust onto the ice surface. Bell (1967) suggested possible
accumulation of wind-blown material but ruled out a glacial
source due to the distance between the lake and present-day
glaciers. He favored Bradley and Palmer's (1967) mechanism.
Hendy et al. (1972) proposed that gravel lenses froze to basal
lake ice and then moved upward because of surface ice ablation.
Our coring showed that drift occurs only in the top 3-4 cen-
timeters of the ice raft on Lake Miers. With the exception of rare
sand grains, ice is free of debris below this depth. Further, ice-
surface drift is coarser and contains a lower percentage of basalt
than underlying lake-floor sediments. These observations con-
tradict the models of Bradley and Palmer (1967) and Hendy et al.
(1972), which predict that debris should occur throughout the
ice raft.

We suggest that drift mounds on Lake Miers and on lac-
ustrine carbonates in eastern Miers Valley share a common
origin. By our model, supraglacial and englacial drift originally
transported into Miers Valley by a Ross Sea ice tongue was
deposited directly onto the floating ice cover of Glacial Lake
Trowbridge. Because ice froze to the bottom and ablated from
the top of the flating raft, coarse clastic sediment remained
supported on the Glacial Lake Trowbridge ice raft. Progressive
movement of floating lake ice away from the Ross Sea glacier
front conveyed the drift load to the annual meltout moat at the
other end of the lake, where it was deposited onto the lake bed
from the ice edge (figure 2). Upon retreat of the Ross Sea glacier
lobe, clastic material remained supported on the floating ice raft
until Glacial Lake Trowbridge drained or evaporated (figure 3).
Lake drainage left drift mounds stranded on lacustrine sedi-
ments in the eastern valley floor. Further west present-day Lake
Meirs represents an isolated remnant of Glacial Lake
Trowbridge. In the absence of a Ross Sea glacier tongue to push
the lake ice cover, the supported debris cones remained in
place.

An active example of this suggested mechanism exists at
Trough Lake. Here Lyon (1979) observed compressional ridges
radiating out from Koettlitz Glacier over the lake surface. He
suggested that the gravel on ridge sides, as well as poorly sorted
sand and gravel elsewhere on the ice cover, were derived from
Koettlitz Glacier.

Our proposed mechanism is important for interpreting ant-
arctic glacial stratigraphy, because it enables glacial drift, includ-
ing erratic clasts, to be transported across proglacial lakes and
deposited well beyond glacier termini. The resulting drift
mounds can be misinterpreted as having been deposited di-
rectly from glacier ice. In addition, coarse drift from lake ice may
be deposited on fine-gravel lacustrine sediments, preserving

Figure 3. Preservation of lacustrine sediment by ice-ratted glacial
debris. Stage 1: A proglacial lake supports glacial debris over two
basins, allowing silts to be deposited throughout the lake. Stage 2: A
lowering of the lake level isolates one of the basins, and debris,
which was previously ice supported, is deposited where the water
depth is now too shallow to maintain a permanent ice cover. Stage 3:
Evaporation of the isolated basin removes the remaining ice cover
and aeolian deflation removes the unprotected lacustrine silts. De-
bris is preserved on the ice surface of the surviving lake.

them from subsequent aeolian deflation. Isotopic dates of blue-
green algae or carbonate from such lacustrine sediments afford
accurate ages for a former lake but not necessarily for the glacier
that originally transported drift into the valley. Isotopic dating
samples originating in this fashion should be treated with cau-
tion in interpreting ice-sheet history.

We acknowledge the University Grants Committee and the
National Science Foundation for financial support for this pro-
ject. We thank the United States Navy, the National Science
Foundation, the Ross Dependency Research Committee, the
Antarctic Division of New Zealand, and Department of Scien-
tific and Industrial Research (New Zealand) for logistic support.
The New Zealand Department of Lands and Survey surveyors
provided altitude control.
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The principal objective of our 1986-1987 field season was to
make a study of the Reckling Moraine on the east antarctic ice
sheet at 76°15'S 158°40'E about 15 kilometers west of Reckling
Peak in southern Victoria Land. We were airlifted in early De-
cember by helicopter from McMurdo via Marble Point and
established a tent camp on the polar plateau at 76°35'S and
159°0'E about 9 kilometers southwest of the highest point on
Battlements Nunatak (figure 1). From there we moved our camp
with snowmobiles and Nansen sleds to the Reckling Moraine
about 38 kilometers north of the put-in camp.

The Reckling Moraine consists of rock clasts and fine-grained
sediment that are accumulating on the surface of the ice sheet in
an area of about 10 square kilometers. The clasts and sediment
originate by ablation of sediment-laden ice that underlies the
moraine as reported previously by Faure and Taylor (1985) for
the Elephant Moraine located at 76°17'S and 157°20'E. The Reck-
ling Moraine is horseshoe shaped with the prongs of the horse-
shoe pointing to the northeast. It is about 1.5 kilometers wide
and just over 6 kilometers long.

We mapped the western half of the Reckling Moraine from a
grid of surveyed lines. A plot of major dust bands in figure 2
reveals that the ice sheet has been folded. Large clast-free areas
also appear to reflect the structure of the ice sheet.

The lithologic composition of clasts more than 16 millimeters
in diameter was determined by "pebble counting" at 78 sur-
veyed stations. The principal rock types are dolerite, gabbro,
and basalt assignable to the Ferrar Supergroup and sandstone,
siltstone, and shale derived from the Beacon Supergroup. The
abundances of the major rock types, expressed in terms of
percent by number, were contoured as shown in figure 3. The
diagram reveals the same bilateral symmetry shown also by the
distribution of dust bands in figure 2.

Sixteen of the 78 surveyed stations contain fragments of coal;
but clasts of granitic igneous rocks or metamorphic rocks do not
occur in the Reckling Moraine. The black fibrous calcite of
apparent hydrothermal origin that occurs in the Elephant Mor-
aine (Faure, Taylor, and Jones 1986) is absent from the Reckling
Moraine. Although we collected several meteorite specimens
along the southern fringe of the Reckling Moraine, we did not
find any within the main body of the moraine.

The granite clast dated by Faure, Kallstrom, and Mensing
(1984) probably originated from the moraines in the Allan Hills
and not from the Reckling Moraine as reported.

Figure I. Helicopter at the put-in camp on the polar plateau south-
west of Battlements Nunatak. (Photo by David Reed.)

1987 REVIEW	 61



T	 -	 -
I	 :::	::::::::::::::::::	::::::::::::::::::::	::::::::::.•

	Reckling Moraine	T	 - - -	 - - - _ -

	

I	I	 ,-	---

Z
38-5

..............

	

1400W 1200	1000'f 80o( 60 0\	40	200 w	.	200	400	600 . 800

N

	

-	 :-

	

q	 4
:2

	

::::::::..	 .	3

	Scale	 I

0	200	400	
5

meters
Declination: 1550E	 6

Figure 2. Map of the western half of the Reckling Moraine showing folding of the ice by the distribution of dust bands.

Reckflng Moraine: Dolerite + Gabbro	 scattered clasts	blue ice
.::: ::::::::::::::::::::
:   

blue ice	 :...	 !

	

N	18	 0'	 89QK

	

4::::	2:. :75	
...:

--' 3jr—" 32 (	 ( 	*6	30 Qj i60.
4A•

	

,,1 ;:::;__e# 
73	29	 ' .)	 36	78	70	53

48	snow covered	rz	 0

37/5	(1T 6473	65 56	
28°	;:z 70	'JL 6

..... .limill	 It	 k.IhI....	I
12w	 8	6L	 6Q	"-	mostly snow covered	

8E
is

	

scattered \	// 4	—

scattered clasts
blue ice	 37	4 38

	

blue ice	 '	\
Scale	 51	59

I	I	I	I	I	I	Declination155°E0 100 200 300 400 500 L.
Contour Interval: 20%	blue ice

Meters
Figure 3. Contour map of the abundances of dolerite and gabbro clasts in the Reckling Moraine.

7

5

.4

3

2

1000E

62	 ANTARCTIC JOURNAL



This work was supported by National Science Foundation
grant DPP 83-14136.

References

Antarctic Journal of the U.S., 19(5), 28-29.
Faure, G., and K.S. Taylor. 1985. The geology and origin of the Elephant

Moraine on the east antarctic ice sheet. Antarctic Journal of the U.S.,
20(5), 11-12.

Faure, C., K.S. Taylor, and L.M. Jones. 1986. Hydrothermal calcite in
the Elephant Moraine. Antarctic Journal of the U.S., 21(5), 21.

Faure, G., M.L. Kalistrom, and T.M. Mensing. 1984. Classification and
age of terrestrial boulders in the Elephant and Reckling Moraines.

Late Wisconsin glacial history of the
South Orkney Plateau

MARGARET J . HERRON

Department of Geology and Geophysics
Rice University

Houston, Texas 77251

Marine geologic and geophysical data collected during aus-
tral summer 1984-1985 provide the means to study the
Pleistocene/Holocene glacial history of the South Orkney
Plateau (figure 1). Land-based evidence of one or more past
glacial maxima on the South Orkney Islands has been observed
by several authors including Pine (1913), Holtedahl (1929), Marr
(1935), and Matthews and Maling (1967). Anderson et al. (1980)
and Elverhøi (1981) have shown that ice was grounded on the
Weddell Sea continental shelf during the late Wisconsin. Ice
advances also occurred during this period on other subantarctic
islands, such as South Georgia and the South Shetlands
(Sugden and Clapperton 1977, 1986), Marion Island (Hall 1983),
and Kerguelen Island (Hall 1984). Thus, although there may be
differences in exact timing of advances, a coincidental ice expan-
sion would be expected on the South Orkney Islands.

There are essentially three possible scenarios for the late
Wisconsin glacial maximum on the South Orkney Plateau:

• ice was grounded over the entire plateau;
• ice was grounded near the islands, and floating ice, either

pack ice or an ice shelf, covered the remainder of the
plateau; or

• glacial expansion was limited to the islands, and ice condi-
tions on the plateau were similar to those today.

Sediments deposited under a floating ice shelf are, by defini-
tion, transitional glacial marine deposits, characterized es-
pecially by homogeneous texture and mineralogy, low diversity
and abundance of marine fossils, and pebble shapes indicative
of basal transport (Anderson et al. 1980). Sediments deposited
under grounded ice are basal tills, which are similar to transi-
tional glacial marine sediments but are also overcompacted. The
mineralogy of any ice-rafted debris (IRD) present in basal tills or
transitional glacial marine units should be restricted to that
found on the South Orkney Islands. Since ice-shelf-derived
icebergs do not transport basal debris very far from their
grounding lines, sedimentary units deposited underneath the

distal part of an ice shelf should have little IRD, and thus a fine-
grained texture.

Core and seismic data from the South Orkney Plateau (figure
2) indicate that an ice sheet was grounded on the plateau to
approximately 240 meters depth. Cores recovered landward of
this depth are basal tills or transitional glacial marine sedi-
ments. Seaward of 240 meters, mainly compound glacial marine
sediments were recovered. Reflection characteristics and mor-
phological features on seismic profile H also suggest the pres-
ence of grounded ice in the recent past at less than 240 meters
depth. No evidence was found which indicates that an ice sheet
was grounded over the entire plateau during the late Wisconsin.

Many cores collected from the outer South Orkney Plateau
and slope contain sections which were apparently deposited
under thicker and more persistent floating ice than exists there
today. One characteristic common to these "sub-ice" deposits is
the lack of, or very small amount of, biogenic material (es-
pecially diatoms). Because some species of diatoms thrive with-
in and under sea ice (1-2 meters thick) (Meguro 1962; Homer
1976; Hoshiai 1977), a complete lack of diatoms probably indi-
cates deposition under thick, permanent pack ice or a coherent
ice shelf. Terrigenous dilution is unlikely since the only prox-
imal source of terrigenous sediment is the South Orkney Island
group, which is too small to contribute a large percentage of
sediment to the outer plateau and slope. Complete dissolution
of a varied assemblage of siliceous tests at this latitude is also
improbably since near-surface dissolution of biogenic silica in
southern ocean waters is slow (Nelson and Gordon 1982).

Most of the "sub-ice" units also have a fine-grained texture,
indicating low IRD content. However, in the "sub-ice" units
which do contain IRD, exotic debris makes up 2 to 12 percent of
the coarse sand. Thus, the most likely ice condition represented
by the "sub-ice" units is that of thick, permanent pack-ice cover.
This condition could prevent much, or all, of the primary bio-
genic production but would allow icebergs from the Antarctic
Peninsula to pass through the area and deposit exotic debris.
The presence of a coherent ice shelf would prevent the passage
of all icebergs, and thus prevent deposition of any exotic debris.

Conclusive evidence for a massive ice shelf expanded from
the continent, such as that proposed by Johnson and Andrews
(1986), was not found in South Orkney Plateau or slope cores.
However, a large percentage of the slope cores are affected by
sediment gravity flow and cannot be used to interpret glacial
history. Timing of the grounding event indicated by cores 21
through 26 is unknown and could represent grounding of such
an ice shelf.

This research was supported by National Science Foundation
grant DPP 85-16908 to John B. Anderson.
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Land ice studies

Transient behavior of ice stream B and
Crary Ice Rise, West Antarctica

R.A. BINDSCHADLER
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Goddard Space Flight Center
Greenbelt, Maryland 20771

D.R. MACAYEAL
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S.N. STEPHENSON and P.L. VORNBERGER

Science Applications Research
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E. P. ROBERTS
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Analysis of data collected during three field seasons
(1983-1986) in the region where ice stream B discharges into the
Ross Ice Shelf indicates three examples of transient ice flow:

• a positive mass balance in the region surrounding Crary
Ice Rise,

• separation of a large "raft" of ice from the main ice rise, and
• a 20 percent slowing of ice in the mouth of ice stream B.
Surface velocity data from this project and the Ross Ice Shelf

Geophysical and Glaciological Survey (RIGGS) (Thomas et al.
1984) were combined with radar measurements of ice thickness
to calculate the volume fluxes across the boundaries of a region
of the Ross Ice Shelf which includes the Crary Ice Rise (figure 1)
(MacAyeal et al. in press). Combining the excess mass flux with
the total surface accumulation flux (assuming negligible basal
melting or accretion) gives an area-averaged value of 0.44 ± 0.06
meters per year for the thickening within this region.

Additional data on the Crary Ice Rise include aerial photogra-
phy gathered by the U.S. Geological Survey in January 1985.
From a mosaic of these photographs, surface features such as
crevasses and surface undulations were identified and mapped.
Figure 2 shows the crevasses seen on the photographs in the
vicinity of the ice rise. Adjacent to the main ice rise, which is free
of crevasses, are other smaller crevasse-free regions. We term
these smaller regions rafts. The largest of the rafts, labeled R in

figure 2, seems to have separated from the main body of the ice
rise because of the intense shear crevasses between it and the
main ice rise. The orientation of these crevasses and the
azimuth of a velocity measurement obtained near this raft indi-
cate that the raft is now moving as part of the ice shelf. Calcula-
tions of when this separation occurred depend on assumptions
of how far it has moved and how it has accelerated; the most
probable estimates for these values suggest that the separation
process began during the last hundred years. Details of this
analysis can be found in Bindschadler et al. (in preparation).

Comparison of velocities measured during RIGGS with those
of the current program show that the ice upstream of Crary Ice
Rise has slowed. This comparison was accomplished using cur-
rent strain rates to extrapolate velocities measured during this
field program to the locations of measured velocities during
RIGGS. Three RIGGS stations were used and all appear to have
slowed approximately 20 percent. This work is being prepared
for publication by Stephenson and Bindschadler. Additional
field measurements are being made to confirm this trend.

These examples of transient behavior may be interrelated.
The thickening of the area around Crary Ice Rise would increase
the back pressure on ice stream B (MacAyeal et al. in press),
slowing the ice upstream of the ice rise. The separation of a large
piece of the ice rise might result from a failure of the bed which
could occur after the ice rise exceeded some critical ice thickness
or surface slope. Tension between the ice shelf and the ice rise
would also increase as the ice thickness increased. This type of
process may be similar to the incorporation of ice into the head
of an ice stream as discussed by Whillans et al. (in press).

hi

IE

Figure 1. Region around the Crary Ice Rise Complex used by Mac-
Ayeal et al. (in press) to calculate the mass balance.
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This research was supported by National Science Foundation
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Flow of ice streams B and C

I.M. WHILLANS

Department of Geology and Mineralogy
and

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210

During the 1984-1985 and 1985-1986 field seasons about 40
surface velocities were measured by transit satellite tracking
and these have been analyzed to calculate the mass balance of

ice streams B and C and the flow pattern of ice stream B
(Whillans, Bolzan, and Shabtaie 1987; Whillans and Bind-
schadler in press). Results to date indicate large mass im-
balances for ice streams B and C and inhomogeneities in the
flow of ice stream B.

Ice stream B has velocities in the 100- to 800-meters-per-year
range and is draining the interior at about 1.3 times the rate of
replenishment by snow accumulation. Furthermore, at the ice
stream head, the flow is very irregular and the simplest inter-
pretation for this is that blocks of stiffer inland ice are being
broken out, rafted along in the ice stream, and slowly assimi-
lated. The rafts are some 10 kilometers across, and portions are
even traveling in the reverse direction. Although not proved, it
is probable that these results are related, in that the mass im-
balance may be due to lengthening of the ice stream up-glacier
by irregularly consuming and extending into the inland ice.
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Ice stream C, which is next to ice stream B, is in contrast,
virtually stagnant. Its velocity is less than 10 meters per year
(McDonald and Whillans, in press), and it must be thickening.
The net mass accumulation for the region of ice stream C is
about equal to the net mass depletion of ice stream B so that the
net effect is near zero. Radio-echo records of crevasses indicate
that ice stream C was formerly very active (Rose 1979; Shabtaie
and Bentley 1987) and that it must have stopped about 100 years
ago.

The satellite tracking data also provide control for aerial radio-
echo sounding of surface elevation and the results have been
used to prepare a surface elevation map of the ice streams and
ridges between them. Shabtaie, Whillans, and Bentley (1987)
present and discuss this map; it exhibits a great many unusual
and unexpected features.

Crevasse patterns can be used to infer much about glacial
dynamics. Vornberger (unpublished data, Ohio State Univer-
sity) and Vornberger and Whillans (1986) report on this.
Vornberger developed a numerical model to predict crevasse
patterns for given velocity fields and used this to model ob-
served patterns. From this, we have learned of many dynamic
features of ice stream flow without having to make detailed
velocity measurements. The technique is not universally ap-
plicable, because certain crevasse patterns can be developed by
a range of velocity fields and unique answers are not always
possible.

Repeat photography has been obtained for parts of ice stream
B and the methods developed by Brecher (1986) for Byrd Glacier
are being applied. Ground control is afforded by the satellite
tracking. Difficulties, with aircraft navigation, delays in obtain-
ing the prints and diapositives, and scratches on the original
negatives have restricted the program, but good quality pho-
togrammetric velocities are being obtained for parts of the ice
stream.

The methods for interpreting the photogrammetric results
are being refined using existing data from Byrd Glacier, (Brecher
1986) and Dye-3, Greenland (Whillans et al. 1984). By this
method, the velocity field together with surface slopes (also
obtained photogrammetrically) and thickness are used to calcu-
late stresses and velocities at depth. These results will show
how and where the glacial flow is restrained. This is a first step
toward learning what controls ice stream flow and what causes
the curious results discussed above.

This work is supported by National Science Foundation
grants DPP 83-17235 and DPP 85-17590.

References

Brecher, H.H. 1986. Surface velocity determination on large polar ice
glaciers by aerial photogrammetry. Annals of Glaciology, 8, 22-26.

McDonald, J., and I.M. Whillans. In press. Comparison of results from
transit satellite tracking. Annals of Glaciology.

Rose, K.E. 1979. Characteristics of ice flow in Marie Byrd Land, Ant-
arctica. Journal of Glaciology, 24(90), 63-75.

Shabtaie, S., and C.R. Bentley. 1987. West Antarctic ice streams drain-
ing into the Ross Ice Shelf: Configuration and mass balance. Journal of
Geophysical Research, 92(82), 1311-1336.

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.

Vornberger, P. L., andl.M. Whillans. 1986. Surface features of ice stream
B, Marie Byrd Land, West Antarctica. (it)Annals of Glaciology,(no 8,
168-170.

Whillans, I.M., and R. Bindschadler. In press. Mass balance of ice
stream B. Annals of Glaciology.

Whillans, I.M.,J. Bolzan, and S. Shabtaie. 1987. Velocity of ice streams B
and C, Antarctica. Journal of Geophysical Research, 92(B9), 8895-8902.

Whillans, l.M., K.C. Jezek, A.R. Drew, and N. Gundestrup. 1984. Ice
flow leading to the deep core hole at Dye 3, Greenland. Annals of
Glaciology, 5, 185-190.

Geophysical studies of the Siple
Coast area

C.R. BENTLEY, R.B. ALLEY, S. ANANDAKRISHNAN,

D.D. BLANKENSHIP, S.T. ROONEY, D.G. SCHULTZ,

and S. SHABTALE

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

In 1986-1987 the Geophysical and Polar Research Center did
not send a party to the field. Instead, the year was spent analyz-
ing data previously collected as part of the Siple Coast project.
More than 20 papers have been published or presented on the
results of those analyses since our last Antarctic Journal report
(Bentley et al. 1986); here we will give a summary of these
results (see also Bentley et al. 1987).

A curve of density versus depth calculated from a seismic
compressional-wave profile at Upstream B agrees well with
densities measured directly on a core obtained nearby (Anan-
dakrishnan et al. in press). Discontinuities in the velocity gra-
dient do not appear at the "critical density" as they did at Byrd
Station and elsewhere (Kohnen and Bentley 1973; Robertson
and Bentley 1975). Marked differences in velocity between hori-
zontally and vertically polarized shear waves, particularly in the
shallow firn, can be explained by a strong vertical shape-and-
bonding fabric in the shallow firn, such as has been observed in
the cores (Alley and Bentley, Antarctic Journal, this issue). But
inversion of seismic reflection times observed at Upstream B
camp by a procedure developed by Blankenship and Bentley
(1987) suggests that most of the ice is characterized by a strong
concentration of crystal c-axes in a vertical plane that is trans-
verse to the axis of the ice stream. This fabric is well defined by
an absence of apparent compressional-wave anisotropy com-
bined with the presence of distinct shear-wave anisotropy
(Blankenship and Bentley in press).

Fault-plane solutions applied to a group of microearthquakes
from the bed of ice stream B reveal that slip occurs on horizontal
planes at or just below the base of the ice (Anandakrishnan,
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Blankenship, and Bentley in press). However, the energy re-
leased in the faulting is a minuscule fraction of the total strain
energy dissipation at the bed (Blankenship et al. 1987a). Polar-
ization-dependent velocities for shear waves stemming from
these sources support the crystalline-fabric model previously
mentioned.

The high flow velocities of ice stream B, which are hard to
explain by glacier sliding models (Bentley 1987a, 1987b), appear
to arise from deformation of a meters-thick subglacial debris
layer (Blankenship et al. 1987b; Alley et al. 1987b). Continued
seismic profiling in the Upstream B area has shown that the
layer is essentially continuous over at least 12 kilometers parallel
to ice flow and 8 kilometers transverse to flow (Rooney et al.
1987b, in press a). We believe that the debris flux from deforma-
tion has caused the deposition of "till deltas" or morainal banks
tens of meters thick and tens of kilometers long at the ground-
ing line. Glaciological considerations suggest that a drop in sea
level would cause erosion on the upglacier side and deposition
on the downglacier side of these morainal banks, causing
grounding-line advance. We propose that the regional uncon-
formity found in the Ross Sea, which extends to the edge of the
continental shelf and is overlain by a meters-thick till layer, is
the sedimentological signature of an expanded, till-lubricated
west antarctic ice sheet during the Pleistocene (Alley et al. in
press a and in press b).

There is an angular unconformity beneath the till at Upstream
B, which is consistent with a model of steady-state ice stream
flow that implies erosion there (Alley et al. 1987a, 1987c). Seis-
mic reflections from deeper beneath the ice stream show
lithified sedimentary beds that dip grid northeast about 0.5°
and are truncated by the unconformity (Rooney et al. in press
b). The compressional-wave velocities in these layers are less
than 2.3 kilometers per second which suggests that the sedi-
ments are late Oligocene or younger in age. The sedimentary
basin beneath ice stream B is at least 1 kilometer thick and
possibly is bounded (on one side) by a large normal fault that
was revealed by seismic refraction shooting (Rooney et al.
1987a).

Our radar data are now recorded digitally (Schultz, Powell,
and Bentley 1987); development of techniques for quantitative
analysis of echo characteristics is in progress. In the meantime,
ice thicknesses have been obtained from analog radar sounding
over and around ice streams A, B, and C (Shabtaie, Whillans,
and Bentley 1987; Shabtaie and Bentley in press a and in press
b). The entire length of ice stream A is marked by a deep
subglacial trough. The beds of ridge AB (part of which may be a
remanent ice stream) and ice stream 131 also are deep at their
headward ends but shoal rapidly downstream. Ice stream B2 is
1,000 meters thinner than ice stream 131 near its head, but much
more nearly constant in thickness along its length. Ridge BC is
characterized by a smoother bed than ridge AB. Inactive ice
stream C is marked by uncorrelated maxima and minima in
surface and bed topography.

Ice streams A and B have negative overall mass balances
whereas inactive ice stream C has a strongly positive balance
(Shabtaie and Bentley 1987). Individual sections of ice stream A
do not show a significant imbalance, but a section at the heads
of ice streams BI and B2 shows a strongly negative net flux that
we attribute to lateral and headward expansion of these ice
streams (Shabtaie et al. in press). Although there are no statis-
tically significant deviations from zero net flux along the rest of
ice stream B, there is an intriguing suggestion of a wave of
adjustment moving downstream rather like that on a temperate
glacier during the initiation of a surge.

This research was supported by National Science Foundation
grant DPP 84-12404.

This is contribution number 485 of the University of Wiscon-
sin at Madison, Geophysical and Polar Research Center.
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Analysis of Siple Coast fir cores

R.B. ALLEY and C.R. BENTLEY

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

Analyses of firn and ice cores from the Siple Coast of West
Antarctica have continued to yield interesting results. The 100-
meter cores were drilled by W. Boller, B. Koci, K. Kuivinen, and
J. Litwak of the Polar Ice Coring Office at the Upstream B camp
(UpB) during 1984-1985 and at the Ohio State North Camp on
ridge BC ("BC" on figure) during 1985-1986. The UpB core
melted partially during shipment, but the BC core is safely in
storage in our lab (Alley and Bentley 1985, 1986). Pit studies
were conducted in conjunction with the coring. We summarize
some of our results here.

At densities less than 550 kilograms per cubic meter firn
densifies primarily by rearrangement of grains through viscous
boundary sliding (Alley 1987a). Rearrangement slows, causing
a critical point in depth-density profiles, when a grain comes in
contact with about six neighbors (coordination number = 6;
Alley 1986) and achieves geometric stability. We now can pre-
dict depth-density curves at densities up to 550 kilograms per
cubic meter from a physically based model, the mean annual
temperature, and measurements made in a 2-meter pit.

Grain-growth theory from metallurgy suggests that, for un-
strained glacial ice, dissolved impurities (especially sea salt)
slow grain growth significantly but that microparticles and po-
rosity usually have little effect (Alley et al. 1986a, 1986b). The
theory describes grain growth well in the upper 90 meters at BC
and the upper 20 meters at UpB; strain energy causes acceler-
ated grain growth in deeper ice at both sites.

Firn in the upper 10-15 meters at both UpB and BC is charac-
terized by strong anisotropy, with vertically elongated grains
bonded near their ends into vertical columns. The degree of
anisotropy, and several other interesting textural parameters,
can be characterized accurately from thin-section measure-
ments (Alley 1987b). Use of such data will allow better modeling

of processes in firn and better interpretation of remotely sensed
data over firn.

Further analyses of the field data and BC core are in progress.
We are processing the BC core for oxygen-isotopic analysis by P.
Grootes of the University of Washington. Our data (tabulated in
Alley 1987c) also are being used in a study with K. Jezek of the
U.S. Army Cold Regions Research and Engineering Laboratory
to determine the effect of likely inhomogeneities in firn on
radar-altimeter data.

Development of C-axis fabrics in ice sheets is of special inter-
est both as a record of strain history and as a control on present
and future behavior. We now are studying the development of
C-axis fabrics in ice sheets as a function of stress state and
cumulative strain. We are testing our models against fabric
measurements on the BC core and seismic data collected at UpB
by D. Blankenship and S. Rooney of the University of Wiscon-
sin, as well as against other published data sets.

V

BIOS

60 W	 40	 20	 0
(180°)

Location map. UpB (triangle) and BC (+) are shown. Modified from
Shabtaie and Bentley (1987).

70	 ANTARCTIC JOURNAL



Physical studies of firn and ice cores on the Siple Coast clearly
are of interest in understanding processes occurring in and
adjacent to ice streams and in interpreting geophysical data
collected on the ground and from aircraft and satellites. Con-
tinued analysis of the data collected thus far should prove
interesting and should demonstrate the scientific value of fu-
ture deep coring on the ice streams and adjacent ridges and
domes.

This research was supported by National Science Foundation
grants DPP 83-15777 and DPP 84-12404.

This is contribution number 486 of the University of Wiscon-
sin at Madison, Geophysical and Polar Research Center.
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A numerical study of the west
antarctic ice sheet formation

D.R. LINDSTROM and D.R. MACAYFAL

Department of Geophysical Sciences
University of Chicago

Chicago, Illinois 60637

We have used a time-dependent, numerical ice-shelf model
to investigate how the portion of the antarctic ice sheet west of
the Transantarctic Mountains, called the west antarctic ice
sheet, forms (figure 1). This area differs from the Antarctic's
eastern ice sheet component and from the Greenland Ice Sheet
in that it rests on a bed which is predominately below sea level
and would remain so even if the ice were removed and isostatic
rebound occurred. For most ice to ground in West Antarctica,
either the grounding line from adjacent ice lying on a bed above
sea level must gradually advance into the sea (Bentley and
Ostenso 1961) or a floating ice cover over the region must
thicken and ground (Wexler 1961; Hughes 1982).

The ice-shelf model we use investigates the latter mechanism.
It solves mass-continuity and stress-balance equations for a
floating ice cover under specified basal and surface tem-
peratures and accumulation rates (Lindstrom and MacAyeal
1986). Sea level is controlled by adjusting the bed depth. Ice
grounds when its draft exceeds the bed depth. Once ice
grounds, its horizontal movement is assumed to be zero. The
floating-ice configuration changes until an equilibrium con-
dition is reached where the ice mass added to the remaining ice
shelf by surface accumulation and basal freezing equals that
which leaves through basal melting and iceberg calving.

A number of model simulations were run using various pre-
cipitation-rate and sea-level combinations. Our initial model
grid of the region is shown in figure 2 along with bed-depth
contours. Results show that an equilibrium condition forms

within 4,000 years. Significant grounding does not occur if sea
level is not lowered, even if the precipitation rate is twice the
present average. When sea level is reduced by 50 to 100 meters,
however, ice grounds over all regions except the Ross Sea,
upstream of Thwaites Glacier, and in the Weddell Sea area east
of present day Berkner Island, as shown in figure 3. A 50- to 100-
meter sea-level drop corresponds with that during a Northern
Hemisphere glacial period. This supports the view that ice
volume fluctuations in the Northern Hemisphere and Ant-
arctica are in phase with one another. We speculate that present
grounding upstream of Thwaites Glacier and former grounding
during glacial maximum periods to the continental shelf edge in
the Ross and eastern Weddell seas must have resulted from the
grounding line advancement of adjacent ice.

One of the first regions to ground in our model is in the
western Weddell Sea, where the Ronne Ice Shelf now exists.
The ease with which ice grounds in this area suggests it is more
common for ice to be grounded here than floating. Thus the
Ronne Ice Shelf, in its present configuration, may be a transient
feature. When ice in the western Weddell Sea grounds, it diver-
ts ice-shelf flow from Ellsworth Land to the eastern Weddell Sea
region (figure 3).

This work was supported by National Science Foundation
grant DPI' 84-01016. Discussions with T.B. Kellogg, T.J. Hughes,
R. Grumbine, and M.M. Monaghan have been helpful in carry-
ing out this project.
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Figure 1. Configuration of present west antarctic ice cover. The shaded regions represent ice shelves and ice streams and the solid lines mark
boundaries of grounded ice and open sea. The contours represent the grounded ice thickness in meters. The dashed line marks the continental
shelf edge. Derived from sheet 4 of Drewry (1983).
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Figure 2. The west antarctic ice sheet grid configuration used to
begin each model run. Black portions represent regions where the
bed is below sea level, shaded portions represent regions of the sea
beyond the continental shelf, and contoured portions represent
regions where ice is floating. The contours represent the iso-
statically adjusted bed depth in meters below present day sea level.
Derived from sheet 6 of Drewry (1983).

Figure 3. Equilibrium ice sheet configuration for a run where sea
level is lowered 100 meters, the accumulation rate is 0.2 meters per
year, and basal freezing is zero. Black represents regions where the
ice has grounded, white represents regions where the ice is floating,
and shaded represents open sea beyond the continental shelf. Ice-
flow lines are superimposed upon the ice-shelf region.
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Glaciology of the east antarctic ice
sheet at the Allan Hills: A preliminary

interpretation
GUNTER FAURE

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210

DAVID BUCHANAN

Student Conservation Association, Inc.
Charlestown, New Hampshire 03603

The east antarctic ice sheet west of the Allan Hills, southern
Victoria Land, is currently forming several supraglacial mor-
aines (Faure, Kalistrom, and Mensing 1984; Faure and Sutton
1985; Faure and Taylor 1985; Faure, Taylor, and Jones 1986).
During the 1986-1987 field season, we measured the thickness
of the ice sheet in the vicinity of supraglacial moraines near the
Allan Hills using a monopulse radar echo sounder (Watts and
Isherwood 1978) modified by Frank Huffman. In addition, we
collected ice samples at 100-meter intervals and determined
ablation rates at surveyed stations along an east-west traverse
parallel to the local ice-flow direction. Figure 1 is an aerial
photograph of this area located at about 76°42.3'S and 159°24'E.
The results of these studies are summarized in figure 1.

The elevation of the ice surface increases by more than 100
meters from point 600N (figure 2) westward toward the polar

A 0
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Moraine S

ON- /

P
Figure 1. Aerial photograph of part of the icefield near the Allan Hills
showing the supraglacial moraines and our survey lines (TMA 2375,
0037, F32).

Ablation Rate24	
27.9

mm/30d	 (Summer, 1986/87)
2 20
Cs 18
.(

-32	OSnow
Oxygen Isotope Composition

& -38

48 

Jepnt

Topography
80j 48 Reckling

-50 Moraine

- Moraine

Ice Thickness

	

4	Ice flow direction
>-80	I	\
w

-120

-180	 Bedrock	 —..

-200- East	 "-j	West
iri-	1

0	 600	1000	1500	2000	2500
Distance (m)

Figure 2. Summary of results along east-west traverse parallel to the
local flow direction of the ice sheet shown in figure 1. ("m" denotes
"meter." "mm/30d" denotes "millimeters per 30 days:')

plateau. A small ice-cored moraine east of 600N rises to a height
of about 11 meters. The thickness of the ice sheet was measured
at seven points along the traverse. The greatest thickness of 264
meters was observed at station 2000W. The profile in figure 1
shows that the ice sheet thins toward the east to about 20 meters
a short distance west of the ice-cored moraine. Fudali (1982)
used measurements of gravity to determine the thickness of the
ice sheet along a more extensive traverse across the ice field west
ii the Allan Hills.

he isotopic composition of oxygen in ice collected 5 to 10
cntimeters below the surface was determined by Richard Re-

isman of Geochron Laboratories. The delta-oxygen-18 values of
the ice vary from -34.4 to -43.0 per mil relative to standard
mean ocean water. One sample of snow that fell in January 1987
has a value of - 32.0 per mil. In general, the isotopic composi-
tions of oxygen indicate that the ice formed under colder cli-
matic conditions than the snow of 1987. Based on the average
delta-oxygen-18 value of - 39.4 per mil and using the equation
of Aldaz and Deutsch (1967), the average condensation tem-
perature is estimated to be -31°C. The delta-oxygen-18 values
of ice at the Reckling Moraine (measured by Pieter Grootes,
Quaternary Research Center, University, of Washington) and
those at the Elephant Moraine (measured by Richard Reesman,
Geochron Laboratories) extend to - 50 per mil and indicate
lower condensation temperatures than for ice at the Allan Hills.
Therefore, the ice at the Allan Hills may have a nearby source
whereas the ice at the Elephant and Reckling moraines could
have originated near Dome C in the interior of the continent.

The delta-oxygen-18 profile appears to consist of segments,
two of which have been highlighted in figure 1. These may
represent ice that formed during and after the Late Pleistocene
glaciation. Accordingly, the ice near station 600N + 1100W
(figure 1) may mark the transition from glacial to the present
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interglacial climatic conditions which occurred about 13,000
years ago (Lorius et al. 1985).

The ablation rates of the exposed ice vary irregularly along the
traverse. The average monthly summertime ablation rate at 20
stations on the main icefield near the Allan Hills is 20.9 ± 1.5
millimeters per 30 days. This rate is about five times more rapid
than the average annual rate measured near the Elephant Mor-
aine during 1985-1987. Accordingly, our best estimate of the
annual ablation rate of the icefield near the Allan Hills is 5.7 ±
0.9 centimeters per year. Annexstad and Schultz (1983) reported
a somewhat lower value of 4.2 ± 0.3 centimeters per year for ice
in the same area based on measurements at 10 stations.

This work was supported by National Science Foundation
grant DPP 83-14136.
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Uranium-series dated ice, 100,000 to
350,000 years old, arranged

sequentially at Allan Hills

E.L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 021.38

We measure the ages of dust-laden polar-ice samples by the
uranium-series method (Fireman 1985, 1986). Most of our sam-
ples are near-surface samples from ablation areas collected by
W.A. Cassidy. Because of the abundance of mountains and hills
in Antarctica, there are many ablation areas where the flow of
ice is inhibited by the bedrock topography so that deep ice flows
upward to the surface where it is ablated by winds. Cassidy
(1979) found some ablation areas, such as Allan Hills, to have
many meteorites stranded upon it; while other areas had none.
A prominent feature of all ablation areas, whether meteorite
rich or not, is the abundance of dust bands imbedded in the ice.
The dust bands run predominantly at a 90° angle to the direction
of the ice flow (Koeberl et al. 1987); complications in the ice
movement leads to a blurring of the ice band. The particulates in
the Allan Hills dust-banded ice samples are almost entirely,
(approximately 95 percent) fine volcanic glass shards (Marvin
1986). Evidently fine volcanic debris was deposited on snow
and then compressed into a band in the ice that moved to Allan
Hills. A gradually rising bedrock would produce well-defined
bands along the surface of the ice with increasing ages that end
where the land emerges.

Figure 1 is a map of the Allan Hills area showing a triangula-
tion network, the locations of the dust-banded ice samples Cul
de Sac number 100, Cul de Sac number 150, number 85-1, and

number 85-2, and the ice-flow directions. The Cul de Sac
number 100 and number 150 samples are 100 meters and 150
meters from land, respectively, and samples number 85-1 and
number 85-2 are approximately 6 kilometers and 5 kilometers
from land, respectively.

A detailed discussion of the uranium-series method for dat-
ing ice, together with descriptions of the experimental pro-
cedures used in the method, was published (Fireman 1986); the
uranium-series age obtained for Cul de Sac number 100 samples
was (325 ± 75) x 10 1 years. We have since improved the dating
method by supplementing the measurements of the uranium
and thorium activities dissolved in the ice by measurements of
these activities in the particulates. Figures 2 and 3 are count data
for the activities dissolved in number 85-1 ice and in the number
85-1 particulates. From these data an age of (100 ± 10) x 10
years was derived. As seen in figure 1, the location of this
sample is approximately 6 kilometers west of the Allan Hills
land mass. The other two samples are Cul de Sac number 150
and Cul de Sac number 100, which are (210 + 40, - 30) x 101
and (330 + 70, -40) x 103 years old, respectively. These dates
give a general outline of the time frame at the Allan Hills
icefield.

There is a great need for a plentiful supply of sequentially
arranged well-dated ice for trapped gas studies. It is possible
that the ice along the east-west line through the number 85-1
site could provide such samples for the period around 100 x 10
years ago. The ice flows due east at this site. If there are no
discontinuities in the ice flow, the ice will continually get youn-
ger in the westerly direction and will continually get older in the
easterly direction. We have a dust-banded sample from the
number 85-2 site, approximately 1 kilometer east of the number
85-1 site, and we intend to date this sample. It is also desirable to
check the uranium-series dating with some other results, par-
ticularly since the uranium-series dating of ice is relatively new.
The oxygen-18/oxygen-16 ratios in ice are known to exhibit
sharp changes at the dates of dramatic climatic change. A sharp
drop in the oxygen- l8foxygen-16 ratio at the beginning of the
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Figure 1. Allan Hills area with triangulation network and locations of ice samples: number 85-1, number 85-2, Cul de Sac number 100, and
number 150.

Wisconsin period, 15 x 103 years ago is well established (Eps-
tein, Sharp, and Cow 1970) from results on the Byrd ice core.
According to sea-sediment results (Hays, Imbrie, and
Shackleton 1976), which may be duplicated in ice cores
(Dansgaard et al. 1982), a sharp rise in the oxygen-18/oxygen-16
ratios due to a brief warm period occurred 125 x 103 years ago,
which was preceded by the coldest period with the lowest

oxygen-18/oxygen-16 ratios on record, 135 x 103 years ago. A
series of oxygen-18/oxygen-16 measurements, along an east-
west line through the number 85-1 site could check the ura-
nium-series date and furnish evidence for or against continuity
in the arrangement of ice at the Allan Hills icefield.

This work was supported by National Science Foundation
grant DPP 85-16601.
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Transantarctic Mountains ice core
study

PAUL A. MAYEWSKI

Glacier Research Group
Institute for the Study of Earth Oceans and Space

University of New Hampshire
Durham, New Hampshire 03824

Several sites within the Transantarctic Mountains fit the re-
quirements necessary for the retrieval of ice cores that can
provide valuable information concerning climate change and
atmospheric chemistry. During the 1984-1985 austral summer,
our group recovered, with the aid of the Polar Ice Coring Office,
a 201-meter long core from a 2,800-meter high snow massif atop
the Dominion Range (85°15'S 166°10'E) close to the confluence
of the Mill and Beardmore glaciers. Chemical properties (sul-

fate, nitrate, fluoride, chloride, phosphate, sodium, reactive
silicate, and total beta-activity) and physical properties (strat-
igraphy, density, and solid conductivity) combined with oxy-
gen-isotope analysis (provided by P. Grootes and M. Stuiver,
University of Washington) are currently being completed on
one 6-meter snowpit, several 2-meter snowpits, fresh and aged
surface snow, and the 201-meter core. Final results from the
study await analysis of several more sections of core, but it is
apparent that the study will provide valuable information for
the period 0-2,000 years ago in some cases with seasonal detail,
concerning: volcanic activity, source and input timing for chem-
ical species transported to the drill site, changes in atmospheric
chemistry and mass balance, and ice mass stability for the area.
The Dominion Range core will be supplemented by a coring
program in southern Victoria Land to begin in austral summer
1987-1988 in an attempt to provide a regional view of climate
change and atmospheric chemistry for the Transantarctic
Mountains.

This work was supported by National Science Foundation
grants DPP 84-11108 and DPP 85-13699.

Ice-core drilling for paleoclimatic
information at plateau remote

ELLEN MOSLEY-TFIOMPSON, JOHN F PASKIEVITCH,
and STEVEN M. GROSS

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

An ice-core drilling program was conducted during De-
cember 1986 and January 1987 at a remote site (84°S 43°E, 3,330
meters above sea level) near the Pole of Relative Inaccessibility
on the east antarctic plateau. The central research objective of
this program is to acquire information about atmospheric con-
centrations of insoluble and soluble particulates, atmospheric
temperature, and net mass accumulation during the last two or
three millennia. The plateau remote program complements pro-
grams previously conducted at South Pole Station (Mosley-
Thompson et al. 1985), Siple Station (Mosley-Thompson,
Mountain, and Paskievitch 1986; Mosley-Thompson in prepara-
tion), and on the Quelccaya ice cap in the Peruvian Andes
(Thompson, Mosley-Thompson, and Arnao 1984; Thompson et
al. 1985, 1986).

The drilling was performed by the Polar Ice Coring Office
(Kuivinen and Koci, Antarctic Journal, this issue). Two deep
cores (205 meters and 202 meters) and 13 shallow cores of
depths varying between 8 and 22 meters were recovered.
Weather conditions were generally clear with a persistent wind
of 5 meters per second from the quadrant between 320° and 10°
(with reference to true north). Temperatures ranged from a high
of -26'C toward the end of the season and near the warmest
part of the day to a low near - 40°C. Sastrugi as high as 0.4 to 0.5

meters were observed to be oriented in two prominent direc-
tions. The long axis of the first set of sastrugi was nearly parallel
to the observed surface wind (approximately 0° or true north).
This is also approximately parallel to the surface contours (ex-
tracted from Drewry 1983). The second set of sastrugi was
oriented 30°-40° from true north suggesting formation by wind
obliquely crossing the elevation contours. This may reflect the
prevailing winter surface wind regime which exhibits high con-
stancy due to the thermal wind effect. The latter effect results
when an extensive atmospheric inversion layer lies over a gently
sloped surface (Schwerdtfeger and Mahrt 1968).

Multiple vertical sequences of samples were collected from
the walls of two pits and will be analyzed for insoluble micro-
particle concentrations and size distributions, liquid con-
ductivity, anion concentrations, oxygen-isotope ratios, and total
Beta radioactivity. Density profiles were measured in each pit. A
preliminary estimate of net annual accumulation based solely
upon visible stratigraphy suggests 40 to 70 millimeters of ice
equivalent per year and a high degree of variability from year to
year. The visible stratigraphy was mapped and a video camera
was used to produce a permanent record for more detailed
study. Shallow cores (8 to 20 meters in depth) were collected
behind the sampled pit walls for comparison with pit samples.
Ten of the shallow cores were collected prior to pit excavation
and the pit sampling was conducted immediately upon excava-
tion to minimize contamination. The stratigraphic mapping and
photography were performed last.

The analyses of the 13 shallow cores, in conjunction with
samples collected from two pits, will allow assessment of the
spatial variability present in the particulate concentrations, liq-
uid conductivities, oxygen-isotope ratios, and net mass ac-
cumulation records. This assessment is necessary to determine
the limit to which annual information can be extracted from the
two deeper cores. The characteristics of the annual signal (if
present) in each of the preserved ice core parameters must be
determined and any interrelationships understood. The modi-
fication of the annual signal by depositional and post-deposi-
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tional processes must be quantified and taken into considera-
tion when interpreting the results from the 205-meter and 202-
meter cores.

The project was supported by National Science Foundation
grant DPP 84-10328. The Polar Ice Coring Office at Lincoln,
Nebraska, provided the excellent drilling support, and field
participation by Bruce Koci, John Litwak, and Jay Sonderup is
gratefully acknowledged. Personnel in the Department of Polar
Programs, Polar Operations, especially Ron LaCount, Erick
Chiang, David Bresnahan, and Lee DeGalen (National Science
Foundation Contractor Representative) deserve special recogni-
tion for their efforts to return the ice samples to the Byrd Polar
Research Center successfully.
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Isotopic alteration of f irn cores

PIETER M. GROOTES and MINZE STUIVER

Quaternary Isotope Laboratory
University of Washington
Seattle, Washington 98195

Firn cores are collected as part of many antarctic research
projects. Such cores are usually packaged in 1-meter sections in
plastic bags for shipment to the United States because of limited
field time and the amount of work involved in detailed sam-
pling. Sampling for oxygen-isotope analysis occurs at some
later time. Results obtained in our laboratory on two South Pole
urn cores and on snow-pit samples show that such firn cores
readily undergo isotopic smoothing throughout the core sec-
tions and isotopic enrichment at the ends. This type of storage
makes the cores unsuitable for studies of the seasonal isotope
cycle.

A firn core was drilled near Amundsen-Scott South Pole Sta-
tion during the 1980-1981 field season (Kuivinen 1981). The 103-
meter core was stored initially in plastic in Rutford core boxes in
a van at the South Pole. In December 1982 an Ohio State Univer-
sity field party hand-augered a firn core from the bottom of their
pit I (Mosley-Thompson, Kruss, and Bain 1983) from 3.24
meters down to 19 meters for M. Giovinetto, University of
Calgary, Alberta, Canada. After splitting the cores, the ¼-core
oxygen-isotope samples were packed in plastic and stored three
to a core tube. The samples were stored in core tubes at the
Quaternary Isotope Laboratory below - 18°C. They were
sampled immediately before measurement.

The history of the cores is shown in figure 1. As detailed in
figure 2, the oxygen-isotope results of these cores show the
effect of prolonged storage (between 1-1/2 and 4-1/2 years) un-

der various conditions. The smoothing, which occurred during
storage, in the top 10 meters of the firn from both cores is
obvious when we compare the stored-core profiles (figure 2, b
and d) with profile a (figure 2) obtained by Jouzel et al. (1983)
from a pit wall and core sampled in the field in 1978 and with the
oxygen-isotope profile of wall C of the 1982 pit I (figure 2, c)
(Mosley-Thompson et al. 1985). This confirms the observation
by Jouzel et al. (1983) of relatively rapid smoothing of the stable
isotope signal during core storage in the Grenoble cold rooms.

The isotopic alteration is different for the two cores. The 1980
core shows an oxygen-isotope maximum at the ends of each of
the 1-meter core sections. In the 1982 core, there is no correla-
tion between the 1-meter core breaks and the oxygen isotopes.
It is tempting to attribute this difference in alteration to the 2-
year storage of the 1980 core in a van at South Pole. During
summer the temperature in the van may have been consider-
ably above ambient, leading to low relative humidity and sig-
nificant water-vapor loss by the core sections. Mass loss by
evaporation is also indicated by high microparticle con-
centrations at the ends of core sections (Mosley-Thompson,
personal communication).

1-2 cm

OSU	 0 

25cm	
1-2 cm

South Pole	 QL

80	1981	1982	1983	1984	1985
I	 I	 I

Figure 1. History of two South Pole fir cores. x denotes core drilled;
Vdenotes core split; ---> denotes core shipped from South Pole to
the United States; -'--denotes oxygen isotope measurements of
samples covering 25 centimeters or 1 to 2 centimeters per sample.
("QL"—"Quaternary Isotope Laboratory:' "OSU"—"Ohio State
University.")
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Average o oxygen-18 delta values in the top 20 meters of firn
all are -50.53 parts per thousand and -50.61 parts per thousand

-350 ,	for the 1980 and 1982 cores respectively. [o delta/oxygen-181Z	(8 1 80) is the relative difference in oxygen-isotopic composition
between the sample and the Vienna Standard Mean Ocean

-390 0 Water (v-sMow) expressed in per mil (parts per thousand).] The
enrichment of the 1980 core is apparently limited to the ends of
the sections and has little effect on the average composition of

430	the core. The 1978 profile of Jouzel et al. (1983) has an average
i D = -397.3 parts per thousand or, with 8 D = 8 6 180 + 10
(Lorius and Merlivat 1977), 8 110 = - 50.9 parts per thousand.
Storage thus had a relatively minor effect on the average com-
position of the stored cores if we assume that the relationship
between 8 D and 8 180 is accurate for these cores.

We conclude that firn cores taken to study the seasonal 8 180

cycle should be sampled for 8 180 immediately in the field,
preferably in glass bottles. Storage leads to rapid smoothing of
the seasonal 6 180 signal, especially in cores from areas with low
annual snow accumulation like the South Pole.

This work was supported by National Science Foundation
grant DPP 84-00574. M. Giovinetto kindly made available his
1982 firn core. We appreciate the collaboration of E. Mosley-
Thompson. Travis Saling (Quaternary Isotope Laboratory) as-
sisted in measuring the samples.
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Figure 2. Oxygen isotope profiles in the first 10 meters of firn at
South Pole. a. 1978 pit wall and core profile (Jouzel et al. 1983), b.
1980 firn core, c. 1982 C-wall of pit 1 (Mosley-Thompson et al. 1985),
and d. 1982 firn core from the bottom of pit 1. (Delta oxygen-18 scale
derived from h D using h D = 8 h 180 + 10. First few 1-meter core
sections were less than 1 meter long when sampled; we assumed
compaction of the very loose fir, which was confirmed by density
measurements, and "stretched" the data uniformly to cover 1-meter
sections.)

Nitrate variability in South Pole ice
sequences and fossil surface effects

CLAUDE M. LAIRD, EDWARD J. ZELLER,
and GIsELA A.M. DRESCHHOFF

Department of Physics and Astronomy
University of Kansas

Lawrence, Kansas 66045

This report briefly updates the major results of a detailed
study of snow and nitrate deposition patterns near the South

Pole in the 1984-1985 field season. The study was undertaken,
largely, to address the problem of spatial versus temporal vari-
ability in the ice sequence, and thus, the reproducibility of trace
impurity profiles as a function of depth or time.

Previous studies have shown snow accumulation on the polar
plateau to be highly variable over distances as short as a few
meters (e.g., Giovinetto 1960; Giovinetto and Schwerdtfeger
1966). The positive accumulation balance on the surface of the
antarctic plateau reflects annual accumulation minus that which
is lost to ablation. The details of this balance can be very com-
plex. An early work by Cow (1965) observed a considerable
leveling of the surface by the fall, from its maximum end of
winter roughness, due to sublimation and deflation processes
and concluded that depth-hoar layers formed no more than
once a year, thus simplifying the stratigraphic interpretation
considerably. However, Cow also noted occasional hiatuses in
areas having no net accumulation over a period of a year or
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more. On the other hand, Giovinetto and Schwerdtfeger (1966)
reported that surface variations at the South Pole are as large as
the mean annual accumulation (7-8 grams per square cen-
timeter). This finding implies that no real year-to-year variations
can be detected and that vertical profiles could not be cross-
correlated systematically. In addition, systematic changes in
accumulation rates over time, which have been reported by
various authors (e.g., Giovinetto and Schwerdtfeger 1966;
Mosley-Thompson 1980; Jouzel et al. 1983) are not in agree-
ment. Thus it is clear that dating by stratigraphy is often subjec-
tive, particularly at depths where layers have thinned and the
urn consolidates into clear ice. These problems illustrate the
need to develop better dating techniques and a more systematic
approach to characterizing accumulation rates. For this reason,
subsequent studies have attempted to develop or refine addi-
tional dating techniques to augment and clarify the stratigra-
phy. These include analysis for beta-activity, lead-210, deu-
terium, tritium, isotopic oxygen-18, microparticles, and nitra-
tes. Most of these approaches, including nitrate in particular,
look for seasonal fluctuations in the various impurities.

In 1980-1981, a 10-meter deep pit was excavated near the
South Pole and snow stratigraphy and nitrate concentration
measurements were made along three vertical columns cover-
ing approximately 51 years (Laird et al. 1982). Although the
three profiles were separated by only 1-3 meters and showed
generally similar signals, there were considerable differences in
detail. Given its high sensitivity and precise calibration, the
analytical method (ultraviolet spectrophotometry) could not
account for these discrepancies. This suggested strongly that
the differences were largely real.

To study the problem more thoroughly, a portable system
was developed for on-site sample analysis. In mid-December
1984, South Pole snow stratigraphy and nitrate measurements
were obtained for 16 replicate columns from five walls in three
parallel trenches covering 50 square meters in area and a period
of up to 15 years. The results confirmed the earlier findings.
Replicate samples from each column showed high re-
producibility of the nitrate concentrations, but there were sig-
nificant changes in the values over short distances just as with
snow accumulation (Laird et al. 1985). The data were unam-
biguous and demonstrated that the samples analyzed in the lab
from the 1980-1981 study differed not because of analytical or
contamination problems but as the result of real spatial vari-
ability (Laird et al. 1985; Laird 1986). The results of this study
demonstrated that high-resolution trace impurity records at the
South Pole ideally require multiple or replicate ice cores. Sixteen
columns were more than adequate to provide a statistically
sound nitrate profile for the South Pole at 1-year resolution, but
similar questions about spatial variance and the presence of a
temporal signal need to be addressed for all trace impurities, no
matter where they are studied.

Other important findings are related to the annual nitrate
cycle that displays narrow summer peaks and broad winter
lows (Laird et al. 1985) and an anomalous summer surface
effect. To study these phenomena, data were collected from
several sites on the surface, as well as from three trenches and a
shallow pit. Replicate samples were obtained from each site to
verify the results. Whenever there were significant discrepan-
cies or questions, second and third sets of replicates were
obtained.

The summer surface (December 1984) was found repeatedly
to have higher nitrate levels (108.6 micrograms of nitrogen per
liter; n = 57) than those measured at depth in the sequences
from the five trench walls (28.6 micrograms of nitrogen per liter;

n = 170), even in the summer layers. Figure 1 illustrates the
complex relationships that develop in the surface layers and the
changes that take place through the yearly deposition cycle at
South Pole. A shallow test pit was excavated to a depth of 66
centimeters about 1 kilometer from the trench site, exposing
three depth-hoar layers in this interval, and sixteen samples
were collected at regular intervals along a column from the
surface to the pit bottom. When the nitrate concentration values
from the shallow pit (heavy line) are profiled along with those
from three separate columns (fine lines) in one of the trenches,
they form a high-resolution, nearly continuous composite rec-
ord of nitrate concentration covering 4 years. Samples taken
from the trench walls were analyzed with a resolution of 1
centimeter. They show a continuous decline in nitrate con-
centration from the surface down to the winter depositional
layer and considerably less pronounced peaks corresponding to
summers 1981-1984. The shallow pit, excavated through a
prominent sastruga, also shows the same general progression
from a very high surface concentration to much lower nitrate
values in the winter layers. However, at 8 centimeters depth
(1984) a layer containing high nitrate levels was encountered
again. This layer apparently represented a previous surface that
had been buried recently in the process of sastrugi formation.
At the end of summer, the strong winds that tend to reduce
surface roughness (Gow 1965) have the effect of homogenizing
the complex structure of nitrate distribution in the snow, there-
by eliminating most of the localized high nitrate concentrations.

In contrast to a similar study near McMurdo (Zeller et al.
1986), where the yearly nitrate cycle is essentially unam-
biguous, the South Pole results show that summer nitrate peaks
at depth are considerably more subdued than at the surface and
probably are not distinguishable in all years. This implies that
seasonal variations in nitrate, as well as in other trace species,
are not always reliable as dating criteria at the South Pole.
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Figure 1. South Pole nitrate concentration profiles from 66-cen-
timeter pit (heavy line) and from three partial columns in one of the
trenches (fine lines).
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Although the peculiar surface effect appears to be largely
obliterated by ablation of sastrugi and by surface mixing pro-
cesses that lead to an almost complete redistribution of the
surface by the fall just before formation of the depth-hoar layers,
we have found additional conclusive evidence that this mixing
process is not always carried through to completion at every
point across the surface. Pockets of low-density snow were
found in the eighth layer (stratigraphic year 1977) in two col-
umns of one wall (figure 2). These pockets occupied almost the
entire annual layer. Three samples from stratigraphic year 1977
stood out in particular in one of the trenches as being anoma-
lously high in nitrate, two from adjacent columns (1-meter
separation) in one wall (129.5 and 94.8 micrograms of nitrogen
per liter, respectively), and one from the opposing wall (116.3
micrograms of nitrogen per liter). The adjacent samples were
associated clearly with anomalously soft pockets, not observed
elsewhere, that were intersected by the two columns. These
pockets of unconsolidated firn strongly resembled the low-
density snow that characterizes much of the summer surface.
The resulting samples and replicates produced nitrate levels far
higher than those observed anywhere at depth near the South
Pole (figure 3). The high value from the opposing wall came
from normal-looking firn and is not shown here. Repeated
sampling confirmed the high readings which were comparable
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Figure 2. Schematic diagram of stratigraphic profile from the trench	 1974- -
wall with anomalously soft pockets.	
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Figure 3. Annual South Pole nitrate concentration profiles of two columns from the trench wall with anomalously soft pockets.
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with summer-surface values. In fact, the pockets probably rep-
resented summer surface material that was somehow incorpo-
rated into the sequence in bulk before any significant mixing
occurred. Given the considerable surface relief at the end of
winter, and the overhangs that are apparent on many sastrugi at
that time of year, it seems likely that summer-surface material is
preserved intact on occasion. The spacing and orientation of
these summer snow fossil pockets suggest that the protected
sides or snout of a single "mushroom" sastruga were filled in
and sealed off rapidly after a sudden change in wind direction
or speed. The nitrate high from the opposing wall is more
puzzling, but it coincides in time and close spatial proximity,
indicating that the three anomalies in the 1977 stratigraphic
layer are related. Considering that the frequency of occurrence
of such anomalies was 3 out of 170 (1 out of 57) cases or years at
any given point below the surface, it seems likely that they
reflect a local effect (e.g., a single sastruga), rather than a more
general phenomenon.

The presence of these fossil summer-surface anomalies is
significant for another reason. It implies that a series of nitrate
"spikes" in one ice core need not have any correlation with
spikes in other cores drilled more than a few meters away. These
anomalies and the high surface concentrations have demon-
strated that occasional spikes do exist in South Pole nitrate levels
and suggest the same possibility for other trace impurities in
remote polar icecaps.

This research was supported in part by National Science
Foundation grant DPI , 83-20210.
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Modern coherent radar for ice-sheet	pulse coherence over a long enough travel distance of the radar
also allows synthetic-aperture narrowing of the beamwidth thatsounding	 can reduce "cusping" in the return signals.

The output is provided to a real-time display and stored on a
cartridge in a "Bernoulli box" for subsequent analysis and high-

RICHARD K. MOORE
University of Kansas radar parameters

Radar Systems and Remote Sensing Laboratory
University of Kansas

Lawrence, Kansas 66045

Suitable very-high-frequency radar systems can profile the
bottom topography of an ice sheet, allow estimation about the
bottom properties, and indicate impurity and density-variation
layers within the ice sheets. Our work has been to develop a
completely modern system that may be used along with the
existing Wisconsin system to allow more investigators to use
this important tool, particularly for localized surveys.

As an engineering group, our work is intended to be comple-
mentary to that of glaciologists studying, initially, the west
antarctic ice sheet to provide expertise in radar system design
and operation, in signal processing, in electromagnetic wave
propagation, and in remote-sensing data interpretation.

A fully coherent radar has been built. (See table for param-
eters.) Use of pulse-compression and coherent signal integra-
tion (stacking) allows the system to achieve an equivalent peak
power of over 400 kilowatts in airborne use, and even more in
sled use, with an actual peak power of only 20 watts. Pulse-to-

Frequency	 150 megahertz (air wavelength 2
meters, ice wavelength, 1.5
meters)

Bandwidth	 17 megahertz (equivalent pulse
length 59 nanoseconds)

Range resolution	 8.85 meters air, 5 meters ice
Peak power	 20 watts
Equivalent peak power	450 kilowatts (after processing 256

pulses)
Antenna gain (one way)	12 decibels in air and 14.5 in ice
Along-track beamwidth°

(two-way, 3 decibels)	29" in air and 24" in ice
Across-track beamwidtha

(two-way, 3 decibels)	400 in air and 31 0 in ice
Equivalent along-track	0.30

beamwidth (100-meter
integration)

System sensitivity	 217 decibels
Detectable reflection	–21 decibels (power)

coefficient at 5 kilometers

a Note: Beamwidths for sled system.
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er quality display. The entire system is controlled by, and lower-
speed functions performed in, a portable computer. A moder-
ately directional antenna was designed for sled use and a com-
parable design for Twin Otter use has been completed. Both
were used successfully in December, 1987.

The system has been implemented in six major modules:
transmitter, receiver, digital processor and control, power sup-
ply, computer, and storage (Bernoulli box). Submodules are
arranged for ready replacement and testing. Photographs of
transmitter and receiver units are shown in the figure.

Initial tests were performed in the laboratory at South Pole
Station, and then along and near the runway with the equip-
ment mounted in a heated Sprite vehicle, with the antenna sled
and a generator sled towed behind. Apparently a synchroniza-
tion problem between the radar and the digital system resulted
in improper coherent integration. We attribute this problem to
the tight schedule for shipping to the Antarctic, because the
digital and analog units could be tested together only 2 days
before shipping. This integration problem was resolved during
the 1987 summer.

Further testing (successful) on sled and Twin Otter, and pre-
liminary operation in conjunction with west antarctic experi-
menters at ice stream B occurred during the 1987-1988 field
season. Design for LC-130 operation will also start shortly.

This work was supported by National Science Foundation
grant DPP 83-00450.

Transmitter and receiver units for University of Kansas antarctic
radar.

Polar Ice Coring Office activities in
East and West Antarctica

KARL C. KUIVINEN and BRUCE R. Koci

Polar Ice Coring Office
University of Nebraska at Lincoln

Lincoln, Nebraska 68588-0640

The Polar Ice Coring Office (Pico) conducted two projects
during the 1986-87 antarctic field season. The primary activity
this season was an ice-core drilling project in support of inves-
tigations by Ellen Mosley-Thompson (Antarctic Journal, this is-
sue), Byrd Polar Research Center, Ohio State University. PICO
also extended the casing on the deep borehole at Byrd Station in
preparation for a borehole logging program scheduled for
1987-1988.

The ice-core drilling project was conducted at a site called
"plateau remote" (84°S 43°E, 3,330 meters elevation) near the
Pole of Relative Inaccessibility on the east antarctic plateau dur-
ing a 23-day field season in December and January. The PICO

electromechanical drill was used to collect 4-inch diameter cores
to depths of 205 and 202 meters. At those depths, the core
began to fracture due to removal of overburden pressure. Actu-
al drilling time was 32 hours for each hole. This experience
demonstrated the effectiveness of new double-angle cutter ge-
ometry in cutting very cold ice. Temperature profiles were log-
ged in both boreholes.

An additional experiment was conducted that involved drill-
ing two 16-meter holes for firn-core samples. Set-up and drill-
ing time for each hole was 35 minutes, suggesting that future
firn sampling projects should consider using a standard elec-
tromechanical drill for shallow holes if such a drill is available on
site.

The plateau site was high, cold, and remote which presented
interesting challenges for both equipment and personnel. Re-
strictions on aircraft landing weight forced an airdrop of fuel,
lumber, and frozen food. The airdrop was 100 percent suc-
cessful and is highly recommended as a way of getting supplies
to remote camps where weight is a critical factor. Snow provides
considerable cushioning during impact of dropped equipment.
Parachutes other than the ring-slot variety should be used for
dropping equipment more fragile than lumber. A beacon
dropped with a load would have facilitated relocating the drop
site.

A second project was conducted at Byrd Station during late
December. There, fiberglass pipe was used to extend the exist-
ing steel casing of the deep borehole located inside Byrd Station
through the roof of the main station trench to the current snow
surface. Surface snow was excavated from inside the drill tower,
a hole was augered through to the main station trench and 63
feet 2 inches (19 meters) of fiberglass casing was lowered into
place and coupled to the steel casing below. Upon completion,
the top of the casing extended 3 meters above the December
1986 snow surface. The fluid level inside the borehole was 88
feet 3 inches (27 meters) below the top of the steel casing. The
borehole is scheduled to be relogged for inclination, azimuth,
and temperature during the 1987-1988 field season.
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PICO personnel participating in the ice-core drilling project
on the east antarctic plateau were John Litwak, Jay Sonderup,
and Bruce Koci, while Brian Farleigh and Karl Kuivinen did the
Byrd Station casing extension project.

This work was supported by National Science Foundation
contract DPP 83-18538.
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ing for paleoclimate information at plateau remote. Antarctic Journal of
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Lead records in antarctic ice: Changes
in global atmospheric concentrations

during the past 150,000 years

CLAIR PATTERSON

Division of Geological and Planetary Sciences
California Institute of Technology

Pasadena, California 91125

CLAUDE BOUTRON

Lahoratoire de Glaciologie et Geophysique
de l'Environnen:ent du CNRS

BP 96, 38402 Saint Martin d'Heres Cedex, France

V. N. PETROV

Arctic and Antarctic Research Institute
Leningrad 191104 USSR

Controversy has prevailed for two decades regarding the
meaning of the discovery by Murozumi, Chow, and Patterson
(1969), that lead/silica ratios in recent Greenland snow strata are
more than 100-fold above ratios in crustal rocks and soils. The
dispute centered on whether or not Murozumi et al. (1969)
erred when they also reported that lead/silica ratios in lower
snow strata thousands of years old were far less than those in
upper strata, being about the same as those in crustal rocks and
soils, because this meant that global atmospheric lead con-
centrations had increased enormously during the last two cen-
turies. This brief report presents new evidence obtained from
cooperative work on snow and ice-core samples collected by
French and Soviet investigators and aliquotted and analyzed in
an American ultra-clean laboratory. This study concerned lead,
salt, and dust concentrations in antarctic ice and snow, and
showed that lead/silica ratios in ancient snow strata are indeed
less than those in recent uppermost snow layers.

Initially, previous investigators repeating the work of
Murozumi et al. (1969) measured values for lead/silica ratios
which showed extreme excesses of lead above crustal rock val-
ues in older snow strata, as well as in younger layers. These later
findings were so common that it was generally believed that
measurements by Murozumi et al. (1969) in older snows were

wrong somehow, and that lead introduced into the atmosphere
by wind-stirred soil dusts was augmented by excessive addi-
tions from other natural sources, such as volcanic fumes and
lead alkyl gases formed by reducing bacteria in soils and oceans,
whose global emission fluxes had not been quantitatively
evaluated.

However, opinions have changed in recent years and the
consensus now is that earlier reports of excess lead in ancient
snow were caused by improperly controlled lead contamination
during sample collection and analysis. It is now generally be-
lieved that accurate, lead contamination-free measurements do
show an absence of excess lead in older snow strata, which are
overlain by younger strata containing large excesses of lead, and
that such a record does indeed reflect an enormous increase of
industrial lead emissions during the past century, initially from
smelteries and later by contributions from auto exhausts, so the
flux of these emissions now greatly exceeds the flux of natural
lead emissions to the global atmosphere (Peel 1986; Patterson
1987). A result of this change in global lead emissions is that
important species of plants and animals containing natural
amounts of lead are not available for scientific study because
they no longer live anywhere on Earth. Industrial lead aerosols
have contaminated the entire Earth's biosphere through global
transport, followed by dry deposition onto plant and animal fur
in terrestrial ecosystems and by rain-out into marine eco-
systems, so that unnaturally large excesses of lead are contained
in plants and in animals living in remote regions everywhere.

Global-scale evaluations of these excesses of industrial lead
have been made (10-fold in herbs and phytoplankton and 20- to
100-fold in terrestrial vertebrate herbivores and carnivores),
which allow lead levels in animals, tissues, and cells used for
present-day biochemical studies to be compared with hypo-
thetical natural lead levels in their counterparts which lived
during ancient, pre-industrial times. Such comparisons show
that living biochemical systems presently studied in laborato-
ries are contaminated 100- to 10,000-fold above natural levels
with excesses of industrial lead, because they are located in
urban regions which are the geographic sources of intense lead
emissions. This indicates that existing biochemical knowledge
is based on studies of living systems that are highly perturbed
and unnatural. Controls containing natural levels of lead,
which are ultra-low by present standards, do not yet exist and
have not yet been studied. This means that all biochemical
knowledge is founded on systems highly perturbed with toxic
lead, and nothing is known concerning how such systems may
differ from unperturbed, natural systems (Patterson, Shirahata,
and Ericson 1987).

Recent reports by Boutron and Patterson (1986, in press) and
Boutron et al. (in press) who used ultra-clean mass spec-
trometric isotopic dilution analytical techniques in their work in
the California Institute of Technology ultra-clean lead bio-
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geochemical laboratory in Pasadena and by Wolff and Peel
(1985) provide fresh evidence concerning occurrences of lead in
antarctic snow and ice which validates critical features of the
above model.

These studies show conclusively that recent snow layers in
Antarctica, geographically selected to be regionally significant
on a global scale and uncontaminated by lead emissions from
local sources, contain only 1 percent of the lead found in recent
snow-layer counterparts in the Arctic. This is expected if most of
the lead in the Earth's atmosphere is industrial, because most
industrial lead is emitted into a relatively isolated band of West-
erlies circling the Northern Hemisphere, and the residence time
for lead aerosols in air is short. If excessive, exotic natural
gaseous emissions of lead from soils, oceans, and volcanoes
had prevailed on a global scale in both hemispheres so as to
maintain for thousands of years a huge, short-lived at-
mospheric reservoir of lead in excess of that provided by soil
dusts, latitudinal variations in that reservoir would have been
much more modest.

Previous measurements of lead in air and in precipitation
have shown that accurate concentrations of lead in air, if they
have not been measured directly, can be computed indirectly
from measurements of lead in snow formed in that air by using
predetermined lead-in-rain/lead-in-air ratios. The new evi-
dence summarized in figure 1 indicates that lead concentrations
in antarctic air during the calm, warm Holocene interglacial
period 3,000 to 12,000 years ago were one-fifth of those existing
there now and were about one-millionth of those existing in the
air of most cities today.

These studies show that previous measurements of lead in
young snow strata were erroneously high because lead emis-
sions from base camp power plants and vehicular traffic had
contaminated the snow for distances of 200 kilometers, so that
lead concentrations in snow, even when properly measured,

1900
Age of samples

Figure 1. Concentrations of lead in antarctic ice and snow from the
beginning of the Holocene interglacial to the present. Solid points:
from five ultra-clean interior subcores of sections of the Dome C
core (77039'S 124°10'E; 3,240 meters elevation, - 53°C mean annual
temperature) obtained by French drilling crews. Two of these points
with arrows are upper limits associated with radial transfer of con-
tamination along fractures to core section interiors. Open points:
from ultra-clean interior subcores of three permeable fir sections
of a core collected at stake D 55 of the Dumont d'Urville-stake D 80
trail (selected for absence of melt contamination). Open triangle:
1983 surface snow from an ultra-clean interior sub-section of a
block collected on the above trail at a site located more than 450
kilometers from any support base and untraveled for 10 preceding
years.

had only local, not regional global significance within areas of
this size surrounding base camps in Antarctica. Another source
of lead measurement error in this permeable type of snow was
found to originate from the transfer , to the interiors of the
samples of unavoidable lead contamination, added to the sur-
faces of porous snow block or core samples when they were
collected. It was carried by surface-tension creep through inter-
stices within films of moisture which were momentarily formed
when the samples were subjected to slight, inadvertent warm-
ing during handling and transport back to the home laboratory.
Lead concentrations shown in figure 1 are similar to those
found in water that has been highly purified in ultra-clean
laboratories. Measurement of such ultra-low lead con-
centrations within highly lead contaminated urban environ-
ments in which most scientific laboratories are located is a
difficult and challenging task.

New studies of lead in core sections of ancient, impermeable
antarctic ice prove conclusively that soil dusts and volcanic
emissions supplied most of the natural lead in air during an-
cient times. These latest data plotted in figure 2 show con-
centration maxima of both dust and lead in ice when wind
velocities were high during the final stages of the Wisconsin and
Illinois glacial periods. Starting 3,000 years ago and extending
back 150,000 years during an interval which covered two world-
wide cycles of glacial growth and recession, concentrations of

11	 115	140

Age (103 years)

Figure 2. Variations of concentrations of total lead, dust lead, and
volcanic lead in antarctic ice across the Wisconsin/Holocene and
Illinois/Sangamon boundaries. Dust lead was computed from meas-
ured dust concentrations and the known mean lead/dust ratio, while
volcanic lead was computed from measured non-sea salt sulfate
concentrations and known volcanic (silica)/nss (silica) and volcanic
(lead)/volcanic (silica) ratios. Contributions from lead enriched in
sea spray salt were insignificant. Occurrences were measured in the
Dome C core described in figure 1, and in the 2,083-meter Vostok
core obtained by Russian drilling crews from East Antarctica. Oxy-
gen-18/oxygen-16 temperatures and ice era age assignments from
Lorius et al. (1985).
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soil dust and lead in the global atmosphere and in antarctic ice
waxed and waned together, and when their concentrations
were high, their ratios were in harmony with the ratio in crustal
rocks and soils, indicating lead in air came from soil dust aero-
sols at those times.

Lead concentration maxima in ice and air during late Illinois
and Wisconsin glaciations were only one-tenth of con-
centrations existing in the Arctic today, however, and during
calmer, warm interglacial periods (like those which prevail to-
day), when wind velocities were low, concentration minima of
lead in ice and air were about one-five-hundredth of those in the
Arctic today.

During such times when atmospheric dust concentrations
were low, volcanic emissions, as correctly supposed previously,
were indeed an important source of lead in air, accounting for
about half the total. Volcanic lead contributions did not dwarf
dust lead contributions by 100-fold factors during such times,
however, and are computed from measurements of non-sea salt
sulfate in snow, combined with the known global fraction of
such sulfate which is volcanic (determined from the global
sulfur cycle) and the known global volcanic-lead/volcanic-sulfur
ratio (determined from measurements in volcanic gases) (Pat-
terson and Settle in press).

It has been suggested that lead enriched in sea spray salt
might be a significant source of exotic excess lead in snow and
ice. The enrichment factor for natural lead in sea spray during
ancient times has been determined (Patterson and Settle in
press), and this factor, when combined with measured con-
centrations of sea salts in ice, indicates that no significant contri-
butions of lead in ice originated from this source.

It would greatly extend knowledge of the geochemistry of
polar snow and ice if these latest definitive studies of temporal
variations of lead in the antarctic tropospheric meridional cell
could be related to studies of a similar nature carried out in the
Arctic.

This work was supported in part by National Science Founda-
tion grants DPP 81-17250 and DPP 84-03490. California Institute
of Technology Division of Geological and Planetary Sciences
contribution number 4483.
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Sea ice studies___________________________

Sea-ice investigations during the
Winter Weddell Sea Project

S.F. ACKLEY
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M. LANGE
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The Winter Weddell Sea Project is an international, multi-
disciplinary program which conducted field work from austral
winter through austral spring (June to December 1986) in the
sea-ice-covered region surrounding the antarctic continent.

The program consisted of two legs using West Germany's
research icebreaking vessel Polarstern for transportation and as a
research platform. The first leg, conducted between late June
and early September, 1986, traversed the approximately 1,500-
kilometer wide sea-ice belt near the Greenwich Meridian be-
tween 56° and 700 south latitude. After personnel exchange in
Capetown in mid-September, the second leg again traversed
the sea ice and concentrated investigations in the nearshore
region of Antarctica between 10° and 30° west longitudes, re-
turning to Capetown in mid-December. The program con-
ducted projects in sea ice, meteorology, oceanography, and
biology on each leg. We describe here the sea-ice program,
primarily from the first leg (June to September 1986).

The sea-ice program is a multidisciplinary effort to define the
relationships that govern sea-ice behavior in the Southern
Hemisphere winter. The field efforts consisted of ice-deforma-
tion experiments, ice-thickness measurements by coring and
drilling, surface wave investigations, aerial photography and
hourly visual observations of surface morphology and ice condi-
tions, radar ice-thickness measurements, microwave emission
studies, and joint physical-biological ice-property studies from
cores to characterize the sea ice as a habitat.

Several of the studies showed the relative importance of an
ice-advance process controlled by wave and swell action during
the freeze-up process. Shown schematically in figure 1, individ-
ual disks and plates called frazil ice grow in the surface water
initially to a few millimeters in diameter and are herded to-

gether by the wave action to form pancake ice, consisting of
small rounded floes (from centimeters to meters in diameter)
which enlarge by harvesting of the ice crystals in the surround-
ing water due to motion generated by the wave field. The pan-
cakes grow thicker and larger in diameter by this accretion
process gradually affecting the incoming wave field by attenua-
tion attributable to several sources (scattering, flexure, etc.) The
characteristic rough surface, due to the upturned edges of the
pancake ice, remains and serves to collect drifting snow in
dunes as an identifiable surface feature long after the ice sheet
forms.

Drilling the ice sheet for thickness measurements was done at
approximately 1°-latitude intervals from the ice edge to the
antarctic coast. We typically drilled two profile lines from 70 to
100 meters long at 1-meter spacing using power-driven me-
chanical ice augers. At each hole, the ice draft (depth below sea
level), freeboard (height above sea level), and snow depth were
measured. These lines were drilled on relatively undeformed
ice and were meant to represent the relatively undeformed ice
which characterized the greatest surface area of the pack. Raft-
ing, the stacking of adjacent ice pieces, was often encountered
in these transects. Ridges, ice pileups with a clearer surface
manifestation than rafting, occurred from distances apart from
a few tens of meters to a few hundreds of meters, depending on
the degree of ice deformation. These ridges were also drilled
occasionally but not on as regular a basis as the profile lines.

New Ice Formation
0--".. 1. :. .	 0	Frazil Ice

cm
5cm

50
25 	Formation of

0	-_j;'	0 Pancake Ice
CM	......................................:'

—20cm

1007–_ ---1
50–f -	-	T, . i	Freezing Together-	 0 and Rafting of

cm	 Pancake Ice
20cm

Further Rafting
0--	-	-:	 and New Ice
M	..	 -	Formation

1-5Ocm

Figure 1. Schematic of pancake ice formation preceding in time from
top to bottom. The process depicted takes a few days from initial
frazil ice formation.
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From a number of ridge transects, we found no ridges of greater
than 4 meters draft. Over 4,400 holes were drilled for the ice
thickness characterization. Figure 2 shows the mean ice thick-
ness as a function of latitude derived from the profile lines. On
the southbound transect the means are scattered about typical
values of 50 to 55 centimeters and appear to remain almost
constant with latitude until 67° south is passed when a rapid
increase to beyond 1.2 meters occurs. This is simply because ice
stations in the higher latitudes sampled more ridging and raft-
ing because deformed ice occupied a larger fraction of the ice
cover in those locations. On the northbound transect, ice thick-
ness is again fairly constant between 62° and 67° south latitutes
only at about 65 centimeters rather than 50 to 55 centimeters as
seen earlier. There are at least two possible reasons for this
difference, and we are evaluating supporting data to decide if
these, or perhaps other, reasons provide the best explanation
for the difference between the northbound and southbound
thicknesses. North of 62° south a decrease of mean ice thickness
with decreasing latitude occurs until the consolidated ice had a
thickness of about 33 centimeters near the northern ice edge.

Ice cores were obtained at the same sites where the thickness
data was taken. We obtained 214 cores in the first leg, totaling
156 meters in length. After examining each core for ice texture,
sampling was done at nominal 10-centimeter intervals without
crossing structural boundaries. We then performed measure-
ments of salinity, chlorophyll a, silicate, nitrate, nitrite, and
phosphate, and took foraminifer counts. This procedure will
enable us to relate textural characteristics of the ice, which
reflect its growth history, to the chemical and biological proper-
ties of the sampled cores.

MEAN ICE THICKNESS

58	60	62	64	66	68	70
LATITUDE (°S)

Figure 2. Mean ice thickness obtained from drilling about 100 holes
at the indicated locations as a function of latitude. The data were
taken from near the northern ice edge to the edge of the continental
shelf off Antarctica.

We would like to thank the officers and crew of Polarstern for
their cooperation in obtaining these results. We also extend our
appreciation to the Alfred-Wegener-Institute and the chief sci-
entists of the cruise legs, Ernst Augstein and Gotthilf Hempel,
for their support of our program. This research was supported
by National Science Foundation grant DPP 85-12728.

An enigmatic basal sea-ice layer of the
Filchner-Ronne Ice Shelf

D.R. MACAYEAI. and D.R. LINDSTROM

Department of Geophysical Sciences
University of Chicago

Chicago, Illinois 60637

M.A. LANGE

Alfred- Wegener-Institute
Bremerhaven, Federal Republic of Germany

West German and British field surveys suggest that the cen-
tral part of the Ronne Ice Shelf possesses a substantial deposit of
basal ice of an (as yet) undetermined nature (probably saline)
(Crabtree and Doake 1986; Engelhardt and Determann 1987;
Thyssen 1986). In places, this layer reaches approximately 300
meters thick. In previous radar surveys of ice-shelf thickness,
the top of this deposit was misinterpreted as the ice-shelf bot-
tom because of radio-wave attenuation within the presumably
salt-laden basal ice (Robin et al. 1983). The region containing the
basal ice was thus previously called the thin-ice zone (figure 1)
in reference to its seemingly unusual configuration. Although

not conclusively confirmed, it is likely that this layer consists of
an accumulation of frazil sea-ice platelets of similar nature to
those observed deep in the water column off the Filchner Ice
Shelf (Dieckmann et al. 1986).

Basal freezing necessary to produce this thick basal sea-ice
layer (if it is indeed sea ice) cannot be driven by atmospheric
cooling of the ice-shelf surface alone. The vertical heat flux
associated with such cooling can produce at most only several
centimeters of basal sea ice per year. An alternative means of
supporting a high basal freezing rate is known as the oceanic ice
pump (Lewis and Perkin 1987). This ice pump is driven by the
ocean in the sub-ice-shelf cavity where there are gradients in
the pressure- (i.e., depth-) and salinity-dependent freezing
temperature. Ice-platelet precipitation can occur wherever sub-
ice-shelf meltwater plumes ascend along the sloping ice-shelf
base. This precipitation is driven by supercooling as the freez-
ing temperature is elevated by changes in ice-shelf draft. The
term oceanic ice pump (Lewis and Perkin 1987) is applied to this
basal freezing mechanism because basal ice is simply trans-
ferred from the deepest parts of the sub-ice-shelf cavity to more
shallow parts without net accumulation or ablation.

To diagnose the freezing pattern associated with the potential
ice-pump action evident below the ice shelf, distortion of the
observed basal sea-ice distribution by ice-shelf flow and vertical
strain must be accounted for. We perform such a diagnosis by
solving the mass-continuity and stress-equilibrium equations
for steady-state configurations of ice-shelf flow, thickness, and
basal sea-ice distribution (Lange and MacAyeal in press). A
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Figure 1. The central portion of the Ronne Ice Shelf. The region
labeled Thin Ice is where radar surveys are unable to map the true
ice-shelf thickness because of radar attenuation in a basal sea-ice
layer of unknown thickness. Borehole observations at one location
provide some constraint on the oceanic ice-pump basal freezing
mechanism thought to have produced the layer. ("km" denotes
"kilometer?")

reconstruction of the basal sea-ice distribution that resembles
the observations is presented in figure 2 and is obtained by
prescribing a 0.6 meters per year basal-freezing rate within the
cul-de-sac between Henry and Korff ice rises (figure 1). The
thick reconstructed sea-ice lobe that originates within the cul-
de-sac extends along ice-shelf flow lines toward the ice front
(figure 3). This lobe attenuates downstream as a result of general
ice-shelf thinning and basal melting prescribed within 100 kilo-
meters of the ice front.

Two glaciological factors that most influence the basal sea-ice
distribution are the ratio of surface snow accumulation to basal
freezing and the ice-column residence time within the basal-
freezing zone. The first parameter governs the relative amounts
of surface and basal ice within a given ice column. The second
parameter determines the net basal-ice thickness that can be
deposited while the column is resident within the basal freezing
zone. The reconstruction we present in figure 2 assumes a snow
accumulation rate to basal freezing-rate ratio of 1 to 1.7 in com-
pliance with the 1-to-I. 7 ratio of surface ice to basal ice observed
in the ice column at the borehole site by Engelhardt and Deter-
mann (1987). The ice-column residence time plotted as a func-
tion of select ice-column trajectories is shown in figure 3. In this
example, ice columns reside within the cul-de-sac zone of pre-
scribed basal freezing for over 3,000 years.

Disagreement between our basal sea-ice reconstruction and
the observed 295-meter sea-ice thickness (Engelhardt and De-
termann 1987) at the borehole site (indicated by a star in figure
2) can be attributed to a number of possibilities including freez-
ing outside of the cul-de-sac at greater rates than 0.6 meters per
year, excessive discharge prescribed as a model boundary con-
dition through the Foundation Ice Stream outlet (between
Berkner Island and Henry Ice Rise), and periodic flushing of the
cul-de-sac by a breakdown of the Doake Ice Rumples. We pre-
scribe a 60-cubic-kilometer-per-year ice-volume discharge
through the Foundation Ice Stream in our simulations following

Figure 2. Reconstructed steady-state basal sea-ice distribution
(designated Hb, in meters). Location of the borehole where 295
meters of basal sea ice was observed is indicated by the star.

McIntyre's (1986) estimate of snow accumulation in the region
drained by the ice stream. If this discharge is reduced by 75
percent, the thickest part of the sea-ice lobe shifts east and
crosses the location of the borehole. Such a reduction appears
possible given evidence for ice-stream discharge fluctuations
observed along the Siple Coast. Periodic breakdown of the
Doake Ice Rumples may flush the thickest portions of the basal
sea-ice deposit from the cul-de-sac and temporarily increase the
sea-ice distribution at the borehole site as the thick bolus is
advected toward the ice front.

500

500

Figure 3. Elapsed time resident within the ice shelf plotted as a
function of select ice-column trajectories.
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Ice fronts and icebergs in the Ross
and Weddell seas

STANLEY S. JACOBS

Lamon t- Doherty Geological Observatory
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Palisades, New York 10964

Approximately 11 percent of the 14 million square kilometer
antarctic ice sheet floats on and interacts with the continental
shelf seas of the southern ocean. The seaward margins of the ice
shelves and glacier tongues evolve at various rates in response
to inflowing ice streams, thermal and mechanical oceanic forc-
ing, and the calving of icebergs. Where growth is not balanced
by small-scale attrition, decadal periods of slow advance can be
punctuated by major ice front retreats of many kilometers in a
few days. For the past 25-75 years, most of the Ross Ice Shelf,
the Drygaiski Ice Tongue, and Erebus Glacier Tongue have
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Figure 1. Profiles of the Drygalski Ice Tongue in October 1960 (dotted) February 1973 (dot-dash), early 1980 (dashed), and February 1987 (solid).
Sea floor topography in meters. Modified from Holdsworth (1985).
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advanced into the Ross Sea without significant retreat. Major
calving events occurred in the Weddell Sea and the Ross Sea
during 1986 and 1987, with the Larsen, Filchner and Ross Ice
Shelves producing some of the largest icebergs on record (Jac-
obs 1987).

Working from the U.S. Coast Guard icebreaker Polar Sea in
February 1987, J. Ardai and P. McNutt (Columbia University)
recovered a current-meter mooring set by Oregon State Univer-
sity 2 years earlier near the Ross Ice Shelf at 173°W. In addition,
they made 200 expendable bathythermograph casts, most to full
continental shelf depth, and assisted C. Stearns (University of
Wisconsin) in the servicing of automatic weather stations on the
ice shelf and on Inexpressible Island. Taking advantage of the
ship's track and of the interest of Polar Sea Quartermaster H.
Garcia, they were also able to update positions of major ice
fronts in the Ross Sea.

In February 1987 the seaward end of the Erebus Glacier
Tongue was at 166°21.6'E 77425S, about 2 kilometers due
south of Tent Island and approximately 1 kilometer west of its
February 1979 location (Jacobs et al. 1981). This new position is
consistent with its calculated flow rate of about 150 meters per
year and indicates that Erebus Glacier Tongue was probably
longer in 1987 than at any previous time in its 85-year recorded
history (Holdsworth 1982). The Drygalski Ice Tongue has also

continued to advance, with its eastern tip located at 165°27'E
75°27'S in February 1987. Profiles of the Drygaiski Ice Tongue at
7-year intervals between 1960 and 1987 (figure 1) suggest a fairly
steady eastward motion averaging around 750 meters per year
since 1960. Several expendable bathythermograph casts re-
vealed that water very near the glacial ice was warmer than at a
short distance north of it in Terra Nova Bay. Numerous ice caves
were apparent at the Drygalski Ice Tongue water line, perhaps
indicative of erosion enhanced by wave action and penetration
of seawater into firn layers.

The Ross Ice Shelf front in February, 1987 was everywhere
north of its 1983 position. The advance was greatest near 1750E
and east of the Bay of Whales. A large iceberg calved from the
latter section in late September or early October 1987 (figure 2)
and began to drift northwest at about 3 centimeters per second.
Relatively small changes occurred from the Bay of Whales west
to approximately 172°W, where a north-south aligned sub-
marine ridge is the focus of relatively intense exchange between
the open Ross Sea and the sub-ice-shelf cavity (Visser and
Jacobs 1987). A persistent 33-kilometer peninsula around 173°E
appeared to have thinned to an average width of approximately
6 kilometers and developed a domed north-south profile. Pre-
liminary calculations show an apparent 1983-1987 advance rate
for the entire ice front of 0.9 kilometers per year, close to the 0.84

Figure 2. Satellite image of the large iceberg (named "B-9") which calved in the Bay of Whales in late September or early October 1987.
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kilometers per year average reported by Jacobs, MacAyeal, and
Ardai (1986) for the 1962-1985 period.

The major 1986 and 1987 calving events redressed many
years of ice shelf advance, and resulted in icebergs ranging up
to 95 kilometers on a side and containing a total ice volume

equivalent to more than twice the annual accummulation on the
antarctic ice sheet (e.g., Ferrigno and Gould 1987). Following
the Larsen breakout, the large iceberg split into several parts,
two of which were closely tracked northward across the South
Scotia Ridge and into the Scotia Sea (figure 3). However, the
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Figure 3. Solid squares show positions of the largest Larsen iceberg along its track from 6 March 1986, shortly after it calved from the hatched
area, until 20 August 1986. By 5 September 1986 it had broken into two parts, the separate tracks of which are shown by triangles and circles up
to 18 March 1987. Iceberg locations from Navy/National Oceanic and Atmospheric Administration Joint Ice Center weekly charts and other
Defense Meteorological Satellite Program data. Sea floor bathymetry is in meters. Modified from Jacobs and Barnett (1987).
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A perspective on relative volumes

Volume (in
Location/parameter	 cubic kilometers)a

Filchner and Larsen icebergs, 1986	 5,100
Lake Michigan	 4,900
Annual runoff, Soviet Union	 4,400
Annual world water use by man, 1980	 3,600
World reservoir storage capacity by the year 2000	3,100
Annual accumulation on the antarctic ice sheet	2,200
Trolltunga iceberg, 1973	 1,000
Sea level rise per year during the past century	500

a Values rounded to nearest 100 cubic kilometers water equivalent, as-
suming an ice density of 0.84 and a sea level rise of 1.25 millimeters per
year. Source material in Jacobs and Barnett (1987).

Filchner icebergs did not move far from their source area during
the June 1986 to June 1987 period. They may have been trapped
for a time by the westward coastal current in the cul-de-sac
formed by the new Filchner ice front, and by their greater
draughts relative to a shoal area near Berkner Island (Jacobs and
Barnett 1987). Icebergs generated from already floating ice
shelves have no immediate impact upon sea level (Jacobs 1986;
Robin 1986), but the larger ones contain impressive volumes of
water (table), can scar the sea floor (Jacobs in press), and may
alter the dynamics of the ice shelves they leave behind.

This research was supported by National Science Foundation
grants DPP 85-12540 and DPP 85-02386. ITT Antarctic Services,
the marine science technicians of Polar Sea, the individuals cited

above, S. Brower and B. Batchelder helped in the acquisition of
equipment and data and in the preparation of this report.
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Ice thickness in McMurdo Sound
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In this paper we present data concerning changes in ice
thickness throughout McMurdo Sound from October 1986
through February 1987. During a typical year in the Sound,
annual sea ice begins to form in March or April. Thin sheets of
ice develop and break out during this time, as a consequence of

storms and winds. Once the ice has an opportunity to thicken,
it strengthens and becomes more impervious to wind stress.
The ice generally continues to thicken until November or De-
cember, when it reaches its average thickness of 2 meters. Dur-
ing the summer, the ice edge progressively moves southward
until February, when much of the remainder of the sea ice goes
out (figure 1); however, many years the ice in the western Sound
does not break out at all.

Figure 2 illustrates changes in ice thickness at six sites from
McMurdo Sound, from October 1986 to February 1987. In the
eastern Sound (Tent Island, Barnes Glacier, and Erebus Ice
Tongue sites), ice continues to thicken until early to mid-
November, and maintains its 2-meter average thickness
through mid-December. Ice thins precipitously from late De-
cember until ice breakout in January or February. An average
melting rate of approximately 2.5 centimeters per day from our
data is quite similar to the 2.9 centimeters per day rate measured
by Mitchell and Bye (1985) near McMurdo Station. The rela-
tively high melting rates measured in the eastern sound maybe
correlated to advection of relatively warm water from the north
(Heath 1977; Mitchell and Bye 1985; Tressler and Ommundsen
1962). Although currents were not measured, a steep wire angle
(approximately 45°) to the south was observed on our sediment
trap mooring at the Erebus Ice Tongue site from 15 January to 27
January. Prior to this time no wire angle was observed.
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Figure 1. Position of ice edge in McMurdo Sound in September 1986
and on 13 January 1987. Numbers indicate locations for which ice
thickness data is presented.

Data from the three sites in northwestern McMurdo Sound
(Granite Harbor sites) indicate that the sea ice there does not
thin appreciably, if at all, prior to its breakout in mid-February.
At the time of ice breakout, the average ice thickness in the
region was greater than 2 meters. Low melting rates (0.1 cen-
timeter per day) measured in the southwestern Sound (Mitchell
and Bye 1985) have been related to northward advection of
supercooled water from underneath the Ross Ice Shelf.

The difference in melting regime between eastern and west-
ern McMurdo Sound has important implications for sediment

supply. In the eastern Sound, biogenic material previously
trapped within the lower portion of the sea ice is continuously
being shed into the water column while the sea ice is rapidly
thinning. Since primary production within the annual sea ice in
McMurdo Sound may exceed 40 grams of carbon per square
meter per year (McGrath-Grossi et al. in press), and estimates of
annual primary productivity in antarctic waters range between
16 and 100 grams of carbon per square meter per year (Holm-
Hansen et al. 1977). Flux of particulates from the melting ice
may provide a significant amount of carbon to sediments in the
eastern Sound. In the western Sound, where the amount of ice
melting prior to breakout may be inconsequential, particulate
material within the ice can be carried out of the Sound more
readily. The decreased downward flux of organic material may
be a factor influencing the low standing stock of benthic organ-
isms in the western Sound (Dayton and Oliver 1977; Dayton et
al. 1986).

This work was supported by National Science Foundation
grant DPP 85-16911.
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Physical oceanography during leg ANT
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The Winter Weddell Sea Project represents an ambitious mul-
tidisciplinary program of research in the Weddell Sea spanning
a period of both sea-ice growth and retreat. Two cruises of
approximately 80 days each were carried out on RIv Polarstern
(ANT V12, 27 June to 17 September; ANT V13, 28 September to 14
December. Leg V/2 was designed to investigate the interactions
among atmosphere, sea ice, and ocean by making detailed
measurements along the track shown in figure 1. Leg V/3 con-
centrated on the biology within the coastal regime, with smaller
programs engaged in physical and chemical oceanography, sea-
ice physics, and meteorology. Current-meter moorings de-
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Figure 1. Conductivity-depth-temperature (cTD) profiler stations oc-
cupied during leg ANT V/2 of Polarstern. Areas surveyed by heli-
copter conductivity-temperature-depth flights are represented by
shaded polygons.

ployed around Maud Rise during an earlier German program
were recovered during leg V/3.

The physical oceanography program on leg V/2 was carried
out by a team of eight, with personnel from Lamont-Doherty
Geological Observatory of Columbia University, Alfred-
Wegener-Institute for Polar and Marine Research, and the Ser-
vicio Hidrografia Naval of Argentina. Measurements consisted
of conductivity-temperature-depth profiles (Lamont-Doherty),
expendable bathythermograph drops (Lamont-Doherty), un-
derway monitoring of surface temperature and salinity (Alfred-
Wegener-Institute), acoustic Doppler current profiles (Alfred -
Wegener-Institute), and short deployments of a pair of acoustic
current meters (Lamont-Doherty).

A total of 155 profiles was obtained with a Neil Brown Instru -
ment Systems conductivity-temperature-depth profiler. Water
samples (10-liter) were collected during all 72 deep casts and all
but 25 shallow casts. The samples were routinely analyzed for
salinity, dissolved oxygen, and nutrients (oxygen and nutrient
measurements were made by personnel from Oregon State
University; see Jennings, Gordon, and Nelson, Antarctic Jour-
nal, this issue). Additional analyses for various tracers were
carried out by other groups and are described elsewhere (Weiss,
Antarctic Journal, this issue).

The shipboard hydrography was augmented with surveys
accomplished with helicopter-borne portable conductivity-
temperature-depth profilers. When conditions permitted, both
helicopters stationed on the ship were flown, each with a full
complement of sampling gear and personnel. Although pro-
grams of this type have been successfully carried out within the
perennial pack ice of the Arctic over the last 10-15 years, this
was the first such effort in the Weddell Sea in winter. Weather
conditions, shortened daylight hours, and flight requirements
of other programs on board were major factors controlling the
structure of the surveys. Flight conditions allowed a total of 68
remote profiles to a nominal depth of 600 meters, comprising 18
different surveys (see figure 1). An additional 34 profiles were
obtained near the ship or as part of routine shipboard con-
ductivity-temperature-depth casts for calibration. Several of the
stations near the ship were time series undertaken in support of
internal wave/sea-ice strain experiments and refreezing lead
measurements.

Four main regions were targeted for intense study: the ice-
edge zone, the interior pack ice northeast of Maud Rise, Maud
Rise and vicinity, and the continental margin. Polarstern had
little trouble navigating through most of the ice conditions
encountered. This maneuverability allowed for high resolution
surveys (16-kilometer spacing) in each of the first three areas,
with 48-kilometer station spacing between regions of intense
coverage. A combination of heavy ice and high wind prevented
similar coverage of the continental margin zone.

Expendable bathythermographs were used before, during,
and after the pack-ice work to supplement temperature data
from the conductivity-temperature-depth surveys. Lines from
Bahia Blanca to the ice edge, and the ice edge to Capetown
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extend the data coverage well beyond the ice limits. Drops were
made within the ice-edge zone until the probes failed due to ice-
floe interference. Over 200 probes were used during the cruise.

One day was devoted to a mesoscale survey of an area north-
east of Maud Rise. The survey was run roughly parallel to the
front separating the Weddell cold from the warm regime, with
station spacing of less than 11 kilometers. A series of mesoscale
features had been observed to the west of this region in 1981
(Gordon and Huber 1984). The survey was designed to inter-
cept any such similar features which might be shed from the
front. No obvious features were detected during this survey.

The ice-edge zone upon entry into the pack was diffuse and ill
defined. A detailed ice-edge survey was thus postponed to the
outbound leg in early September, when complementary wave
and meteorological measurements could be made during three
crossings of the ice edge. The ice edge at 6°E occurred at approx-
imately 55°50'S, coinciding roughly with a transition in water
mass characteristics from Weddell interior to warmer circum-
polar water.

The mixed layer characteristics below the sea-ice cover reveal
significant entrainment of deep water. Mixed layer tem-
peratures range from the in situ freezing point to as much as
0.2°C above freezing. The warmest mixed layer water is found
south of Maud Rise, though the highest mixed layer salinity
(greater than 34.5) occurs over Maud Rise. Low oxygen (reach-
ing a low of 72 percent of full saturation) and high silicates
within the mixed layer coupled with its relatively warm-salty
condition are all consistent with the concept of significant deep
water entrainment (Weiss, Ostlund, and Craig 1979; Gordon
and Huber 1984). Signs of strong entrainment are usually asso-
ciated with a relatively shallow pycnocline.

The overall trend is for increased deep water entrainment
with increasing latitude. In the south the mixed layer is com-
posed of as much as 50 percent deep water, which has been
introduced by entrainment since the area was covered by ice in
the late autumn. Similar levels of entrainment are also evident
in the freon and helium data sets (Weiss and Schlosser personal
communications). The entrainment contributes heat and salt
into the mixed layer. Estimates of this heat flux range from 25
watts per square meter near the ice edge to about 100 watts per
square meter over Maud Rise and for the area close to the
continental slope. From salt flux considerations, it is necessary
that approximately 40-50 centimeters of ice forms during the
winter period.

Maud Rise has a distinct impact on the oceanography. Objec-
tive contour maps of the combined shipboard and helicopter
CTD temperature data are shown in figure 2, which emphasizes
the cold, deep temperature maximum layer overlying the Rise.
Maud Rise is surrounded by relatively warm deep water within
the 200-400-meter interval (the Maud Halo). This water is drawn
in from the east and may shed eddies to the west of Maud Rise.
The density of the mixed layer water directly over Maud Rise is
nearly the same as that of the warm deep water found over the
flanks of the Rise. In this way, the isopycnals associated with the
deep water rise up and outcrop to the local atmosphere over
Maud Rise. It is suggested that the warm deep water converges
onto Maud Rise to feed upwelling over the Rise crest and diver-
gence at the sea surface. This circulation-topographic coupling
may play a significant role in the overall heat/salinity balance of
the surface water of the Weddell Gyre.

The large heat fluxes into the mixed layer suppress ice forma-
tion. For example, assuming a 10 percent lead concentration
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Figure 2. Objective contour maps of combined shipboard and heli-
copter conductivity-depth-temperature measurement's temperature
data. Figure 2a shows the temperature of the temperature maximum
layer; 2b the depth of that layer. The latitude coordinate system is
scaled such that -68 = 56.50S and -96 = 69°S. Maud Rise occurs
at roughly -84.

with heat flux through the lead 10 times greater than that
through the 60-centimeter thick (average) ice cover, the air tem-
perature must be colder than - 25°C for a heat flux of 100 watts
per square meter, in order to form ice at the base of the existing
ice. It is more likely that new ice forms only within the leads.

The cooperation and assistance of the scientists, officers, and
crew onboard Polarstern are gratefully acknowledged. This re-
search is supported by National Science Foundation grant DPP
85-02386.
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Winter Weddell Sea Project 1986:
Trace gas studies during legs ANT V/2

and V/3 of Polarstern
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During the austral winter and early spring of 1986, the West
German research icebreaker Polarstern conducted two extended
multidisciplinary oceanographic expeditions into the eastern
Weddell Sea (ANT V12, 27 June to 17 September; ANT V13, 28
September to 14 December). ANT V/2 focussed primarily on
physical and chemical oceanography, meteorology, and sea ice,
from the ice margin to the antarctic continent, approximately in
the region of the prime meridian and over Maud Rise. ANT V/3
focussed primarily on biology, with additional programs in
physical and chemical oceanography, meteorology, and sea ice,
along the coastal zone extending from Atka Bay at about 71°S to
the eastern Filchner Depression at about 77°S. These expedi-
tions comprised the Winter Weddell Sea Project (wwSr' 86), in
which the shipboard physical and chemical oceanographic
components were carried out by scientists from the United
States, West Germany, Switzerland, and Argentina.

The major geochemical measurements carried out by each
laboratory on WWSP 86 are summarized in the table. This suite of
measurements was designed to study the mechanisms and

rates of important regional wintertime oceanographic pro-
cesses, including water mass conversion, air-sea exchange, sub-
surface mixing and circulation, interactions between glacial ice
and sea water, and the chemical influences of biological pro-
cesses. The measurement programs for dissolved atmospheric
chlorofluorocarbons (freons) and sea-surface and atmospheric
carbon dioxide and nitrous oxide are discussed here. The other
geochemical measurements are described elsewhere (see Jen-
nings, Gordon, and Nelson, Antarctic Journal, this issue), and in
the cruise reports of the Alfred-Wegener-Institute for Polar and
Marine Research (Schnack-Schiel 1987).

The distributions of the dissolved anthropogenic chlo-
rofluorocarbons F-Il and F-12 were measured in the water and
in the atmosphere. These compounds are especially useful as
transient tracers of decadal time-scale oceanographic processes,
because they are entirely manmade, they are extremely stable in
the troposphere and in the ocean, and the histories of their
release to the atmosphere are fairly well known. The primary
focus of the WWSP 86 freon measurements was on the study of
ventilation, mixing, and transport in subsurface waters, and on
the study of deep-water entrainment and air-sea exchange pro-
cesses in the ice-covered winter surface layer. This work was
closely integrated with the hydrographic observations of the
physical oceanography programs. The F-Il and F-12 con-
centrations in about 2,400 seawater samples and about 500 air
samples were measured during the course of the two expedition
legs.

The deep freon measurements along the ANT V12 north-south
section from the ice edge to the continental slope, and along the
shorter ANT V13 sections extending across the continental slope
further to the southwest, show a number of interesting fea-
tures. To the north of Maud Rise (at about 65°S), in the cold deep
waters of the eastern limb of the Weddell Gyre, waters deeper

WWSP 86 Geochemical Measurements

Chemical parameter	 Laboratorya	 Applications

Nutrients and oxygen	 osu

Chlorofluorocarbons (freons)	 sio

Radiocarbon	 UH

Oxygen and hydrogen stable isotopes	 sio

Tritium and helium-3	 UH

Total inorganic carbon, alkalinity, carbon-13,	LDGO,SIO, UG
partial pressure of carbon dioxide, atmospheric
carbon dioxide

Krypton-85	 LDGO,UH

Argon-39	 UB,UH

Nitrous oxide	 Sb

Radon and radium-226	 UH

Radium-228	 USC, PU, UH

Barium	 LSU

Effects of biological processes, sediment-water interactions, air-sea
exchange

Rates of subsurface mixing and circulation, air-sea exchange, mesocale
transient tracer

Carbon cycle, air-sea exchange, deep-sea advection and mixing rates

Roles of evaporation/precipitation and melting/freezing of sea ice and
glacial ice

Subsurface mixing and circulation rates, air-sea exchange

Carbon cycle, air-sea exchange

Air-sea exchange, subsurface mixing and circulation rates

Deep-sea advection and mixing rates

Air-sea exchange, nitrogen cycle

Air-sea exchange rates, sediment-water interactions

Sediment-water exchange, deep-sea transport rates

Biogenic effects, composition of nascent bottom water

a LDGO denotes Lamont-Doherty Geological Observatory; LSU denotes Louisiana State University; osu denotes Oregon State University; Pu
denotes Princeton University; sio denotes Scripps Institution of Oceanography; UB denotes University of Bern, Switzerland; UG denotes University
of Groningen, Holland; UH denotes University of Heidelberg, West Germany; and usc denotes University of South Carolina.
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than about 2 kilometers were marked by high freon con-
centrations (F-li >0.2 picomoles per kilogram) reflecting the
admixture of recently ventilated Weddell Sea Bottom Water.
South of Maud Rise, in the region of warmer and more saline
deep waters, the bulk of the water below the 2-kilometer depth
showed freon concentrations less than half of those to the
north, reflecting much less-ventilated Warm Deep Water of
circumpolar origin. Close to the continental slope, freon con-
centrations are again elevated, with F-li concentrations >0.2
picomoles per kilogram throughout the deep-water column and
a core of high-freon water (F-il equals approximately 0.5
picomoles per kilogram) apparently moving westward at a
depth of about 5 kilometers along the base of the continental
slope. The implications of the deep-water freon data with regard
to convective processes in the open ocean and water mass
modification along the continental shelf and slope regions must
await a complete evaluation in the context of the final hydro-
graphic data and the other tracer observations.

The freon measurements in the winter surface layer below the
sea-ice cover showed marked undersaturation, reflecting the
balance between the entrainment of low-freon deep water from
below and the effective impedance of air-sea exchange by the
ice. The degree of undersaturation ranged from about 20 per-
cent near the ice edge in the north, to about 50 percent near the
southern edge of the pack ice, where the greatest degree of
deep-water entrainment was found (c.f, Huber, Gordon, and
Manley, Antarctic Journal, this issue). In the immediate coastal
region, mean undersaturations were about 30 percent, com-
pared to the much greater undersaturations found further off-
shore. This difference is apparently the result of greater air-sea
exchange in the open waters of the coastal polynya system.

The surface-water partial pressures of carbon dioxide and
nitrous oxide, and the atmospheric concentrations of these en-
vironmentally important trace gases, were measured along the
entire ship's track of ANT V/2 and ANT V/3 by automated ship-
board gas chromatography (Weiss 1981). A total of approx-
imately 15,000 measurements, divided equally between the sur-
face water and the atmosphere, was made. Whereas surface
waters of this region in the summertime (Weiss unpublished
data AJAX expedition data) are generally undersaturated in car-
bon dioxide (due principally to photosynthetic removal and
summer stratification) and near saturation in nitrous oxide (due

to air-sea exchange and summer stratification), the wintertime
distributions show the effects of deep-water entrainment, low
photosynthetic activity, and the impedance of air-sea exchange
by ice cover. Because both carbon dioxide and nitrous oxide are
produced metabolically at depth, deep-water entrainment leads
to supersaturation of the ice-covered winter layer in both of
these gases. For carbon dioxide, this effect ranges from about 15
parts per million (approximately 4 percent) supersaturation
near the ice edge to about 40 parts per million (approximately 12
percent) near the continent, and for nitrous oxide the range is
from about 10 parts per billion (appro),"imately 3 percent) super-
saturation near the ice edge to about 40 parts per billion (approx-
imately 13 percent) near the continent. Thus, the surface-water
distributions of carbon dioxide and nitrous oxide showed the
same general effects of entrainment and ice cover as were
shown by the freon and oxygen distributions (c.f., Jennings,
Gordon, and Nelson, Antarctic Journal, this issue). In the at-
mosphere, carbon dioxide and nitrous oxide showed the
characteristic tropospheric concentrations for this latitude and
time.

The generous assistance of the Alfred-Wegener-Institute for
Polar and Marine Research, chief scientists E. Augstein and C.
Hempel, the officers and crew of the Polarstern, and the other
scientific participants in WWSP 86 is gratefully acknowledged.
U.S. researchers who participated in this project are supported
by National Science Foundation grant DPP 85-05631.
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Drifter/modeling program of the Winter
Weddell Sea Project 1986

DOUGLAS G. MARTINSON

Lamont-Doherty Geological Observatory
and

Department of Geological Sciences
Columbia University

Palisades, New York 10964

Overview. The objective of the drifter/modeling program of
the Winter Weddell Sea Project 1986 (wwSP 86) is to study the

seasonal evolution of the upper ocean, in response to a sea-
sonally varying atmospheric forcing and sea-ice distribution.
This upper ocean evolution is directly related to ocean/at-
mosphere fluxes of heat, salt, and momentum under a variety of
air/sea/ice conditions and the magnitude of deep-ocean ventila-
tion. The understanding of these processes represents funda-
mental goals of WWSP 86.

Specifically, three prototype, ice-locked drifters (figure 1)
with temperature-conductivity chains to 155 meters depth,
were to be deployed to monitor the tipper ocean and at-
mosphere for 1 year. The resulting time-series data, the first of
their kind for the Antarctic, would supply fundamental obser-
vational evidence pertaining to the interactive nature of the air/
sea/ice system while providing a foundation against which to
test, evaluate, and improve existing models addressing the
ocean/sea-ice coupling. These data would be collected at 10-
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Figure 1. Schematic of ice-locked drifter. Buoy hull contains sensors
for measuring atmospheric temperature, pressure, wind speed, ab-
solute magnetic direction, and hull temperature. It also includes
Argos satellite transmitter for relaying data via satellite and provid-
ing position tracking. Sensors on the 155-meter cable include those
for measuring temperature, conductivity, and pressure (as noted in
figure).

meter depth intervals and at 1-hour sampling times. The drift-
ers would be deployed in the sea-ice field north of Maud Rise
where the horizontal property gradients are small, and thus the
potential of contamination by lateral effects is minimal.

The time-series data would be supplemented by con-
ductivity-temperature-depth (cTD) data collected from several
CTD station sites to be re-occupied during both the first (winter)
and second (spring) legs of the WWSP 86 field program. These
data, together with atmospheric and sea-ice data collected si-
multaneously, would provide a more complete description of
the entire air/sea/ice system, though at a much coarser resolu-
tion in time.

The modeling component (involving a one-dimensional cou-
pled upper-ocean/sea-ice model), in conjunction with the col-
lected data, was to advance our understanding of the air/sea/ice
system beyond a basic conceptual level and the observed state.
It would explicitly address the role of ocean/sea-ice interaction
in ocean/atmosphere fluxes, the extent and mechanisms of
water mass conversion, and the seasonal distribution of sea-ice.

Drifter program results. The drifters were built by the Polar
Research Laboratory, Carpenteria, California, (PRL) based on
previous PRL buoys with modifications to the buoy hull (re-
designed as a spar to minimize the risk of mechanical destruc-
tion by ice) and by the addition of conductivity sensors to
provide salinity data. The first drifter was deployed on 28 July
1986 at a position of 62°S l ow. Unfortunately, it proved to be
defective and on-board testing revealed the problems to be
common with the remaining two drifters. Corrective pro-
cedures were unsuccessful so the remaining drifters were re-
turned to the factory for repair, and later deployment (austral
summer of 1988). The deployed drifter was tracked via Argos
satellite for 19 days (figure 2) after which time the drifter stop-
ped transmitting for unknown reasons (its failure did coincide
with the onset of an intense storm of hurricane force).

The supplemental conductivity-temperature-depth data col-
lection was tremendously successful (Huber, Gordon, and
Manley, Antarctic Journal, this issue) with the re-occupation of
several stations during both wwsi 86 legs. These data provide
observational constraints against which to gauge the model

+
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Figure 2. Drifter track for 19 days of operation.
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results. Further, atmospheric and sea-ice data collected during
both legs have provided characteristic model parameter values
and ranges and representative atmospheric forcing. The data
have also helped resolve unknown parameterizations (e.g.,
lead parameterization). These have allowed the continuation of
the modeling component.

Modeling program results. To date, preliminary model results,
using representative atmospheric forcing, simulate the ob-
served slow growth/rapid decay of the sea-ice, the maximum ice
thickness and the length of the ice-covered season. For the
upper ocean, the model simulates the observed winter equi-
librium mixed layer depth (110-125 meters) and shows that
most of the expansion of the winter mixed layer occurs during
the first couple months of the cooling/ice-growth period--con-
sistent with initial data analyses. It also indicates that the mixed
layer depth and depth of convection are sensitive to the depth of
injection of meltwater. Finally, the model simulates two short-

lived deep convective events followed by a re-stabilization of
the surface mixed layer during the ice-covered period. This is
consistent with mooring data recently recovered from the Maud
Rise area as a component of Peter Koltermann's WWSP 86 pro-
gram. This may indicate a significant mechanism of deep-water
ventilation in the region.

The cooperation and assistance of the scientists, officers, and
crew onboard the Polarstern are gratefully acknowledged. This
research was supported by National Science Foundation grant
DPP 85-01976.
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Some biogeochemical results of the
Winter Weddell Sea Project 1986
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The chemistry program during the Winter Weddell Sea Pro-
ject 1986 (wwsP 86; Polarstern cruises ANT V/2 and ANT V/3) was
designed to interact with and complement the physical and
biological investigations which were undertaken. An austral
winter chemical data set along the Greenwich Meridian where
there had recently been summer geochemical and physical
investigations offered an excellent opportunity to measure the
summer/winter changes in the mixed layer and underlying
Warm Deep Water (wDw). The unique interdisciplinary nature
of the wwsi' 86 cruise data should help us understand the
interaction of biological and physical processes in determining
the distributions of the dissolved inorganic nutrients and dis-
solved oxygen and to continue our studies of the cycling of
biogenic particulate silica in the southern ocean.

On both WWSP 86 cruise legs ANT V/2 and ANT V/3, the Oregon
State University AutoAnalyzer was used to measure nitrate,
nitrite, phosphate, and silicate concentrations both throughout
the water column and in ice core samples. Dissolved oxygen
samples were collected from the conductivity-temperature-
depth rosette and titrated using a Radiometer TTT80 autotitra-
hon system. During the northbound transect on ANT V/2 and
throughout the ANT V/3 cruise, samples were collected for filtra-
tion and subsequent analysis of particulate biogenic silica and
particulate carbon. Our West German colleagues performed
chlorophyll analysis at most of the stations where the biogenic
silica samples were collected.

One of the primary motivations of both the physical and
geochemical programs in WWSP 86 was to quantify the very
substantial seasonal changes in the surface mixed layer ob-
served during a limited penetration into the seasonal pack ice in
1981 (Jennings, Gordon, and Nelson 1984; Gordon, Chen, and
Metcalf 1984). The austral winter nutrient concentrations were
found to be substantially higher than in the summer, while the
wintertime concentrations of dissolved oxygen under the pack
ice were considerably lower than the saturation values observed
in the summer surface layer (Anonymous 1985).

The figure shows near-surface values of silicate and dissolved
oxygen along the Greenwich Meridian for the wwsi' 86 and
summer 1984 AJAX (Anonymous 1985) cruises to illustrate the
magnitude of the observed seasonal changes. As was the case in
1981, the surface mixed layer below the pack ice was vertically
homogeneous and varied in thickness from 60 to 100 meters.
The silicate values are some 15-25 percent higher in the winter
while the dissolved oxygen values under the pack ice decrease
from north to south to approximately 80 percent of the saturated
summer values at the extreme southern end of the section.
Gordon, Chen, and Metcalf (1984) observed this trend in the
1981 winter data and suggested that the undersaturation was
caused by mixing of the surface layer with the oxygen-poor WDW

which underlies it. The ice cover effectively blocks oxygen ex-
change with the atmosphere, so the extent to which the under-
ice surface layer is undersaturated with dissolved oxygen
provides a measure of the percentage of WDW which has been
mixed into the surface layer. This mixing acts to increase the
nutrient, salt, and heat content of the surface mixed layer.

The undersaturation of dissolved oxygen in the surface mixed
layer can be explained as a result of physical processes, and the
return to a saturated condition in the spring and summer is due
to both air-sea exchange and biological processes. Only uptake
by phytoplankton, which eventually sink or are removed from
the surface layer by herbivores, can explain the net loss of
nutrients in the summer relative to the winter surface mixed
layer. Our earlier work on this phenomenon (Jennings, Gor-
don, and Nelson 1984) was limited by the lack of high-quality
summer data and the incomplete winter transect made by the
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Comparison of austral summer (AJAX) and winter (wws 86) near-
surface properties along the Greenwich Meridian. ("1iM/1" denotes
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RV Somov cruise, a joint U.S./U.S.S.R. project in 1981 to the
Weddell Sea. The wws p 86 data set combined with the AJAX

summer data set should enable us to estimate more accurately
the productivity implied by the seasonal nutrient depletion.

One source of the high primary productivity implied by the
observed seasonal nutrient depletion could be the occurrence of
ice-edge phytoplankton blooms. Such blooms have been ob-
served frequently in the southern ocean and their relative bre-
vity and restricted spatial extent (following the receding ice
edge), would account for the lower estimates of primary pro-
duction based on open-ocean measurements of radiocarbon
and/or nitrogen-15 uptake. Although not all of the samples have
been analyzed yet, the preliminary indications are that even in
mid-winter there was significantly higher biomass associated
with the ice-edge region than was present under the ice or in the
open ocean away from the ice edge.

This work could not have been accomplished without the
generous and enthusiastic support of the officers and crew of RV

Polarstern and the scientific parties under the direction of chief
scientists E. Augstein (ANT V/2 and C. Hempel (ANT V/3). We are
particularly grateful to S.A. Moore, C. Dieckmann, and V.
Smetacek for their support and assistance.

This work was supported by National Science Foundation
grant DPP 85-01717.
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A cooperative study of upper ocean
particulate fluxes in the Weddell Sea
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ODP LEG 113 SCIENTIFIC PARTY

Texas A&M University
College Station, Texas 77843

During Ocean Drilling Program (ODP) leg 113, we used a free-
vehicle, drifting sediment trap array to investigate the summer
flux of natural particulate materials from Weddell Sea surface
waters. To carry out these upper ocean studies without interfer-
ing with downhole drilling, our program was based aboard the
ice escort vessel Maersk Master rather than on the driliship itself.

This arrangement was highly successful, allowing our array to
be deployed on 16 occasions for 23-59 hours each during the
course of the Master's ice-tending duties.

The array consisted of two sediment traps suspended on
braided nylon mooring line below a primary flotation sphere, to
which we tied a spar buoy outfitted with a radio beacon, flash-
ing strobe, radar reflector, and flag. We put the shallow trap at
100 meters, within the "winter water" temperature minimum
(about -1°C), while the deeper trap was below this tem-
perature minimum zone, at 200 meters.

Our traps were non-closing, gel-coated fiberglass cones of
Rice University design (Dunbar 1984), which are inexpensive to
fabricate, simple to operate, and easy to service on deck. These
cones have a collecting cross section of 1,600 square centimeters
baffled with a carbon fiber honeycomb material with cells 2

centimeters wide by 5 centimeters deep. Laboratory studies
indicate that a baffle with these dimensions prevents the pen-
etration of turbulent eddies into the trapping chamber (Dy-
mond et al. 1981), which our field experience on leg 113 con-
firmed. Flocculent material in the collecting chamber at the base
of the cone was not resuspended back up into the cone, even
when traps surged near the surface during recoveries in seas
running 2-3 meters.

Generally good weather during leg 113 allowed us to achieve
our principal goal of collecting consecutive, multi-day records
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of austral summer upper ocean particulate fluxes. We recovered
and then redeployed an array for 2-day to 7-day time series in
four of the operations regions (two consecutive periods at W-2, 5
at W-4, 3 at W-5, 4 at W-8) and in addition made 1-day deploy-
ments at regions W-1 and W-7 (see figure 1).

Each time that the traps were recovered, samples were scan-
ned under a dark-field binocular microscope for the presence of
"swimmers," because inadvertently trapped vertical migrators
will bias estimates of upper ocean particulate flux (Harbison and
Gilmer 1986). However, on leg 113 such "swimmers" were
trapped but rarely during our short-term deployments (never
more than 1-2 pteropods or 1-2 copepods per trap).

After scanning, samples were split with a Motoda-style
plankton splitter to 1/4 or 1/8 aliquots. One aliquot was archived in
10 percent buffered formalin, while the others were filtered and
processed (deep frozen or dried at 60°C) for post-cruise deter-
mination of their geochemical and biochemical constituents.

Detailed analyses of our collections are currently being car-
ried out by researchers from several institutions. We are de-
scribing particle morphology and numbers (R.B. Dunbar and
A. Leventer, Rice University); organic carbon, organic nitrogen,
amino acid, and carbon-13/nitrogen-15 composition (M.A. Al-
tabet, Woods Hole Oceanographic Institution, and S.A. Macko,
Newfoundland Institute for Cold Ocean Science); biogenic sil-
ica content (D.J. DeMaster and C.A. Nittrouer, North Carolina
State University); and chlorophylls plus their degradation prod-
ucts (R.R. Bidigare and M.E. Ondrusek, Texas A&M
University).

For example, chlorophylls and their degradation products are
being characterized by high performance liquid chromatogra-
phy (HPLC). Figure 2 gives an example of two chromatograms,
comparing material trapped at 100 meters with that trapped at
200 meters. (Table 1 supplements figure 2.) At all areas and at
both depths, chlorophyll a dominates over chlorophyll b or
chlorophyll c though phaeophorbide a and some of its degrada-
tion products are consistently more abundant at 200 meters
than at 100 meters (see table 2). In addition, the ratio of pha-
eophorbide a (retention time 4.9 minutes) to its degradation
products (retention times 5.7, 6.5, 7.3 minutes) also shows
consistent differences between 100-meter and 200-meter sam-
ples. Pigment identities in HPLC chromatograms are based on
comparison with standards and are confirmed using Diode
Array Spectrometry. Carotenoids are being determined in tan-
dem with chlorophylls, by visible detection concurrent with
fluorescence detection.

Because sediment trapping studies integrate geochemical
with biological processes, our work can provide a framework
for the interpretation of downhole sediments. Specifically, our
upper ocean sediment trapping program will extend funda-
mental insights into the time scales over which new production
and sinking are coupled in the southern ocean (see Eppley and
Peterson 1979). Previous studies of the uptake of nitrate-15 and
ammonium-15 there by us and by others have suggested indi-
rectly that there should be marked spatial and temporal varia-
tions in the flux of "new" production out of the surface layer, as
the flora deplete near surface ammonium concentrations and

Figure I. Chart of Weddell Sea sector of the southern ocean, with location of Ocean Drilling Project leg 113 operations areas W-1 and W-2 (sites
689 and 690), W-4 (sites 691-693), W-5 (site 694) and W-6, W-7, and W-8 (sites 695-697). Sea-ice coverage (in tenths) is shown for late January to
early February, from U.S. Navy/National Oceanic and Atmospheric Administration Joint Ice Center summary of Northern Ice Limit on 29
January 1987 (i.e., 4/6 denotes 4 to 6 tenths; 7/9 denotes 7 to 9 tenths, etc.; fast ice along the continental margin is identified by cross-hatching).
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Table 2. Upper ocean pigment flux at site W-4 (quantity trapped
as micrograms per square meter per day) computed from the

chromatograms in figure 2.

Pigment identity	 At 100 meters At 200 meters

Chlorophyll a plus allomer
Phaeophorbide a plus 3 derivatives
Phaeophytin a
Chlorophyllide a
Chlorophyll c
Total flux
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Figure 2. Example of high performance liquid chromatography (HPLc) pigment chromatograms (relative fluorescence on y-axis, with retention
time in minutes printed above peaks) for material trapped in operations area W-4 (26-hour array deployment, 28 January 1987,1/4 split) by (a)
trap at 100 meters and (b) trap at 200 meters. Pigment identity is based on comparison with standards; peak heights integrated electronically
give concentration information.

Table 1. High performance liquid chromatography data
from site W-4. (Graphic presentation appears in figure 2.)

HPLC retention time (minutes)	 Pigment identity

	

1.5	 Chlorophyllide a

	

2.7	 Chlorophyll c
	4.9	 Phaeophorbide a

	

5.7	 Phaeophorbide aderivative

	

6.5	 Phaeophorbide aderivative

	

7.3	 Phaeophorbide aderivative

	

12.9	 Allomerized chlorophyll a

	

13.6	 Chlorophyll a

	

22.2	 Phaeophytin a

shift over to taking up greater amounts of nitrate to meet their
total daily nitrogen requirements. The direct measurement of
the fluxes of particulate organic carbon and particulate organic
nitrogen by our sediment trap deployments, coupled with an
estimate of the new production/total production flux from the
nitrogen-15 natural abundance signature, will allow us to test
these inferences critically, as Eppley, Renger, and Betzer (1983)
have done recently for the Southern California Bight.

The Ocean Drilling Program is an international project, sup-
ported by participant nations, the National Science Foundation,
and the Joint Oceanographic Institutions, Inc., an independent
consortium of U.S. universities. Our work was sponsored by
National Science Foundation grant DPP 86-02762 and by the U.S.
Science Advisory Committee to Joint Oceanographic Institu-
tions, Inc. Ship time was provided by the Ocean Drilling
Program.
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Abyssal boundary current studies
mooring recovery cruise

THOMAS WHITWORTH, III

Department of Oceanography
Texas A&M University

College Station, Texas 77843

A key element in the overall heat budget of the world ocean is
the northward flow of cold antarctic waters to help offset at-
mospheric heat influx at low latitudes. Outflow of Antarctic
Bottom Water from the southern ocean is restricted to just a few
regions where deep gaps in the circumpolar ridge system per-
mit flow to the north. Once in the subpolar basins, Antarctic
Bottom Water flows north in bottom boundary currents along
the eastern margins of continents and mid-ocean ridges.

The abyssal boundary current studies program was designed
to improve our understanding of the structure and variability of
deep boundary currents and to estimate their transport of heat
and mass. The Weddell Sea is an important source of Antarctic
Bottom Water, some of which spreads north along the South
Sandwich Trench, through the Georgia Basin and into the open

South Atlantic. This bottom current was the subject of the first
abyssal boundary current study field experiment that began in
early 1986 with the deployment of an array of current-meter
moorings near the Falkland Plateau (Peterson 1986). It con-
cluded in April, 1987, with the successful recovery of the array
by a group of scientists and technicians from Texas A&M Uni-
versity, Oregon State University and the Argentine Antarctic
Institute.

The cruise track of Rlv Robert D. Conrad between Montevideo,
Uruguay, and the study area is shown in figure 1. A total of 223
expendable bathythermographs were launched and 31 hydro-
graphic stations were made. The hydrographic work was done
by technicians from Texas A&M University and Oregon State
University under the direction of Steven Worley. Water samples
were analyzed for salinity, dissolved oxygen, phosphate, nitra-
te, nitrite, and silicate.

Mooring recovery operations by the buoy group at Oregon
State University were led by Dale Pillsbury. The moored array
consisted of 61 Aanderaa current meters suspended from more
than 30,000 meters of dacron line supported by 416 44-cen-
timeter glass flotation spheres. Recoveries were frequently
hampered by severe weather: Conrad spent a total of almost 6
days hove-to in seas of up to 12 meters and winds that gusted to
speeds of 60 knots. Mooring retrieval was also complicated by
the malfunction of three acoustic releases. Moorings 2, 3, and 5
were recovered by severing the mooring line with 8,000 meters

35S

MEN

45

50

SOW	 50	 40	 30
Figure 1. Cruise track for the abyssal boundary current studies mooring recovery cruise.
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Figure 2. Vertical section of potential temperature along 41 ow north of Ewing Bank in March, 1987. Circles show locations of current meters. All
instruments recorded temperature and current speed and direction. Those shallower than 3,500 meters also recorded pressure, and those
above 2,500 meters recorded conductivity.

of trawl wire towed behind the Conrad. Once mooring tension
was thus relieved, the releases operated, and all instrumenta-
tion was recovered.

Figure 2 shows a vertical section of potential temperature for a
line of stations extending north from Ewing Bank at 41°W. Also
shown are the locations of current meters that operated for at
least I month (most worked for the entire 14-month deploy-
ment). The bottom boundary current is located at the base of
Ewing Bank where temperatures are colder than -0.25°C. In
the 10-month lifetime of the bottom instrument on mooring 3
temperatures as cold as -0.41°C were recorded.

Preliminary results indicate that the bottom boundary cur-
rent influenced at least moorings 1, 2, and 3 for the entire
deployment period. The bottom instruments at moorings 2 and
3 had record-length mean westward velocity components of 10
centimeters per second and maximum recorded speeds of
about 60 centimeters per second. The current meter at 2,435
meters on mooring I recorded a maximum speed of 90 cen-

timeters per second and its 14-month mean speed was 30 cen-
timeters per second due west.

Among the questions that will be addressed as the analysis
continues are: What is the width and thickness of the boundary
current? What is its spatial and temporal variability? What is its
volume transport? Is the influx of cold bottom water influenced
by the overlying Antarctic Circumpolar Current?

This work was supported by National Science Foundation
grants OCE 84-14886 to Texas A&M University and OCE 84-16539
to Oregon State University. We thank Captain John Peterlin III
and the crew of the Conrad for their expertise and support
during the cruise.
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Biogenic silica and organic carbon
accumulation in modern Bransfield

Strait sediments

DAVID J. DEMASTER, THOMAS M. NELSON,
CHARLES A. NITTROUER* and STEPHEN L. HARDEN

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

Raleigh, North Carolina 27695-8208

Based on lead-210 chronologies (100-year time scale) and
measurements of biogenic silica and organic carbon content,
the average rates of biogenic silica accumulation and organic
carbon accumulation in Bransfield Strait sediments are 180 and
60 micromoles per square centimeter per year, respectively.
Comparing these values with estimates of surface production
(Gersonde and Wefer 1987) indicates that the silica accumula-

* Present address: Marine Sciences Research Center, State University of New
York, Stony Brook, New York 11794.

lion rate in Bransfield Strait sediments accounts for approx-
imately half of the surface production rate, whereas carbon
accumulation is only 10 percent of production. If the rates of
biogenic silica accumulation in this area are typical of basin
deposits on the antarctic continental shelf, as much as 25 per-
cent of the dissolved silica reaching the marine environment
may be accounted for in antarctic shelf deposits.

During January and February of 1986, 47 box cores were
collected aboard the USCGC Glacier from the western continental
margin of the Antarctic Peninsula. Field areas included the
Bransfield Strait, Gerlache Strait, and Marguerite Bay. Subsam-
pies for lead-210, cesium-137, biogenic silica, organic carbon,
and grain-size analyses were collected at 1-centimeter intervals
from each core. Pore water samples were extracted at 1-cen-
timeter intervals in four cores to evaluate nutrient recycling and
carbon remineralization. X-radiographs were made from all box
cores in order to reveal biological and physical sedimentary
structures. A 5-centimeter diameter subcore was collected from
each box core and sent to the Antarctic Core Library at Florida
State University. To evaluate chronologies on Holocene time
scales, subsamples from 11 piston cores were collected (in con-
junction with J.B. Anderson, Rice University) and dried on
board for analysis of carbon-14 activity of the organic carbon
fraction.

This report focuses on our initial results from the Bransfield
Strait samples (see figure 1 for station locations). The lead-210

Figure 1. Location of box core stations in the Bransfield Strait (bathymetry modified from Ashcroft 1972).
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profiles from this area typically exhibit a 2- to 5-centimeter
surface mixed layer overlying a 20- to 30-centimeter region of
exponential decay (figure 2). The sediment accumulation rates
determined from the lead-210 and cesium-137 data range from
0.08 to 0.34 centimeters per year with a mean of 0.18 cen-
timeters per year. The mean biogenic silica content of Bransfield
Strait box core samples was 11 percent (range 3.3 to 16.8 per-
cent), whereas the mean organic carbon content was 1.1 percent
(range 0.46 to 1.69 percent). These values are fairly typical of
antarctic shelf sediments collected below 500 meters (Dunbar et
al. 1985). As expected, there is a reasonable correlation between
biogenic silica content (primarily diatoms) and organic carbon
content (R = 0.67; see figure 3). Sediments collected from water
depths greater than 700 meters have distinctly more biogenic
silica and organic carbon than the sediments obtained from
shallower depths, (typically 450 meters) which correlates with a
decrease in mean grain size with increasing water depth (5.9
versus 8.6 phi).

Combining biogenic silica and organic carbon measurements
with the lead-210 accumulation rates yields a mean biogenic
silica accumulation rate of 180 micromoles per square cen-
timeter per year and a mean organic carbon accumulation rate of
60 micromoles per square centimeter per year. This mean bio-
genic silica accumulation rate is comparable to that observed by
Ledford-Hoffman, DeMaster, and Nittrouer (1986) in the Ross
Sea (220 micromoles per square centimeter per year). If these
silica data are typical of fine-grained antarctic shelf deposits

Figure 2. Excess lead-210 profile from station G8601-34. Cesium-1 37
data from this core indicate that deep mixing by benthic fauna is
negligible; therefore, the 1.6 millimeters per year value is the actual
accumulation rate (and not just an upper limit).
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Figure 3. Biogenic silica and organic carbon data from the upper 2 centimeters of Bransfield Strait cores. The correlation between the biogenic
silica and organic carbon data is good (R = 0.67). The biogenic content of the sediment collected from water depths greater than 700 meters is
greater than in shallower samples, which can be explained in part by a decrease in mean grain size with increasing water depth.
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(water depths greater than 500 meters), then as much as 25
percent of the dissolved silica supplied to the marine environ-
ment may be accounted for in antarctic continental shelf deposi-
ts.

A comparison of biogenic accumulation rates with surface
primary production rates is useful, despite the effects of lateral
transport and differences in the characteristic time scale of
measurement. Based on the data of Gersonde and Wefer (1987)
and Jennings, Gordon, and Nelson (1984) and the assumption
that primary production is proportional to the solar intensity
curve for this area over a 150-day growing period (November-
April), first-order estimates of accumulation as a percentage of
production can be calculated for silica and organic carbon. Ap-
proximately half of the silica produced in surface waters ac-
cumulates in bottom sediments, whereas only 10 percent of the
carbon production in surface waters is preserved in the seabed.
Additional field research is needed to establish the mechanism
and site of fractionation between the organic and siliceous
phases.

This work was supported in part by National Science Founda-
tion grant DPP 85-12514. We would like to thank the crew of the

Glacier as well as D. Brewster, R. Elliott, and B. McKee for their
time and effort during the 5-week field program.
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Identification of oscillations in Ross
Sea current data

R.W. GRUMBINE

Department of Geophysical Sciences
University of Chicago

Chicago, Illinois 60637

As part of the Pelagic Ross Ice Shelf Measurement project, 29
current meters were deployed in the Ross Sea near the ice-shelf
edge during the 1983 and 1984 field seasons (Pillsbury and
Jacobs 1985); the figure shows their positions. The data from
these meters give current speed and direction every hour for
over a year in most locations. These data should reveal the
characteristics of Ross Sea ocean circulation and indicate which
processes are most important in ventilating the cavity below the
Ross Ice Shelf. One way to analyze these data is to identify
periodicity in the currents and thereby to obtain a characteristic
fingerprint of ocean dynamics. If the periods in the currents are
found to be the same as tidal or seasonal, for example, then the
currents are probably caused by tidal or seasonal forcing. To
identify such periodicity, a method is needed to discriminate
between natural periodicities and apparent periodicities caused
by measurement error and random fluctuations.

Fisher (1929) developed, and Grenender and Rosenblatt
(1957) extended, one such method for distinguishing signifi-
cant periods (unlikely to have been caused by random fluctua -
tions), when there is no trend in amplitude of the currents with

respect to period. This method could not be applied directly to
the current-meter data, because the amplitudes do have a trend
with respect to period. For example, current fluctuations with a
period near 1 month have amplitudes 10 times larger than those
with a period near 8 hours. For this situation, I used the devia-
tion of current amplitude from the estimated trend to judge the
significance of the period tested. I also required that a given
periodicity be considered significant on several (at least three)
of the current meters before concluding that it was probably
physical. Although this method for identifying periods was
developed for velocity analysis, it will work for other times
series, such as temperature.

The table shows the periodic currents which were identified
in the above manner. As expected, many of these periods are at
or near tidal periods. The periods near 8 hours (ter-diurnal) and
9 long-period oscillations (0 15,) have no apparent atmospheric
or tidal forcing. These periods could be forced by:
• interaction between waves,
• meteorological forcing at periods other than seasonal and

daily, and
• feedback with the Ross Ice shelf.

Pedley, Paren, and Potter, (1986) also found ter-diurnal oscilla-
tions in data from underneath the ice shelf in George VI Sound,
and suggested that they are related to the presence of an ice
shelf. MacAyeal (1985) found that rectification of the daily and
twice daily tides was insufficient to flush the cavity below the
Ross Ice shelf at the derived rate. The long-period (longer than 1
day) oscillations found in the current-meter data may provide
oscillations which can be rectified to form currents strong
enough to flush the sub-ice cavity at the derived rate.

This work was supported by National Science Foundation
grant DPP 84-15207, and National Aeronautics and Space Ad-
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Location of the current-meter moorings. The number of current meters on each mooring is denoted by the symbol used to mark the mooring: a
circle, square, or star represents one, two, or three, respectively.

Significant oscillations in Ross Sea current-meter data

	Period	 Doodson	 Associated tidal

	

hoursa	Frequency'	numbere	Number'	constituente

	

-	0.0000	0 0	0	34	A0

	

8765.8	0.0001	0	0	1	12	Sa

	

4382.9	0.0002	0	0	2	6	Ssa

	

466.10	0.0021	0	1	5	3

	

354.37	0.0028	0	2 -2	6	MSf

	

26.878	0.0372	1 -2	0	17	01

	

25.819	0.0387	1 -1	0	44	01

	

25.744	0.0388	1 -1	1	3

	

24.066	0.0416	1	1 -2	40	P1

	

24.000	0.0417	1	1 -1	3	Si

	

23.934	0.0418	1	1	0	45	Ki

	

23.869	0.0419	1	1	1	4	psil

	

12.872	0.0777	2 -2	2	4	mu2

	

12.660	0.0790	2 -1	0	20	N2

	

12.421	0.0805	2	0	0	31	M2

	

12.000	0.0833	2	2 -2	25	S2

	

11.976	0.0836	2	2	0	7	K2

	

8.007	0.1249	3	3 -4	9	SP3

	

7.993	0.1251	3	3 -2	13	SK3

a In hours.
In cycles per hour.
The first digit in the Doodson number gives the integral number of cycles
the oscillation completes in a lunar day. The second digit gives the
integral number of additional cycles per lunar month the oscillation
completes compared to an oscillation precisely at the given number of
cycles per lunar day. The third digit gives the number of additional cycles
per solar year the oscillation completes compared to an oscillation at a
period given by the first two digits alone.

d The number of individual data records (of the 46 possible) on which the
period was distinguished from random fluctuations.
The Darwin name of the tidal constituent near the analyzed frequency.

ministration student training grant NGT-50059. The data were
collected and processed under National Science Foundation
grants DPP 82-20677, DPP 81-19863, and Department of Energy
Interagency Agreement DE-A101-84ER60201 to Oregon State
University and Columbia University. Discussions with D.R.
MacAyeal, S.S. Jacobs, S. Kristovich, and D.A.R. Kristovich
were helpful in conducting this research. I would also like to
thank D.R. Lindstrom for his help with the figure.
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Sediment fluxes beneath fast ice:
October 1986 through February 1987

ROBERT B. DUNBAR and AMY R. LEVENTER

Earth Systems Institute
Department of Geology and Geophysics
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Sea-ice cover in the waters overlying the antarctic continental
shelf ranges from 60 percent during the austral winter (Zwally,
Comiso, and Gordon 1985) to 20 percent during the austral
summer (Navy Polar Oceanography Center 1974-1985). Sedi-
mentation processes which occur beneath sea ice are only
poorly understood at this time. Sub-ice deposition supplies the
food which reaches the benthic communities over most of the

shelf and also supplies the terrigenous sediment packages
which are now being used to study the recent climatic history of
the southern continent. As part of our on-going study of sedi-
mentation processes on the antarctic shelf, we have conducted
sediment-trap experiments beneath the fast ice of McMurdo
Sound (Leventer and Dunbar 1987; Dunbar and Leventer 1986).
Our efforts during the 1986-1987 field season were directed
toward the collection of a continuous suite of samples from a
time period extending from the early austral spring through the
peak bloom and ice breakout intervals of the austral summer.
During this period, the sea ice undergoes a cycle of thickening,
melting, and breakout (see Leventer et al., Antarctic Journal, this
issue). Associated with the evolution of the sea ice is the de-
velopment and release of the products of the sea-ice microbial
community (Sullivan et al. 1982). We have examined the timing
and magnitude of sedimentation events in relation to the sea-
sonal cycle of sea-ice development and microbial growth. We
also deployed a sediment trap from the ice edge during early
December to examine the fluxes of biogenic and terrigenous

Figure 1. Location of sediment trap moorings deployed beneath fast ice from 6 October 1986 through 16 February 1987 and sediment sample
sites.

112	 ANTARCTIC JOURNAL



components associated with ice-edge and open-water condi-
tions. We hope to develop accurate indices of sea-ice extent for
retrospective studies.

During austral summer 1986-1987, we deployed 61 sediment
traps at 18 locations within McMurdo Sound (figure 1, table)
employing procedures similar to those described in Dunbar et
al. (1985). The experiments began 6 October 1986, and our
seasonal program ended on 16 February 1987. Between three
and six sediment traps were deployed at each site, generally
with one trap about 35 meters below the surface, two traps at
about 15 and 35 meters above the seafloor, and the remainder
evenly spaced through the water column. Traps were recovered
through sea-ice service holes every 1 to 3 weeks and their
sample jars replaced. A total of 278 samples of the vertical
particulate flux was collected in this fashion.

During deployment and recovery operations at each site, a
SIPRE sea-ice core was collected from the bottom of the con-
gealation ice to monitor the growth and release of the sea-ice
diatom community. Seafloor sediment samples were collected
during November and December from the sea ice using both an
Ekman grab sampler and New Zealand Antarctic Research Pro-
gram sphincter core. Additional sediment samples were col-
lected by sphincter core and gravity core during a short cruise
aboard the USCGC Glacier. In December, a large (1-square-meter
collecting area) conical sediment trap, designed and built by
R.Y. Anderson (University of New Mexico), was deployed on a
bottom-moored free-vehicle from the ice edge in the central
Sound. This trap, recovered in mid-February, provides one of
the first samples of the sedimentary products of the austral
summer open-water bloom.

Sediment trap data.

Water depth	Number of
	

Sampling
Mooring site	 Latitude	Longitude	(meters)	traps	 Date 	intervals

Tent Island
Barnes Glacier
Erebus Ice Tongue (EIT)
Erebus Basin
18 Mile Site

Blue Glacier
Ferrar Glacier
Ciros drill site
Gneiss Point
Ice edge

Inner Debenham Canyon
Outer Debenham Canyon
Mackay Glacier snout
Granite Harbor (GH) sill
GH outer basin

Central Sound
South Base EIT
New Harbor

Grab samples
S-216-87-1
S-216-87-2
S-216-87-3
S-216-87-4
S-216-87-5
S-216-87-6
S-216-87-7

Sphincter cores
S-216-87-8
S-216-87-9
S-216-87-1O
S-216-87-11

Gravity cores
DF-87-38
DF-87-40
DF-87-43
DF-87-44
DF-87-53
DF-87-54

77°42'
77036'
7743,
77©46'
7745'38.56"

7T48'08.51"
7740'56.39"
77036'16.58"
77°21'
77030

77006'38.55"
77000'51 .35"
76057'33.71 "
76056'41.58"
76a5458.61

77024'56.17"
77042'07.11
77a3637.51

77042.5"
77049.5'
77"47.5'
77a44•5

77042'
77035'
77035

77"40'
74°45'38"
77042.5'
7655.7'

77°30.3'
77023.6'
7658.7'
7T'02.1'
77027.7'
77028.5'

166°12'
16611'30"
166©21'
16611'
165034'05.32"

164031'37.00"
163028'34.08"
164032'03.69"
164000'
164050'

163020"! 3.86"
163032'56.80"
162027'56.24"
162047'03.04"
163017'58.99"

165007'52.53"
166055'44.32"
164000'11.95"

166021'
166034'
166037'
166037'
166052'
166004'
16614'

163035'
165034'5"
166©21'
163022.5'

166012.4'
165031.7'
163034.2'
16324.6'
165°11.9'
16520.1'

4	10/6-11/23	 9
3	10/8-1/15	 8
5	10/27-1/27	10
6	10/23-1/2	 5
4	10/30-12/18	2

3	10/31-12/11	 1
4	10/18-12/11	2
4	11/1	 0
3	10/31	 0
1	 10/24	 0

3	10/21-1/28	 5
4	10/24-1/5	 4
5	10/17-2/4	 6
4	10/17-2/4	 6
5	11/11-1/28	 4

1	 12/8-2/16	 1
1	 12/15_TBR)	 1
1	 11/14_TBRb	 1

313
345
400
648
500

140
210
203
255
310

181
464
619
351
805

518
200
120

400
60
74

530
240
278
136

210
500
400
795

270
731
430
329
548
660

a Month/day. October through December dates are 1986. January and February dates are 1987.
b To be retrieved.
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Total sediment fluxes through the water column for two
moorings in Granite Harbor are given in figure 2. Fluxes
through the upper water column prior to January are low, gen-
erally less than 200 milligrams per square meter per day. At the
Outer Basin site (figure 1), sediment fluxes throughout the
water column increase through the season, reflecting the pro-
gressive increase in sea-ice and sub-ice productivity. Late sea-
son fluxes to the upper water column at both sites are generally
higher, but extremely variable, indicating episodic blooms and/
or release and settling events (e.g., difference between 27Janu-
ary 1987 and 4 February 1987 fluxes at MacKay snout). Nearly all
profiles from the Granite Harbor sites show an increase in total
flux of 100 to 600 percent in the lower 200 meters of the water
column, mostly the result of sediment transport within a near-

Granite Harbor Outer Basin

FLUX	2 /day

0	400	800	0

bottom turbid layer. Mid- and deep-water sediment fluxes of 500
to 1,000 milligrams per square meter per day are equivalent to
sediment accumulation rates of 1 to 4 millimeters per year and
are some of the highest sediment fluxes yet measured beneath
fast ice. With three other moorings in the area, we expect to
resolve the horizontal component of the particulate flux in Gra-
nite Harbor, in particular the input of biogenic debris from the
open Ross Sea and the input of fine-grained terrigenous debris
from the MacKay Glacier system.

All samples described herein are curated at Rice University
(trap and SIPRE core samples) or Florida State University (sedi-
ment samples) and are available to other investigators upon
request (sample size requirements permitting). This research
was supported by National Science Foundation grant DPP
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Figure 2. Total vertical particulate flux to sediment traps at the snout of the Mackay Glacier and Granite Harbor outer basin.
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85-16911. The field party included Robert Dunbar, Amy Le-
venter, and Marian Allen (Rice University) and Richard Wayper
(Victoria University of Wellington, New Zealand). We gratefully
acknowledge the assistance of Alex Pyne and the New Zealand
Antarctic Research Program, Cenozoic Investigations of the
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Summer-winter comparisons of
oxygen content in the polar seas

CHEN-TUNG A. CHEN*

Institute of Marine Geology
College of Marine Sciences

National Sun Yat-Sen University
Taiwan, Republic of China

Until very recently, marine chemistry studies in the polar
seas were mainly performed in summer. Little or no chemical
data were collected in winter because of logistical problems. Yet,
deep and bottom waters of the world oceans are formed mainly
in winter in the polar regions. The lack of winter data in such
regions has prevented scientists from accurately estimating the
variation of chemical properties of deep and bottom waters as
they move away from their formation regions.

Winter oxygen data have now been collected in the Weddell,
Bering, Greenland, and Norwegian seas. The concentrations of
oxygen were found to differ drastically from summer values.
Surface waters were undersaturated, because the air-sea ex-
change rate is comparatively lower than the cooling rate. What
follows will be the comparison between my winter data and the
summer data collected by me and by other investigators.

In 1982 Levitus summarized all data from the National
Oceanographic Data Center as of 1978 and published the an-
nual and seasonal mean oxygen saturation levels at the sea
surface. The southern ocean annual mean was shown to be a
few percent undersaturated, but at that time sufficient winter
data were not available. The recent winter data, to be discussed
later, indicate an even lower degree of saturation. The then-
available and recent winter data also show undersaturation in
the Bering Sea and the northern North Atlantic.

* On leave from College of Oceanography, Oregon State University,
Corvallis, Oregon 97331.

As early as 1963, Smetanin reported that wintertime north-
east Pacific surface water is slightly undersaturated with oxy-
gen. In 1964, Ivanenkov reported that nearly all of the Bering Sea
in winter absorbs oxygen. He reported an average of 6 percent
undersaturation in the western Bering Sea, a value later con-
firmed by Reid (1973). A similar degree of oxygen undersatura-
tion exists in the northwestern North Pacific Ocean in winter
(Hakodate Marine Observatory 1967; Reid 1973, 1982). The win-
tertime northern Gulf of Alaska surface water data and my Polar
Sea data on the eastern Bering Sea shelf also show systematic
undersaturation in winter (SIO Reference 70-5 1970; Chen 1985;
Chen et al. 1985). The oxygen content of the Polar Sea winter
surface layer is higher than that of the deep layer on the ice-
covered shelf, but the degree of saturation is reversed, i.e., most
of the deep shelf water is more highly saturated than that of the
surface water. This phenomenon is not observed in summer
when both the oxygen content and the degree of saturation of
the surface water are higher than those of the deep shelf water
(e.g., Hattori 1977, 1979).

In summer, shelf oxygen data show extreme variability, gov-
erned by biological processes. Winter oxygen, however, seems
to mix conservatively regionally as suggested by segments of
linear temperature vs. oxygen correlations, discussed in detail
in Chen (1985).

Deep water for Polar Sea stations (104 and 105) in the Aleutian
Basin shows a minimum in oxygen (figure Ia). The homoge-
neous, ice-free surface layer is also undersaturated with respect
to oxygen by about 8 percent (figure Ib). The winter surface-
water oxygen concentration is similar to the value found in the
minimum temperature layer in the summer. Summer data from
the same locality (stations KH78-3-8 and KH78-3-9 of the Hakuho
Maru cruise; Hattori 1979) are plotted in figures ic and Id for
comparison. Seemingly, summer warming raises the tem-
perature, but the oxygen content of the surface layer does not
increase by much except in the top 30 meters, where super-
saturation is obviously caused by enhanced photosynthesis. In
winter, enhanced vertical mixing and rapid cooling, unmatched
by slower air-sea oxygen exchange and photosynthesis, pro-
duce undersaturation in the surface layer (Ivanenkov 1964; Reid
1973; Chen 1985). Brujewiez, Bogoyavlensky, and Mokievskaya
(1960) also found an undersaturation as much as 20 percent in
the summer minimum-temperature layer in the Sea of Okhotsk,

1987 REVIEW	 115



ISO	100	50	0

0	2	4	6	5

01 ,m1 1'

4

I-

2

9.0

8.0

1.0

9.0

(0)
Sr

'P

#4	

Ift,0

0
•

0 -

0	2	4	S	S

O ,mI 1'

5.0

4.0

3.0

2.0

1.0

I 1 04

	

(b)	0 lOS

0
I	o

0

	

I	 I

	

I	 Swloos

OOQ

0	20	40 SO	IC	100

0 ,% saturation

I KH 793-0
VU 70-IL-9

	

iwfocs	(d)

9	IX

bottom

1.0	VJEPC 	a 
stiss 55

\\,

150	100	50

AOU, jamol.'kq

I e 
Figure 2. 0/AOU plot for WEPOLEX station 33 and GEOSECS station 89
in the Weddell Sea (taken from Chen 1984). ("AOU" denotes "appar-
ent oxygen utilization." ")lmole!kg" denotes "micromoles per
kilogram:')

0	20	40	60	50	100	120

0. ,% saturation

Figure 1. Correlation between (a) temperature (T°C) and oxygen (02),
(b) temperature and percentage of oxygen saturation of my winter
Aleutian Basin data, and correlation between (c) temperature and
oxygen, (d) temperature and percentage of oxygen saturation of the
summer Hakuho Maru data from the same location. The broken line
shows the theoretical slope (taken from Chen 1985).

with the lowest degree of saturation on the continental shelf off
Siberia and Sakhalin Island where intensive cooling occurs in
winter.

The situation is similar in the Weddell Sea, based on the
comparison of the SOMOV (Chen 1982a, 1984; Huber et al. 1983;
Gordon, Chen, and Metcalf 1984), GEOSECS (Takahashi,
Broecker, Bainbridge, and Weiss, unpublished data, Lamont-
Doherty Geological Observatory, 1980), and other data in the
literature (IGY 1961). An ice-free sumertime GEOSECS Atlantic
station, CS 89, is located at 0.0°E 60.0°S which is very close to the
ice-covered SOMOV station 33 (0°0.20'E 60°S). The potential tem-
perature/salinity (O/s) plot for waters below the minimum poten-
tial temperature (0mm) layer at Cs 89 is essentially the same as
the plot at SOMOV 33. The 0/AOU (apparent oxygen utilization)
plot (figure 2) below the min layer at CS 89 is also similar to the
plot at SOMOV 33. The SOMOV 33 data show a high AOU value of 50
micromoles per kilogram at the surface because the surface
water is mixed with low-oxygen Weddell deep water, while the
ice blocked the input of atmospheric oxygen (Gordon et al.
1984).

My winter data in the Bering Sea also suggest some air-sea
exchange, but the exchange could have happened in the numer-
ous leads and polynyas that I encountered in the Bering Sea but
not in the Weddell Sea. The recent winter Hudson data (css
Hudson 1984) in the northern North Atlantic Ocean also show
systematic oxygen undersaturation (as low as 10 percent under-
saturation) within or out of the ice field.

The above discussion clearly indicates that the high-latitude
regions are probably undersaturated with oxygen in winter,
although water chemistry beneath the ice varies from place to
place, and I cannot yet generalize the findings in one area to
represent other regions. As a further note, Anderson and
Dyrssen (1980) reported surface oxygen supersaturation within
the summer Barents Sea ice field, which is, no doubt, due to
photosynthesis.

I acknowledge support from the National Science Council of
the Republic of China (NSC 76-0209-M110-03). Field work was
partially supported by the U.S. National Science Foundation
(ocE 80-18770 and OCE 82-15053) and the Department of Energy
(81 EV 10611).
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Marine geology and geophysics

Reworking of biotic and sedimentary
debris on the McMurdo Ice Shelf

DAVIDA E. KELLOGG and THOMAS B. KELLOGG

Department of Geological Sciences
and

Institute for Quaternary Studies
University of Maine
Orono, Maine 04469

Over the past year we have completed laboratory analyses of
samples from more than 175 sites on the McMurdo Ice Shelf
collected during the 1975-1976, 1976-1977, 1978-1979, and
1981-1982 field seasons (figure). The object of this work has
been to determine the origin, distribution, and age of sediment
and biotic debris that mantles the ice-shelf surface in the surface
ablation zone. Our analyses include taxonomy and distribution
of diatoms, foraminifera and invertebrate remains, oxygen-iso-
tope analyses of surface ice samples at 179 sites, radiocarbon
dating at 45 sites, and provenance studies of boulders at 63 sites.
Results of the diatom studies are in print (Kellogg and Kellogg
1987), and a manuscript on the remaining work will be submit-
ted for publication as a Geological Society of America Special
Paper (Kellogg, Kellogg, and Stuiver in preparation). We con-
centrate here on mechanisms involved in production of mixed
or reworked sediment that are of particular consequence for the
McMurdo Ice Shelf and which bear on production of mixed
biota in Ross Sea sediments.

Debenham (1919) first proposed that sediment and biotic
remains accumulate on the McMurdo Ice Shelf surface by the
combined agents of ice-shelf basal freezing and surface abla-
tion. Our results and those of Gow and Epstein (1972) confirm
that the ice shelf has an isotopic composition consistent with
formation by freezing of seawater. Because radiocarbon-dated
shell material with ages less than approximately 1,500 years
(uncorrected) occurs only at locations close to the shorelines of
islands and peninsulas, we conclude that basal adfreezing of
sediment and biotic elements is limited to shallow areas where
the McMurdo Ice Shelf is nearly aground. This appears to rule
out the anchor ice hypothesis formulated by Swithinbank (1970)
to explain the widespread distribution of biotic material. Once
incorporated in the McMurdo Ice Shelf sediment and biotic
remains are carried slowly northward by ice shelf movement,
and accumulate as bands and patches on the surface.

We identify three types of biotic material on the McMurdo Ice
Shelf surface:
• Quaternary marine benthic and planktonic invertebrates, in-

cluding: Sponges, mollusks, barnacles, bryozoa, fish, di-
atoms, foraminifera, etc., (most with carbon-14 ages '7,750

years but ages of 20,760 to >51,000 years were obtained for six
samples); these faunal and floral elements were probably
transported to the ice-shelf surface by Debenham's basal free-
zing and surface ablation mechanism. The presence of some
older specimens suggests that pre-Quaternary deposits out-
crop on the sea floor in some areas where basal adfreezing
occurs.

• Pre-Quaternary (Pliocene and older) marine diatoms are
present but rare in some samples; they may be derived from
pre-Quaternary outcrops beneath the ice shelf, or may be
transported by winds from adjacent snow- and ice-free out-
crops of diatom-bearing sediment on adjacent islands or the
dry valleys.

• Nonmarine diatoms, known to tolerate the wide salinity vari-
ations of the dry valley lakes and ponds, are abundant and
diverse in surface melt ponds and sediments of the ablating
McMurdo Ice Shelf. Distributions of four diatom assemblages
are probably controlled by some combination of local geo-
chemical variability, seasonal blooms, geographic position on
the ice-shelf surface, and sediment (and diatom) age. Thus
the particular biotic composition of each site is related in a
complex way to variations in the distribution and age of
seafloor outcrops, transport mechanisms (e.g., basal adfreez-
ing, winds, ice-shelf movement), and changing environmen-
tal conditions on the ice-shelf surface related to movement
from one surface environment to another and to changing
climatic conditions.
The mixed debris on the McMurdo Ice Shelf is a source for

introduction of marine and nonmarine material to the Ross Sea
floor. This occurs in three ways. First, and important only lo-
cally, mixed biota and sediment on the ice-shelf surface may be
introduced and/or reintroduced to the marine environment
through the agent of melt streams flowing off the front of the ice
shelf or through cracks and crevasses. Second, and important
regionally, icebergs calved from the McMurdo Ice Shelf release
their load of mixed biota and sediments when they melt. Recent
history shows that this mechanism is not of great importance at
present, because few icebergs are calving from the McMurdo
Ice Shelf today, but it may have been important at times in the
past and may occur in other locations today. Third, winds blow-
ing across the McMurdo Ice Shelf winnow sand-size and small-
er particles, including microfossils, from the debris bands and
deposit them on sea ice in McMurdo Sound. This material is
deposited when the ice melts (e.g., Barrett, Pyne, and Ward
1983).

Our study provides evidence for the action of a new mecha-
nism for producing mixed marine and nonmarine biotas: trans-
port of marine material upward through an ice shelf by the
combined agents of basal adfreezing and surface ablation, aug-
mented by the addition of nonmarine diatoms and algae grow-
ing in melt ponds on the ice-shelf surface. This mechanism
should also operate on the surface of other present and former
antarctic ice shelves with mass balances controlled by basal-
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sent the residence time of the marine material at that site on the
ice-shelf surface.

In conclusion, we note that Webb (personal communication)
suggested that McMurdo Ice Shelf sediments might be an ana-
log for formation of the Sirius Formation, which occurs at nu-
merous localities high in the Transantarctic Mountains and
contains rare marine biotic elements (Webb et al. 1984). As we
understand his hypothesis, an ice shelf similar to the McMurdo
Ice Shelf covered Wilkes Subglacial Basin (west of the moun-
tains); subsequent grounding and thickening resulted in depo-
sition of marine sediments and biota when this ice eventually
overtopped the Transantarctic Mountains. While this hypoth-
esis may not be impossible it seems unnecessarily complicated,
requiring the presence of a McMurdo-type ice shelf with basal
adfreezing and surface ablation and subsequent movement of
sedimentary and biotic elements from the ice-shelf surface to a
subglacial position. Further, in contrast to the Sirius Formation,
McMurdo Ice Shelf diatom floras are dominated by nonmarine
species. We believe simpler explanations for Sirius Formation
biotas will be forthcoming.

We thank the helicopter pilots and crew of Antarctic Develop-
ment Squadron 6 (VXE-6) for their enthusiastic support of our
field work. This project was supported by National Science
Foundation grants OPP 75-15524, DPP 77-21083, and DPP
80-20000.
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freezing and surface ablation [e.g., Hells Gate in Terra Nova Bay,
and (possibly) George VI Ice Shelf]. We suspect that similar
processes of sediment mixing may be responsible for the origin
of analogous mixed diatom floras we have begun to describe
from sediments drilled recently in the dry valleys (Kellogg and
Kellogg 1984), and on the origin of diatom-bearing deposits of
the Vestfold Hills (Setty, Kellogg, and Kellogg 1984; Pickard
1985).

McMurdo Ice Shelf sediments are obviously unusual. We
know of no other geologic setting which consists of a mixture of
marine and nonmarine micro- and macrofossils of different
ages, which moves laterally through time into areas with possi-
bly different environments and is subject to addition of re-
worked and unreworked specimens from below and above and
to removal of specimens from above. We can say with certainty
only that these competing factors should be less significant for
nonmarine species in samples with the youngest radiocarbon
ages. For marine species, because the time for upward transport
of material through the ice by basal adfreezing and surface
ablation is geologically instantaneous (approximately 100 years
for 50-meter thick ice at a measured ablation rate of 0.5 meters
per year; Gow 1967), corrected radiocarbon ages should repre-
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Preliminary results of a 1986-1987
austral summer marine geological

survey of the western Ross Sea

JOHN B. ANDERSON, Louis R. BARTEK, and DAVID E. REID

Department of Geology and Geophysics
Rice University

Houston, Texas 77251

On 5 February 1987 the USCGC Glacier embarked on its last
scientific expedition, a marine geologic survey of the western
Ross Sea, Antarctica. A total of 56 geological sampling stations
and 1,012 kilometers of single-channel (sparker) seismic data
was collected during this cruise. Cruise objectives and prelimin-
ary results are outlined in this brief paper. The table lists station
information and figure 1 shows the locations of stations and
seismic tracks.

Two areas were surveyed during austral summer 1986-1987
(figures 1 and 2). One of these areas is situated in the north-
western Ross Sea (figure 1). This survey was intended to ad-
dress the question of whether marine ice sheets were grounded
at the shelf edge during the last glacial maximum. Myers (1982),

working with sparse data from the outer continental shelf,
found evidence for grounded ice in the western Ross Sea as far
north as Coulman Island in the form of tills. However, it is not
known if these tills resulted from a regional expansion of
grounded ice sheets or if they are a local deposit associated with
an advance of the Drygalski Ice Stream. Seismic records show
evidence of a widespread erosional surface that extends to the
shelf edge (figure 3a) and preliminary examination of piston
cores showed that overcompacted diamictons were penetrated
near the shelf break. These seismic data and cores will be exam-
ined in greater detail in the next few months. We hope the area
will provide important time constraints (through radiocarbon
analysis) on these glacial events, because it is one of the few
areas of the antarctic continental shelf where carbonates occur
in glacial marine sediments. Several cores did penetrate carbo-
nate-rich intervals.

Another aspect of the northwestern Ross Sea survey was to
investigate the style of sedimentation on and around banks of
the region and the mechanisms by which sediments are trans-
ported from these banks to the adjacent deep sea floor. During
previous Eltanin cruises, graded carbonate units were cored in
submarine canyons on the northwestern Ross Sea slope; these
are interpreted as turbidites derived from outer shelf banks
(Anderson, Kirtz, and Weaver 1979). Two cores from Mawson
Bank (figure 1) did penetrate bioclastic carbonate units. To our
knowledge, this is the highest latitude occurrence of carbonates
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Figure 2. Core locations and seismic lines for McMurdo Sound area.

in the world today. Their occurrence bears heavily on the asso-
ciation of diamictons and carbonate rocks in ancient rock se-
quences of the world, whose glacial origin has been questioned
because of these associations (Schermerhorn 1974).

Seismic records collected during austral summer 1986-1987
show V-shaped submarine canyons (figure 3b) which appar-
ently provide conduits for sediment transport from banks to the
deep sea floor. Several cores from the continental slope pene-
trated graded carbonate and siliciclastic sands, supposedly de-
rived directly from the banks. This mechanism of deep water
generation of turbidites is one that is not described in the liter-
ature and has important bearing on the interpretation of ancient
rock sequences.

A second phase of austral summer 1986-1987 was directed
toward a detailed sedimentologic investigation of McMurdo
Sound. An objective of this work is to determine the lateral
variability of facies on a volcaniclastic apron and to determine
the controls of the observed variability. The second objective of
this study is to develop a model for sedimentation in high-
latitude marginal basins, and the third objective is to decipher
the glacial history of the Sound by integrating the newly ac-
quired seismic data in the western part of the Sound with the
stratigraphic record acquired in McMurdo Sound Sediment and

Core data for austral summer 1986-1987

Latitude	Longitude	Water depth
Station	Type core

	(°S)
	

(°E)
	

(in meters)

gravity	77° 44.47'
	

1660 09.01'
	

471
2	gravity	77° 46.51'

	
1660 15.84'
	

497
3
	gravity	770 47.98'

	
1660 22.63'
	

563
4	piston	730 07.82'

	
1700 47.28'
	

512
5	piston	72° 24.42'

	
171 0 33.18'
	

311

6
	piston	72° 33.28'

	
1720 27.60'
	

530
7	piston	72° 39.72'

	
1730 44.70'
	

457
8
	piston	730 00.39'

	
1780 10.32'
	

421
9
	piston	73° 08.40'

	
1770 06.82'
	

548
10	piston	73° 22.27'

	
1780 41.13'
	

574

11	piston	730 27.87'
	

1790 28.61'
	

384
12	piston	730 12.27'

	
1790 38.69'
	

585
13	piston	730 11.66'

	
1790 49.28'
	

548
14	piston	72° 58.37'

	
179 0 53.55'W

	
658

15	piston	72° 38.81'
	

1790 14.90W
	

705

16	piston	72° 28.62'
	

179 0 19.16'
	

2,029
17	piston	72° 49.22'

	
1780 57.31'
	

1,791
18	piston	73° 00.40'

	
1780 54.82'
	

820
19	piston	72° 46.64'

	
1770 52.18'
	

1,464
20	piston	72° 32.33'

	
1740 58.23'
	

622

21	piston	72° 32.55'
	

1740 52.83'
	

411
22	piston	72° 14.98'

	
1730 04.00'
	

508
23	gravity	73° 31.78'

	
1770 15.88'
	

512
24	gravity	73° 28.07'

	
1760 06.90'
	

485
25	gravity	73° 27.88'

	
1750 13.56'
	

380

26
	gravity	73° 24.76'

	
1740 23.57'
	

311
27	piston	73° 20.62'

	
1730 23.79'
	

329
28	piston	73° 12.39'

	
171 0 58.94'
	

484
29	piston	73° 09.70'

	
171 0 27.01'
	

530
30	piston	73° 11.78'

	
1700 51.04'
	

567

31	piston	73° 05.05'
	

1700 44.59'
	

503
32	piston	73° 29.11'

	
1700 23.18'
	

457
33	piston	77° 27.09'

	
1660 04.26'
	

823
34	piston	77° 27.09'

	
1660 04.26'
	

823(repeat)
35	piston	77° 27.95'

	
1660 06.68'
	

792

36	piston	77° 28.70'
	

1660 09.00'
	

612
37	piston	77° 30.12'

	
1660 10.32'
	

504
38
	gravity	770 30.30'

	
1660 12.40'
	

270
39	piston	77° 21.89'

	
1660 01.05'
	

877
40	gravity	77° 23.60'

	
1650 31.67'
	

731

41	piston	77° 23.68'
	

1640 13.87'
	

421
42	piston	76° 58.50'

	
1620 37.60'
	

768
Spi	sphincter	76° 55.74'

	
1630 22.50'
	

795
43	gravity	76° 58.73'

	
1630 34.22'
	

430
44	gravity	77° 02.06'

	
1630 24.59'
	

329

45	piston	77° 13.90'
	

1650 05.10'
	

531
46	piston	77° 30.09'

	
1660 06.76'
	

659
47	piston	77° 29.29'

	
1660 05.24'
	

694
48	piston	77° 25.39'

	
1660 14.73'
	

680
49	piston	77° 26.11'

	
1660 16.27'
	

804

50	piston	77° 26.11'
	

1660 16.94'
	

541
51	piston	77° 27.26'

	
1660 19.80'
	

586
52	piston	770 28.06'

	
1660 24.52'
	

314
53	gravity	77° 27.66'

	
1650 11.94'
	

548
54	gravity	770 28.49'

	
1650 20.06'
	

660

55	piston	77° 27.77'
	

1660 16.43'
	

439
56
	piston	77° 29.69'

	
1660 15.34'
	

366
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Figure 3. Single-channel (8-kilojoule sparker) profiles showing (a) erosional surface, possibly glacial in origin, on the outer shelf, and (b)
submarine canyon on the northwestern slope of the Ross Sea.

Tectonic Studies, Cenozoic Investigations of the Ross Sea, and
Dry Valley Drilling Project holes.

We wish to express our gratitude to the officers and crew of
the USCGC Glacier for their support during this expedition. This
research is supported by National Science Foundation grant DPP

85-16908. Cruise participants included John Anderson, Louis
Bartek, John Jeffers, Phil King, David Reid, and Mark Thomas
of Rice University; David Tewksbury of Hamilton College; and
Graham Alder of Victoria University, Wellington, New
Zealand.
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Miocene diatom biostratigraphy of
DSDP hole 272: Stratigraphic

relationship to the underlying Miocene
of DSDP hole 270, Ross Sea

D. MARK STEINHAUFF,* MIKE E. RENZ,

DAVID M. HARWOOD, and PETER-N. WEBB

Byrd Polar Research Center
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

Diatoms are the best biostratigraphic tool for high-resolution
dating the Ross Sea Miocene. Steinhauff (1985) and Steinhauff
and Webb (Antarctic Journal, this issue) found calcareous
benthic foraminifera recovered from the Miocene of unit 2 at
Deep Sea Drilling Project (DSDP) hole 272 (Hayes et al. 1975b) to
be generally non-age-diagnostic. Discussed here are:
• previous diatom investigations of DSDP hole 272;
• new diatom data from the Ross Sea, including re-study of

diatoms in DSDP 272 and the first report of pre-Pleistocene
diatoms from DSDP site 270; and

• estimation of the temporal and stratigraphic gap separating
the bottom of DSDP hole 272 from the top of the underlying
Miocene of DSDP hole 270.
Previous micropaleontologic investigations of in situ Miocene

sediments in the Ross Sea include the initial accounts of leg 28 in
Hayes et al. (1975a, 1975b); McMurdo Sound Sediment and
Tectonic Studies (MssTs-1) drillhole (Barrett 1986; Harwood
1986a); Dry Valley Drilling Project (DVDP) holes 10 and 11 in
eastern Taylor Valley by Brady (1979), Webb and Wrenn (1982),
Ishman (1985), and Harwood (1986b); DSDP hole 270 by Leckie
(1980) and Leckie and Webb (1983,1985,1986); DSDP hole 272 by
Steinhauff (1985) and Steinhauff and Webb (Antarctic Journal,
this issue); and DSDP hole 273 by D'Agostino (1980) and
D'Agostino and Webb (1980). At least three independent di-
atom studies have been conducted on unit 2 sediments of DSDP

hole 272 (figure). These include the initial work of McCollum
(1975), Savage (1982), Savage and Ciesielski (1983), and this
investigation (Renz 1985) (figure).

McCollum (1975) identified his Denticula lauta/Denticula ant-
arctica zone in subunit 2A (samples 272-4-1, 130 centimeters
through 272-16-1, 113 centimeters). In the underlying subunit
2B, he identified his Den ticula antarcticalCoscinodiscus lewisianus
zone (samples 272-16-1, 113 centimeters, through 272-17-3).
Below core 272-18, in subunit 2C, approximately 160 meters-
subbottom, diatoms are diagenetically altered to opal C-T. Mc-
Collum could not date the bottom of hole 272 because he was
unable to recover diatoms below core 272-18. However, he
suggested an early Miocene age for the sediments below core
272-18.

Savage (1982) and Savage and Ciesielski (1983) used the di-
atom zonation of Weaver and Combos (1981) to suggest that

* Present address: Department of Geological Sciences, University of Ten-
nessee, Knoxville, Tennessee 37996-1410.

subunits 2B and 2C represent mid-to-upper lower Miocene
successions. They reported diatoms indicative of the lower
Nitzsc/iia maleinterpretaria zone (about 18.2 to 18.35 million years
old) in cores 272-16-3 through 272-19-6, approximately 150 to
182 meters-subbottom and a diatom assemblage equivalent to
the Coscinodiscus rhombicus zone (about 18.35 to 19.20 million
years old) in cores 272-21-1 to the bottom of DSDI' hole 272 at
core 272-47, approximately 195 to 441 meters-subbottom. They
also suggested that subunit 2A represents the period from
about 14.1 million years to about 13.8 million years of the
middle Miocene, the upper Nitzschia grossepunctata and possibly
the lower Nitzschia den ticuloides zone. An unconformity is infer-
red between cores 272-16-1 and 272-16-3, approximately 147 to
150 meters-subbottom, spanning more than 4 million years
with the erosional and/or non-depositional event occurring be-
tween 18.2 and 14.1 million years. Savage and Ciesielski sug-
gested that this unconformity may be correlative with a similar
early Miocene unconformity postulated in DSDP hole 273.

Savage (1982) and Savage and Ciesielski (1983) suggest sedi-
ment accumulation rates of 275 meters per million years for
subunits 2B and 2C, between 18.2 and 19.2 million years, and
higher rates in excess of 420 meters per million years for subunit
2A, above their proposed middle Miocene unconformity. Fi-
nally, Savage and Ciesielski estimated an age of 19.23 million
years for the bottom of site 272 by extrapolating the above
accumulation rate from the top of theCoscinodiscus rhomhicus
zone to the bottom of the hole. Savage and Ciesielski use the age
of 18.2 million years for the top of the C. rhomhicus zone, as
suggested by Weaver and Combos (1981) for DSDP site 266, in
the south Indian Ocean. It should be noted that the 18.2-mil-
lion-year age for this datum at site 266 is also based on sediment-
rate extrapolation downhole from a diatom datum.

Diatoms recovered during this investigation do not support
accumulation rates in excess of 420 meters per million years in
subunit 2A, and 275 meters per million years in subunits 2B
through 2C as suggested by Savage (1982) and Savage and

Below, location map showing McMurdo Sound Sediment and Tec-
tonic Studies (Mssrs) drill site; Dry Valley Drilling Project site 11; and
Deep Sea Drilling Project (DSDP) sites 273, 272, and 270. Inset shows
that DSDP 272 is stratigraphically upsection from DSDP 270. ?PZ
indicates an uncertain Paleozoic age for the basement rocks re-
covered from DSDP site 270, and CZ indicates the Cenozoic succes-
sion penetrated by DSDP sites 270 and 272. Above, generalized
columnar sections for DSDP sites 272 and 270. ("M" denotes
"meter:')
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Ciesielski (1983). Their accumulation rates seem abnormally
high when one considers typical accumulation rates for fertile
southern ocean waters are between 2 to 10 meters of siliceous
ooze per million years (Berger 1974). Given the fact that diatoms
make up as much as 20 percent in subunit 2A and 60 percent of
the sediment in subunits 2B and 2C (Hayes et al. 1975b), Savage
and Ciesielski (1983) imply extreme diatom accumulation rates
of 85 and 165 meters per million years for the two intervals,
respectively. We believe they err by applying a too highly re-
fined diatom chronology and untested absolute ages based
largely on down-core sediment accumulation rate
extrapolation.

Furthermore, Savage (1982) and Savage and Ciesielski (1983)
did not state if they examined DSDP core 272-16 for physical
evidence of an unconformity between subunits 2A and 2B.
Although soft sediment cores, such as those recovered from
DSDP hole 272, are best examined when they are still wet, even a
dessicated core might still reveal evidence of erosion or non-
deposition. In May, 1985, Steinhauff found core 272-16 to still
be moist, but noted no physical evidence of erosion or non-
deposition in the recovered interval of core 272-16. Thus, if an
unconformity exists in this interval, it may be either unrecog-
nizable as such, or is represented by a drilling gap. The absence
of this hiatus and time loss would further argue against such
rapid accumulation rates.

Most of the diatomaceous material in unit 2 of DSDP 270 has
altered to opal C-T, preventing detailed diatom biostratigraphic
study. One sample from hole 270 (core 13-3, 110-112 cen-
timeters in unit 2 yielded a rich diatom assemblage of the
Kisseleviella carina zone (<21.2 million years old) of Harwood
(1968a) (table). The absence of this zone from subunit 2B in DSDP

hole 272 and the inability to recognize Kisseleviella carina (whose
highest appearance defines the top of this zone) as "ghosts" in
chertified fragments of once diatom-rich sediments of subunit
2C, suggests the top of this zone occurs somewhere in the
stratigraphic gap between holes 272 and 270 (Harwood 1986a).

A date for the bottom of DSDP hole 272 constrains the temporal
gap between the top of unit 2 at DSDP hole 270 and the bottom of
unit 2 at DSDP hole 272. According to Hayes et al. (1975b), DSDP

hole 272 is approximately 100±40 meters, stratigraphically up-
section from the top of unit 2 of DSDP hole 270. Leckie and Webb
(1986) discuss the problems involved in trying to correlate be-
tween the top of unit 2 at DSDP hole 270 and the bottom of DSDP

hole 272.
Leckie and Webb (1986, page 1095) have recently revised the

age for the top of the Coscinodiscus rhombicus zone from 18.2
million years (suggested by Weaver and Combos 1981 for DSDP

hole 266) to approximately 16-17 million years. The younger
date is based on calcareous microfossil dating of site 266 (rather
than the diatom dating as done by Weaver and Combos, 1981)
and extrapolation of accumulation rates down to the C. rhom-
bicus datum. We have extrapolated ages, using Savage and
Ciesielski's accumulation rate, from the top of C. rhombicus
datum (approximately 16.5 million years, according to Leckie
and Webb) and calculate an age of approximately 17.5 million
years for the bottom of site 272. Because we believe the ac-
cumulation rates suggested by Savage and Ciesielski (1983) are
excessive, 17.5 million years is most likely a maximum age for
the base of hole 272. Thus, we suggest a temporal gap of at least
3.0 million years between the top of unit 2 in DSDP hole 270 and
the bottom of DSDP hole 272. Estimated accumulation rates for
other Ross Sea sites during the late Oligocene and early
Miocene include DSDP hole 270 at 40 meters per million years
and DSDP hole 272 at 20 meters per million years (Hayes et al.

Selected lower miocene siliceous microfossil species
from DSDP hole 270

I. Diatoms
Actinoptychus undulatus (Bailey)
Arachnoidiscus schmidtii Hajos
Aulacodiscus browneii Norman
Biddulphia sp. A. Harwood (1986a)
Chaetoceros? spp.
Cocconeis antiqua var. tenuistriata Van Heurck
Cocconeis costata Gregory
Coscinodiscus apiculatus Ehrenberg
Coscinodiscus furcatus Karsten (spores)
Coscinodiscus marginatus Ehrenberg
Coscinodiscus oculusiridis (Bailey)
Coscinodiscus sp. A. Harwood (1986a)
Cymatosira biharensis Pantocsek
Genus and species indeterminant number 2 Harwood (1986a)
Grammatophora spp.
Hemiaulus polymorphus Grunow
lsthmia spp.
Kisseleviella carina Sheshukova-Poretskaya
Melosira sulcata (Ehrenberg)
Pinnularia spp.
Rhabdonema japonicum Tempere and Brun
Rhizosolenia hebeteta f. hiemalis Gran
Stephanopyxis grunowii Grove and Sturt
Stephanopyxis turns (Greville and Arnott)
Stephanopyxis sp. C. Harwood (1986a)
Stictodiscus hardmanianus Greville
Tnigonium arcticum (Brightwell)
Trinacria racovitzae Van Heurck

II. Silicoflagellates
Distephanus quinquangellus Bukry and Foster
Distephanus speculum (Ehrenberg)

Ill. Ebridians
Ammodochium rectangulare ( Schulz)
Hovasserbia brevispinosa ( Hovasse)
Pseudoammodichium cf. dictyoides Hovas:se
Pseudoammodochium sphaenicum Hovasse

aRefer to Harwood (1986a) and McCollum (1975) for illustration
and reference of the above species.

1975a), and MSSTS-1 at 20 meters per million years (Barrett 1986;
Harwood 1986a) and suggest an average rate during this time of
about 30 meters per milion years for the Ross Sea. This value,
times the above time gap of 3 million years agrees with the
100±40 meters estimated stratigraphic gap suggested by Hayes
et al. (1975a).

This research was supported by National Science Foundation
grant DPP 82-14174 to Peter-N. Webb and by grants from Sigma
Xi, the American Association of Petroleum Geologists, and the
Friends of Orton Hall at the Ohio State University to D. Mark
Steinhauff and David M. Harwood.
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Miocene foraminifera from DSDP site
272, Ross Sea
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DSDP site 272 provides one of the most southerly in situ
middle Miocene glacial marine successions. The approximately
410 meters succession is subdivided into three subunits; an
upper unit (2A), sandy silty claystone with sparse to common
clasts; a middle unit (2B), diatom silty claystone and silty clay
diatomite with rare clasts; and a lower unit (2C), a silty claystone
with rare clasts (Hayes et al. 1975).

Preliminary comments on foraminifera are provided in Hayes
et al. (1975). Eighty-one samples from site 272 were investigated
by Steinhauff (1985) in the course of a detailed study of for-
aminifera. Samples are distributed through subunits A and
down into the upper part of subunit B (i.e., 23 to 179 meters
subbottom). The lower parts of subunit B and all of subunit C
are largely barren of foraminifera. Subunit A and uppermost
subunit B yielded a total of 86 species of foraminifera; 8 aggluti-
nated species, 72 calcareous benthic species, and 6 planktonic
species. Dominant calcareous taxa include lslandiehla spp., Epis-
tominella exigua (Brady), Glohocassidulina s uhglobosa (Brady), Non-
ioneIla iridea Heron-Allen and Earland, and Melonis affinis
(Reuss). Persistent low abundance forms include Euvigerina
schwageri (Brady), Discorhis spp., Rosa/ma globularis d'Orbigny,
Elphidium bartletti Cushman, Elphidium magel/anicum Heron-Al-
len and Earland, Trochoelphidiella uniforamina Leckie and Webb,
Pullenia hulloides (d'Orbigny), Nonionella hradii (Chapman),
Cihicides refulgens Montfort, and Anomalina hassensis Parr.
Planktonics include species of Glohigerina, Gloho rota/ia, and Can-
deina. Candeina antarctica Leckie and Webb dominates the
planktonic assemblage.

The foraminifera of subunit 2A and uppermost subunit 2B of
site 272 resemble assemblages in Lower to Middle Miocene
subunit 2 of site 273 (D'Agostino 1980; D'Agostino and Webb
1980) and Lower Miocene subunit 2A (Epistominella-Eiphidium-
Nonionella assemblage zone) of site 270 (Leckie and Webb 1980a,
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1980b, 1983,1986; Webb in press). Savage (1982) and Savage and
Ciesielski (1983) placed subunits 2A and 2B sediments in the
Lower to Middle Miocene on the basis of diatom
biostratigraphy.

At site 272 a major decrease in foraminiferal abundance and
diversity is noted between approximately 138 and 148 meters
subbottom. This roughly corresponds to the subunit 2A/2B
boundary and occurs at the level of a proposed 4-million-year
hiatus which separates Lower and Middle Miocene sediments
(Savage and Ciesielski 1983). Only sporadic occurrences of
robust thick-walled forms such as Islandiella spp., Epistominella
exigua (Brady), Globocassidulina suhglohosa (Brady), and Non-
ione!la iridea Heron-Allen and Earland occur below 147 meters
(in subunit 2B) and much of the lower succession is barren of
foraminifera. Absence of fauna is attributed to dissolution con-
temporaneous with deposition, or post-depositional di-
agenesis. Site 272 foraminiferal assemblages may have been
subjected to glacial transport and redeposition and/or bottom
current reworking. The wide size range of foraminifera at any
stratigraphic level suggests size sorting is not a significant
factor.

This work was supported by National Science Foundation
grant DPP 82-14174 to Peter-N. Webb; and Sigma Xi, American
Association of Petroleum Geologists and Friends of Orton Hall
(Ohio State University) grants to D. Mark Steinhauff. Thanks
are extended to David Harwood for comments and suggestions
during this laboratory study.
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The Wilkes Land continent-ocean
crustal boundary

STEPHEN L. EITTREIM

U.S. Geological Survey
Menlo Park, California 94025

Multichannel seismic data collected in 1984 on the east ant-
arctic margin between 130° and 150° east have revealed the
existence of a marginal rift basin that is proposed here to be the
remnant of a Cretaceous rift valley similar to the present-day rift
valleys of East Africa. A breakup unconformity that marks the
change to a seafloor spreading regime in the rifting of Australia
from Antarctica, overlaps the marginal rift basin and terminates
at the oldest identified oceanic crust.

Track lines of the 1984 U.S. Geological Survey investigation
along which multichannel seismic, sonobuoy refraction, grav-
ity and magnetics, 3.5- and 12-kilohertz echo sounding data
were collected are shown in figure 1. Side-scan sonar data,

sediment cores, and dredge samples were also collected in the
area at the eastern edge of the map of figure 1. Reports on this
data, including seismic records, most of which are processed
through migration, are included in a volume of papers on the
Wilkes Land margin (Eittreim and Hampton 1987).

Four seismic sequences, A through ui, separated by the Un-
conformities T, Ki, and K2, have been recognized throughout
most of the surveyed area (figure 2). The deepest sequence (D)
consists of a block-faulted, moderate- to high-velocity layer with
flat and parallel bedding. D is interpreted as a prerift sequence
based on its block-faulted and parallel-bedded nature. The
Beacon Supergroup (Barrett 1982), an antarctic lithologic unit of
flat-bedded elastic sediments, with conformable sills of dolerite
intrusions, may be represented in this sequence, with the dole-
rite sills seen as markedly high-amplitude reflecting horizons
(Eittreim and Smith 1987). The top of this sequence is an ero-
sional unconformity. C overlies this unconformity and is inter-
preted to be a synrift sequence that was deposited in basins
produced during the crustal extension and subsidence associ-
ated with the extension of the Gondwana crust prior to the
beginning of seafloor spreading at about 95 million years ago
(Cande and Mutter 1982). Sequence C is topped by a breakup
unconformity produced at the earliest generation of oceanic
crust. C occurs only south of the edge of oceanic crust. The two
remaining shallower sequences are interpreted as: B, a shelf or
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Figure 1. Map showing multichannel seismic tracks and shot point numbers indicated for S.P. Lee cruise Li -84. Bathymetry from Chase et al.
(1987). Tracks of Institut Français du Petrol (IFP) and Japan National Oil Company (JNoc) shown dashed. ("Km" denotes "kilometer.")

shallow-water deposit laid down post-breakup; and A, deep-
water hemipelagic deposit laid down in an environment similar
to the rise and slope of today but prior to the glacial onset.

The southern edge of seismically observed oceanic crust is
defined as the continent-ocean-boundary. Reflections from the
base of the crust (Moho) can be followed across the continent-
ocean boundary. Crustal thicknesses of about 7 kilometers are
recorded for the oceanic crust, the Moho displays a smooth
transition across the continent-ocean boundary, and then
bends downward beneath continental crust to depths, beyond
reflection range, of greater than 17 kilometers. A depression in
basement reflectors occurs landward of the continent-ocean
boundary that is bounded on the seaward side by a ridge of
oceanic crust. This depression is termed a marginal rift basin,
has a relief of about 2 kilometers, and averages about 40 kilo-
meters wide. The synrift sequence C bounded by KI and K2 is
thickest in this basin. Highly reflective, discontinuous layers
floor the marginal rift basin and suggest the presence of vol-
canic flows restricted to within the boundaries of the basin. On
line 3 the portion of sequence c that fills the marginal rift basin
consists of dipping reflectors interpreted as a prograded clastic
sequence about 2 kilometers thick.

The marginal rift basin is therefore a 40-kilometer wide by 2-
kilometer thick basin on continental crust that abuts against the
oldest oceanic crust of the southeast Indian Ocean. The basin is
geometrically similar to the presently active East African rift
valley (Bosworth, Lanbiase, and Keisler 1986). The steeply dip-
ping (10°) prograded sediments in the marginal rift basin sug-

gest an active tectonic environment, and the interpreted lava
flows, restricted to the basin floor, imply that the basin was
formed prior to volcanism. Based on the present great depth of
K2, a significant amount of crustal thinning and postrift thermal
subsidence is implied. By using the observed crustal thickness,
and assuming an initial prerift thickness of 35 kilometers, a
measured crustal thinning, or crustal 3-factor, is derived whose
values are shown in figure 3. The age of continent breakup, or
first generation of oceanic crust (95 million years old) and the
McKenzie (1978) model are used to calculate the amount of
thermal subsidence. The total tectonic subsidence, compen-
sated for sediment load, is due to both thermal contraction and
extensional thinning of the lithosphere, the latter denoted by P.

A comparison between measured crustal thinning (13,.), the
ratio of 35 kilometers to the present measured thickness (K2 to
Moho) in kilometers, and lithospheric thinning calculated by
using the McKenzie (1978) extension-subsidence model, ap-
plied to the depth of K2, compensating for sediment load ("in-
ferred 13"), is shown in figure 3. Note that over most of the
profiles, a fair agreement is obtained between the two kinds of
13-factors. Near the boundary with oceanic crust however, the
values from the two methods diverge considerably with the 13c
values much larger than those "inferred" from the McKenzie
subsidence model. Both methods result in values greater than 4
over the marginal rift basin, which is higher than expected by
theoretical considerations of LePichon and Sibuet (1981). They
argue that 13 = 3.2 should be a limiting value of thinning on the
basis of the relative buoyancy of new igneous oceanic crust
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versus typical continental crustal material. Our observed appar-
ent "over-thinning" of crust may argue for non-uniform thin-
ning, with the upper lithosphere including the crust thinned
more than the lower lithosphere in the marginal rift basin re-
gion. This could be accomplished by a throughgoing low-angle
detachment fault of the style advocated by Wernicke (1981).

Perhaps the most critical interpretation in the seismic section
is that of the breakup unconformity. Ki, interpreted as the
breakup unconformity, is given an age of 95 million years, and
beds below are presumed older, that is, synrift and prerift.
Validation of these ages is important for building a tectonic
model of the Gondwana rifting event which is displayed so
distinctly in these seismic data. Drilling this margin as part of
the Ocean Drilling Program has been proposed by French and
U.S. workers, with the identification of age and lithology of
these seismic sequences and their bounding unconformities a
primary objective.

This work was supported by the U.S. Geological Survey.
Logistic support during the data collection in 1984 was provided
by the National Science Foundation and the U.S. Coast Guard.
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Icebergs rework sediments on
antarctic shelf

PETER W. BARNES

U.S. Geological Survey
Menlo Park, California 94025
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Ice-related geologic processes are important in forming sea-
bed morphology on high-latitude continental shelves. Previous
studies of the antarctic shelf have characterized the rugged
relief, great depths, and marginal troughs (Vanney and Johnson
1985). Glacial processes dominate sedimentary processes and
are responsible for large-scale topographic features (Anderson
et al. 1983). The shelf area, less than 1,000 meters deep, exclud-
ing submerged portions of the continents covered by glaciers
and ice shelves, is about 3 million square kilometers (Barnes
1986a; table). Depth data are not available for 25 percent of the
shelf mainly along the coast in areas with persistent ice. Of the
remaining three quarters of the shelf, 54 percent or 1.2 million
square kilometers is less than 500 meters deep. Weddell Sea
studies by Orheim and Elverhøi (1981) describe well-preserved
"plough marks" in water depths down to 600 meters. The fresh
appearance of the various features suggests their recency;
however, slow rates of erosion or sedimentation are also impli-
cated.

Lien (1981) delineates seabed morphologies in water depths
of less than 400 meters. Ice gouging or plough marks are preva-
lent on the bank tops and down to 320 meters with maximum
widths reaching 250 meters and maximum depths 25 meters,
below the surrounding seafloor. A washboard pattern of paral-
lel ridges attributed to wobbling icebergs is associated with the
gouging that extends down to at least 400 meters, the maximum

depth of the survey. The Norwegian Antarctic Research Expedi-
tion (NARE) 1984-1985 seabed surveys indicate that ice gouging
expanded to areas previously dominated by washboard pat-
terns while areas of undisturbed seabed have diminished.

Studies off the Wilkes Land coast from the S.P. Lee in 1984
indicate a moderately ice-gouged surface with micro-relief of
less than 3 meters (Barnes 1986b). The eastern slope of Mertz
Bank is an irregular surface where >5 meter micro-relief to
depths of 500 meters is common (figure). The most common
bedform on both the bank top and slope are "crisp" 50 to 100
meters circular and semicircular, flat-floored depressions less
than 2 meters deep. Commonly, several depressions of equal
size occur en-echelon, to form a single linear feature superim-
posed to the northwest. Many superimposed depressions were
associated with multiple parallel northwest-southeast linear ice
gouge furrows (Barnes 1986b).

The potential draft of antarctic tabular icebergs based on
limited observations is 330 meters (Orheim 1980). Because non-
tabular and tilted tabular icebergs make up the major portion of
the antarctic iceberg population (Keys 1983) and can increase
their draft up to 50 percent by rolling (Lewis and Bennett 1984),
modern iceberg drafts may approach 500 meters.

The grooves on the seafloor of the Antarctic are similar to ice
gouges generated by sea ice and glacial ice in the Arctic (Reim-

Shelf areaa

Square kilometers	Percent

No data	 730,600	 24.5
0-200 meters	 138,600	 4.6
200-500 meters	 1,070,500	 35.9
500 meters-1 kilometer	 1,042,100	 34.9

Total	 2,981,900	 99.0

a From Barnes 1986a.
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Sonograph of ice gouges and overlapping iceberg depressions on the eastern slope of Mertz Bank off the Wilkes Land coast at 530-meter water
depth.
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nitz and Barnes 1974; Josenhans, Zevenhuizen, and Klassen
1986). The similarity of form and the availability of deep draft ice
indicate to us that the antarctic seabed features were also formed
by iceberg keels.

The origin of the sub-circular, flat-floored depressions are
also postulated to be related to modern iceberg keels (Lien 1981;
Barnes 1986). Subglacial processes, permafrost collapse, slope
failure, and mass movement are not favored as mechanisms to
form these depressions. Their close association with ice goug-
ing and wobbling also suggests iceberg keels are responsible for
these features. Iceberg with drafts between 400 and 500 meters
are probably uncommon; however, recurrence intervals of tens
to a few hundred years may be sufficient to maintain the ob-
served morphologies.

Vorren et al. (1983) introduced the term iceberg turbate for
seabed strata developed from the tilling action of iceberg keels
on the seafloor. We suggest that ice keel turbates are widespread
on the antarctic shelf. Ice reworking the surficial sediment may
be forming a surficial unstructured marine diamicite which may
correspond to the glacial marine deposits reported by Ander-
son et al. (1983).

Side-scan sonar data from the Weddell Sea and the Wilkes
Land shelf indicate ice gouge incisions a few meters deep and
tens of meters in width, down to depths of over 500 meters. In
the Weddell Sea, a "washboard" pattern and hummocky bed
features have been formed by the interaction between ice keels
and the seabed to depths exceeding 300 meters. The freshness
of seabed morphology, and Holocene sediment ponding at
depths greater than 500 meters, indicate that the seafloor is
presently being reworked by iceberg keels. We conclude that a
modern ice keel turbate deposit may be widespread on the
portion (54 percent) of the Antarctic Shelf less than 500 meters
deep, probably in the form of an unstratified to poorly stratified
marine diamicton.

The field work aboard the S.P. Lee was in part supported by
the National Science Foundation's program at McMurdo Station
and Christchurch, New Zealand.
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Preliminary results of marine
geological and geophysical

investigations in the Bransfield Strait,
Antarctic Peninsula

JOHN D. JEFFERS

Department of Geology and Geophysics
Rice University

Houston, Texas 77251

The 1986-1987 austral summer marked the first season iIv
Polar Duke (figure 1) operated in antarctic waters as a fully
equipped marine geophysical research vessel. Newly installed
equipment included a single-channel seismic reflection data
acquisition system, nuclear precession magnetometer, and 3.5-
and 12-kilohertz echo sounders. Seismic reflection, magnetic,
and bathymetric profiles were collected in the Bransfield Strait Figure 1. R/V Polar Duke at Palmer Station, Anvers Island.
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Figure 2. Locations of seismic reflection profiles collected in Bransfield Strait. Broken lines show data collected by R/v Polar Duke during the
1986-1987 austral summer; dotted lines show data collected in previous seasons by USCGC Glacier. Bathymetry contoured at 500 meters.

region of the northern Antarctic Peninsula on two Polar Duke
cruises (figures 2 and 3).

Bransfield Strait is a young basin (<4 million years; Barker
and Daiziel 1983) formed by rifting of the South Shetland Is-
lands from the northern Antarctic Peninsula. Our objective was
to use the high-resolution geophysical capabilities of Polar Duke
to study the evolution of this geologically complex basin. Our
specific interests include the nature and timing of the ki-
nematics which led to its formation, the important plate tectonic
controls on its development as a sedimentary basin, and the
interplay between plate tectonics, volcanism, and sedimenta-
tion throughout its history.

During October 1986, marine geophysical data were collected
in the northeastern portion of Bransfield Strait. Approximately
750 kilometers of seismic reflection profiles were obtained; most
of our effort was directed toward acquiring data along the axial
trend of the basin, from south of King George Island to south of
Elephant Island. These data provide important insight into the
structure of the Bransfield Basin and allow correlation among
the seismic reflection data collected in two previous seasons by
USCGC Glacier (figure 2). In addition, 19 geologic stations were
occupied where bottom sediments were sampled by grab sam-
pling, piston coring, and gravity coring. Heavy pack ice re-
stricted our planned operations in the southeastern portion of
Bransfield Strait.

Thirteen days of cruise IV-87 in April 1987 were devoted to
marine geophysics. Single-channel seismic reflection profiles
were collected in the southwestern portion of Bransfield Strait.
The seismic and magnetic data collected in the vicinity of De-
ception Island will be valuable in relating the recent volcanic
activity there to the submarine volcanism farther northeast in
Bransfield Strait. Data collected in Boyd Strait will be used to
relate the opening of the Boyd Strait basin to the history of the
main part of the Bransfield basin.

Preliminary assessment of the data collected in the 1986-1987
season shows that Bransfield Strait is divided into three main
sub-basins separated by the two bathymetric divides associated
with Bridgeman and Deception islands. Numerous smaller
basin segments were formed by faults trending perpendicular

to the axis of the basin. The tectonic, volcanic, and sedimentary
evolution of each of these basin segments has been somewhat
different. Although the exact timing of the evolution of
Bransfield Strait cannot be determined because the basement
rock and overlying sediments have not been sampled, our seis-
mic data suggest that chronologies constructed by other work-
ers (Birkenmajer 1982; Barker and Daiziel 1983) are essentially
correct. The development of the Brans field Basin was intimately
related to plate tectonics in the adjacent Drake Passage ocean
basin. The pre-middle Neogene magmatic arc of the South
Shetland Islands was deformed by strike-slip faulting during
the Miocene and early Pliocene. Boyd Strait and Bransfield
Strait opened in response to the cessation of subduction at the
South Shetland trench during the Pliocene. From the Pliocene
until recent time, the Bransfield Basin has evolved from a sim-
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Figure 3. Seismic reflection profile PD86-1 1. Vertical scale in sec-
onds; horizontal extent approximately 45 kilometers. Vertical exag-
geration 14 x at seafloor.
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pie rift basin to a marginal basin displaying the characteristics of
the early stages of seafloor spreading (Jeffers, Anderson, and
Lawyer in press).

The scientific party of cruise VIII-86 included J.B. Anderson
(chief scientist), L.R. Bartek, J.D. Jeffers, D.S. Kennedy, and
N.C. Myers, all of Rice University; L.A. Lawyer of the Institute
for Geophysics, University of Texas at Austin; and J. Breza of
Florida State University. Participants in cruise IV-87 included
J.A. Austin (chief scientist), J. Dunbar, J. Giltner, and D.S.
Sawyer, all of the Institute of Geophysics, University of Texas at
Austin; and J.D. Jeffers and W. Smyth of Rice University. The
support and enthusiasm of the captains and crews of Polar Duke
and Bruce Carter, Bob Crimmins, John Hutchison, and Vince
Kelly of ITT/ANS contributed immensely to the success of our
scientific efforts. We thank G. Bloom, H.W. Detrich, T. Maran-

da'and P. Penhale for their assistance while they were aboard.
Research was supported by National Science Foundation grant
DPP 85-16908.
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Late Quaternary sedimentation and
glacial history in the Gerlache Strait

region Graham Land, Antarctica

THOMAS W. GRIFFITH*

Department of Geology and Geophysics
Rice University

Houston, Texas 77251

During the austral summers 1982-1983, 1985-1986, and
1986-1987 scientists on board the USCGC Glacier undertook a
study of sedimentation within the Gerlache Strait region. The
data used in this study consist of 76 sediment samples (includ-
ing piston cores and bottom grabs), 70 kilometers of high-
resolution single-channel seismic data, and a videotape record
of approximately 90 percent of the coastline surrounding the
study area. These videotapes were used to outline the glacial
setting of the bays and fjords. While most of the smaller glaciers
are grounded within a few meters of sea level, major valley and
outlet glaciers may be grounded at depths as great as several
hundred meters. A bathymetric chart was also made from avail-
able data (figure). The major goals of the project were to charac-
terize sedimentation within the fjords and bays of the region,
and to shed some light on the area's Late Quaternary glacial
history.

Terrigenous material, in the form of ice-rafted debris, ava-
lanche debris, and fine-grained particles suspended in melt-
water plumes is entering the marine environment against a
background of diatomaceous sedimentation. Unlike other areas
of the antarctic continental shelf, water depth exerts only a
subordinate control over sediment distribution. Most coarse
material is deposited within a few kilometers of the coast, in-
dicating that ice rafting is not occurring today on a large scale.
The volume of fine-grained terrigenous sediment indicates a

* Present address: Union Pacific Resources Company, Houston, li'xas 77002

high degree of meltwater activity, although there is little direct
observation of plumes to support this idea. It has been postu-
lated that terrigenous material entering the water in meltwater
plumes is doing so below sea level, from subglacial sources
(Singer 1987).

The surface sediments and seismic data indicate that there are
major differences in sedimentation on opposite sides of the
Gerlache Strait (Singer 1987). Along the Danco Coast, on the
eastern side of the Gerlache Strait, surface sediments are di-
atomaceous and ponded sediment is uncommon. However, on
the western side of the strait, in the bays and fjords in the
Palmer Archipelago, sediments have a much higher terrigenous
component and appear to be ponding in every available
bathymetric depression. Indeed, in Lapeyrere Bay (northeast
Anvers Island) data indicate that a confined delta is prograding
from the head of the bay.

Differences in the microclimate from side to side of the
Gerlache Strait may account for the observed differences in
sedimentation. A strong precipitation gradient exists in the
region, with the Palmer Archipelago receiving over twice the
precipitation as the Danco Coast. In addition, much more of this
precipitation is in the form of rain, which should be easily
advected to the base of the glaciers through the myriad cre-
vasses that dissect the glacier surfaces. This may help explain
the apparently abundant meltwater there.

Each bay posesses a highly characteristic sedimentary regi-
me, depending on factors such as microclimate, glacial setting,
and subglacial geology. Although it will be possible to syn-
thesize an integrated model of fjord sedimentation for the entire
region, it is important to recognize the individualistic character
of each body of water sampled.

There is copious geomorphic and bathymetric evidence for
the existence of a once-greatly expanded tidewater glacier oc-
cupying the Gerlache Strait, but there is very little record of the
ice's actual retreat to present-day conditions, either on the seis-
mic data or in the sedimentary record. Using the criteria of
Anderson et al. (1980, 1984), only one sediment sample has
been identified as basal till; the remaining samples represent
either compound glacial marine sediments or mass flow deposi-
ts of various types. Seasonal ice cover and the protection af-
forded by land masses effectively limit the distribution of re-
sidual glacial marine sediments in the region. The data imply a
rapid decoupling and retreat of the ice during Holocene warm-
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ing, possibly as a result of a rise in sea level (Thomas and
Bentley 1978). This model is in keeping with our knowledge of
the behavior of tidewater glaciers in general and has been pro-
posed in an analagous form for the whole of the west antarctic
ice sheet (Stuiver et al. 1981).

This research was supported by National Science Foundation
grant DPP 85-16908, and is a part of my Master's thesis research
under John B. Anderson at Rice University. Special thanks is
extended to Dennis S. Cassidy of the Antarctic Research Facility
at Florida State University, and to the captains and crews of the
USCGC Glacier.
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The Research on Antarctic Coastal Ecosystem Rates (RACER)

program is an interdisciplinary study whose primary goal is to
understand the mechanisms which give rise to the extraor-
dinarily high productivity of the coastal shelf ecosystem of the
Antarctic Peninsula, a principal breeding, feeding, and spawn-
ing ground of the antarctic krill, Euphausia superha. Most prior
studies of this region asked, "How much?" They examined the
structure of the ecosystem. RACER asks, "How fast?" We seek
to understand the functioning of this ecosystem by examining
rates of transfer among its component parts.

Our research was focused on two central hypotheses:
• Stability/Productivity Hypothesis: Upper ocean physical dy-

namics favor high productivity at all levels of the Antarctic
Peninsula coastal food web. Productivity is significantly
greater than offshore.

• Island-Effect/Residence-Time Hypothesis: Islands interrupt
the flow of waters onto the Antarctic Peninsula coastal shelf,
increasing mean residence time. Increased residence time on
the coastal shelf allows greater productivity relative to
offshore.
The area of study is a 100- by 250-kilometer rectangle at the

western end of Bransfield Strait (figure 1). It incorporates two
shelf environments (Antarctic Peninsula and South Shetland
Islands), two distinct deep-water zones, and a frontal zone
between waters of the Bellingshausen Sea and Bransfield Strait.

An important feature of RACER was the strategy for high-
frequency, high-resolution sampling. We conducted four suc-
cessive 15-day cruises aboard RIv Polar Duke, spaced equally in
time, from 15 December 1986 through 30 March 1987. During
this time we covered the 25,000-square-kilometer study area
eight times. Synoptic sampling of physical, optical, and biolog-
ical variables was accomplished by two modes of sampling: a
"fast" sampling grid for rapidly defining horizontal scales of
variability (69 stations in less than 5 days) and a "slow" sampling

grid for defining the vertical field and for conducting detailed
biological rate studies (24 stations in 10 days). Station locations
are shown in figure 2. A scientific crew of 14 maintained a 24-
hour sampling schedule during all cruises.

At each "fast" grid station we made conductivity-tem-
perature-depth casts, frequently to the bottom, and continuous
vertical profiles of spectral irradiance and beam attenuation to
200 meters. Water samples were taken from up to eight depths,
depending on water depth, for measurements of chlorophyll,
particulate organic carbon and nitrogen, and phytoplankton
taxonomy. Near-surface measurements were made for (1) par-
ticulate ATE (less than 20 micrometers and less than 200 microm-
eters), (2) particulate DNA (less than 20 micrometers and less
than 200 micrometers), (3) dissolved DNA (less than 0.22 mi-
crometers), (4) bacterial, flagellate, and ciliate cell abundances,
(5) dissolved free amino acid and dissolved combined amino
acid concentrations, (6) radiolabeled glutamic acid turnover rate
determinations, and (7) bacterial uptake of radiolabeled thy-
midine. Zooplankton tows were made to a depth of 40 meters
for measurements of abundance, in situ gut pigment, and dry
weight of representative species and developmental stages. We
performed rate experiments on phytoplankton (photosynthesis
vs. irradiance; photosynthesis vs. temperature) and zoo-
plankton (rates of ingestion, molting, and egg production).
Between stations we made continuous meteorological measure-
ments—temperature, barometric pressure, relative humidity,
and incident solar radiation. Average station time was 35
minutes.

Measurements made during the "fast" grid thus provided
information on geostrophic circulation, water masses, and asso-
ciated features in the distributions and physiological rates of
bacterioplankton, phytoplankton, zooplankton, and krill.

The primary purpose of the "slow" grid was to enable longer
station time required for biological measurements through the
water column. At each station we performed the same measure-
ments as at "fast" grid stations. In addition, we made zoo-
plankton tows in three discrete depth intervals (0-50, 50-100,
and 100-200 meters). At 20 percent of the stations we made 24-
hour deployments of free-floating sediment traps for the mea-
surement of vertical flux of organic matter and free-floating, in
situ primary productivity incubators at eight depths. Measure-
ments were also made of dissolved inorganic and organic nu-
trients (nitrate, nitrite, ammonium, phosphate, silicate, DON,

DPO, DOC, and D-ATP). At the 24-hour stations we collected
zooplankton at regular 6-hour intervals.

Measurements made during the 'slow" grid thus provided
additional information on geostrophic circulation, distribution,
rates of primary and secondary production, uptake of dissolved
nutrients, and the downward flux of particulates. Experimental
studies on physiological rates of bacterio-, phyto-, and zoo-
plankton were conducted both on shipboard and at Palmer
Station between cruises.
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The 1986-1987 program incorporated the following investiga-
tions:
• upper ocean physics (A.F. Amos), microbiology and sedi-

mentation (D.M. Karl);
• phytoplankton processes and optical oceanography (0.

Holm-Hansen, D.A. Kiefer, and B.C. Mitchell);
• trophodynamics of krill and other zooplankton (M. Huntley

and E. Brinton). The field scientific crew included 25 partici-
pants from eight nations, representing seven institutions.
Results and acknowledgments of support are presented in
the following separate papers, listed in the references below.
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Figure 2. Station locations during the 1986-1987 RACER program. All
69 stations were occupied during the 5-day "fast grid:' The 25
circled stations were occupied during the 10-day "slow grid," in-
cluding the five 24-hour stations indicated by double circles. The
cruise pattern was repeated four times between 15 December 1986
and 31 March 1987.
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RACER: Physical oceanography of the
western Bransfield Strait

ANTHONY F. AMOS

Marine Science Institute
University of Texas at Austin

Port Aransas, Texas 78373-1267

The physical oceanography of the Bransfield Strait has been
investigated over a period of many years [Clowes 1934; Gordon
and Nowlin 1978; and the more recent Biological Investigations
of Marine Antarctic Systems and Stocks (BIOMASS) investiga-
tions—Sievers 1982; Stein 1983; Grelowski and Tokarczyk 19851,
yet much remains to be learned about the mesoscale circulation.
In general, surface waters from the Bellingshausen Sea enter the
Bransfield Strait and move northeasterly where the flow inten-
sifies along the southern coasts of the South Shetland Islands.
This stream then exits near Elephant Island to join waters of the
Weddell Gyre and Scotia Sea. Shallow sills prevent circumpolar
deep water from entering the Bransfield, so the basins of the
Strait are devoid of the warm, deep water typical of much of the
antarctic continental margin (Gordon and Nowlin 1978). Sur-
face water also enters the Bransfield from the Weddell Gyre
and, through mixing, forms the surface water mass charac-
teristic of much of the Bransfield Strait. Simply put, low-sali-
nity, high-temperature surface water enters the Bransfield from
the west, while high-salinity, low-temperature water enters
from the east. The boundary where these two meet has long
been recognized as being of great importance to the biological
productivity of the region (Lipski 1982; Guzman 1983).

As part of the RACER (Research on Antarctic Coastal Eco-
system Rates) pilot program (Huntley et al., Antarctic Journal,
this issue) the hydrography of the western Bransfield was in-
vestigated from i1v Polar Duke by measuring the vertical tem-
perature and salinity structure at each station of the network
from December 1986 to April 1987. In addition, underway mete-

orological and sea-surface observations were made throughout
each of the four RACER legs. Cruise legs were designated A
through D, and each leg occupied the station grid twice: once to
provide as near-synoptic coverage as was feasible (these sta-
tions were designated FA-FD) when all 69 stations were
sampled; once when only selected stations were occupied, pri-
marily for biological sampling (these stations were designated
SA-SD).

Hydrographic data were collected using a Plessey 9040 sali-
nity-temperature-depth sensor with a General Oceanics RM12
Rosette sampler for in situ "calibration" of the salinity-tem-
perature-depth sensor (Amos 1983) and to provide water sam-
ples for other RACER components. Salinity-temperature-depth
data were acquired using a Hewlett-Packard 9825A data acquisi-
tion system and were plotted in real time using a Houston
Instruments DMP-51 drafting plotter. After each station, data
were transferred to a Compaq 286 computer with 20 megabyte
Iomega Bernoulli Box via RS232C link for backup. Mete-
orological conditions were monitored at 1- to 10-minute inter-
vals using a Capricorn weather station and WeatherMeasure
relative humidity/temperature system. Sea-surface temperature
was monitored using a modified Sippican expendable
bathythermograph probe mounted in intake to the ship's aquar-
ia. Data were acquired with a Hewlett-Packard 71C computer
and 3421-A multiplexer. Polar Duke's navigation and bathymetry
information was merged with the weather data using the SAIL
(serial ASCII loop) system acquired by a Compaq 286 computer
and transferred in real time via a General Purpose Interface Bus
(GPIB). The merged data were recorded on 3Y2-inch 720-kilobyte
disks with an HP-9114 disk drive.

On the fast grids, salinity-temperature-depth stations were
generally limited to 250 meters depth, or the bottom if shal-
lower, while the slow grid allowed surface-to-bottom profiling
(deepest station 4,350 meters). Two-hundred-and-sixteen sali-
nity-temperature-depth stations were successfully occupied
and provided near-synoptic coverage of the water column in the
100 by 250-kilometer RACER grid. Because data from the final two
legs of RACER were only recently returned from the field, data
are still in the preliminary stages of reduction and analysis.
Many additional conductivity-temperature-depth profiles of
the upper water column were obtained with a Sea-Bird Elec-
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tronics conductivity-temperature-depth attached to the optical
oceanography sensor package (Mitchell et al., Antarctic Journal,
this issue). Ultimately these will be merged with the salinity-
temperature-depth data bank to provide more detailed
coverage of the hydrography.

Initial results show a complex and dynamic hydrographic
regime in the western Bransfield Strait that was closely corre-
lated with the observed distribution of biological productivity
(Holm-Hansen, Letelier, and Mitchell, Antarctic Journal, this
issue). Some examples follows:
• The existence of several distinct water-mass zones, some not

revealed by previous studies of the Bransfield that employed
coarser station grids.

• An unusually warm zone of surface water at the entrance to
the Gerlache Strait and around Brabant Island that formed in
January and early February 1987, which was not present in
late February or March 1987. This was probably an example of
RACER's island effect hypothesis (Huntley et al., Antarctic Jour-
nal, this issue) and was positively correlated with chlorophyll
a.

• Other examples of island effects-the interruption of the flow
of Bellingshausen Sea water into the Bransfield and subse-

quent modification of the regional hydrography in the Strait,
convergent and divergent flow patterns around the larger
islands, and changes in the relative humidity and wind field
in the lower atmosphere in the vicinity of islands.

• The importance of the front between "Bellingshausen" and
"Weddell" water to the regional productivity.

• Spatial and temporal variability of the vertical density field
from regions with a strong pycnocline to almost neutrally
stable water columns in transition zones.
As an illustration of the complex hydrography encountered,

the surface temperature and salinity field "fast grid B" (FB),
acquired from 20-25 January 1987 is presented in figure 1. It can
be seen that islands and topography have considerable effect on
the distribution of water properties in this region. Figure 1A
shows the Bellingshausen Sea water penetrating into the
Bransfield Strait between Low and Hoseason islands. Perhaps
because the sea-ice had just retreated from the west in De-
cember 1986, this water is characterized by its low temperature
and low salinity (figure ib). High-salinity water occupied much
of the southern Bransfield and the Drake Passage in the north-
east of our study site (figure Ib). A striking feature, not found in
any of the previous investigations of the Bransfield, was the
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Figure 1. Surface temperature distribution (A) and surface salinity distribution (B) on 20-25 January 1987 (from RACER FB).
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existence of warm surface water, apparently emerging from the
Gerlache Strait and the vicinity of Brabant Island (figure la).
Although extensive in area, this was found to be an isolated
warm patch but was also the site of the greatest concentration of
chlorophyll a measured during the entire RACER experiment. At
this stage of the data analysis, this feature appears to be a result
of local atmospheric warming of water trapped in the lee of the
islands (air temperature was predominantly above 0°C). Figure
2 documents the evolution of the warm water layer from De-
cember through February 1987. By March, no trace of warm
water was found. Note that on 27 January (figure 2: S1343A), due
to surface cooling, an almost 1°C temperature inversion occurs
at 20 meters. Underway sea-surface temperature measurements
in this region showed surface temperature near 3°C on occasion.

Figure 3 shows the 200-meter relative dynamic topography
computed from the FB station network. The typically north-
easterly streamline pattern is similar to that found in previous
studies. However, there is a marked convergence north of
Hoseason Island, and divergence around Snow, Livingston,
and Deception islands. While there is inflow between Smith
and Low islands, there appears to be an eddy deflecting water
around Smith Island (see also a similar eddy at both levels north
of Smith Island). Some Bellingshausen water may enter the
Bransfield from the south and exit again between Smith and
Snow islands. This pattern appears to be topographically con-
trolled and therefore constitutes island-effect flow patterns with
subsequent mixing and modification of the regional hydrogra-
phy.

Smaller-scale features were observed during RACER near ice-
bergs which, in some cases, were seen to be moving at speeds of
almost 3 knots (Amos in press) relative to the surface water.
Productivity in and around the wakes of these icebergs ap-
peared to be enhanced as indicated by considerable activity in
bird and other marine life.

This work was accomplished with support from National
Science Foundation grant DPP 85-19908. Field work from 6 De-
cember 1986 through 7 February 1987 was accomplished by A. F.
Amos and C. Gruenwald; from 8 February through 6 April 1987
by D. Menzies, whose assistance is gratefully acknowledged. I
thank the officers and crew of the RIv Polar Duke and the ITT/

Antarctic Services support group for their able assistance. (This
paper is University of Texas Marine Science Institute Contribu-
tion number 689).

RACER STATION 43; Dec 1986 - Feb 1987
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Studies in polar waters suggest that light is the primary limit-
ing factor for phytoplankton growth (Holm-Hansen et al. 1977;
Platt et al. 1982; Sakshaug and Holm-Hansen 1986; Tilzer, von
Bodungen, and Smetacek 1985). The optical environment,
which appears to be especially critical for antarctic phy-
toplankton, has rarely been studied in any detail. There have
been no intensive optical measurements made in a variety of
antarctic oceanic environments using modern in situ optical
instrumentation. The use of a Secchi disk to estimate light
attenuation, as employed by the great majority of biological
programs concerned with phytoplankton distribution and ac-
tivity in antarctic waters, cannot provide the investigator with
the quantitative radiometric data which are needed to help
answer basic questions regarding phytoplankton metabolic
rates in the upper 100 meters of the water column.

During the Research on Antarctic Coastal Ecosystem Rates
program (RACER) 1986-1987 field year, detailed studies were
conducted on the spectral light flux throughout the upper 200
meters of the water column and of the optical properties of the
particulate materials. In situ analyses included profiles of down-
welling spectral irradiance (7 channels centered at 683, 630, 560,
520, 488, 441, and 410 nanometers), upwelling spectral radiance
(five channels centered at 683, 560, 520, 488, and 441
nanometers), photosynthetically available radiation (2-pi,
400-700 nanometers), chlorophyll a fluorescence, beam at-
tenuation, and solar-induced chlorophyll a fluorescence. Par-
ticulate analyses included determination of spectral absorption
coefficients, spectral fluorescence excitation, and pigment ana-
lyses by conventional fluorescence measurements as well as by
high-performance liquid chromatography procedures.

An in situ optical profiling capability was custom designed
and interfaced to a General Oceanics Rosette with either 5- or
10-liter Niskin sample bottles. The optical-physical package
consisted of a Biospherical Instruments reflectance spec-
troradiometer (MER 1012-F), in situ fluorometer (Sea Tech),
transmissometer (Sea Tech), and temperature and conductivity
probes (Sea-Bird Electronics). Eighteen channels were multi-

plexed and digitized by the MER unit and communicated to the
surface as a frequency signal via a standard single conductor
oceanographic cable. Sampling rates were set so that approx-
imately five samples per meter were acquired while profiling at
30 meters per minute. The data density in the vertical domain is
thus comparable to traditional conductivity-temperature-depth
data. All data from these 18 channels were automatically record-
ed in our shipboard computer and also displayed in real time on
a video screen. The water sample bottles could thus be closed
either at predetermined standard depths, or at depths chosen
on the basis of the profile data displayed on the screen. The
computer also recorded incident photosynthetically available
radiation (400-700 nanometers) from a 2-pi, gimbal-mounted
deck cell which was located in a shade-free area above the
helicopter deck. Whenever a water sampling bottle was closed,
all data from the 18 channels plus the deck cell were automat-
ically printed out. The light energy sensed by the submersible 2-
pi photocell was recorded both in absolute energy units and also
as the ratio of the light intensity relative to that of the deck cell.

During the RACER cruises, stations in the Cerlache Strait (sta-
tion 43) and Drake Passage (station 20) represented contrasting
examples of coastal high stability and open ocean low stability
regimes, respectively. Figure 1 shows the profiles of sigma-t,
temperature, beam attenuation, and downwelling irradiance at
488 nanometers for these two stations during December 1986. It
is evident that station 20 had a deep mixed layer (40 meters), low
biomass, and deep penetration of irradiance. By contrast, sta-
tion 43 had a shallow mixed layer (10 meters), high biomass,
and "complete" attenuation of irradiance within the shallow
mixed layer due to absorption by the high concentrations of
phytoplankton pigments. Spectral diffuse attenuation coeffi-
cients and beam attenuation coefficients observed during max-
imal bloom conditions were among the highest observed for
oceanic waters where the dominant particulates are of biogenic
origin. The high attenuation coefficients result in very low mean
light levels within the mixed layer. Populations below the mixed
layer under such circumstances have inadequate light for pho-
tosynthesis.

The downwelling spectral irradiance for five depths at station
20 in January, 1987, is illustrated in figure 2. Several important
features should be noted. First, spectral narrowing of the irra-
diance occurs relatively deep in the water column. This is of
significance with respect to the light quality available for photo-
synthetic organisms. Since this was a clear, low-biomass station,
the peak irradiance at depth is around 490 nanometers (Jerlov
1968). The second feature to note is the apparently higher irra-
diance below 20 meters for the 683-nanometer channel as com-
pared to the 630-nanometer channel. Such an observation
would not occur in pure seawater since attenuation coefficients
increase rapidly at longer wavelengths. The phenomenon is
attributed to natural fluorescence of absorbed solar radiation
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and is discussed in more detail in Mitchell et al. (Antarctic
Journal, this issue).

Over 300 profiles from 0 to 200 meters depth were obtained
with our 19-channel profiling system during the RACER cruises
between December and April. We thus have a large data set
documenting the spectroradiometric light flux in the water col-
umn in the various water masses described by Amos (Antarctic
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Figure 2. Downwelling spectral irradiance (in microwatts per square
centimeter per second) at 5 depths for station 20 in the Drake
Passage. Ed is downwelling irradiance; m is meter; nm is nanometer.

Journal, this issue). These profiles were obtained under varying
conditions of sea state, sun angle, and sky conditions. When
these data are analyzed, together with the beam attenuation
data and the spectral absorption coefficients of the particulate
material, we will have a much better insight into the light
regime experienced by antarctic phytoplankton throughout the
water column. This knowledge of the optical characteristics of
the upper mixed layer of antarctic waters, regarding both ab-
sorption and scattering of light, will also be of much interest and
importance in regard to refining bio-optical algorithms used to
calculate phytoplankton biomass from airborne remote sensors
in high-latitude environments.

Shipboard personnel included B.C. Mitchell (6 December to 8
February) and 0. Holm-Hansen and D. Menzies (8 February to
6 April 1987). This research was supported by National Science
Foundation grant DPP 85-19908.
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RACER: Temporal and spatial
distribution of phytoplankton biomass

and primary production

0. HOLM-HANSEN, R. LETELIER,
and B.C. MITCHELL

Polar Research Program
Scripps Institution of Oceanography
University of California at San Diego

La Jolla, California 92093

The RACER program (Research on Antarctic Coastal Eco-
system Rates) is an interdisciplinary study which seeks to un-
derstand the dynamic mechanisms controlling the planktonic
ecosystem structure of the Antarctic Peninsula coastal environ-
ment (see Huntley et al., Antarctic Journal, this issue). The pho-
tobiology component of this program is concerned with tem-
poral and spatial dynamics of phytoplankton populations,
especially in relation to physical mixing processes and the en-
vironmental factors influencing growth rates.

At each "fast" grid station our physical-optical-biological pro-
filing unit was deployed from 0 to 200 meters to give continuous
recording of depth, temperature, conductivity, 2-'rr irradiance
(400-700 nanometers), seven channels downwelling irradiance,
five channels upwelling radiance, beam attenuation (trans-
missometer), and chlorophyll a fluorescence (fluorometer with
pulsed blue activating light). Water samples were obtained in
5.0-liter, polyvinyl chloride Niskin bottles at eight standard
depths during the "up" cast of the profiling unit, and the water
was used for determination of chlorophyll a, particulate organic
carbon and nitrogen, inorganic nutrient concentrations, and
floristic examination. Surface water samples were also obtained
by "bucket" in conjunction with the microbiology program and
used to measure chlorophyll a in nanoplankton (less than 20
micrometers in diameter) and microplankton (more than 20
micrometers). During the "slow" grid stations the above mea-
surements were supplemented with studies concerned with
photoadaptational status of the phytoplankton, as well as with
in situ primary productivity measurements using radiocarbon
incorporation. During the in situ incubations (12-24 hours) nu-
merous profiles of light attenuation in the upper 100 meters of
the water column were obtained with our profiling unit so that
total light flux at various depths could be calculated and used in
quantum efficiency calculations.

The reults of our time series of fast-grid surface chlorophyll
distributions are presented in figure 1. Concentrations of chlo-

rophyll a were extremely variable, ranging over two orders of
magnitude from 0.2 to 20 milligrams per cubic meter. The deep
waters to the northwest of the South Shetland Islands were low
in chlorophyll a (less than 0.5 milligrams per cubic meter).
Highest levels of phytoplankton pigments were found in pro-
tected embayments and in the vicinit y of islands as predicted by
the central hypotheses of RACER. (See Huntley et al., Antarctic
Journal, this issue.) Furthermore, a pronounced seasonal trend
is evident with the peak occurring in December and decreasing
progressively from January through March.

Preliminary examination of approximately 300 profiles of
chlorophyll a concentration and of water density (-t) as record-
ed in the upper 200 meters of the water column by our profiling
unit showed, first, that chlorophyll a is fairly uniformly dis-
tributed throughout the entire upper mixed layer and, second,
that concentrations decrease rapidly below the pycnocline. Ex-
tracted chlorophyll a values from standard depths confirmed
these observations, and are in agreement with similar con-
clusions first reported by Dustan, Olson, and Holm-Hansen
(1979). Distribution maps of chlorophyll a in surface waters
(figure 1) will thus show the same general patterns as maps
showing spatial distribution of integrated chlorophyll a for the
upper 200 meters.

Hart (1942) first documented the rapid increase in phy-
toplankton biomass in antarctic waters during austral spring,
followed by a rapid decline. Our time series from December
1986 to March 1987 of integrated water column production at
five stations in the RACER grid is presented in figure 2a. The
pronounced seasonality of these data emphasizes the impor-
tance of high-resolution sampling through a seasonal cycle.
Peak bloom conditions were already evident in mid-December.
This is considerably earlier than the phytoplankton peak re-
ported near the South Orkney Islands by Home et al. (1969).

During RACER we found that within our 25,000-square-kilo-
meter study area, surface pigments and integrated production
varied over a range equal to previous reports for the world's
oceans. This is summarized in figure 2b where the data from
RACER are superimposed upon a summary plot of integrated
production as a function of surface phytoplankton pigments
compiled by Eppley etal. (1985). Understanding the underlying
mechanism of such dynamic range within antarctic coastal eco-
systems is one of the goals of RACER. The rate of primary produc-
tion will be a function of both the phytoplankton standing stock
and phytoplankton specific growth rates. Of the major factors
which affect phytoplankton growth rates, available data indi-
cate that light is the most important. One focus of RACER is that
high productivity in the area of the Antarctic Peninsula is
caused by high mean light levels experienced by the phy-
toplankton due to relatively shallow and stable upper water
mixed layers.
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Nutrients and temperature are generally ignored as controll-
ing variables of antarctic primary production (Hayes, Whitaker,
and Fogg 1984). Recent reports, however, indicate that tem-
perature may play an important role in regulating primary pro-
duction (Neori and Holm-Hansen 1982; Tilzer and Dubinsky
1987). The relationship between these observed temperature
effects and rates of pelagic production is poorly understood.
Data collected during RACER suggest that the range of ambient
water temperatures within our study area (-1.8 to +3.5°C)
may lead to twofold variations in the chlorophyll a specific rates
of production (figure 3). It may not be coincidental that the
highest water temperatures observed during RACER correspond
to the stations with highest phytoplankton biomass.

Although nutrients in antarctic waters are generally consid-
ered to be in excess for phytoplankton requirements, during the
RACER study nitrate concentrations as low as 1.0 micromole and
ammonium concentrations as high as 10 micromoles were ob-
served at stations with high biomass and high rates of produc-
tion. Sustained levels of production at such localities may be
possible only as a consequence of nutrient recycling through
the combined effects of micro- and macrozooplankton grazing
as discussed by Hewes, Holm-Hansen, and Sakshaug (1985).
The implications of this component of the food web must be
considered when extrapolating gross primary production to
food resources available to macrozooplankton or krill.

The field work was divided into period 1(6 December 1986 to 8
February 1987) and period II (8 February to 6 April 1987).
RACER personnel on board ship included B.C. Mitchell, A.F.

Amos, R. Letelier, J. Price, and C. Stallings during period I, and
0. Holm-Hansen, D. Menzies, A. Olea, and P. Wade during
period II. This research was supported by National Science
Foundation grant DPP 85-19908.
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RACER: Optical prediction of
photobiological properties
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Several hypotheses of the Research on Antarctic Coastal Eco-
system Rates (RACER) program require data on phytoplankton
biomass and photosynthetic activity throughout the upper
water column over a relatively large and heterogeneous area
extending from shallow, inshore locations to deep, oceanic sta-
tions. (See Huntley et al. Antarctic Journal, this issue.) During
our fieldwork in 1986-1987, we employed conventional tech-
niques to document rates of primary production and phy-
toplankton biomass (see Holm-Hansen, Letelier, and Mitchell,
Antarctic Journal, this issue) and also explored alternative meth-
ods to provide comparable data more synoptically and with less
ship time.

Optical sensors provide a powerful tool to monitor quan-
titatively phytoplankton properties in natural waters. Previous
work in temperate and tropical waters (Mitchell 1987) indicates
that optical properties are good predictors of phytoplankton
chlorophyll a and the photoadaptative state of the phy-
toplankton. In order reliably to apply optical algorithms for
biomass estimates or primary production to the antarctic coastal
regions, traditional algorithms must be tested and verified.
Several important aspects of the optical properties may be dif-
ferent from those in temperate waters, including the fraction of
detrital absorption, the presence of glacial sediments, and pig-
ment complements of cells.

During the RACER cruises in 1986-1987, in situ optical proper-
ties in the upper 200 meters of the water column were deter-
mined as described in Mitchell, Menzies, and Holm-Hansen
(Antarctic Journal, this issue) and included downwelling irra-
diance (7 wavelengths), 2-'Tr downwelling irradiance (also
termed photosynthetically available radiation), upwelling radi-
ance (5 wavelengths), beam attenuation, and induced chlo-
rophyll a fluorescence. Particulate optical properties included
spectral absorption coefficients and excitation spectra of chlo-
rophyll a fluorescence determined according to the procedures
of Mitchell and Kiefer (1984). Extracted photosynthetic pig-
ments were also measured by high-performance liquid chro-
matography techniques as described by Vernet (1983).

Detailed spatial and temporal mapping of primary produc-
tion is essential to test the central RACER hypotheses (Huntley et
al., Antarctic Journal, this issue), but the traditional in situ radi-
ocarbon techniques require long periods of ship time at each
station. Recently, a few workers (Topliss and Platt 1986; Kiefer
and Booth 1986) have begun examining and testing a new op-
tical technique for measuring primary production. This tech-
nique involves determining the relationship between natural
fluorescence or solar-induced fluorescence of chlorophyll a and
gross primary production.

Based on theoretical and laboratory studies on the rela-
tionship between natural fluorescence and photosynthesis,
Kiefer and Booth (1986) have formulated equations which per-
mit calculation of daily gross primary production at any depth
from measurements of natural fluorescence at 683 nanometers
and the flux of photosynthetically available radiation. The equa-
tions they have developed include terms for the quantum yields
for photosynthesis and fluorescence. Preliminary studies sug-
gest that the ratio of these quantum yields is fairly constant, in
which case absolute values for these terms need not be derived
for each sampling depth. Kiefer and Booth (1986) found a good
correlation between measurements of L,,683 (upwelling radi-
ance at 683 nanometers) throughout the euphotic zone and
calculated gross primary production in tropical waters (Kiefer
unpublished data). During the RACER studies, we measured all
the essential parameters which are needed to evaluate this
approach for future application in antarctic waters. Data in
figure 1 indicate that the rate of measured primary production is
linear with the natural fluorescence over the broad range of
production rates observed. The linear regression fit to the data
is significant (r2 = 0.8; n = 50; P < 0.05) but much variance is left
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Figure 1. The relationship between the instantaneous rate of natural
fluorescence (L683) at depth and primary production as deter-
mined with in situ radiocarbon incubations. ("mgC m3 h-1" de-
notes "milligrams of carbon per cubic meter per hour.")

unexplained, especially in the low production/fluorescence do-
main, by this initial simplistic analysis. Further analyses and
interpretation of our data will be informative in regard to testing
the assumptions and equations used in these calculations.

During the "fast" grid (see Huntley et al., Antarctic Journal,
this issue), it took 4.5 days to cover all 69 stations within the
RACER study area. It would be of much value if a more synoptic
picture of phytoplankton biomass and rates or primary produc-
tion within the entire study area could be obtained by sensors
located on aircraft or satellites. Changes in the shape of spectral
reflectance from ocean water are the basis of remote sensing
algorithms for pigments (Morel and Prieur 1977; Gordon et al.
1980). The reflectance is defined as:

R = L,/E (1 where L, is the upwelling radiance and Ed is the
downwelling irradiance at a specific wavelength. Morel and
Prieur (1977) demonstrated that the ratio of reflectance at 560
nanometers to reflectance at 441 nanometers is a useful predic-
tor of the sum of chlorophyll and phaeopigment con-
centrations. A preliminary analysis of data from the RACER

1986-1987 field year is presented in figure 2. More work must be
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Figure 2. The relationship between the ratio of reflectance at 560 and
441 nanometers and chlorophyll a plus phaeopigment con-
centrations for five stations during the RACER 1986-1987 field year.
("mg rti3" denotes "milligrams per cubic meter:')

conducted with the entire data set (more than 300 stations) to
validate traditional predictive algorithms for these waters, or to
develop new algorithms for application to the interpretation of
remote sensors or long-term mooring signals in these high-
latitude waters.

The estimation of primary production from remote sensing of
near-surface pigments suffers from many difficulties, one of
which is that chlorophyll a specific rates of production can vary
by over a factor of three for natural populations (Mitchell 1987).
The importance of the photoadaptive state of the algae in regard
to reliability of estimates based on remote sensors has been
cited as one of the major limitations of the method by Eppley et
al. (1985) and Collins et al. (1986).

During the RACER studies, we supplemented our con-
ventional phytoplankton studies with analyses designed to
give us information on the photoadaptive state of the cells as
related to physical mixing processes and measured rates of
photosynthetic activity. In addition to the usual photosynthesis
vs. irradiance studies (e.g., Platt et al. 1982; Sakshaug and
Holm-Hansen 1986), we also investigated the utility of optical
parameters as predictors of photohiological adaptation. This
included determination of spectral absorption coefficients
(Mitchell 1987) and excitation spectra for chlorophyll a fluores-
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Figure 3. Photoadaptive index plotted against optical depth (K;s,Z)
for four RACER stations. Station 20 is in the Drake Passage (4,000
meters), while the other three stations are in either the Bransfield
Strait or the Gerlache Strait. ("Cp/Chl a + Phaeo" denotes the ratio
of the particulate beam attenuation coefficient to chlorophyll a plus
phaeopigment concentration:')
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cence (Mitchell and Kiefer 1984; Neori et al. 1984). For waters
with negligible concentrations of inorganic sediments, the par-
ticulate beam attenuation coefficient (C e) is proportional to par-
ticulate organic carbon concentrations. The ratio of C to chlo-
rophyll a plus phaeopigment concentration provides a sensitive
photoadaptive index (Kiefer 1984). Data in figure 3 show C1,
plotted against optical depth for four RACER stations in January
1987. It is seen that stations 48, 13, and 43 all showed low values
for the photoadaptive index, indicating that even mixed-layer
phytoplankton populations are low light adapted, suggesting
chronic light limitation of the ecosystem. It should be noted that
these three stations all had high chlorophyll a concentration in
the upper mixed layer (4-20 milligrams per cubic meter). Sur-
face photoadaptive-index values for station 20 (Drake Passage)
were high (approximately 0.5), suggesting a high carbon/chlo-
rophyll a ratio in these cells. The phytoplankton biomass was
low at this station (approximately 0.5 milligram of chlorophyll a
per cubic meter), and the surface cells appear to be adapted to
high-light intensities.

Our preliminary analysis of the RACER optical data indicates
that optical properties will be valuable analytical tools to give
information on biomass concentrations, photosynthetic rates,
and photoadaptational status of the phytoplankton. Optical
sensors are extremely versatile and may be deployed as profilers
for rapid collection of data on time and space scales comparable
to physical oceanographic sensors. In addition, they may be
moored or used to assess oceanic properties from remote plat-
forms. In future studies, it is anticipated that such optical sen-
sors will supplement, and partially replace, some conventional
measurements which are costly in regard to personnel and ship
time.

The shipboard studies were done by B.C. Mitchell, R.
Letelier, and C. Stallings (6 December 1986 to 8 February 1987)
and 0. Holm-Hansen, P. Wade, and D. Menzies (8 February to 6
April 1987). This research was supported by National Science
Foundation grant DPP 85-19908.
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RACER: Spatial and temporal
variations in microbial biomass

C. lIEN, D. JONES, M.D. BAILIFF,

M. NAWROCKI, B. TILBROOK, P. HABERSTROH,

G.T. TAYLOR, and D.M. KARL

Department of Oceanography
and/or

Hawaii institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

As part of the microbiology and vertical flux component of
the Research on Antarctic Coastal Ecosystem Rates (RACER)

program, we obtained a comprehensive temporal and spatial
inventory of particulate adenosine-5'-triphosphate (P-AlP) con-
centrations in the 25,000-square-kilometer study area (Huntley
et al. Antarctic Journal, this issue) to assess the distribution of
microbial biomass (Holm-Hansen and Booth 1966; Karl 1986).

Surface waters were collected at 69 stations using a tethered
bucket sampler and depth profile water samples (0-200 meters)
were obtained at five preselected stations (Huntley et al., Ant-
arctic Journal, this issue) using 10-liter Niskin bottles. Imme-
diately following collection, each water sample was screened
through 202-micrometer Nitex mesh to remove large particles
and macrozooplankton and a portion of this <202-micrometer
seawater was passed through 20-micrometer Nitex mesh, yield-
ing two separate size fractions: <202 micrometers ("total micro-
bial") and <20 micrometers ("nanoplankton"). Triplicate sub-
samples of both size fractions were processed and analyzed for
ATP (Karl and Holm-Hansen 1978).

Station 43, located in the northern Gerlache Strait, was se-
lected to illustrate the temporal and depth-dependent variation
in microbial biomass observed during our field experiment.
This station supported the highest seasonal rates of primary
production (Holm-Hansen, Leteliei; and Mitchell, Antarctic
Journal, this issue) and the highest P-ATP concentrations (figure
1) of any station in the RACER study area (figure 2). During the
initial cruise (December 1986) the spring bloom was already well
established. Approximately 75 percent of the 11-ATP was 20
micrometers indicating that a majority of the total microbial

<2Om ATP (ng[)	TOTAL ATP (ngl')
0	200	400 0	800	1600

<20 1um ATP:TOTAL (%)
0	50	100
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- 100
I
F-a-
LU
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200	 C

Figure 1. Vertical profiles of <20 micrometers ATP (A), total microbial
ATP (B) and percentage of the total ATP contained in the <20-microm-
eter size fraction (C) for station 43 during the December 1986 RACER
cruise. ("m" denotes "meter." "m" denotes "micrometer:' "ngl1"
denotes "nanograms per liter:')

(___R )	
! I-
2	YE

(

(TJ

FEBRUARY

Figure 2. Seasonal changes in the spatial distribution of the ratio of
<20 micrometers: total ATP (as percentage) over the 25,000-square-
kilometer RACER study area from December 1986 to March 1987.
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P-ATP concentrations and concentration ratios for two distinct size fractions. Data were collected at RACER station 43 in the northern
Gerlache Strait.

<20 micrometer	 Total	 <20 micrometers/
Depth a	 ATP 	 ATPb	 totaic

Cruise

	

Dec.	Jan.	Feb.	Mar.	Dec.

	

0	267	1130	630	65	1104

	

5	298	897	549	70	1144

	

15	267	517	139	81	1376

	

30	144	615	106	57	660

	

40	165	415	125	39	890

	

50	222	349	109	28	769

	

75	75	143	82	23	453

	

100	113	145	55	19	395

	

150	78	63	48	20	263

	

200	56	33	34	18	107

a In meters.
I In nanograms per liter.

Percentage.

biomass comprised large phytoplankton cells. These ATP-based
microbial biomass values correlate well with the size distribu-
tion of chlorophyll a measured at this station (Holm-Hansen,
Letelier, and Mitchell, Antarctic Journal, this issue) and are con-
sistent with our own direct microscopic observations.

By January 1987, the phytoplankton bloom had subsided and
rates of primary production at station 43 had decreased to val-
ues that were approximately 25-30 percent of the maximum
values measured in December (Holm-Hansen, Letelier, and
Mitchell, Antarctic Journal, this issue). Although total ATP also
decreased, there was an approximately twofold increase in ATP
in the <20-micrometer size fraction, indicating a shift in bio-
mass toward nano- and picoplankton (table). Direct epifluores-
cence microscopy of proflavin-stained preparations of the <20-
micrometer water samples revealed the presence of both auto-
trophic eukaryotes and heterotrophic bacteria.

By March, total P-ATP at station 43 had decreased to very low
concentrations comparable to the values observed at the oceanic
Drake Passage station. The March total ATP values were approx-
imately an order of magnitude less than the peak bloom con-
centration, and on average more than 80 percent of the total ATP
was present in the <20 micrometer size fraction. Based on a
carbon-to-ATP ratio of 250 (Karl 1980) our results indicate a
substantial seasonal progression in total depth-integrated
(0-200 meters) microbial biomass at station 43 from a spring
bloom maximum of 25.3 grams of carbon per square meter to a
late summer minimum of 2.0 grams of carbon per square meter.

The surface water P-ATP contours (figure 2) present regional
data on the size distribution of total microbial ATP over the entire
field season (December 1986 to March 1987). It is evident that

the temporal shift in microbial biomass that we observed at
station 43 was not an isolated phenomenon. These data indicate
that the mean size structure of the microbial population changes
with time over large regions in the RACER program study area.

We thank the crew members of the R/V Polar Duke and the ITT

support personnel at Palmer Station for their assistance with
sample collection and logistics and J. Szyper for helpful com-
ments and discussion. This research was supported by the
National Science Foundation grant DPP 85-18748 awarded to
D.M. Karl. Contribution number 1997 of the Hawaii Institute of
Geophysics.
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RACER: Bacterial abundance and
thymidine incorporation in the

Bransfield Strait, 1986-1987

M.D. BAILIFF, D. JONES, M. NAwR0cKI,
B. TILBR00K, P. HABERSTROH, C. TIEN,

G.T. TAYLOR, and D.M. KARL

Department of Oceanography
and/or

Hawaii Institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

One of the primary objectives of the microbiology and ver-
tical flux component of the Research on Antarctic Coastal Eco-
system Rates (RACER) program was to examine the role of
bacterioplankton in the Antarctic Peninsula coastal ecosystem.
Thus we measured bacterial abundance and biovolume by di-
rect epifluorescence microscopy and rates of 3H-thymidine in-
corporation during shipboard incubations. Our data on
thymidine incorporation were used to estimate bacterial pro-
duction and specific growth rates using existing laboratory and
field derived extrapolation factors.

Bacterial cell abundances and production were obtained for
both the fast and slow grid sampling modes of four RACER
cruises from December 1986 to March 1987 (Huntley et at.,
Antarctic Journal, this issue). During the fast-grid sampling
mode, surface waters were collected using a tethered bucket
sampler and during the slow grid, water column vertical pro-
files were obtained at stations 13, 20, 39, 43, and 48 using 10-liter
Niskin bottles. Subsamples were processed for quantitative epi-
fluorescence microscopy after staining with DAPI (Porter and
Feig 1980). Bacterial production was estimated using 3H-thy-
midine (Fuhrman and Azam 1980).

The rate of 3H-thymidine incorporation in December was
uniformly low (figure 1) and did not display the strong coastal-
to-open ocean spatial trends that were observed for chlorophyll
a, total microbial biomass (ATP concentrations), or primary pro-
duction (Tien et al., Antarctic Journal, this issue; Holm-Hansen,
Letelier, and Mitchell, Antarctic Journal, this issue.) Throughout
the study area there was a large increase in the rate of 3H-
thymidine incorporation between December and January, es-
pecially in the northern sector of the Cerlache Strait (figure 1).
An unexpected result was the fact that 3H-DNA averaged only
10-30 percent of the total radioactivity incorporated into cellular
macromolecules (total = 3H-DNA + 3H-RNA + 3H-protein;
figure 2). The January results show a slight increase in the
proportion of the total radioactivity which appears as DNA, but
on average, it was still s50 percent (figure 2).

We present vertical profiles (0-200 meters; figure 3) for two
contrasting environments in the RACER study area: station 20,
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Figure 1. The spatial distribution of thymidine assimilation (in units of nanocuries per liter per hour) for samples collected in the RACER study
area during December 1986 and January 1987. All data are for surface water samples.
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Figure 2. The spatial distribution of the 3H-DNA as a percentage of total 3H incorporated into cellular macromolecules for samples collected in
the RACER study area during December 1986 and January 1987. All data are for surface water samples.

located in the Drake Passage, and station 43, located in a well-
protected portion of the northern Gerlache Strait. Substantial
differences were observed in upper water column physics
(Amos, Antarctic Journal, this issue) and phytop!ankton production
rates (Holm-Hansen etal., Antarctic Journal, this issue) at these two
stations. Neither station 20 nor station 43 displayed a strong
correlation between bacterial cell number and thymidine incor-
poration (figure 3a, b). Station 20 exhibited a uniform distribu-
tion of both bacterial abundance and total thymidine incorpora-
tion throughout the water column, and the degree of non-
specific 3H-thymidine labeling was not correlated with depth.
At station 43, there was a marked vertical gradient in the rate of
thymidine incorporation with values up to an order of magni-
tude greater than those measured at station 20 (figure 3b). The
highest rates of 3H-thymidine incorporation were observed in
the upper 30 meters of all the RACER samples analyzed to date,
the DNA/total incorporation never exceeded 60 percent, an ob-
servation which contradicts the assumption that DNA comprises

90 percent of total thymidine incorporation (Fuhrman and

4

Figure 3. Vertical profiles of: (A) bacterial cell number, (B) total
incorporation of 31-11-thymidine, (C) percentage of 3H-Total which is
incorporated Into DNA. Top: station 20. Bottom: Station 43. ("ml-'
denotes "per milliliter." "nCi 1'hr" denotes "nanocuries per liter
per hour:')
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Azam 1980). Our data on bacterial abundances (table) are sim-
ilar to previous measurements made in antarctic waters
(Fuhrman and Azam 1980; Azam, Ammerman, and Cooper
1981; Hanson et al. 1983a, 1983b; Zdanowski 1985). Despite the
elevated rates of 3H-thymidine incorporation at station 43 rela-
tive to station 20, both sites had comparable bacterial popula-
tions (table).

Riemann et al. (1987) have recently reviewed the range of
extrapolation factors currently available for DNA per bacterial cell
and provided an average value for coastal marine ecosystems
(1.1 1018 cells per mole thymidine incorporation). If we apply
this relationship to our data, we can extrapolate our measured
uptake rates to estimates of bacterial production. To estimate the
rate of total bacterial carbon production (table), we have selected
three biovolume-to-biomass (carbon content) extrapolation fac-
tors, each independently derived (Bratbak and Dundas 1984;
Bratbak 1985; Lee and Fuhrman 1987). The bacterial production
rates for station 20 are within the range of values previously
reported for antarctic ecosystems (Fuhrman and Azam 1980;
Hanson et al. 1983a; Kottmeier et al. 1987) using similar meth-
odologies. However, the rates measured for the northern

Gerlache Strait (station 43; table) are among the highest produc-
tion estimates measured for any marine ecosystem studied to
date. We believe this reflects environmental conditions present
during our field program (spring-summer bloom) and the fact
that the Bransfield Strait maintains a high rate of primary pro-
duction (Holm-Hansen et at. Antarctic Journal, this issue). A
comparison of primary production rates to our depth-inte-
grated (0-200 meter) bacterial production rates, indicates that at
station 20, bacterial production (84 milligrams of carbon per
square meter per day) was approximately 17 percent of contem-
poraneous net primary production. At station 43 bacterial pro-
duction (564 milligrams of carbon per square meter per day) was
closer to 70 percent of the measured rate of primary production.
The specific growth rates (p.) of the bacterial assemblages also
varied considerably between the two contrasting sites (table).
The several-fold variation in mean specific growth rates (p.),
especially for the near surface waters, between these two con-
trasting sites is most likely due to the higher rates of primary
production and greater water column stability present at station
43. At the present time we do not know whether the algal and
bacterial rate processes are coupled in space or time or whether

Bacterial abundance and total thymidine incorporation rate

NOTE: The production rate was calculated using the extrapolation factor 1.1 x 1018 cells per mole thymidine incorporated (Reimann et al. 1987) and a
range of current biovolume estimates: (a) 2.2 x 10 13 grams of carbon per cubic micrometer (Bratbak and Dundas 1984), (b) 3.8 x 10 13 grams of carbon
per cubic micrometer (Lee and Fuhrman 1987), and (C) 5.6 x 10 13 of carbon per cubic micrometer (Bratbak 1985). All data given for stations 20 and
43 depth profiles were obtained during the RACER January cruise.

Bacterial cell
	

Thymidine
	 Bacterial

	
Specific

Depth 
	number'
	 uptake	 production rated

	
Mean rate 	growth rate'

Station 20
	

(a)
	

(b)
	

(c)

	

0
	

4.18
	

21.05
	

0.34
	

0.59
	

0.87
	

0.60
	

0.03

	

5
	

3.90
	 19.40

	
0.36
	

0.61
	

0.90
	

0.62
	

0.03

	

15
	

4.30
	

12.91
	

0.26
	

0.45
	

0.67
	

0.46
	

0.02

	

30
	

2.90
	

22.32
	

0.38
	

0.66
	

0.97
	

0.67
	

0.05

	

40
	

2.46
	

18.87
	

0.16
	

0.27
	

0.40
	

0.50
	

0.05

	

50
	

3.80
	

17.23
	

0.26
	

0.45
	

0.66
	

0.45
	

0.03

	

75
	

2.43
	

12.82
	

0.24
	

0.41
	

0.60
	

0.42
	

0.03

	

100
	

3.04
	

9.94
	

0.20
	

0.35
	

0.51
	

0.35
	

0.02

	

150
	

3.89
	

9.04
	

0.15
	

0.26
	

0.38
	

0.26
	

0.01

	

200
	

4.73
	

22.82
	

0.32
	

0.56
	

0.82
	

0.57
	

0.03

Station 43

	

0
	

3.99
	

332.23	8.14	14.05	20.17	 14.12
	

0.48

	

5
	

3.14
	 114.74	2.28	3.93	5.80	 4.00

	
0.21

	

15
	

4.73
	

220.57	4.40	7.60	11.20	 7.73
	

0.27

	

30
	

5.52
	

114.57	2.21	3.82	5.63	 3.89
	

0.12

	

40
	

2.71
	

130.75	2.37	4.10	6.03	 4.17
	

0.28

	

50
	

3.60
	

180.61	 3.95	6.82	10.05	 6.93
	

0.18

	

75
	

5.21
	

54.83	1.13	1.95	2.86	 1.98
	

0.06

	

100
	

53.72	 -	-	 -	 -

	

150
	

5.62
	

31.00	0.64	1.10	1.62	 1.12
	

0.03

	

200
	

1.33
	

20.36	0.50	0.86	1.26	 0.87
	

0.09

8 In meters.
b Times 108 per liter.
c In nanocuries per liter per hour.

In micrograms of carbon per liter per day.
In milligrams of carbon per cubic meter per day.
Per day.
Sample lost in preparation of slide.
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there is a succession from an autotroph-dominated to a hetero-
troph-dominated ecosystem as the spring bloom matures and
then dissipates. However, the design of the RACER program was
such that this information will be available following the com-
pletion of our sample analyses.

We would like to thank the crew members of the i1v Polar
Duke and the ITT support personnel at Palmer Station for their
assistance with sample collection and logistics and U. Magaard
for her skilled technical expertise. This research was supported
by National Science Foundation grant DPP 85-18748 awarded to
D.M. Karl. Contribution number 1998 of the Hawaii Institute of
Geophysics.
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RACER: Dissolved free amino acid
concentrations, molecular

composition, and microbial uptake
rates in the Bransfield Strait

P.R. HABERSTROH, M.D. BAILIFF, C. TIEN,

G.T. TAYLOR, D. JONES, B. TILBROOK,

M. NAWROCKI, and D.M. KARL

Department of Oceanography
and/or

Hawaii Institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

A fundamental hypothesis of the Research on Antarctic
Coastal Ecosystem Rates (RACER) project is that upper ocean
physical dynamics favor high productivity at all trophic levels of
the Antarctic Peninsula coastal food web (Huntley et al., Ant-
arctic Journal, this issue). One component of the RACER program

examined microbial production processes and vertical flux of
biogenic matter relative to the physical regimes of the Bransfield
Strait. In this report, we present preliminary data on the com-
position and concentration of dissolved free amino acids in the
water column and the rates of its uptake by microheterotrophs,
in particular, bacteria. Selected data are presented from two
contrasting stations in our study area: station 20 (located in the
southern Drake Passage) was characterized by deep vertical
mixing and a moderate-to-low rate of primary production, and
station 43 (located in the northern Gerlache Strait) was charac-
terized by a well-stratified water column and a high rate of
primary production (Amos, Antarctic Journal, this issue; Holm-
Hansen, Letelier, and Mitchell, Antarctic Journal, this issue).

Water samples for dissolved free amino acid analyses (5 milli-
liter), initially collected with 10-liter Niskin bottles (vertical pro-
files) or a tethered bucket sampler (surface samples), were grav-
ity filtered through a stacked filter column containing 20-mi-
crometer and 1-micrometer Nitex mesh, followed by vacuum
filtration through a combusted glass fiber filter (Whatman,
GF/E). The filtered samples were stored frozen for analysis at the
University of Hawaii by reverse-phase high-pressure liquid
chromatography (Mopper and Lindroth 1982; Haberstroh and
Ahmed 1986). Dissolved free amino acid uptake and turnover
rates were estimated using [3,4-3H]L-glutamic acid as a model
substrate.

The spatial distributions of the ambient glutamate pool turn-
over time (in hours) in the RACER study area measured during
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The spatial distribution of the ambient glutamic acid pool turnover time (in hours) for the RACER study area during each of the four 1986-1987
cruises. All data are for surface water samples.
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each of the four 1986-1987 cruises show three important fea-
tures (figure):

• long turnover times (100-600 hours) relative to previous mea-
surements in temperate and tropical waters,

• a more rapid glutamate turnover in the high biomass regions
of the northern Gerlache Strait than in the low biomass south-
ern Drake Passage, and

• a more well-developed horizontal gradient in glutamate pool
turnover times during the spring bloom period (December-
February) than in late summer (March).

The total dissolved free amino acid pool at station 43 com-
prised high mole percent contributions from aspartic acid, glu-
tamic acid, serine, arginine, histidine, and lysine (table 1). Se-
rine was the dominant dissolved free amino acid at most water
depths. The nonprotein amino acid, ornithine, was also present
at selected depths. The molecular distributions displayed a
relatively consistent pattern with depth (0-200 meters) for a
given station and cruise, although certain exceptions were evi-
dent (e.g., station 43, 200 meters; table 1). In contrast to this
molecular composition, water samples collected at station 20
had lower concentrations of acidic amino acids and a general
absence of lysine (table 1). Serine, again, was the dominant
dissolved amino acid present at most depths. At the present
time we are not certain whether these compositional patterns
reflect variable inputs to the total dissolved free amino acid pool
or variable assimilation rates by microheterotrophs. The general
abundance of serine is of particular interest, because this amino
acid has been reported to be produced during microflagellate

feeding processes in temperate oceanic waters (Andersson et al.
1985).

Vertical profiles of dissolved free amino acid concentrations
displayed high near-surface concentrations in both glutamic
acid and total dissolved free amino acids (table 2). For both
station 43 and station 20 we observed concentration minima at a
depth of approximately 50-75 meters, a phenomenon which
was previously reported by Bolter and Dawson (1982). Glutamic
acid uptake rates for station 43 were, on average, several-fold
greater than the rates measured for station 20 and were com-
parable to glutamic acid uptake rates measured in temperate
surface waters off southern California (approximate range was
0.18-1.80 milligrams glutamic acid-carbon per cubic meter per
day; see Carlucci et al. 1984). The depth-integrated (0-200
meters) glutamic acid uptake rate for station 43 was 900 milli-
grams glutamic acid-carbon per square meter per day, a value
which is more than sevenfold greater than the glutamic acid
uptake rate measured at station 20 (127 milligrams glutamic
acid-carbon per square meter per day). Approximately 80 per-
cent of the glutamic acid-carbon uptake at station 43 occurred
below 100 meters, suggesting the presence of an active bacterial
assemblage in the subeuphotic zone of the water column, as
previously noted for water samples collected in the Bransfield
Strait (Liebezeit 1986).

We thank the crew members of the RIv Polar Duke and the
personnel of Palmer Station for their field assistance and logis-
tics support and U. Magaard for her skilled technical expertise.
This research was supported by National Science Foundation
grant DPP 85-18748 awarded to D.M. Karl. Contribution number
1999 of the Hawaii Institute of Geophysics.

Table 1. Dissolved free amino acid composition (mole percentage) during February 1987

NOTE: Amino acids are listed according to acidic, neutral, or basic properties and abbreviated as follows: Acidics: ASP (aspartic acid), GLU (glutamic acid);
Neutrals: ASN (asparagine), GLN (glutamine), ILE (isoleucine), LEU (leucine), MET (methionine), PHE (phenylalanine), SER (serine); Basics: ARG (arginine), HIS

(histidine), LYS (lysine), ORN (ornithine). Amino acids that were less than 0.5 percent of total dissolved free amino acid pool, or that were not detected at all
(1 nanomole) are designated by

Depth
	Acidics	 Neutrals	 Basics

Station	(in meters)
	

ASP	GLU	ASN	GLN	ILE	LEU	MET	PHE	SER	ARG
	

HIS	LYS	ORN

23
	

4
	

4
15
	

10
19
	

4
	

7
18
	

22
	

2
17
	

20
20
	

28
	

28
22
	

14
	

11
16
	

9

22	7	-
21	-	-
14	7	-
25	-	-
23	-	-
21	-	-
35	-	-
27	-	-
43	8	-
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Table 2. Dissolved free amino acid pools and uptake rates for February 1987

Glutamic acid
	

Glutamic acid
	

Total DFAAC
Depth
	 concentration	turnover time 

	
Glutamic	concentration

	Total DFAA
Station	(in meters)

	
(in nanometers)
	

(in hours)	acid uptake 	(in nanomoles)	uptake"

43
	

0
	

260
	

69.5
	

5.50
	

2450
	

44.88

	

5
	

200
	

110.3
	

2.68
	

4620
	

53.04

	

15
	

220
	

112.0
	

2.90
	

3420
	

38.64

	

30
	

360
	

128.1
	

4.10
	

3030
	

30.00

	

40
	

280
	

149.3
	

2.75
	

2830
	

24.00

	

50
	

20
	

193.1
	

0.18
	

1430
	

9.36

	

75
	 ND	 122.4

	
0.05
	

790
	

10.80

	

100
	

160
	

109.3
	

2.18
	

1860
	

21.60

	

150
	

510
	

74.3
	

10.00
	

3260
	

55.68

	

200
	

580
	

127.2
	

6.63
	

3060
	

30.48

20
	

0
	

270
	

127.0
	

3.13
	

5360
	

53.52

	

5
	

210
	

252.2
	

1.27
	

5620
	

28.32

	

15
	

310
	

84.6
	

5.38
	

5970
	

89.52

	

30
	

ND
	

99.0
	

0.10
	

1510
	

19.44

	

40
	

10
	

138.3
	

0.30
	

470
	

4.32

	

50
	

ND
	

NC'
	

640
	

NC

	

75
	

ND
	

184.0
	

0.03
	

340
	

2.40

	

100
	

40
	

188.4
	

0.35
	

1080
	

7.20

	

150
	

40
	

171.4
	

0.47
	

2440
	

18.00

	

200
	

3
	

104.7
	

0.17
	

333
	

4.08

a Measured by rate of utilization of 6.25-microcurie additions of [3,4-3H] L-glutamic acid (specific activity = 50 microcuries per nanomole), in 25-milliliter
water samples following a 6-hour dark incubation period at in situ water temperature.
In milligrams of carbon per cubic meter per day. Calculated by the formula: (S + A ± T) (5 nanomoles of glutamic acid-carbon per nanomole of glutamic
acid) (12.011 nanograms of carbon per nanomole glutamic acid-carbon) (10-6 milligrams per nanogram) (103 liters per cubic meter) (24 hours per day)
where "5" denotes in situ glutamic acid concentration (in nanomoles), "A" denotes added 3H- glutamic acid concentration (5.0 nanomoles), and "T"
denotes turnover time (in hours).
"DFAA" denotes "dissolved free amino acids."
In milligrams of carbon per cubic meter per day. Total dissolved free amino acid flux rate was calculated by the same formula as for glutamic acid flux rate,
except that "5" denotes total dissolved free amino acid concentration in nanomoles, and (4.4 nanomoles total dissolved free amino acids-carbon per
nanomole total dissolved free amino acids) was utilized in the calculation.
"ND" denotes "not detectable" (less than 1 nanomole).
"NC" denotes "not calculable" because net uptake of 3 1-1-glutamic acid indistinguishable from zero.
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RACER: Seasonal changes in the
downward flux of biogenic matter
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Although most particulate matter in seawater is very fine and
in suspension, evidence suggests that the bulk of the material
removed from the euphotic zone and eventually deposited on
the seafloor arrives via relatively rare, rapidly sinking large
particles (McCave 1975). Therefore, in order to describe the
ambient particle field and to understand the rates and mecha-
nisms of biogeochemical cycling in the marine environment, it
is imperative to employ sampling methods that enable the in-
vestigator to distinguish between suspended and sinking pools
of particulate organic matter.

During the 1986-1987 austral summer, we measured the
downward vertical flux rates of particulate organic carbon, par-
ticulate organic nitrogen, and particulate adenosine-5' -tn-
phosphate (P-ATP) at five stations in the 25,000-square-kilometer
study area of the Research on Antarctic Coastal Ecosystem
Rates (RACER) program (Huntley et al., Antarctic Journal, this
issue). On the slow-grid segment of each of the four RACER
cruises, we deployed free-floating sediment trap arrays at sta-
tions 13, 20, 39, 43, and 48 where comprehensive biomass
inventories and detailed biological rate processes were also
measured. Each sediment trap experiment was deployed for 24
hours, and the samples were processed immediately upon re-
covery. The seasonal particulate organic carbon, particulate
organic nitrogen, and ATP fluxes from the northern Gerlache
Strait (station 43) only are presented in this report.

Particulate organic carbon, particulate organic nitrogen, and
ATP fluxes at station 43 exhibited a pronounced and coupled
seasonal progression from relatively high rates of vertical trans-
port during the spring/summer bloom (January 1987) to late
season (March 1987) rates that averaged less than 10 percent of
the early summer maxima (table 1). In general, these fluxes are
correlated to periods of high (December) and low (March) rates
of primary production, which also varied by an order of magni-
tude during the observation period (Holm-Hansen, Letelier,
and Mitchell, Antarctic Journal, this issue). However, it appears
that there was a time lag between the production of organic
matter in the surface waters and the downward flux to greater
depths. For example, the rate of primary production was great-
est in December (approximately 2,800 milligrams of carbon per
square meter per day) and decreased to a much lower value by
January (approximately 800 milligrams of carbon per square
meter per day). The fluxes of total particulate organic carbon
and particulate organic nitrogen, however, were higher in Janu -
ary than in December. These data suggest that the production of
carbon at the beginning of the bloom is most likely coupled to a
net increase in phytoplankton biomass rather than to enhanced
particulate carbon flux to the benthos. As the bloom matures,

senescent algae, and end-products of metabolism and grazing
contribute to the sinking particle field.

This suggested seasonal progression is also supported by the
ATP flux data. In early summer (December), the particulate
organic carbon collected in the sediment traps is exclusively
comprised of living carbon (based on an assumed carbon to ATP

ratio of 250, Karl 1980; see table 1). This is primarily the result of
the rapid sinking of large chain-forming diatoms that domi-
nated the upper water column biomass inventory (Tien et al.,
Antarctic Journal, this issue). As the season progresses, the ratio
of sinking biomass carbon to total particulate organic carbon
decreases to a value of approximately 10 percent in February.
These results indicate that the bulk of the collected particulate
organic carbon in late summer is comprised of detritus (e.g.,
dead algal cells, zooplankton fecal pellets, molts, etc.) rather
than viable phytoplankton cells. At the present time we have no
information on the magnitude of small-scale spatial (kilometers)
or temporal (daily) variations in particle flux in our study area.

To date, several sediment trap experiments have been con-
ducted in antarctic ecosystems (table 2) in addition to our own
performed during the RACER program. From the limited data
available, the flux of particulate organic carbon from the eupho-
tic zone at a variety of locations south of 60° latitude appears to
average 50-200 milligrams of carbon per square meter per day.

We thank the crew members of the R/v Polar Duke for expert
logistics support, Skip Owen and Mike Simpson for their assist-
ance in the sediment trap deployment/recovery operations, and
T. Tagami for technical assistance. This research was supported
by National Science Foundation grant DPP 85-18748, awarded to
D.M. Karl. Contribution number 2000 of the Hawaii Institute of
Geophysics.

Table 1. Downward flux of biogenic matter at RACER station 43 in
the northern sector of the Gerlache Strait

Depth	Carbon	Nitrogen	ATP	Biomass

	

Cruise	(in meters)	fluxa	flux,	fluxc	fluxd

December	100	136.1	28.7	852.6	213.0

	

1986	200	104.6	18.3	398.4	99.6
(SA)

	

January	100	373.3	58.6	626.3	156.6

	

1987	200	198.0	29.5	451.7	112.9
(SB)

February	100	203.8	24.6	121.5	30.4

	

1987	200	87.0	18.0	95.3	8.3
(SC)

	March	100	NDe	6.06	57.3	14.3

	

1987	200	ND	4.00	36.3	9.1
(SD)

a In milligrams of carbon per square meter per day.
In milligrams of nitrogen per square meter per day.
In micrograms of ATP per square meter per day.
In milligrams of carbon per square meter per day. Biomass flux = ATP
flux x 250.
Sample value could not be resolved from the particulate organic carbon
mesured in the initial trap solution. Because the blank contained an
undetectable level of particulate organic nitrogen, the nitrogen flux
could be calculated in these collections.
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Table 2. Previously published sediment trap carbon flux
estimations from antarctic ecosystems

Depth range
Location	(in meters)	Carbon fluxa	Reference

620S151°E	521-3,110	120_176b	Noriki and
Tsunogai (1986)

630S 580W	100	28-39	Liebezeit (1985)
630S 550W	100	120-160	Liebezeit (1985)
650S 1250 E	50-1,000	5-184	Fujita and

Nishizawa (1982)
650S 1600 E	50-1,000	4-101	Fujita and

Nishizawa (1982)
61 0S 570W	965-2,540	13-14.8	Wefer et al. (1982)
620S 570W	100-323	30-132	von Bodungen

(1986)
620S 570W	100	97-546	von Bodungen

et al. (1986)
620S 570W	100	459-1,404	von Bodungen

et al. (1986)

a In milligrams per square meter per day.
b Assumes carbon = organic matter x 0.5.
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RACER: Feeding and egg production
rates of some antarctic copepods
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The most important species of copepods in the Antarctic
Peninsula region are Calanoides acutus, Calanus propinquus,
Metridia gerlachei, and Rhincalanus gigas (Jazdzewski, Kittel, and
Lotocki 1982). General features of their population dynamics are
known for the southern ocean (Hardy and Gunther 1936; Mann
1986), but their relation to the annual cycle and regional vari-
ability of primary production is poorly understood. Very little is
known of the feeding rates of antarctic copepods and, to our
knowledge, egg production rates have never been measured.
The known feeding rate measurements on major copepod spe-
cies were made by Schnack (1983, 1985) and by Schnack et al.
(1985). From studies conducted at three stations in the eastern
Bransfield Strait in November and December, she concluded

that copepods could remove as much as 50 percent of the daily
primary production.

There appears to be no information on copepod feeding in
much richer regions such as we encountered in the western
Bransfield and Gerlache straits during the Research on Ant-
arctic Coastal Ecosystem Rates (RACER) program, nor is there
any information on regional or temporal variability in copepod
feeding rates.

We conducted egg production experiments on Calanoides acti-
tus at six stations in the Bransfield and Gerlache straits during
December, before its reproductive period ended in mid-Janu-
ary. Live females were sorted from plankton tows taken at 20-30
meters, and seawater for each experiment was pumped from the
same depth. Groups of five females were placed in 1-liter (n =
4-16) containing a 250-milliliter plastic beaker whose base had
been replaced with 505-micrometer Nitex mesh, and incubated
for approximately 24 hours at 0-1°C. This arrangement permit-
ted eggs to sink out and escape predation. Results showed no
relationship between egg production and ambient chlorophyll a
concentration (table). This is contrary to what one would expect
from studies of other calanoid copepods such as the temperate
Calanus pacificus (Runge 1984) or arctic Calanus glacialis (Hirche
and Bohrer 1987). Aside from demonstrating a relationship of
egg production to ambient food concentration, Hirche and
Bohrer (1987) were also able, at 0-1°C, to decrease egg produc-
tion of C. glacialis to zero after 3 days in filtered seawater, and
restimulate egg production by exposure to 400 micrograms of
carbon per liter after only 5-7 days. In an almost identical
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Figure 1. Calanoides acutus females: Distribution of individual gut pigment content (in nanograms of chlorophyll-equivalents per copepod)
from 15 to 19 December 1986 (left) and from 19 to 24 January 1987 (right) in the RACER study area.

experiment, replicated ten times with Calanoides acutus, we ob-
tained very different results. First, it required at least 6 days in
filtered seawater to reduce egg production from more than 15
eggs per female per day to near zero. Second, re-feeding at 20
micrograms of chlorophyll a per liter (more than 1 milligram of
carbon per liter) for the subsequent 18 days produced no in-
crease in egg production. However, preliminary data suggest a
direct relationship between egg production rate and the size of
oil-sac.

At RACER fast-grid stations (for station locations, see Huntley
et al., Antarctic Journal, this issue), we collected copepods in
bongo net tows from approximately 40 meters depth to the
surface, sorted them to species and stage, and analyzed them
for gut pigment content using the methods of Huntley, Tande,
and Eilertsen (1987). A replicate sample from the other side of
the bongo net was preserved for later taxonomic analysis. At
selected stations on both the fast and slow grids, we measured
the evacuation rate of gut pigment (e.g., Dagg and Grill 1980).

The in situ gut pigment content of individual Calanoides acutus
females, which may be considered proportional to feeding rate

Calanoides acutus: Egg production rate

Eggs per	 Number of
female	Standard	replicate

Experiment Chlorophyll a 	per day	deviation measurements

A	 5.53	7.9	1.26	4
B	7.19	14.5	3.21	11
C	7.44	45.5	3.74	6
D	7.76	21.3	7.23	16
E	15.60	3.7	0.73	6
F	18.56	24.5	6.9	14

a In micrograms per liter.

(Mackas and Bohrer 1976), is shown for the months of De-
cember and January in figure 1. High feeding activity occurred
in two areas— north of Brabant Island and north-northwest of
Livingston Island—the same areas where we observed high
temperatures (Amos, Antarctic Journal, this issue) and high pri-
mary production (Holm-Hansen, Letelier and Mitchell, Ant-
arctic Journal, this issue). No diel cycle in feeding activity was
observed.

Experiments with Calanoides acutus and Metridia gerlachei (fig-
ure 2) during RACER indicate that gut contents are evacuated in
less than 1 hour, which is considerably faster than has been
reported for arctic copepods of similar size (e.g., Tande and
Bagmstedt 1985). Samples still enroute from the Antarctic will
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Figure 2. Metridia gerlachel: Decline in gut contents (in nanograms
of chlorophyll-equivalents) with time (in minutes) of freshly caught
females from the Gerlache Strait placed in filtered seawater. The gut
appears to be evacuated in less than 1 hour.
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enable us to calculate the total consumption by copepods at the
same mesoscale resolution as other RACER data. We expect to be
able to estimate-on a seasonal basis and with very high spatial
resolution--what fraction of the total primary production is con-
sumed by copepods, which constitute a significant proportion
of the total macrozooplankton in the region.

This research was supported by National Science Foundation
grant DPP 85-17269 to Mark Huntley and Edward Brinton. We
gratefully acknowledge the efforts of Robin Gartman and Flo-
rence Escritor.
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RACER: Mesoscale variation in the
growth and early development of

Euphausia superba Dana

M.E. HUNTLEY and E. BRINTON
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La Jolla, California 92093

The coastal zone of the Antarctic Peninsula plays a critical role
in the life of antarctic krill Euphausia superba Dana. Waters sur-
rounding the peninsula are but a small fraction of the bio-
geographical territory of E. superba, yet they are a spawning and
nursery ground of major importance (Marr 1962; Hempel,
Hempel, and Baker 1979; Witek, Koronkiewicz, and Soszka
1980; Ross and Quetin 1982; Brinton and Townsend 1984). What
biological and physical oceanographic processes make this re-
gion so conducive to krill early development? Are there specific
nursery areas in the coastal zone and, if so, where are they? We
sought answers to these questions by addressing the hypoth-
esis that growth rates of E. superba larvae are a function of food
availability, and thus are related to primary productivity and
ocean circulation.

At the Research on Antarctic Coastal System Ecosystem Rates
(RACER) program's fast-grid stations (Huntley et al., Antarctic
Journal, this issue), we collected larval E. superha in bongo net
tows from approximately 40 meters depth to the surface, sorted
them to stage, and analyzed them for gut pigment content
(Huntley et al. in press). A replicate sample from the other side
of the bongo net was preserved for later taxonomic analysis. At
slow-grid stations, we made vertically stratified tows at intervals
of 0-100 meters, 100-200 meters, and at deeper strata when
depth and time permitted; these samples were preserved for
taxonomic analysis. At 24-hour stations, we made tows at least
every 6 hours.

To measure development and growth rates of the larvae, we
conducted molting rate experiments at many stations
throughout the RACER study area, following methods of Brin-
ton, Huntley, and Townsend (1986). Groups of 50 larvae, sorted
to a single stage, were incubated in natural seawater at environ-
mental temperature, then killed and counted at progressively
later times to determine the number which had molted to the
next stage. The slope of the resulting line is development rate.
Growth rate was calculated by combining these data with dry
weight measurements on larvae from the same station.

We observed marked regional differences in the distribution,
abundance, development, and growth of E. superba larvae. On
the basis of these and other biological and physical data the
RACER study area can be divided into three nominal domains: (1)
the northern Gerlache Strait, whose influence extends approx-
imately 30 kilometers north; (2) the Bransfield Strait, bounded
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by the Gerlache to the south and by Smith Island and the South
Shetland Islands to the north; and (3) the Drake Passage, which
includes waters north of the South Shetland chain.

In general, larvae in the northern Gerlache Strait are larger,
and develop and grow faster there than elsewhere in the region.
Figure 1 shows results of molting experiments on the same
stages of larvae in both Gerlache and Bransfield straits. In
Gerlache Strait, Calyptopis 2 larvae require less than 5 days to
develop to Calyptopis 3, whereas in the Bransfield they require
more than 10 days. Similarly, Furcilia 2 require less than 9 days
in the Gerlache and more than 25 days in the Bransfield. Larvae
in the Gerlache are also larger than in the Bransfield; figure 2
shows the weight-frequency distributions of Furcilia 2 larvae
from both regions during February, 1987. The table summarizes
data on regional differences in larval size, stage duration, and
growth rates.

There is a paradox implied by these data. Stage durations of
larvae in the Bransfield were approximately double those in the
Gerlache, yet—in any given 10-day period during a RACER

cruise— the population of E. superba larvae was dominated by
the same developmental stage in both the Bransfield and
Gerlache strait areas. How could this be?

We believe many of the larvae we observed in the Bransfield
Strait could have derived from the northern Gerlache Strait. We
infer this from the following facts. First, the Calyptopis 2 larvae
we observed in the Gerlache in late January developed to Fur-
cilia 4 larvae by mid-March, as predicted from stage durations of
larvae in the Gerlache Strait. Second, if the larvae we observed
in the Bransfield in late January developed there, we would not

Figure 1. Euphausia superba: Development times of (a) Calyptopis 2
in January and (b) Furcilia 2 in larvae in February at a station in the
Bransfield Strait near Deception Island compared to one at the
mouth of the Gerlache Strait. Groups of 50 larvae were placed in
ambient seawater and incubated for varying amounts of time at 1°C.
Time required to develop through an entire larval stage was two to
three times longer in the Bransfield.

E
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0

0	 2	 4
TIME (d)

Figure 2. Euphausia superba Furcilia 2 larvae: Relative frequency distributions (percentage) of dry weight (in micrograms) of larvae from the
Gerlache Strait (top) and the Bransfield Strait (bottom) during February, 1987. Furcilia from the Gerlache were heavier (x = 708 micrograms; n =
68) than those from the Bransfield (x 383 micrograms; n = 19).
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Comparison of Euphausia superba from Gerlache and Bransfield straits

Gerlache Strait	 Bransfield Strait

	

Stage	 Stage
Body
	 duration 	 Growth

	
Body	 duration'

	
Growth

Stage	 weighta	 (in days)	 rate	 weighta	 (in days)	 rate'

Calyptopis 1
	

140c
	

30	 n/a	 121
	

30
	 n/a

Calyptopis 2
	

210
	

6
	

11.7
	

181
	 12e	 5.0

Calyptopis 3
	

268
	 5e	 11.6

	
240
	 11 	5.4

Furcilia 1
	

617
	 ioe	 34.9

	
313
	

15
	

4.9
Furcilia 2
	

708
	

12
	

7.6
	

383
	

15
	

4.7
Furcilia 3
	

1277
	 ge	 63.2

	
754
	 28	 13.3

Furcilia 4
	

1536
	

13
	

19.9
	

805
	

20
	

2.6
Furcilia 5
	

1870
	

13
	

25.7	 no data	 no data	 no data

a In micrograms of dry weight.
b Values of stage duration for the Gerlache Strait are from Ikeda (1984) unless otherwise indicated.

In micrograms per day.
d Values of stage duration for the Bransfield Strait are from Witek et al. (1980) unless otherwise indicated.

Values from RACER 1986-1987.

have expected them to reach Furcilia 4 until late April. However,
they were there in mid-March--45 days earlier than anticipated.
Third, in an experiment using Calyptopis 3 larvae from the
Gerlache, stage duration was not affected by food availability
(one group in ambient seawater and a second group in filtered
seawater), but the final weight was (fed larvae were larger than
starved larvae). Finally, we know from the dynamic topography
(Amos, Antarctic Journal, this issue) that a particle entering the
Bransfield from the Gerlache should take approximately 10-20
days to cross the Strait, enough time to molt to the next stage.
This suggests that larvae we observed in the Bransfield did not
develop there. If they had been advected from the northern
Gerlache Strait they would have continued to molt at the same
rate, but would not have grown much due to the poor food
availability in the Bransfield. Their presence in the Bransfield is
consistent with observed rates of calculated geostrophic flow.

A second pulse of Calyptopis larvae appeared in late Febru-
ary in waters north of the South Shetland Islands, where pri-
mary production was low. By this time production of larvae
along the Peninsular coast had slackened greatly. Numbers of
larvae from the two geographically and temporally separated
pulses were similar, but development rates of the offshore lar-
vae were almost tenfold longer.

The hypothesis that many of the larvae in the Bransfield
originate in the Gerlache Strait remains to be tested. If, as we
suspect, the Gerlache Strait is an important source of larvae for
the entire Antarctic Peninsula region, then it deserves close
scrutiny. It may be a primary nursery ground for krill.

This research was supported by National Science Foundation
grant DPP 85-17269 to Mark Huntley and Edward Brinton.
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RACER: Population structures of
Euphausia superba near the Antarctic

Peninsula, December to March
1986-1987
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Most mass occurrences of adult and subadult Euphausia su-
perba in the Bransfield Strait and the adjacent Drake Passage
have been reported to be in coastal waters, usually near the
slopes or over shelves of the South Shetlands and the Antarctic
Peninsula (e.g., Marr 1962; Kittel 1980; Brinton and Antezana
1984; Quetin and Ross 1984; Siegel 1986; Brinton et al. 1987).
Many of the more recent of these samplings have been directed
at acoustically recognized targets. The more dispersed krill have
not often been sampled in a systematic way, making it difficult
to estimate overall abundances from the catches. During the
December 1986 to March 1987 Research on the Antarctic Coastal
Ecosystem Rates (RACER) surveys of these areas (Huntley et al.,
Antarctic Journal, this issue) sampling was done on predeter-
mined grids of stations, extending across the deep basins of the
Bransfield and well into the Drake Passage. This provided op-
portunities to estimate areal abundances from nearshore and
oceanic regions, both separately and in combination.

For the present preliminary description of E. superba popula -
tion characteristics, the relatively numerous samples from the
four monthly fast-grid surveys will be used. These were ob-
tained by bongo nets in the 0-40-meter layer. Results from more
comprehensive, though fewer, samplings of the slow-grid sur-
veys (0-100 meters, 100-200 meters, and sometimes deeper)
will be dealt with at a later time. In general, nighttime sampling
in the 0-40-meter layer provided body-length frequencies com-
patible with population structures determined across the great-
er ranges of depth. Length-frequency distributions of E. superba
are presented here by region.

Three nominal domains were defined by Huntley and Brin-
ton (Antarctic Journal, this issue):
• Area I—the northern part of the Gerlache Strait and adjacent

peninsular waters;
• Area IT—the Bransfield Strait, bounded on the north by the

South Shetlands and Smith Island; and
• Area Ill—a portion of the Drake Passage extending north-

ward from the westernmost islands of the South Shetland
chain.
The predominantly bimodal (e.g., Brinton et al. 1987) or

trimodal (Siegel 1986) size-frequency distribution of post-larval
E. superba derives from the strong seasonality of reproduction
and growth in this species and the 2-2+ year life span. In the
bimodal interpretation, krill in their second season of growth (1
year old) are approximately 20-43 millimeters in length, with
the smaller sizes either having been produced late in the pre-
vious summer or undergone slower growth than other krill of
the same age, or both; body-length in this year-class usually
centered near 30-35 millimeters in February and March, 1987.
Most krill larger than approximately 43 millimeters by January
are mature in the breeding season and are considered, here, to

be 2 or more years old; the February-March mode for males
commonly crests at a somewhat greater body length (approx-
imately 50 millimeters) than for females (approximately 45-48
millimeters) which must expend greater reproductive energy.

Relatively few krill were netted during the December and
January coverages when phytoplankton concentrations were
dense, particularly in area I (Gerlache Strait and peninsular
waters) (Holm-Hansen, Letelier, and Mitchell, Antarctic Journal,
this issue). Krill were then either positioned deeper than the
towing depths, remaining beneath the layer of dense phy-
toplankton, or were particularly adept at avoiding the nets. No
reproductive female krill were caught in area I during December
and January, although January was the time of most intense
production of larvae there; a number of immature (1-year-old)
krill, 2640 millimeters in size, were netted. This enigma must
be addressed in future studies. No postlarval krill were caught
in area II (Bransfield) in January, but area III (Drake Passage)
yielded prereproductive krill, almost all of which were 2 years
or 2 + years old; the females were gravid, evidently about to
produce eggs for the conspicuous February hatchings in the
Drake Passage (Huntley and Brinton, Antarctic Journal, this
issue).

Questions are raised by these results. Where was the adult
stock which gave rise to the large, distinct cohort of January
larvae emanating from the Gerlache Strait (Huntley and Brin-
ton, Antarctic Journal, this issue)? This and previous descrip-
tions of postlarval krill from coastal waters of the peninsula
(e.g., Brinton and Antezana 1984; Quetin and Ross 1984;
Fevolden and George 1984; Siegel 1986) show area I krill to be
dominated by 20-40-millimeter sizes, and few larger krill have
been found there. Of these small krill, only a few (in the 37-40-
millimeter range) were found to have been reproductive. As
also was the case in previous investigations, most of the large,
45-55-millimeter krill, possibly capable of far greater egg pro-
duction than smaller krill, occurred away from the peninsula,
off the South Shetlands, and tended to spawn relatively late in
the season. It may be significant that a portion of the Drake
Passage north of Livingston Island remained ice-bound in De-
cember 1986, whereas the Bransfield, in which krill reproduc-
tion had by then commenced, was already ice free.

When reproduction occurs in two principal pulses (e.g., early
January and late February) possibly from parental stocks of
different year classes, might the two groups of recruits be dis-
tinguishable on the basis of size a year later? The February and
March 1987 population curves (figure) suggest that this may,
indeed, be possible. Paired secondary modes of near-equal
magnitude can be seen within the principal 28-37-millimeter
mode in most of the examples presented, perhaps reflecting
differences in the timing of their origins. Furthermore, still
smaller (20-millimeter) juveniles, though few, occurred in a
number of the samples, possibly derived from a third, though
weak, reproductive pulse which occurred even later in the 1986
season than the two main ones. Understanding the relative
roles of timing of reproduction vs. differential growth rates of
young (Huntley and Brinton, Antarctic Journal, this issue) in
producing such secondary modes is the object of continuing
study.

By late February 1987, phytoplankton stocks were in sharp
decline and postlarval krill were caught throughout the study
area. Area I continued to harbor predominantly 1-year-old (im-
mature) krill, now at a mean density of 140 per 1,000 cubic
meters (figure, block a); mature, postreproductive krill (40-53
millimeters in size) were present but averaged only 29 per 1,000

1987 REVIEW	 163



POST LARVAL Etiphausia superba

rn
E
0
0
0

a)

0
z

FEBRUARY 1987
20	

DRAKE PASSAGE (FC, Area ll[)

10	C
62.6I

B

1.0	
1Cl20m3	(

R I

0.1

20 25	30 35 40 45 50 55 60

5 [ BRANSFIELD STRAIT WC, Area U)

B	Juveniles
11.2 / 1000m3

/	?
/	.ie.i

4

'I	I
114

iI

40 45	50 55

20 GERLACHE STRAIT & PENINSULAR COAST
-	 -	 (FC, Area l)

18.4

5. .\	..-.//

i
it

20 25	30 35 40 45	50	55

Body Length (mm)

MARCH 1987

10 p DRAKE PASSAGE ( FD, Area lll)

1.

	

1.0 -	 I	I 'I

	

I	 /	I

	

-	 Juveniles	 1. 1 
Cr

	

-	2.5/1000m3

0.1
20 25 30 35 I 4l5! 50 55

lOi- BRANSFIELD STRAIT (FD, Area ll(

E

	

-	Juveniles
18.2 / 1000m3

1.0-

0.1 L 
o	25	30	35	40	45	50	55

10	GERLACHE STRAIT & PENINSULAR COAST

Juveniles	

( FD, Area I)

	

-	 15.2

14.4
76 1 I0O0m3

	

-	 .	Sii

	

-	 S	S

4	 I

Is

0.1 L
20	25	30	35	40 45	50	55

Body Length (mm)

0.1 1 11	 1 __J	 - -i

	

20 25	30	35

10

In
E
0
0
0

.0CL
0
z

0.1

Size frequency distributions of juvenile and adult E. superba observed in the three areas indicated. FC and FD refer to fast grid surveys of
February and March, 1987, respectively. Abundances are averages from nighttime and positive daytime samples in each area. Juveniles enter
adulthood at 38-43 millimeters body length. ("mm" denotes "millimeters?' 11 m3" denotes "cubic meters?')

cubic meters. Area II (figure, block b) yielded almost as many 2-
year-old krill as area I but far fewer 1-year-old juveniles. Area III
(Drake Passage) krill (figure, block c) were predominantly 2
years old and postreproductive; most of these were in swarms
along the northern shelf of Livingston Island, compared with
the more-dispersed oceanic distribution of mature pre-
reproductive krill in the area a month earlier.

Population structure of March krill in the Gerlache Strait area
(figure, block d) closely resembled that of February (figure,
block a). Male petasmas of the few 2-year-old krill were almost
all in the regressed (immature) condition and female ovaries
were spent, indicating that reproduction had ceased. The same
condition obtained in March males of areas II and III, to the
north, although substantial production of larvae had occurred
in these areas only a month before. March krill in the Drake

Passage (figure, block 0 seemed significantly fewer than in
February, possibly indicating considerable February-March
mortality in this population of older krill.

This work was supported in part by National Science Founda-
tion grant DPP 85-17269.
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The Research on Antarctic Coastal Ecosystem Rates (RACER)

program has provided one of the most comprehensive studies
to date of mesoscale ecosystem dynamics in antarctic coastal
waters. The key hypotheses and fundamental sampling strat-
egy are discussed by Huntley etal. (Antarctic Journal, this issue);
here we present a summary of our findings in the pilot field year
of the program. Amos (Antarctic Journal, this issue) defined
seven distinct water masses within the 25,000-square-kilometer
study area, some of which were not revealed by previous stud-
ies using coarser sampling. A strong northeasterly flow (up to
30 centimeters per second) across the Bransfield Strait, from
Brabant to Livingston Island, marks the front between "Bell-
ingshausen" and "Weddell" waters. An unusually warm
>2.5°C) zone of surface water which appeared at the northern
entrance to Gerlache Strait in December and persisted through
January indicates a possible eddy created by the island effect we
hypothesized. Biologically productive areas were characterized
by high temperatures, steep pycnoclines, a shallow mixed layer
(approximately 10 meters) and low penetration of irradiance
(Amos; Mitchell, Menzies, and Holm-Hansen, Antarctic Journal,
this issue). Beam attenuation and diffuse attenuation coeffi-
cients showed that in productive waters, there was often insuf-
ficient light for photosynthesis below 15 meters (Mitchell, Men-
zies, and Holm-Hansen, Antarctic Journal, this issue).

The spring phytoplankton bloom was well underway by De-
cember and declined in succeeding months. Primary productiv-
ity, phytoplankton biomass, bacterial production, and biomass

were greater—by more than one order of magnitude—in waters
of the Gerlache Strait and north of Brabant Island than in waters
of the southern Drake Passage (Holm-Hansen, Letelier and
Mitchell; Bailiff et al.; Haberstroh et al., Antarctic Journal, this
issue). Pigment-specific primary production was linearly re-
lated to temperature within the ambient range observed (Holm-
Hansen et al., Antarctic Journal, this issue). The ranges in chlo-
rophyll a (0.2-20 micrograms per liter), particulate ATP (18-1,400
nanograms per liter), and primary production (80-3,000 milli -
grams of carbon per square meter per day) span the full range of
these variables previously reported for surface waters of the
world ocean.

With the decline of the spring phytoplankton bloom, we
observed the following significant changes:
• nitrate concentrations decreased from more than 25 micro-

moles to less than 3 micromoles (Karl et al., Antarctic Journal,
this issue)

• ammonia concentrations increased from undetectable levels
to more than 10 micromoles (D. Karl, University of Hawaii,
unpublished data);

• particulate matter was dominated first by large (more than 20
micrometers) then by smaller (less than 20 micrometers) par-
ticles (Tien et al., Antarctic Journal, this issue);

• community succession from large diatoms to bacteria and
autotrophic nanoplankton, and finally to heterotrophic
flagellates (Tien et al., Antarctic Journal, this issue).

Downward flux of biogenic carbon lagged the bloom, reaching a
maximum in the northern Gerlache Strait of 373 milligrams of
carbon per square meter per day in January, and falling to less
than 15 milligrams of carbon per square meter per day by late
March (Karl et al., Antarctic Journal, this issue). During the early
phase of the bloom most carbon production contributed to a net
increase in phytoplankton standing stock; vertical flux consis-
ted primarily of living matter. As the bloom declined the down-
ward flux came to be dominated by nonliving matter such as
dead algae, detritus, and zooplankton feces (Karl et al., Ant-
arctic Journal, this issue).

Among the copepods, Calanoides acutus dominated in De-
cember and January and Metridia gerlachei became important in
the late summer. Grazing rates of C. acutus were greatest in areas
of high phytoplankton biomass and primary production, but
their egg production was not related to ambient food conditions
(Huntley, Mann, and Oresland, Antarctic Journal, this issue).
The first major spawning of Euphausia superha occurred in De-
cember, with early larvae appearing in mid-January in the
Gerlache Strait and southwestern Bransfield Strait (Huntley
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and Brinton, Antarctic Journal, this issue), but we found little
evidence of the reproductive adults which should have
spawned these larvae in the Gerlache Strait region in December
(Brinton, Antarctic Journal, this issue). These first larvae de-
veloped, as a traceable and regional cohort, to late furcilia by the
end of March. In the northern Gerlache Strait larval E. superba
were more abundant, consistently larger, and developed and
grew faster than in the Bransfield Strait and Drake Passage
(Huntley and Brinton, Antarctic Journal, this issue). Throughout
the season, populations of postlarval krill were dominated by
juveniles in coastal regions of the Antarctic Peninsula and by
reproductive adults in the vicinity of the South Shetland Islands
(Brinton, Antarctic Journal, this issue). This latter population
spawned in February, producing an abundance of larvae almost
equal to that earlier in the season in the Gerlache Strait;
however, this second group of larvae was smaller and grew
almost one order of magnitude more slowly (Huntley and Brin-
ton, Antarctic Journal, this issue). We believe the Gerlache Strait
may be an important nursery ground for krill.

Results of the pilot RACER program suggest an hypothesis for
the development, maintenance, and regional variation of the
spring bloom. Primary production in early spring is greatest in
nearshore embayments, which are the first waters to stabilize
due to protection from storms and high input of meltwater.
Pigments associated with high phytoplankton biomass cause
light absorption and heat dissipation near the surface; phy-
toplankton respond to higher temperatures with increased pro-
ductivity. Continued stability, productivity, and sedimentation
rates eventually reduce nutrient concentrations. High produc-
tivity is maintained by nutrients recycled through grazing pro-
cesses. We believe this process may be inhibited in waters of the
Bransfield Strait and Drake Passage due to frequent wind-in-
duced deep mixing. Renewed studies should address this hy-
pothesis in detail. Good relationships now developed between
optical characteristics and phytoplankton biomass and primary
production (Mitchell et al., Antarctic Journal, this issue) should
improve the prospects for successful application of remote sens-
ing technology in this challenging region.

It is our pleasure to thank the crew of RIv Polar Duke and
support staff at Palmer Station, who greatly aided our field

research efforts. This research was supported by National Sci-
ence Foundation grants DPP 85-17269 (to Huntley and Brinton),
DPP 85-18748 (to Karl), and DPP 85-19908 (to Holm-Hansen).
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Antarctic marine ecosystem research
at the ice-edge zone, 1986

AMERIEZ 1986: A summary of
activities on board the A/V Melville and

USCGC Glacier

CORNELIUS W. SULLIVAN

Marine Biology Research Section
Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

DAVID C. AINLEY

Point Reyes Bird Observatory
Stinson Beach, California 94970

Scope. The project known as Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ) is a multidisciplinary
investigation of pelagic ecosystem structure and processes
which result from the presence and dynamics of the marginal
ice zone. Depending on season, pack ice may be forming or
melting and the ice edge may be stationary, advancing, or re-
treating. The first of four planned AMERIEZ cruises took place at a
retreating edge in the Weddell/Scotia Sea during spring 1983
[figure—block a; see Ainley and Sullivan (1984) and Ainley et al.
(1986)]. During the second cruise 46 scientists (table) on two
ships studied the physics, chemistry, and biology of the autumn
ice edge in the western Weddell Sea (figure—block b). Two
major hypotheses focus the program objectives:

1. The pack-ice edge is a major oceanographic feature where,
due to little understood processes, enhanced biomass and bio-
logical productivity occur.

2. The seasonal advance and retreat of the ice margin, which
is an ecological interface between two communities, strongly
affects the natural history of most organisms residing in the
vicinity.

In addition, individual investigators are testing more specific
hypotheses which pertain to their particular interests. These
are described in their individual reports, also contained in Ant-
arctic Journal, this issue.

Logistics. USCGC Glacier departed Punta Arenas, Chile, on 27
February and arrived in the AMERIEZ study area on 4 March; RIV
Melville departed on 2 March and arrived on 7 March. Both
ships remained in the main ice-edge study area until 27 March.
Melville arrived back in Punta Arenas on 4 April, followed by
Glacier on 8 April, after a call at Palmer Station. Melville, from
Scripps Institution of Oceanography, operated in the open wa-

ters east of the ice edge and was complemented by Glacier,
which operated in the pack ice west of the ice edge (figure—
block b). During 25 days in the study area, 104 stations were
occupied. After an initial station at the ice edge, when instru-
ments on board the two ships were intercalibrated, each ship
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a. Study areas during spring AMERIEZ I, November and December
1983, and autumn AMERIEZ II, March 1986. Hatched portion of study
areas were covered by pack ice; these were sampled from USCGC
icebreakers. Melville stations were taken in open water. Nimbus-7
satellite sensors for AVHRR, czcs, and SMMR collected data in the
region during the AMERIEZ II investigation for synoptic interpreta-
tions of ice-edge features. b. Enlargement of AMERIE? II study area
showing station locations. Symbols indicate locations along east-
west transects along which data for oceanographic sections were
taken to evaluate gradients in physical, chemical, and biological
features of the marginal sea-ice zone. Ten sets of ice-core samples
were collected at Glacier stations: 1, 9, 11, 13, 15, 16, 18, and 19 for
evaluation of geophysical, chemical, and biological properties.
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Senior scientists participating in AMERIEZ 1986

Investigator
	 Home institution	 Research specialty

Arne V. Aarset
	

University of Trondheim

David G. Ainley	 Point Reyes Bird Observatory

John L. Bengston	 National Marine Mammal Laboratory

Josefino C. Comiso	 National Aeronautics and Space Administration,
Goddard Space Flight Center

Greta Fryxell	 Texas A&M Research Foundation

Freezing tolerance

Sea bird ecology

Ecology of pinnipeds

Satellite remote sensing,
SMMR and AVHRR

Microalgae of the sea
ice and the water
column

David Garrison

Louis I. Gordon

Thomas L. Hopkins

David Husby

Michael Macaulay

Chuck McClain

Robin D. Muench

David M. Nelson

Greg Rau

Walker 0. Smith, Jr.

Janice B. SooHoo

Cornelius W. Sullivan

Erik Syvertsen

Jose Torres

University of California, anta Cruz

Oregon State University

University of South Florida

Pacific Environmental Group, National Marine
Fisheries Services/National Oceanic and
Atmospheric Administration

University of Washington

National Aeronautics and pace Administration,
Goddard Space Flight Center

Science Applications, Inc.

Oregon State University

National Aeronautics and Space Administration,
Ames Research Center

University of Tennessee

University of Southern California

University of Southern California

University of Oslo

University of South Florida

Microheterotrophsqa

Phytoplankton and
nutrient dynamics

Micronekton and
zooplankton ecology

Physical oceanography

Hydroacoustics of krill

Satellite remote sensing,
czcs

Physical oceanography

Phytoplankton and
nutrient dynamics

Biogeochemistry

Phytoplankton and
nutrient dynamics

Photobiology, optical
oceanography

Microbial growth and
metabolism

Ice algal ecology

Micronekton and
zooplankton physiology

began station tracks perpendicular to the ice edge. Melville
stations extended 200 kilometers away from the ice edge while
Glacier stations extended 80-100 kilometers into the pack (fig-
ure—block b). After reaching its maximum penetration into the
ice pack, Glacier's helicopters were deployed to points 50 kilo-
meters farther into the heavy pack for purposes of sea-ice sam-
pling and video reconnaissance, seal and bird surveys, and on
one occasion scuba diving operations adjacent to an iceberg.

In all, four transects were made perpendicular to the ice-edge
zone: two in the southern and two in the northern portions of
the study area. In each portion, one transect designated "fast"
was made in 2-3 days while the other, designated "slow," re-
quired 5-7 days to complete. Fast transects attempted synoptic
coverage and concentrated on hydrostation sampling of water-
column features. Slow transects permitted longer time on sta-
tion for all sampling activities. On Glacier the following samples!

activities were conducted when on station, including samples
from both the water column and ice:
• ice physical/chemical characteristics;
• downwelling irradiance profiles of photosynthetically avail-

able irradiance, and spectral composition,
• nutrient chemistry,
• bacterioplankton growth rates;
• primary productivity;
• photosynthetic pigments by high-performance liquid

chromatography,
• absorption, and fluorescence excitation spectra of phy-

toplankton!ice algae,
• phytoplankton!microheterotroph biomass, species composi-

tion, and settling rates;
• hydroacoustic, trawl, net, and scuba-diver sampling of mi-

cronekton; and
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• diet analysis of birds and seals.
During two 24-36-hour stations, day-night comparisons and

extensive off-ship activities, such as scuba surveys, ice sam-
pling, and the study of seal activity patterns and diving be-
havior, were made. When the ship was underway the following
data were gathered: meteorological information, ice charac-
teristics, sea-surface temperature and salinity, surface irra-
diance, in vivo chlorophyll fluorescence, and seabird and mam-
mal densities. On Melville, the same suite of activities was
carried out except for scuba surveys and studies of ice fauna and
seal diving behavior.

Observations. The marginal ice zone was exceedingly narrow;
the transition from open water to consolidated pack took place
over a distance of only 1-5 kilometers. The pack ice was found to
be extremely consolidated, with considerable amounts of multi-
year ice. Air temperatures were below freezing for all but 4 days;
three major freezing events occurred when air temperatures as
cold as - 13°C were reached. During these events, frazil ice
formed over leads in the pack ice and in areas of open water
seaward of the ice edge as evidenced by a vast expanse of
pancake ice covering the sea surface. Two major off-ice wind
events occurred during the cruise, one each during the second
and fourth weeks. Winds out of the west spread the pack ice
5-25 kilometers toward the east, opening semi-protected leads
and small polynyas where new ice formed rapidly. Otherwise,
on-ice winds continually consolidated the pack, as observed by
helicopter video camera reconnaissance. Meteorological,
geophysical, and biological information collected during
AMERIEZ 1986 will be compared with images obtained by AVHRR,

SMMR, and czcs sensors on the Nimbus-7 satellite. This interac-
tion with personnel from the National Aeronautics and Space
Administration's Oceans and Ice Branch will help to provide a
more synoptic view of the ice-edge region than would other-
wise be possible.

The hydrographic regime in the vicinity of the ice was also
well defined. Surface temperatures were at the freezing point in
the ice and increased to - 0.5°C 150-250 kilometers seaward of
the edge. The density structure, as determined by conductivity-
temperature-depth profiles, showed a relatively fresh upper
mixed layer with a strong pycnocline at a depth of 20 to 30
meters, but generally decreasing in depth with distance both
seaward and iceward of the ice edge. The physical regimen
indicated that the ice pack had not yet begun a major expansion
through freezing. This was confirmed by SMMR imagery for the
western Weddell region generally.

We found the general productivity of the region, at least as
evidenced in the lower trophic levels, to be well below that
observed during the spring 1983 AMERIEZ cruise. This, however,
was not the case in the highest trophic levels. If a major ice-edge
related bloom had occurred in the region, as observed on our
spring cruise, traditional indicators of phytoplankton standing
crops, such as chlorophyll a, indicated that its effects had abated
prior to our arrival. Inorganic nutrients such as nitrate, silicic
acid, and phosphate were typically high (nonlimiting)
throughout the study area and substantial concentrations of
ammonium ion were observed in the surface layer, especially
near the ice edge and just under the outer pack ice. Limitation of
primary production by low surface irradiance and grazing of
zooplankton may have contributed to the state of the system as
observed during our studies. The photophysiological charac-
teristics of phytoplankton/ice algae and the optical properties of

seawater in the region further support the possibility of a light-
limited system.

In contrast, heterotrophic microbial production was remark-
ably high compared to autotrophic production, and rates of
macromolecular synthesis by bacterioplankton were quite sub-
stantial. Microzooplankton under the ice were in low abun-
dance but moderately high levels were found in the open ocean
and even higher concentrations in the sea ice. Total zooplankton
biomass was almost equally divided between micro-
zooplankton and macrozooplankton at approximately 200-300
grams of carbon per square meter each. It was estimated that
most of the particulate matter in the upper 200 meters could be
grazed out in 30-60 days. The ice-edge system in autumn ap-
peared to be dominated by heterotrophic process rather than
autotrophic process.

Most biological activity in the water column was confined to
the upper 40 meters compared to spring when it extended to
150 meters; within the ice pack itself, as in spring, the highest
concentrations of biomass and biological activity were confined
to ice floes. Unlike the water column, both autotrophic and
heterotrophic production in ice floes was substantial. This pro-
duction included microbes such as bacteria; ice algae, hetero-
trophic protists, and zooplankton such as larval/juvenile krill;
and amphipods which were feeding within a variety of sea-ice
microhabitats (Kottmeier and Sullivan 1987).

In highest trophic levels, the system appeared to be at a level
comparable to the spring. Bird and mammal densities were
equivalent during the two periods. The physiological condition
of avian predators indicated that they had been feeding heartily.

Within all trophic levels, we observed the distributions of
organisms, their behaviors and physiologies which reflected
ways in which they prepare for the advance of the pack ice and
advent of winter conditions. This AMERIEZ cruise thus offered an
instructive contrast to the spring 1983 cruise. Through this
contrast, and that anticipated from future cruises in winter and
summer, much will be learned concerning the seasonal vari-
ability and dynamics of the ice-edge ecosystem.

We wish to thank Captain Haines and the crew of the Melville,
Captain Hewel and the crew of USCGC Glacier, and ITT Antarctic
Services for their excellent support. The direct field assistance
and untiring efforts of Robert Wilson and Lt. Jay Ellis were
especially valuable. We thank our colleagues for sharing un-
published information for the preparation of this program over-
view. Support was provided by National Science Foundation
grant DPP 84-44783, National Marine Fisheries Services, and the
National Aeronautics and Space Administration.
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AMERIEZ 1986: Under-ice fauna from
the Weddell Sea—Responses to low

temperature and osmotic stress

ARNE V. AARSET

Department of Zoology
University of Trondheim

Norway

One Antarctic Marine Ecosystem Research at the Ice-Edge
Zone (AMERIEZ) program objective is to determine how the
seasonal growth and recessional of annual pack ice influences
the distribution of organisms at all trophic levels. Among the
organisms of interest are sea-ice biota which in the Weddell Sea
include the amphipods Eusirus antarcticus and stage 1 juvenile
krill Euphausia superba (Kottmeier and Sullivan 1987). These
organisms were observed to inhabit the sea ice and thus they
encountered the physico-chemical changes associated with the
formation and melting of ice (Andreas and Ackley 1982; Maykut
1985). It is clear that krill and amphipods in intimate contact
with the ice would benefit considerably from physiological and
behavioral adaptations that permit them to survive freezing and
thawing changes in their immediate environment. Cold toler-
ance, euryhalinity, and freezing tolerance might be of adaptive
significance for sea-ice biota.

The amphipod E. antarcticus and the krill E. superba were
collected in the Weddell Sea, Antarctica, in February and March
1986. The animals were sampled from burrows in the ice
through the use of diver-operated, hydraulically based sam-
pling equipment (Aarset and Willumsen 1985). The size of the
animals ranged from 15 to 25 millimeters. To assess the behavior
and survival of the under-ice fauna to freezing seawater, several
low-temperature experiments were performed, with animals

enclosed in freezing chambers containing seawater. The tem-
peratures were determined to ±0.25CC by thermocouples con-
nected to a potentiometric recorder (Aarset and Aunaas 1987b).

The results reveal that the E. antarcticus does not tolerate
freezing into solid sea ice; by contrast, the krill were able to
survive temperatures down to almost - 4°C in solid ice (table 1).
The amphipods, however, were able to stay away from an ad-
vancing ice front during ice growth in the experimental cham-
ber. These laboratory studies correlated well with the in situ
observations made during under-ice dives. During several
dives in the Weddell Sea, underwater frazil ice production was
observed. The frazil ice accumulated on the undersurface of the
congelation ice and made up a 20-30-centimeter thick ice-crys-
tal layer. The amphipods left the congelation ice, crawled
through the frazil ice layer, and took position at the interface of
seawater and frazil ice crystals. The krill disappeared more or
less from the areas during freeze-up, but it was difficult to see
any specimens that actually froze into the ice.

When individuals of E. antarcticus and E. superha were cooled
in air, they froze and died at temperatures of - 11.4°C and
—9.1°C, respectively (table 1). These relatively low supercool-
ing points indicate that no highly potent ice nucleators were
present in the body fluids of the animals. The amphipod Gam-
marus wilkitzkii from the arctic pack ice supercools to about
- 4°C, while the amphipod Gammarus oceanicus associated with
landfast ice at Svalbard, has a supercooling point of about
- 6°C. The antarctic under-ice fauna, therefore, seem to have a
better supercooling capacity than the arctic species I have inves-
tigated so far (Aarset and Aunaas 1987b).

The survival of E. antarcticus and E. superba in a supercooled
state could depend on the presence in their body fluids of
thermal hysteresis agents, which are proteinaceous com-
pounds acting to stabilize the supercooled state and have been
demonstrated in different categories of supercooled animals
(DeVries 1971; Duman et al. 1982). However, tests for thermal
hysteresis agents were all negative (table 1). The presence of
thermal hysteresis agents in the haemolymph of the animals
was tested by measuring temperature differences in

Temperature'

Table 1. Thermal data of the under-ice fauna

Haemolymph
Brine	Supercooling	 freezing

salinity	 point'	 point'

34
	

—11.4±0.6	—1.98±0.1
35
52
69

34	 —9.0±1.6	 - 2.0±0.1
35
52
69
85

100

Haemolymph
melting
pointb	Survivald

—1.95±0.1	 100
--	 100
--	 0
--	 0

Na

E. antarcticus
3

15
15
15

E. superba
6

15
15
15
15
15

—1.5
—2
—3
—4

—1.5
—2
—3
—4
—5
—6

a Numbers of individuals.
In degrees Celsius.
In parts per thousand.
Percentage.
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haemolymph melting and freezing points on a Clifton nanoliter
osmometer (Zachariassen and Husby 1982).

The fact that animals cooled in freezing seawater were injured
at temperatures above the supercooling point of animals cooled
in air could indicate that injury mechanisms other than spon-
taneous internal freezing were involved. A possible mechanism
responsible for injuries of this kind could be seeding of external
ice through the body surface. In the freezing experiment, some
of the animals left the ice during freezing but tolerated staying
in the concentrated brine. The amphipods were injured at tem-
peratures from - 2°C to - 3°C, corresponding to brine salinities
from 35 to 52 parts per thousand, while the krill were injured
from - 3°C to - 5 3C, or brine salinities from 52 to 85 parts per
thousand.

Low temperature, however, seems to promote the salt toler-
ance of both the krill and the amphipod. When the animals
were exposed to high-salinity media at a temperature of
- 1.5°C, E. antarcticus, they tolerated a salinity exposure from 34
to about 40-45 parts per thousand, while the krill E. superha
could be transferred from 34 to about 45-50 parts per thousand
(table 2). In these salinity ranges, the animals also responded by
being osmoconforming organisms (table 2). This implies that
during sea-ice growth the animals may tolerate staying in the
vicinity of the ice by conforming to the ambient brine salinity.
The animals thereby lower the melting point of their body
fluids, until high external salt concentrations become too un-
favorable.

During summer, most of the antarctic pack ice melts at the ice/
water interface with relatively low input of freshwater to the sea
surface (Gordon 1981). Exposure of E. antarcticus and E. superba
to low salinity media at an almost constant temperature of
0- - 1°C, demonstrated that the animals were osmoconformers
over their folerated salinity range (table 2). The amphipod toler-
ated an exposure from 34 to 25-26 parts per thousand, while the
krill tolerated salinities to about 24-25 parts per thousand.
However, the antarctic species investigated were not as eu-
ryhaline as the under-ice amphipods from the Arctic, which
display an osmoregulation down to almost freshwater (Aarset
and Aunaas 1987a). This might be a result of the differences in
the melt progress in the two polar regions. The antarctic under-
ice fauna, however, seem to be well adapted to live in the sea-ice
interface of the Weddell Sea.

The author would like to thank chief scientist Cornelius W.
Sullivan, colleagues, and crew of USCGC Glacier for all their
assistance during the expedition. This research was supported
by National Science Foundation grant DPP 84-44783 to C.W.
Sullivan, Norwegian Research Council for Science and Human-
ities, and the Norwegian Polar Research Institute.
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We have been investigating the mesoscale distribution, com-
position, and ecological relationships of seabird communities
across a major oceanographic boundary, the edge of the ice pack
in the Antarctic, in order to understand why the observed
species assemblages persist. Ecologists are only just beginning
to understand the relative roles of biological and physical fac-
tors in constraining vertebrates and their communities to specif-
ic habitats. Biological factors could include, for example, preda-
tion and competition, while physical factors could include
adaptation to warm or cold temperatures. The pack ice edge—
especially its dynamic nature—provides an opportunity to ob-
serve the interactions between two distinct bird communities,
one associated with the ice and the other with the open water.
When the ice advances or retreats seasonally, one community
moves into the ocean area occupied formerly by the other and
vice versa. By quantifying changes in the strength of species'
habitat associations and by looking at changes in prey overlap,
we hope to find indications of how selection of prey vs. physical
habitat organize or structure antarctic seabird communities.
The dynamics of the ice edge and the suite of biological inves-
tigations, which are a part of the Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ), provide an interesting
opportunity to pursue our goal.

The study area and cruise tracks are described in Sullivan and
Ainley (Antarctic Journal, this issue). During our 1986 investiga-
tions, as in 1983 (see Ainley and Fraser 1984), we censused
seabirds (and marine mammals) whenever the ships were un-
derway during daylight. From the bridge, we made counts of
animals passing through or occurring within 300 meters of one
forequarter, depending on which side offered least glare. We
censused continuously but divided records into half-hour (8-
kilometer) segments, each with a series of physical habitat mea-
surements such as sea-surface salinity and temperature, charac-
teristics of the mixed layer, and pack-ice conditions. We com-
pleted 239 such segments on Melville and 168 on Glacier. We also
collected about 250 seabird specimens of 10 species at a range of
distances from the ice edge, and within different concentrations
of pack ice.

The overall patterns of bird distribution in 1986 relative to the
pack ice edge were similar to those observed in 1983 (see Ainley
and Fraser 1984; Fraser and Ainley 1986). Namely, a significant
increase in seabird density and biomass occurred near the ice
edge (figure 1). The reasons for this increase should become
more clear when we have obtained information on prey avail-

ability and abundance from other AMERIEZ components and
have compared those data with our information on seabird
diets. Until then we envision one of two (or both) mechanisms
working: either the birds are responding to increased prey
availability, or individuals of the open-water and the pack-ice
communities are accumulating at the boundary of their respec-
tive habitats.

Three assemblages of species were evident, as in 1983, but
species composition differed somewhat (figure 2). Though the
total number and kinds of species present in the study area were
the same in 1983 and 1986, during spring (1983) the number of
species in the ice-edge and pack-ice assemblages was larger
than in the autumn (1986). Some of the species present in the
pack ice and others in the ice-edge habitats during spring shift-
ed to the ice edge and the open water, respectively, during the
autumn. These shifts are consistent with the amount of ice
habitat available relative to open water habitat: in spring, the
pack ice was near to its maximal seasonal extent, whereas in
autumn it was at its minimum.

We found little difference in the diets between pack-ice and
open-water habitats. The dominant seabird prey were krill and
myctophid fishes (Ainley et al. 1986; Ainley et al. in press). Part
of our sample included 20 emperor penguins Aptenodytesforsteri
which we captured in the pack ice and then pumped their
stomachs. Little was heretofore known of the diet of this spe-
cies, particularly at sea away from their breeding colonies. Un-
like other seabirds, their diet consisted mainly of squid. In the
coming months we will be combining our diet data with those
on community assemblages with a goal of better understanding
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Figure 1. Seabird biomass (in kilograms per square kilometer) as a
function of distance from the pack ice edge along the northern and
southern "slow" transects of the 1986 AMERIEZ effort (see Sullivan
and Ainley, Antarctic Journal, this issue); pack ice indicated by
shading.
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Figure 2. Results of cluster analysis showing species assemblages
associated with open water, the pack-ice edge and the interior pack
ice during AMERIEZ 1986.

why the various species assemblages persist in relation to fea-
tures of the physical habitat.

This project was funded by the National Science Foundation
grant DPP 84-19894. Assisting us in the field were R. Ferris and
C. Wallace. We are also grateful for support provided by ITT
Antarctic Services, and the crews of RIv Melville and USCGC
Glacier.
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AMERIEZ 1986: Phytoplankton at the
Weddell Sea ice edge

GRETA A. FRYXELL, SUNG-Ho KANG,
and MAUREEN E. REAP

Department of Oceanography
Texas A&M University

College Station, Texas 77843-3146

As part of the AMERIEZ (Antarctic Marine Ecosystem Research
at the Ice-Edge Zone) programs of 1983 and 1986, microalgae
from ice-covered, ice-melt, and open-ocean stations in the
northern Weddell Sea were compared to test the hypothesis
that a pulse of phytoplankton growth takes place that supports
the enhanced biological activity observed near the ice edge. By
far the highest cell numbers were found in open water during
the austral spring, with 68.7 billion cells per square meter north
of the ice edge, as compared to a low of 15.3 billion cells per
square meter under the ice (Fryxell and Kendrick 1988). A high
degree of similarity was found between ice and water-column
assemblages (Garrison, Buck, and Fryxell 1987), although the
open-water bloom can be seeded from other sources as well
(Fryxell and Kendrick 1988).

Nit zsc/iia contrasted with Thalassiosira; it survived in low light
under the ice and in the brine pockets in the ice and increased
steadily in abundance at the ice edge in the open water, whereas
the more opportunistic Thalassiosira could have been advected
from the west and north into water recently uncovered by the
retreating ice edge. From preliminary gut studies, Nitzsc/zia
appears to provide a good food base for zooplankton such as
krill.

In austral fall, conditions differed markedly (Fryxell 1986),
but clear differences also existed between ice-edge and open-
water stations. The accreting ice edge apparently acted as a
trigger for life stages and for a principal source of food as
evidenced by the abundance of fecal pellets in net hauls, in spite
of low abundances of phytoplankton in the water column.

Corethron criophilum Castracane went into sexual reproduction
near the ice and was at its greatest relative abundance in net
hauls from under the ice. Everything that could make resting
spores did so at the ice edge; Stellarima microtrias (Ehrenberg)
Haste and Sims (= Coscinodiscusfurcatus Karsten) was seen only
in resting spores in the water and under the ice (figures 1 and 2),
in sharp contrast to the austral spring observations under the ice
when chains of vegetative cells were abundant. Those species
that are not known to make resting spores (e.g., Chactoceros
criophilun Cleve) apparently made resting cells filled with lipids
(Sullivan personal communication). Distephanus speculum
(Ehrenberg) Haeckel was relatively more abundant under the
ice. The newly described species, Actinocyclus spiritus Watkins,
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Figure 1. Stellarima microtrias (= Coscinodiscus furcatus) resting
spore valve in the scanning electron microscope showing greater
convexity and heavier silicification than a vegetative cell valve.
Collected in the water column at the edge of the ice during USCGC
Glacier cruise, at station 23 (65 000.3'S 50005.3'W), 24 March 1986,
with a 35-micron mesh opening-and-closing net from 75-35 meters
depth. (Scale = 10 micrometers.)

seen from the austral spring cruise samples (Watkins and Fryx-
elI 1986), was again present in the fall.

In the austral fall, net hauls were impoverished except for a
few from open-water stations, especially those dominated by
Chaetoceros, although fecal pellets were in all net hauls. The
greatest surprises came from observations of the genus
Nit zschia. The needle-like species, N. lineola Cleve and N.
turgiduloides Hasle, were relatively more abundant in open-
water net hauls. Nitzscliia curta (Van Heurck) Hasle was also
abundant in net hauls from open water, although individual
cells or short chains are too small to be caught by nets unless
they are in fecal pellets or on substrates. Nitzschia cylindrus
(Grunow) Hasle, even smaller, only 2 micrometers wide and
often under 10 micrometers long, completely dominated net
hauls under the gold-colored rotten ice of the late season. It does
not make long chains that we have seen, nor have we observed it
in gelatinous colonies or affixed to substrates. Thus it seems
likely to have been concentrated from fecal pellets. In view of
our pilot studies of its viability in fecal pellets, a survival strat-
egy can be hypothesized involving concentration in ice canals,
with the ice algae possibly being selectively grazed immediately
under the ice, fecal pellet sinking at a rate greatly accelerated
from that of nanoplankton, release of viable cells, and rapid
transport of individual cells with water mass movements.

A large-celled species of Coscinodiscus was obtained in three
clonal cultures (AM6-68, AM6-30, and AM6-32) at Texas A&M
University (average diameters of 101, 148, and 151 micrometers,

Figure 2. Relative abundance of Stellarima microtrias resting spores
to all other siliceous elements in permanent mounts from a series of
opening-and-closing 35-micron mesh nets on board the USCGC
Glacier (G stations) and n/v Melville (M stations) during AMERIEZ
1986. Resting spores were seen mostly tinder the ice (to the left on
the graphs) and at deeper depths on the northern transect near the
edge of the ice (stations G21, G23, M38). Depth 1 is nearest the
surface, Depth 4 the deepest sample, etc., all within the top 200
meters. A. The northern transect. B. The southern transect.

respectively, with an overall range of 90-178 micrometers
noted). In spite of the broad size range in the clones, some
features are seen to be surprisingly consistent. These include
some classical taxonomic features in addition to patterns seen
with the aid of the electron microscope (Fryxell and Ashworth
in preparation). The two valves of a diatom cell are laid down at
different times, and thus can record different conditions but not
different genotypes. Valve morphologies thus provide records
of the environmental conditions encountered until their dis-
solution. The experimentally induced variation observed in
some antarctic species in relation to temperature (Fryxell, Ha-
sle, and Carty 1986) and to light (Wood, Lande, and Fryxefl
1987) gives evidence as to the field conditions during collection
as well as the degree of genetic variation within a population.

This work has been supported by National Science Founda-
tion grants DPP 82-18491 and DPP 84-18850, which are gratefully
acknowledged. A.E. Schultz Creel, G.A. Kendrick, and T.P.
Watkins provided technical assistance.
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AMERIEZ 1986: Microzooplankton
abundance and distribution in the ice-

edge zone

DAVID L. GARRISON and KURT R. BUCK

Institute of Marine Sciences
University of California

Santa Cruz, California 95064

Microzooplankton samples were collected in the Weddell Sea
during the austral fall of 1986 as part of the Antarctic Marine
Ecosystem Study at the Ice-Edge Zone (AMERIEZ) study (Sullivan
and Ainley, Antarctic Journal, this issue). We previously outlined
our microzooplankton studies and reported our preliminary
observations from this cruise (Garrison et al. 1986). Here we
report the biomass, distribution, and composition of micro-
zooplankton along a transect across the ice-edge zone from ice-
covered stations (USCGC Glacier stations 12-14) into open water
(iIv Melville stations 17-24; see Sullivan and Ainley (Antarctic
Journal, this issue) for station locations.

During AMERIEZ 1986, we found that microzooplankton
biomass in the upper 100 meters was low (approximately 50
milligrams of carbon per square meter) at ice-covered stations
but increased to 2>300 milligrams of carbon per square meter in
open water away from the ice edge (figure 1). Heterotrophic
flagellates and ciliates were the most important component of
the microzooplankton biomass (figure 2). Radiolarians and for-
aminiferans were present in low numbers and their biomass
was insignificant in comparison to flagellates and ciliates in
surface waters. Below 100 meters, however, the abundance of
ciliates and flagellates declined markedly and phaeodarian radi-
olarians may have been the dominant microzooplankton (Gow-
ing et al. 1986). The contribution of microzooplankton biomass
to total zooplankton biomass was similar to the contribution by
macrozooplankton and the antarctic krill, Euphausia superba
(i.e., approximately 200-300 milligrams of carbon per square
meter; T. Hopkins and J . Torres, University of South Florida,
unpublished data).

Heterotrophic flagellates, which are comprised of dinoflagel-
lates, choanoflagellates, and small, naked flagellates, were an
important component of the microzooplankton. Small, nonlori-
cate flagellates generally accounted for >50 percent of the het-
erotrophic flagellate biomass, and these forms, as well as some

small autotrophic flagellates, appear to be underestimated in
counts made on an inverted microscope as compared with
counts made aboard ship by epifluorescence microscopy (see
figure 2). Among the ciliates, nonloricate ciliates (e.g., Strom-
bidum spp.) usually predominated, although tintinnids were
relatively more abundant in open water and outnumbered
naked forms at one open-water station (figure 3).

The combined data from two AMERIEZ cruises allow us to
make some preliminary comparisons of seasonality in micro-
zooplankton abundance. During AMERIEZ 1983 which was con-
ducted in the austral spring (November and December), we
found concentrations of microzooplankton at ice-covered sta-
tions similar to those we found in the present study. In the
previous study, however, maximum microzooplankton bio-
mass reached >550 milligrams of carbon per square meter in the
upper 100 meters in a well-defined maxima in association with
an ice-edge plankton bloom (Garrison and Buck 1985). During
both AMERIEZ cruises most of the microzooplankton biomass
was concentrated in the upper 50 meters and was correlated
with phytoplankton abundance suggesting that micro-
zooplankton abundance may be closely coupled to primary
production. The range of our biomass estimates from both
AMERIEZ cruises falls within the ranges of microzooplankton

AMERIEZ 86 Microzooplorikton

Figure 1. Microzooplankton biomass in the upper 100 meters of the
water column during AMERIEZ 1986. See Sullivan and Ainley (Ant-
arctic Journal, this issue) for station locations. Average and range of
microzooplankton biomass from von Brockel (1981) are included for
comparison. ("m" denotes "meter:' "mgC;s, 2" denotes "milligrams
of carbon per square meter:')
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Figure 2. Composition of microplankton at stations G14, G12, and
M24. Bacteria and diatom biomass not available. Biomass estimates
of autotrophic and heterotrophic flagellates determined from exam-
ining preserved and settled samples vs. (shipboard) counts are
compared. ("m" denotes" meter." "mgC;s, 2" denotes milligrams of
carbon per square meter:')

biomass that von Brokel (1981) reported during the austral sum-
mer of 1978 (see figure 1), so that spatial heterogeneity in micro-
zooplankton abundance appears to be as large as seasonal
changes. During 1987 and 1988 we will have the opportunity to
examine the abundance of microzooplankton during the austral
winter as part of our continuing study.

This study was supported by National Science Foundation
grant DPP 84-20184 to D.L. Garrison.
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Figure 3. Biomass of cilated protozoans in upper 100 meters during
AMERIEZ 1986. ("m" denotes "meter:' "mgC;s, 2" denotes "milli-
grams of carbon per square meter:')
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AMERIEZ 1986: Acoustic assessment
of krill (Euphausia superba, Dana)

M.C. MACAULAY

Applied Physics Laboratory
University of Washington

Seattle, Washington 98105

K.L. DALY, and B.W. FROST

School of Oceanography
University of Washington

Seattle, Washington 98105

As a component of the Antarctic Marine Ecosystem Research
at the Ice-Edge Zone (AMERIEZ) program, the abundance and
distribution of micronekton and nekton at the ice edge was

investigated by acoustic and net sampling methods in the west-
ern Weddell Sea during late austral summer 1986.

During field operations, hydroacoustic measurements and
net samples were taken 7 March to 29 March 1986. The data
were obtained using two frequencies (50 kilohertz and 200
kilohertz) echo sounders operating simultaneously on Melville
and one frequency (120 kilohertz) on Glacier. The transducers
were mounted in a 1.2-meter V-fin depressor and towed behind
the ship on Melville and deployed by float (on station only) on
Glacier. In conjunction with the acoustic program on Glacier,
vertical plummet net tows were made at every station for target
identification, life-history stages, and length-frequency infor-
mation. Similar data were collected from samples taken by other
components aboard Melville.

Data analysis. Data collection and analysis have been de-
scribed earlier (Macaulay, English, and Mathisen 1984; Daly and
Macaulay in press). All recorded data were analyzed by echo-
integration methods to produce estimates of biomass (where
acoustic targets were identified) or mean-volume-backscatter-
ing-strength (where uncertain or unknown targets were pres-
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Figure 1. Cumulative length frequency of Euphausia superba under the pack ice. ("mm" denotes "millimeter:')

ent). Estimates of abundance were made by 1-meter depth
strata down to 250 meters or bottom, whichever occurred first.

Net observations. Two species of euphausiids, Euphausia su-
perba and Thysanoessa macrura, were collected in the net tows
under the pack ice; E. superha was found at 12 out of 23 stations.
A few larvae (furcilia 3 and 4) were present. Approximately 28
percent of the population were juveniles and 72 percent were
immature adults. Of the adults, 54 percent were males and 46
percent were females. Larvae were 7-8 millimeters in length,
juveniles ranged from 13-28 millimeters and adults from 29-45
millimeters (figure 1). T rnacrura occurred at all of the stations.
Juveniles comprised 49 percent of the population and adults
were 51 percent. Both immature and mature adults we-.e col-
lected. About 30 percent of te adults were males and 70 percent
were females. Juveniles ranged from 7-15 millimeters in length
and adults from 10-26 millimeters. Net  hauls made by other
investigators on Melville and our net on Glacier contained very
few krill either in open water or under ice. Under the pack ice,
abundances ranged from 0.01 individuals per cubic meter to 7
per cubic meter, where krill were present. Salps were also col-
lected in net hauls. However, densities of salps were lower
during this cruise (fall 1986) and they were found under the ice
as well as in open water in contrast to the first (spring 1986)
AMERIEZ cruise. Juvenile E. superha again were observed feeding
on the underside of ice floes as in the spring season (Daly and
Macaulay in press). Divers saw dense concentrations of small
drill at 10 out of 12 dive stations. At stations with these dense
concentrations, a few larger solitary individuals were observed,
usually near the undersurface of the ice. A representative sam-
ple of juvenile krill collected by the divers, ranged in size from
14-25 millimeters.

Hydroacoustic results. Very few patches of drill were observed
acoustically during this cruise compared to the previous spring
(1983) ice-edge observations (Daly and Macaulay in press). The
few krill patches were small and dispersed with the highest
concentrations in open water well away from the ice edge. Very
few patches were observed under the ice. In general, the overall
acoustic abundance of krill in the AMERIEZ study area was ap-
proximately 1/20 of that found in austral spring 1983. The max-
imum abundance in any area in 1983 was over 100 grams per
square meter, whereas in 1986 it was 5 grams per square meter
(figures 2 and 3). A seasonal decline in abundance between
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summer and fall was noted by Marr (1962), therefore our lower
abundances may be due to the seasonaj cycle. Location may also
be a contributing factor. Concentrations of krill are known to
occur in the area of the spring study site (Marr 1962); Hampton
1983) but there is no previous information on krill abundance
for the western Weddell Sea. All of the acoustic biomass oc-
curred in the upper 50 meters of the water column and most of it
occurred in the upper 20 meters. During the spring (1983), 50
percent of the biomass occurred above 34 meters. Some krill
swarms were observed near surface accompanied by actively
feeding seabirds.

This research was supported by National Science Foundation
grant DPP 84-20215.
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AMERIEZ 1986: Physical
oceanographic conditions in the

northwestern Weddell Sea marginal
ice zone

ROBIN D. MUENCH
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Pacific Fisheries Environmental Group
National Marine Fisheries Service

National Oceanic and Atmospheric Administration
Montereii, California 93940

Observations were made in the northwestern Weddell Sea
during March 1986 to characterize temperature, salinity, and

density structures associated with the marginal ice zone. These
observations were part of the Antarctic Marine Ecosystem Re-
search in the Ice-Edge Zone (AMERIEZ) program. Program em-
phasis was upon conditions in the immediate vicinity of the ice
edge, and along two transects which extended from inside the
ice edge several hundred kilometers to seaward. The sampling
focussed on the biologically active upper ocean layers. The
complete physical oceanographic data set has been presented in
Husby and Muench (in press).

Temperature and salinity observations were made simul-
taneously from two vessels. The icebreaker USCGC Glacier oc-
cupied stations inside the ice and at the edge. The iIv Melville
operated near the edge and in the open water to seaward. Data
were obtained from both vessels using Neil Brown Mark IV
(conductivity-temperature-depth) profiling systems which
were calibrated before, during, and following the field pro-
gram. Most of the conductivity-temperature-depth stations ex-
tended to depths of 500 meters or more; more than half ex-
tended to 1,500 meters. Station locations are indicated on fig-
ure 1.

Upper layer hydrographic structure in the study region was
dominated by a 20-30-meter thick surface mixed layer (figure 2).
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Upper layer lenses of low salinity water underlay the ice in the
vicinity of the ice edge, and represent meltwater remaining
from recent ice melting episodes (figure 1). These contributed to
ice edge salinities as low as about 33.1 parts per thousand, as
compared to values of 33.8 parts per thousand (beneath the ice)
or higher (seaward of the ice edge). Upper layer temperatures
were relatively uniform horizontally beneath the ice and well
seaward of the edge, but increased rapidly across a temperature
front located just seaward of the edge (figure 3). The highest
observed temperatures, about 0°C, occurred more than 200
kilometers seaward from the ice edge.

The upper mixed layer falls within the Weddell surface water
layer, as defined in Carmack (1977). The surface water is subject
to wide variability in temperature and salinity, because it is
directly affected by surface heating, cooling, meltwater addi-
tion, and brine rejection from newly forming ice. The cold layer
at about 50-80-meter depths is Weddell winter water, and repre-
sents a remnant of the previous winter's cold, convective layer.
This layer is isolated from fluctuations in the surface water by
the strong halocline/pycnocline which acts to minimize vertical
transport of heat or salt. The deeper, water with temperatures
above 0°C and extremely weak vertical gradients in salinity and
density is Weddell warm water.

Baroclinic ocean circulation was virtually nonexistent in the
study area (Husby and Muench in press). Observed conditions
represent the end result of primarily local processes, such as
surface cooling and freezing or previous ice melting. Multiple
occupations of the transect shown in figure 2 and a second
transect farther north indicated that temperature and salinity
changes were insignificant over the 1-month field program.
Conditions were essentially steady-state, following the end of
summer ice melting and prior to initiation of winter freezing.

Upper layer physical oceanographic conditions in the north-
western Weddell Sea marginal ice zone during March 1986 were
the result primarily of local processes and were nearly steady-
state. The dominant feature was a 20-30-meter thick upper
mixed layer underlain by a strong halocline (and pycnocline).
Low-salinity lenses of meltwater were associated with the ice
edge, and salinity increased away from the edge both beneath
and seaward of the ice. Temperature was at the freezing point
beneath the ice and increased seaward from the ice edge, with
most of the seaward increase occurring across a temperature
front just seaward of the ice edge.

This work has been supported in part by National Science
Foundation grants DPP 84-20646 and DPP 85-13098, by ONR

Contract N00014-82-C-0064 with Science Applications Interna-
tional Corporation, and by the National Marine Fisheries Serv-
ice of the National Oceanic and Atmospheric Administration.
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This layer was best defined by the salinity (hence, also, the
salinity-controlled density) field. The layer was underlain by a
sharp halocline (and associated pycnocline), below which sali-
nity and density both increased gradually with increasing
depth. In contrast to the salinity and density layering, upper
layer temperature stratification vanished beneath the ice cover,
because temperature was nearly uniform and close to the freez-
ing point (about -1.8°C). Only near and seaward of the ice edge
was there a temperature structure reflecting salinity and densi-
ty. Below about 100 meters, however, temperature increased
with depth considerably more rapidly than salinity or density,
with temperature greater than 0°C deeper than about 200
meters.
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We observed the spatial distributions of nutrients and phy-
toplankton biomass in the marginal ice zone of the Weddell Sea
during March, 1986. These studies were part of the Antarctic
Marine Ecosystem Research at the Ice-Edge Zone (AMERIEZ)

project. We had previously conducted detailed studies of the
phytoplankton and nutrient dynamics of the marginal ice zone
of the Antarctic under mid-summer conditions in the western
Ross Sea (e.g., Smith and Nelson 1985) and in the Weddell/
Scotia Sea in spring (Nelson et al. 1987), and in both cases ice-
edge phytoplankton blooms were apparent. The 1986 AMERIEZ

cruise provided our first opportunity for late summer/early
autumn observations.

Data were collected along coordinated, two-ship transects,
with the iJv Melville operating in the ice-free eastern portion of
the study area and the Coast Guard icebreaker Glacier working
in the ice-covered region to the west (figure 1). On two occa-
sions we were able to complete an approximately 300-kilometer
transect within 43 hours to maximize the synopticity of the data.
Each of these- transects consisted of 16 stations at which we
collected seawater from nine depths in the upper 150 meters.
Nutrient concentrations (nitrate, nitrite, ammonium, phos-
phate, and silicic acid) and phytoplankton biomass (chlorophyll
a, particulate carbon, particulate nitrogen, and biogenic silica)
were measured on all samples by methods described previously
(Nelson et al. 1987).
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The entire ice-edge region exhibited a strong halocline (and
resulting pycnocline) at depths of 30-40 meters (Muench and
Husby, Antarctic Journal, this issue). The nutrients exhibited
some correlation with the hydrography, but there were many
significant differences which reflected integrated biological
effects (primarily removal by phytoplankton). A region of lower
nitrate concentration in the upper 50-100 meters, centered ap-
proximately 150 kilometers seaward of the ice edge, coincided
with a maximum in chlorophyll a (figure 2). This same spatial
pattern, and the correlation between elevated phytoplankton
biomass and diminished nutrient concentrations, is evident in
the distributions of phosphate, silicic acid, biogenic silica, and
particulate carbon and nitrogen. All of these nutrient depletions
and biomass enhancements penetrated below the pycnocline
by 50 meters or more. All phytoplankton biomass parameters
were about twice as high on the first of our transects as on the
second, suggesting either a temporal decrease in phy-
toplankton biomass during March or mesoscale spatial varia-
tions.

The highest chlorophyll a concentrations we observed along
these transects were 0.7-0.8 micrograms per liter (figure 2b),
which is only about one tenth to one fifth of the highest levels
observed in the ice-edge regions during phytoplankton blooms
in the spring and summer (e.g., Smith and Nelson 1985; Nelson
et al. 1987). In contrast, both particulate organic carbon and
biogenic silica reached levels (>10 and >3 micromoles per liter,
respectively; figures 2c and 2d) similar to those observed in the
ice-edge phytoplankton bloom in the Weddell/Scotia Sea in the
spring of 1983 (Nelson et al. 1987). The location of the phy-
toplankton biomass maximum with respect to the ice edge was
similar to that observed in other ice-edge phytoplankton
blooms in the southern ocean.

The Weddell Sea ice-edge zone exhibited elevated phy-
toplankton biomass and the associated localized nutrient deple-
tion in March, 1986. Moreover, the concentrations of both
organic and siliceous biogenic particulate matter were compara-
ble to those observed in spring ice-edge phytoplankton blooms
in this region even though chlorophyll a concentrations were
nearly an order of magnitude lower. A biogenic particle field
with this same, highly unusual composition (i.e., very large
amounts of organic and siliceous material per unit chlorophyll)
was observed in the ice-edge region of the western Ross Sea
during mid-summer of 1983 (Smith and Nelson 1985).

On clear days ice-edge phytoplankton blooms can be ob-
served in satellite ocean-color images (e.g., Nelson et al. 1987).
These images show phytoplankton pigment (primarily chlo-
rophyll) distributions. Our data thus suggest that satellite
ocean-color information may give very conservative estimates of
the extent and intensity of ice-edge phytoplankton blooms,
because this is our second observation (in three opportunities)
of phytoplankton in the ice-edge zone producing much higher
concentrations of both organic and siliceous particulate matter
than the pigment data alone would have indicated.

We thank Julie A. Ahern, Nancy Keene, Stanley A. Moore,
and David L. Wilson for their able assistance at sea, and Robin
D. Muench for valuable insights into the physical dynamics of
the ice-edge system. This work was supported by National
Science Foundation grants DPI' 84-20204 to Oregon State Univer-
sity and DPP 84-20213 to the University of Tennessee.
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The structure of the midwater ecosystem in the western Wed-
deli Sea was examined in March, 1986, as part of the Antarctic
Marine Ecosystem Research at the Ice-Edge Zone (AMERIEZ)

program. Zoopiankton biomass (table 1) was low compared to
other antarctic areas studied using similar techniques (Hopkins
1971, 1985, 1987). Microzoopiankton <1 millimeter, exclusive of
protozoans, was composed primarily of copepods of the fam-
ilies Oithonidae, Oncaeidae, and Pseudocalanidae; the prin-
cipal biomass components of the intermediate sized zoo-
plankton (1-20 millimeters were the calanoid copepods Metridia
gerlachei, Calanoides acutus, and Ca/anus propinquus. Micronek-
ton/megaplankton (2-20 centimeters) biomass was moderate,
particularly in relation to waters near the continent where Eu-
phausia superba populations are large (e.g., Hopkins 1985). The
principal biomass taxa in the micronekton size range were E.
superba, Salpa thorn psoni, and the midwater fishes Elect rona ant-
arctica and Bathylagus antarcticus.

Table 1. Biomass in the upper 1,000 meters in the vicinity of the
ice edge, western Weddell Sea during March, 1986. All sampling

was within 640-660S and 440-520W.

Milligrams of dry weight per
square meter

Biomass	 Open water	Pack ice

Zooplankton <1 millimeter	 209	 167
Zooplankton 1-20 millimeters	1,265	 1,237
Micronekton/megaplankton

2-20 centimeters	 2,377	 ?

The zooplankton was most concentrated in the upper 100
meters with diurnal vertical migration being evident in the
populations of Ca/anus propinquus and Metridia gerlachei. Micro-
nekton/megaplankton was also most concentrated in the upper
100 meters, especially at night. Vertical migration was most
apparent among the fishes with E. antarctica reaching the sur-
face at night.

Zooplankton biomass in open water and within the pack ice
were comparable, given the variability in sampling strategies
and sample numbers. The greatest difference was observed in
the microzooplankton which was relatively sparse in the upper
25 meters under the ice in comparison to open water.

Data on the horizontal and vertical structure of the zoo-
plankton and micronekton communities were complemented
by shipboard measurements of metabolism on several major
species. In addition, frozen specimens were returned to the
laboratory for analyses of metabolic enzyme activity, and proxi-
mate and elemental composition. Oxygen consumption rates
for three of the four principal micronektonic species are shown
in table 2. The two pelagic fishes, Bath ylagus antarcticus and
Elect rona antarctica, exhibit an oxygen consumption rate at the
low end of the range reported for antarctic fishes (cf. Clarke
1983). The rate shown for E. superbo falls within the range
reported by other investigators (Ikeda and Mitchell 1982).
Trends in the activity of both lactate dehydrogenase and citrate
synthase, enzymes representative of anaerobic and aerobic
metabolic pathways respectively, correlated well with trends
observed in oxygen-consumption rate.

Preliminary data comparing proximate composition of the
two dominant fishes collected during AMERIEZ 1983 (spring) and
AMERIEZ (fall) are shown in table 3. Though analyses are cur-

Table 2. Oxygen consumption rates of micronektonic species
collected during AMERIEZ 1986. Values reported as X 95 percent

confidence limits.

Oxygen consumption
Genus species	 rate 	n	Weight range"

Bathylagus antarcticus	0.140±0.023	26	0.17-6.82
Electrona antarctica	0.126±0.009	47	0.33-4.59
Euphausia superba	0.461±0.010	20	0.009-0.209

a In microliters of oxygen per milligram of dry weight per hour.
b In grams of dry weight.

Table 3. Water, protein, and lipid content of two dominant pelagic fishes as a function of season. Fishes collected during AMERIEZ 1983
(spring) and AMERIEZ 1986 (fall). Values reported as X 95 percent confidence limits.

Genus species

Bathylagus antarcticus

Electrona antarctica

Weight range 	Water contentb

1983	1986	1983	1986

0.6-11.9	0.4-9.8	85.1	85.8
(n=8)	(n=27)

0.2-11.1	0.3-13.3	69.0	70.4
(n=16)	(n=15)

Protein contentc

1983	1986

	

62.4±12.8	65.5±2.2

	

37.4±1.8	39.0±2.1

Lipid contentc

1983	1986

	

6.2±1.8	7.9±1.2

	

32.0±2.5	46.4±4.0

I In grams.
Percentage of wet weight.
Percentage of ash-free dry weight.
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rently incomplete, it appears that seasonal differences in lipid
content are present in the myctophid Elect rona antarctica, but not
in the deeper living (>400 meters) Bat hylagus antarcticus. Ongo-
ing research will determine if the seasonal trend observed in E.
antarctica is present in other antarctic micronekton.
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AMERIEZ 1986: Photoadaptation of	area during March, 1986 (figure 1). The range of incident photo-
synthetically available irradiance at noon was 200-2,000 micro-phytoplankton and light limitation of	einsteins per square meter per second measured from RIVprimary production in the ice-edge	Melville and 400-2,000 microeinsteins per square meter per
second for USCGC Glacier. While the ranges in noontime photonzone of the Weddell Sea	flux are about the same for both ships, notice that overall,
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This group's specific objective was to examine the photoadap-
tive characteristics of phytoplankton and ice algae in the north-
western Weddell Sea in relationship to the optical charac-
teristics of ice and seawater in the marginal ice zone. Of
particular interest was the role of ice cover in reducing photo-
synthetically available irradiance and its influence on the pho-
toadaptive state of microalgae. These studies were carried out
as a component of the Antarctic Marine Ecosystem Research at
the Ice-Edge Zone (AMERIEZ) project during March, 1986.

Two ships, the RIv Melville and the USCGC Glacier were used to
study the ice-free water in the eastern region of the study area
and the ice-covered western portion respectively (for map, see
Sullivan and Ainley, Antarctic Journal, this issue). Identical mea-
surements were made from both ships. The suitability of avail-
able light as a resource for phytoplankton and ice algae was
measured in two ways. Diurnal patterns of incident irradiance
were recorded throughout the cruise. We also measured ver-
rical profiles of spectral irradiance and photosynthetically avail -
able irradiance. Detailed analysis of photosynthetic pigments
was carried out with high-performance liquid chromatography
according to the method of Mantoura and Llewellyn (1983).
Photosynthesis-irradiance curves for 27 samples of both ice
algae and phytoplankton were defined using the small-volume,
short-incubation method described by Lewis and Smith (1983).
Analysis of the photosynthesis-irradiance curves was per-
formed by the methods described by Zimmerman et al. (in
press).

The values of daily photosynthetically available irradiance
reflect the relatively constant overcast conditions of the study

AMERIEZ 86: R/V MELVILLE
DAILY INCIDENT PAR

N NC	N N C) r

DATE IN MARCH

AMERIEZ 86: CGC GLACIER
DAILY INCIDENT PAR

DATE IN MARCH

Figure 1. Daily photosynthetically available radiation (PAR) in eiiis-
teins per square meter (M 2) as measured on both the Melville and
Glacier.
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incident photosynthetically available irradiance was less over
the open ocean for iIv Melville and is probably attributable to
variations in cloud and fog cover. The mean noontime irra-
diance for the month of March, 1986, measured from RIV
Melville was 560 microeinsteins per square meter per second—
only about one-third to one-fourth that found on clear days at
temperate latitudes.

A summary of spectral irradiance data is presented in figure
2. Irradiance spectra narrow with increasing depth. However,
both in open water and in water with variable degrees of ice
cover, the irradiance spectra are dominated by blue light with
peak transmittance at 440 nanometers. The deep penetration of
blue light is the result of the low chlorophyll a concentrations
(Nelson et al., Antarctic Journal, this issue) present during this
study.

The transmittance of the open water column along the trans-
ects was quite uniform from east-to-west. The bottom of the

AMERIEZ. 86
GLACIER: MEAN FROM 0 - 60 N (N6)

.8
W

400	450	500	550	500	650	700
WAVELENGTH (NM)

AMERIEZ 86
MELVILLE: MEAN FROM 5 - 85 M (N=9)

01
400	450	SOD	550	600	650	700

WAVELENGTH (NM)

Figure 2. a. Vertical profile of mean relative spectral irradiance at 5-
meter depth intervals for six Glacier stations. Each spectrum was
normalized to its maximum at 440 nanometers (nm). b. Same as in a,
but for nine Melville stations. ("S.D." denotes "standard deviation:'
"MG/M2" denotes "milligrams per square meter." "NM" denotes
"nanometer?' "CHL A" denotes "chlorophyll a."

euphotic zone, operationally defined as the depth to which 1
percent of surface irradiance penetrates, ranged from 75-85
meters except at the easternmost end of the study site where
Nelson et al. (Antarctic Journal, this issue) report a maximum in
chlorophyll a. At this point, the depth of the euphotic zone was
only 65 meters.

Mean ratios of chlorophyll c/a and fucoxanthin/chlorophyll a
were 0.48 (± 0.14) and 0.88 (± 0.19), respectively, for phy-
toplankton from the open water and 0.51 (± 0.10) and 0.63
(± 0.13 for phytoplankton from under the ice. Bidigare et al.
(1986) found chlorophyll c/a ratios of 0.23 ± 0.08 for southern
ocean plankton dominated by diatoms. The higher values we
report for this ratio may reflect a photoadaptive response to low
values of incident photosynthetically available irradiance or
may be due to differences in species composition.

The parameters derived from photosynthesis-irradiance
curves from ice algae and phytoplankton from representative
samples are shown in the table and typify the variations in
photoadaptive state we observed. In figure 3a, the photo-
synthesis-irradiance curve for algae contained in snow-free
pancake ice floating at the surface is shown. These algae are
physically constrained to the sea's surface and therefore, re-
ceive full photosynthetically available irradiance. They demon-
strate a high assimilation number, P, (chlorophyll a-specific
rate of photosynthesis at saturating irradiance), high 'k (the
irradiance at which photosynthesis becomes saturated), a low
value of the slope of the light-limited portion of the photo-
synthesis-irradiance curve (where irradiance Ij, a, and have
characteristics of algae adapted to relatively high light levels.
The photosynthesis-irradiance curve for phytoplankton from
USCGC Glacier station 29 is shown in figure 3b. The photo-
synthesis-irradiance parameters of phytoplankton from the
water column at station 29 near the ice edge show predictable
trends. Assimilation numbers decrease with depth, 'k decreases
with depth. The values of a are the same at 3 meters and 33
meters, but significantly higher at 70 meters, enabling the deep
algae to photosynthesize at higher rates for the same low irra-
diance than those from shallower depths. The two upper sam-
ples come from above the pycnocline as described by Muench
and Husby (Antarctic Journal, this issue) but the 70-meter sam-
ple is from well below the pycnocline and its characteristics are
representative of algae adapted to low light. Melville station 17

Selected photosynthesis-irradiance parameters for ice algae and
phytoplankton samples

Sample	 Bb	 1K

	

Pancake ice	 0.032	2.60	 81

Glacier station 29

	

3 meters	 0.025	1.48	 59

	

33 meters	 0.025	0.91	 36

	

70 meters	 0.071	0.82	 12

Melville station 17

	

0 meters	 0.034	2.72	110

	

56 meters	 0.063	2.10	 50

a Units are milligrams of carbon per milligram of chlorophyll a per micro-
einstein per square meter per second.

b Units are milligrams of carbon per milligram of chlorophyll a per hour.
Units are microeinsteins per square meter per second.
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highest incident irradiance (2,000 microeinsteins per square
meter per second), the upper 40 meters of the open water
column are able to support maximal photosynthetic rates.
When incident irradiance is low (200 microeinsteins per square
meter per second), only the upper 5-10 meters of the open
water column will support maximal rates of photosynthesis.
When the incident irradiance is characteristic of the mean noon-
time value we observed during our study (560 microeinsteins
per square meter per second), phytoplankton in the upper
15-30 meters of the open-water column would be able to photo-
synthesize at maximal rates. Because of the high attenuance of
light by ice (KT values of about 1.61 per meter; Palmisano et al.
1987), phytoplankton under the ice cover are never able to
photosynthesize at maximal rates. Light limitation of phy-
toplankton photosynthesis at the ice-edge zone during this
autumn period was evidenced by lower productivity of the
region relative to that observed during a spring cruise in 1983
(Sullivan and Ainley, Antarctic Journal, this issue).

Incident irradiance in the northwestern Weddell Sea was low
during the month of March, 1986, and a variety of physiological
parameters indicates that phytoplankton were low-light adapt-
ed and had very low assimilation numbers. We have demon-
strated that phytoplankton photosynthesis in the open water of
the ice-edge zone was light limited in approximately one-half to
seven-eights of the euphotic zone and that phytoplankton pho-
tosynthesis beneath the ice was always light limited. Data col-
lected enable us to develop a simple but physiologically realistic
model of primary production in the marginal sea-ice zone.

We thank S.T. Kottmeier and Mona Gilstad for their assist-
ance in making spectral irradiance measurements, and David L.
Wilson for digitizing the daily irradiance data. This research was
supported by National Science Foundation grant DPP 87-13916
to C.W. Sullivan.
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Figure 3. a. Photosynthesis-irradiance curve for pancake ice. b.
Photosynthesis-irradiance curve for phytoplankton from a depth of
70 meters at Glacier station 29. ("MG C/MG CHL A/HR" denotes
"milligrams of carbon per milligram of chlorophyll a per hour."
"UEIN/M2/S" denotes "microeinsteins per square meter per
second?')

was in open water. The photosynthesis-irradiance parameters
demonstrate photoadaptive differences between the surface
sample and a sample from 56 meters (the 1 percent light pen-
etration depth)—below the pycnocline. Note that values of P,
for open-water phytoplankton are higher than for even surface
phytoplankton under the ice, and that while 'k decreases with
depth at both stations, it is higher for the sample from the open
water. Similarly, although a increases with depth at both sta-
tions, its value for the deep sample at the under-ice station is
greater than that for the deep sample at the open-water station,
reflecting the lower availability of light for phytoplankton under
the ice cover.

We have used the values of incident irradiance, the patterns
of transmittance of the water column and ice, and the photo-
synthesis-irradiance parameters of the phytoplankton along
transects of the marginal ice zone to define the regions of the
water column where algae are able to photosynthesize at max-
imal rates. For the case of a static water column at times of
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We examined the distribution of bacterial cells and biomass
and rates of bacterial biomass production and macromolecular
synthesis along east-west transects of the marginal ice zone in
the western Weddell Sea. The results demonstrated clear spatial
gradients in all parameters examined. Our objective was also to
determine the relationship between heterotrophic microbial
features and prominent physical and biological features such as
the sea ice, ice edge, pycnocline, and algal abundance/primary
production in sea ice and open waters of the marginal ice-zone
ecosystem.

One poorly understood component of the marginal ice-zone
ecosystem is the influence on ecosystem productivity of the
microbial loop (dissolved organic matter to bacteria to micro-
zooplankton to krill) (Azam et al. 1983) compared to the con-
ventional antarctic food chain (diatoms to krill to whales). We
wanted to know if bacteria in the marginal ice zone use a
substantial fraction of primary production, since this may pro-
foundly influence the amount of carbon available to higher
trophic organisms as is argued by Pomeroy and Deibel (1986).
They point out that transfer of carbon through the microbial
loop is inherently less efficient than the direct channeling of
carbon to higher trophic organisms. Thus, if microbial loop
processes are minimal in polar regions or if bacterial metabo-
lism is uncoupled from primary production, the reduced im -
portance of the microbial pathway may account for the paradox-
ically high standing stocks of higher trophic organisms,
characteristic of polar seas, because of the higher efficiency of
carbon transfer through the conventional food web.

We measured bacterial and sea-ice microalgal biomass, pro-
duction, and metabolism along transects which crossed the
marginal ice zone from open ocean to deep pack ice. Bacterial
biomass production (tritiated thymidine incorporation) in the
water column was estimated at all depths and stations of both
rapid transects. During slower, more detailed transects incor-
poration of hydrogen-3-thymidine, hydrogen-3-uridine, and
hydrogen-3-leucine was measured at 10 hydrostations aboard
Melville and at six hydrostations and eight sea-ice stations
aboard Glacier. The effect of various inhibitors of mac-
romolecular synthesis and the kinetics of incorporation of these
substrates were also determined in order to calibrate the meth-
ods for high-latitude seas.

Bacterial biomass and activity were detected in all samples of
sea ice, at all depths of selected sea-ice cores, and in the water
column down to 150 meters throughout the marginal sea-ice
zone. Peak bacterial activity was greatest in surface water down
to the depth of the pycnocline/halocline (20-40 meters) with a
marked decline below that as shown by bacterial production
rates during the southern rapid transect aboard Glacier (see

figure la, Sullivan and Ainley, Antarctic Journal, this issue). In
water associated with ice floes, bacterial activity was greatest in
surface ponds, followed by pore water, and then least in under-
lying seawater. Among different ice floes, peak potential bacte-
rial production was found at the surface, middle, or bottom
layers of floes and was as much as 20 times higher than that
found in a comparable volume of seawater collected from be-
neath the ice. Sea-ice bacterial production along ice profiles will
be correlated with sea-ice bacterial and algal biomass, micro-
algal production, and heterotrophic microbial biomass studied
by other investigators. These investigations will attempt to de-
scribe elements of the microbial loop in sea ice and their
dynamics.

Bacterioplankton biomass and biomass production rates in
the upper 150 meters of the water column showed clear gra-
dients across the marginal ice zone (figures 1 and 2). Bacterial
biomass generally decreased two- to four-fold with depth at all
locations; biomass was lower under the pack ice but doubled in
the upper 50 meters seaward of the ice edge. The distribution
pattern for bacterial biomass production differed from that for
bacterial biomass. Bacterial biomass generally increased two-
fold in surface waters from deep ice to the open ocean, whereas
bacterial biomass production rates were 10 to 20 times higher in
the area 100-200 kilometers seaward of the ice edge as com-
pared to rates in the water column beneath the pack ice. The
area of enhanced bacterioplankton production was coincident
with the region of elevated phytoplankton biomass and sil-
iceous biogenic particulate matter as described by Nelson,
Smith, and Gordon (Antarctic Journal, this issue).

In addition to gaining information on the distribution of bac-
terioplankton production in the ice-edge zone, several other
problems relevant to AMER!EZ objectives and to polar microbial
ecology generally will be addressed using the AMERIEZ data sets.
• A preliminary comparison of bacterial production rates with

primary production data from Nelson, Smith, and Gordon
(Antarctic Journal, this issue) showed that the relative contri-
bution of bacterioplankton to seasonal production exceeded
that for phytopoankton in the Weddell Sea ice-edge eco-
system during March. This indicates a significant role for
microbial loop processes in autumn.

• We expect to determine seasonal changes in the rates of
growth and metabolic status of bacteria and ice microalgae/
phytoplankton in the marginal ice zone by comparing
AMERIEZ 1983 with AMERIEZ 1986 data. This will contribute
previously unavailable information on ecosystem production
for the southern ocean marginal ice zone.

• The coherent data sets from AMERIEZ investigators will allow
us to test the hypotheses of Pomeroy and Deibel (1986) di-
rectly by determining whether bactericiplankton metabolism
is selectively inhibited, compared to phytoplankton produc-
tion, by low temperatures.

• Indicators of the physiology, metabolism, and growth of bac-
teria described here and those of phytoplankton and ice
microalgae described by SooHoo et al. (Antarctic Journal, this
issue) taken together and compared with the fine structural
information obtained by Fryxell, Kang, and Reap (Antarctic
Journal, this issue) and Garrison and Buck (Antarctic Journal,
this issue) will provide clues as to how these organisms
prepare themselves for surviving the polar winter which was
about to begin as we ended our investigation of the seasonal
characteristics of the Weddell Sea ice-edge ecosystem in early
April, 1986.
The authors thank D. Robinson and Mona Gilstad for assist-

ance on Melville and B. Jones for expertise in computer graphics.

188	 ANTARCTIC JOURNAL



0

LI)
N

0
LO

E
•'-' LI)N
II-
uJ
00

0

LO
C"

0

LI)N

BACT BIOMASS ( mg C / m-3 )	AM2-T1

	

LOWEENNEW-1, 
1	 1 I

0	50	100	150	200	250	300	350	400
DISTANCE (km)

Figure 1. Oceanographic section through the ice-edge zone showing data for bacterioplankton biomass distribution in the upper 150 meters of
the water column, during AMERIEZ 1986 (AM-2 on figure). Shaded section indicates portion of water column covered by sea ice. Data from
southern rapid transect includes stations 1,2,3,4, 5,6, and 7, from Glacierand 10, 9,8,7,6,5,4,3, and 2, from Melville See figure lb Sullivan and
Ainley, Antarctic Journal, this issue. ("m" denotes "meter:' "Km" denotes "kilometer:' "mg Cfrh3Id" denotes "milligrams of carbon per cubic
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Figure 2. Oceanographic section through the ice-edge zone showing estimates of bacterioplankton biomass production in the upper 150
meters of the water column, during AMERIEZ 1986 (AM-2 on figure). Shaded section indicates portion of water column covered by sea ice.
Stations as in figure 1. ("m" denotes "meter:' "Km" denotes "kilometer:' "mg CIrh3Id" denotes "milligrams of carbon per cubic meter per day:')
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The neutral lipid content of microalgae can vary with en-
vironmental conditions making it a potential indicator of the
physiological state of these organisms. Lipid storage is often
observed in microalgae during nutrient limitation (Fogg 1956;
Hellebust and Lewin 1977) and may occur in organisms sub-
jected to low temperature (Smith and Morris 1980). Lipid drop-
lets have been shown to accumulate in polar-ice microalgae
toward the end of the spring bloom (Apollonio 1965) which may
reflect nutrient limitation (McConville 1985). Palmisano and
Sullivan (1982) found enhanced lipid levels in cultures of three
sea-ice diatoms subjected to a simulated summer-to-winter
transition in which temperature and light were decreased. We
present data on variability in neutral lipid content among indi-
vidual species and natural assemblages of a number of surface
melt-pool and bottom-ice microalgal communities in McMurdo
Sound during the 1986 austral summer.

Microalgae and associated ice were slowly melted in What-
man GFIC filtered seawater to avoid osmotic stress to the algae
before lipid analysis. The dye nile red, a vital stain selective for
cytoplasmic neutral lipid droplets (Greenspan, Mayer, and
Fowler 1985), was added to a 5-milliliter aliquot of the suspen-
sion to give a final concentration of 1 microgram per milliliter.
The fluorescence of the cell suspension was measured 3 min-

utes after nile red addition with a specrophotofluorometer. (The
excitation wavelength was 475 nanometers, and emission wave-
length was 580 nanometers.) These wavelengths optimized de-
tection of nile red fluorescence while minimizing the inter-
ference from chlorophyll a autofluorescence. The relationship
between nile red fluorescence and lipid equivalents was deter-
mined by comparison with fluorescence of a triolein (C57H1406)
standard treated in a fashion identical to the cell suspension.
Results are expressed as equivalents of triolein per unit chlo-
rophyll a, particulate carbon, or particulate nitrogen. Nor-
malization of triolein equivalents to these cellular constituents
allowed comparisons to be made between samples and
provided a relative index which was used to assess the phys-
iological state of the organisms. Lipid droplets of individual
species were observed qualitatively with an epifluorescent mi-
croscope fitted with filters covering the wavelengths given
above for the spectrophotofluorometer.

The table presents specific lipid content of microalgae associ-
ated with congelation ice, surface melt pools, and bottom-ice
platelets, the latter of which had floated to the surface at the
edge of the annual ice. The highest lipid levels occurred in
diatom communities dominated by Nit zschia stellata and other
Nitzschia species. Of these, the virtually unialgal population of
N. stellata collected in Wohlschlag Bay had the highest lipid
content in terms of chlorophyll content. Epifluorescent micro-
scope observations of nile red stained cells revealed that N.
stellata contained a greater volume of cytoplasmic lipid than
other species (figure 1). In contrast, communities dominated by
Amphiprora spp. displayed relatively few cytoplasmic lipid drop-
lets (figure 2), a qualitative observation confirmed by the lower
lipid-to-chlorophyll, lipid-to-particulate-carbon, and lipid-to-
particulate-nitrogen ratios in communities dominated by this
genus.

As with congelation-ice communities, the surface pools con-
taining Nztzschia sp. had the highest specific neutral lipid con-
tent. Epifluorescent microscopy showed that Navicula glaciei,
collected from a surface pool near Dunlop Island, also con-
tained a relatively large amount of cytoplasmic neutral lipid.
The lowest neutral lipid levels were measured in surface com-
munities dominated by microalgae other than diatoms. Of
these, the unidentified dinoflagellate collected in a surface melt
pool at the base of iceberg 2 (table) had the lowest neutral lipid
content with respect to cellular carbon and nitrogen. Lipid
levels in platelet ice microalgae were similar to those in other
Nitzschia-dominated communities.

That Nitzschia spp. and Navicula glaciei consistently displayed
higher specific lipid levels with respect to other diatom and non-
diatom dominated communities may be a species-specific trait
or it may indicate senescence of this organism at the time of
sampling. Palmisano and Sullivan (1982) showed that clones of
Nitzschia cylindrus cultured from antarctic sea ice had enhanced
cellular lipid levels when the organisms were subjected to de-
creasing temperature and light in a simulated summer-to-
winter transition. Decreasing light and temperature cannot,
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Neutral lipid content of organisms collected from various locations in McMurdo Sound during 1986.

Ratios

	

Lipid to	Lipid to

	

particulate	particulate

	

carbon	nitrogen	Numerically dominant organism

	

-	Nitzschia stellata

	

-	Nitzschia stellata, Amphiprora spp.

	

31.5
	 617.2	Nitzschia stellata, Amphiprora spp.

	

-	Nitzschia sp., Rhizosolenia sp.

	

25.7
	 547.3	Nitzschia sp., Rhizosolenia sp.

	

7.6
	 102.3	Amphiprora spp., N. stellata

	

6.7
	

88.5	Amphiprora spp., N. stellata

	

25.9
	

184.9	Nitzschia sp., Chaetocerous sp.

	

10.1
	

50.2	Unknown dinoflagellate

	

17.4
	 124.1	Phaeocystis sp.

	

39.0
	 264.5	Navicula glaciei, Nitzschia sp.

	

20.3
	

269.2	Nitzschia spp.

Lipid to
Location
	 Date	chlorophyll

Congelation ice-core samples
Wohlschlag Bay	 28 Nov.	5,741
Tent Island
	

29 Nov.	2,895
Tent Island
	

8 Dec.	2,899
Erebus Ice Tongue
	 29 Nov.	1,722

Erebus Ice Tongue	 8 Dec.	2,967
Iceberg 1
	

2 Dec.	393
Iceberg 2
	

2 Dec.	543

Surface melt pools
Iceberg 1 
	

2 Dec.	2,935
Iceberg 2
	

6Dec.	-
Iceberg 3
	

6 Dec.	124
Dunlop Island
	

6 Dec.	3,909

Ice-edge platelet microalgae
Ice edge
	 2 Dec.	2,618

a All icebergs were located on the western side of McMurdo Sound between Dunlop Island and Marble Point.
I Dashes indicate 'no data available."

Figure 1. Epitluorescent photomicrograph of nile red stained
Nitzschia stellata. The light spheres are neutral lipid droplets.

however, explain why the lipid level is relatively high in surface
melt pool populations of Nitzschia and Navicula which are ex-
posed to relatively high sunlight and variable low temperatures.
It would seem that differences in lipid content between Nit zschia
and Navicula, and Amphiprora are species-specific. However,
until we can measure microenvironmental conditions in which
the organisms grow, and measure lipid production under such
conditions in pure cultures of these organisms, this point re-
mains unresolved.

During our studies of antarctic sea-ice microalgae, we have
applied a number of techniques to examine the physiological
state of the organisms. The use of the dye nile red offered a
technique with which we examined neutral lipid content of
individual microalgal species within a community. The small
set of data presented here indicates that distinct differences do
occur between species. Future studies in which the neutral lipid
level of individual species is followed over the sea-ice microalgal

Figure 2. Epifluorescent photomicrograph of nile red stained
Amphiprora sp. The light spheres are neutral lipid droplets.

growing season should provide useful new information on the
spatial and temporal heterogeneity which we observe within
antarctic sea-ice microalgae.

The authors thank Mike Lizotte, Barbara Boczar, Glen Smith,
and Peter Nichols for field and laboratory assistance. This re-
search was supported by National Science Foundation grant DPP
84-15215 to A.C. Palmisano and C.W. Sullivan.
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cluded that it was probably more reliable in view of the potential
underestimate induced by the ammonium uptake meth-
odology used. The mean f-ratio was 0.65, indicating that a
majority of the primary productivity could be exported from the
euphotic zone in the form of higher trophic level biomass or
sinking particles.

Other studies have also measured the amount of new produc-
tion in the southern ocean. Olson (1980) and Gilbert, Biggs, and
McCarthy (1982) found f-ratios between 0.30 and 0.55; however,
ROnner, Sörensson, and Holm-Hansen (1983) found f-ratios to
average approximately 0.15. Because these studies have been
varied in both their spatial and temporal sampling patterns, it is
difficult to generalize about the degree of new production in the
southern ocean.

In 1983 we measured carbon and nitrogen (nitrate and am-
monium) uptake as part of the AMERIEZ project. We calculated
the f-ratios (see table) for selected stations with the two methods

One of the hypotheses that the AMERIEZ (Antarctic Marine
Ecosystem Research at the Ice-Edge Zone) program was de-
signed to test was that the marginal ice zone in the southern
ocean was a site of enhanced primary productivity and a source
of concentrated, high-quality food for herbivorous organisms.
An assumption within this hypothesis is that a significant frac-
tion of the primary productivity is based on nitrate rather than
ammonium. Nitrate-based productivity (so-called new produc-
tion: Eppley and Peterson 1979) is available for export from the
euphotic zone, either by transformation into higher trophic
level biomass or by particle flux to subeuphotic depths. In
contrast, regenerated production depends primarily on am-
monium which results from heterotrophic metabolism within
the ocean's surface layer, and this material cannot be removed
without altering the presumed steady-state standing stocks
within the euphotic zone.

In a study of the Ross Sea ice edge, Nelson and Smith (1986)
calculated the f-ratio (i.e., the ratio of nitrate-based productivity
to the total [nitrate- plus ammonium-based] productivity) for 15
stations, each of which had estimates of nitrate and ammonium
uptake for six depths. In addition, because their ammonium
uptake experiments were performed at ammonium con-
centrations significantly above ambient levels, they concluded
that their measured ammonium uptake rates were overesti-
mates and that the f-ratios calculated were therefore underesti-
mates. A second method of calculating new production was
proposed and compared to the usual procedure. This method
converted the carbon uptake measurements by using the ob-
served carbon/nitrogen value and estimating the total nitro-
genous uptake. The f-ratio was then computed from the ratio of
the nitrate uptake to the estimate of total nitrogen uptake calcu-
lated from carbon removal data. In general, the latter method
gave slightly higher f-ratios, and Nelson and Smith (1986) con-

New production values for selected stations occupied during
AMERIEz-1983. The samples reported here were taken from the

surface, and hence nutrient uptake should have been saturated
with respect to light. Methods were those reported in Nelson and

Smith (1986).

Station	 New	 New
number	 production 	 production 

4	 .151	 .644
8	 .723	 .677

10	 .479	 .537
12	 .182	 .432
14	 .478	 .556
17	 .368	 .571
18	 .459	 .600
21	 .747	 .559
23	 .353	 .491
25	 .489	 .505
27	 .647	 .504
29	 .681	 .514
31	 1.117	 .576
33	 .516	 .358
36	 .961	 .505
38	 .962	 .449
40	 .565	 .500
42	 .581	 .476

Mean	 .581	 .525

a Determined as the ratio of nitrate uptake to nitrogenous uptake as
estimated from carbon uptake and the carbon/nitrogen ratio (Nelson
and Smith 1986).

b Determined as the ratio of nitrate uptake to total (nitrate + ammonium)
nitrogen uptake.
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described by Nelson and Smith (1986). It is clear that in this
system a large proportion of new production is nitrate-based.
Furthermore, the mean of the f-ratios is 0.567 which is close to
the mean observed in the Ross Sea ice-edge study (0.645). There
was considerable variation within the f-ratios, but at least some
of this can be attributed to variations in the contributions of
detritus to the total particulate nitrogen pool, because it ap-
peared that detritus provided a variable and at times significant
fraction of particulate matter (unlike the Ross Sea study where it
was a minor component). Nonetheless, the large new produc-
tion observed within the AMERIEZ study clearly indicates that not
only is the Weddell Sea ice edge quantitatively important to the
region's production cycle, but it is also an extremely significant
source of biogenic material which is available for transformation
within the food web or export to the benthos. A complete
analysis of the data on new production collected throughout the
formation, movement, and decay of an ice-edge phytoplankton
bloom should enable us to define further the role of these
blooms in the ecology and biogeochemistry of the southern
ocean.

This research was conducted as part of the AMERIEZ project
(National Science Foundation grants DPP 84-20213 and DPP

84-20204).

References

Eppley, R.W., and B.J. Peterson. 1979. Particulate organic matter flux
and planktonic new production in the deep ocean. Nature, 282,
677-680.

Gilbert, P.M., D.C. Biggs, and J.J. McCarthy. 1982. Utilization of am-
monium and nitrate during austral summer in the Scotia Sea. Deep-
Sea Research, 29, 837-850.

Nelson, D. M., and W. 0. Smith, Jr. 1986. Phytoplankton bloom dynam-
ics of the western Ross Sea ice edge II. Mesoscale cycling of nitrogen
and silicon. Deep-Sea Research, 33, 1389-1412.

Olson, R.J. 1980. Nitrate and ammonium uptake in antarctic waters.
Limnology and Oceanography, 25, 1064-1074.

ROnner, U., E Sörensson, and 0. Holm-Hansen. 1983. Nitrogen assim-
ilation by phytoplankton in the Scotia Sea. Polar Biology, 2, 137-147.

Surface sediment diatom
assemblages, McMurdo Sound,

Antarctica

Dayton and Oliver 1977; Dayton et al. 1986; Palmisano et al. in
press), capable of supporting a dense benthic community. The
western Sound, however, is bathed by oligotrophic water enter-
ing the Sound from beneath the Ross Ice Shelf and flowing
north (Dayton and Oliver 1977; Barry and Dayton 1985).

The distribution of diatoms in surface sediments of the Sound
may be used as a tracer of the oceanographic conditions respon-
sible for producing such distinctly different benthic populations
between the eastern and western Sound. Quantitative diatom
counts were performed on surface sediment samples from 69
sites in McMurdo Sound (figure 1). The sites include 38 grab
samples, 23 sphincter core tops, 7 box core tops, and 1 piston
core top. As can be seen in figure 1, coverage of most of the
eastern Sound, Granite Harbor, and New Harbor is excellent.

AMY LEVENTER and ROBERT B. DUNBAR

Earth Systems Institute
Department of Geology and Geophysics

Rice University
Houston, Texas 77251-1892

Distinct differences in benthic communities from eastern vs.
western McMurdo Sound have been noted previously by many
workers (Bunt 1964; Dayton and Oliver 1977; Holm-Hansen et
al. 1977; Dayton et al. 1986). Infaunal assemblage standing
stocks among the highest in the world's oceans characterize the
eastern Sound, while the western Sound is typified by low
infaunal densities similar to those in deep-sea sediments
(Dayton and Oliver 1977; Dayton et al. 1986).

This well-defined difference in benthic densities has been
attributed to a combination of two factors. Dayton and Oliver
(1977) and Dayton et al. (1986) have suggested that more per-
sistent sea-ice coverage in the western Sound results in lower
primary productivity in the area, providing less food for the
benthos. A second, and possibly more important factor, is the
role played by the regional circulation in McMurdo Sound
(Dayton and Oliver 1977; Dayton et al. 1986). Circulation in the
Sound is generally cyclonic, with high salinity shelf water enter-
ing the eastern Sound from the northeast, flowing south, turn-
ing westward, and finally exiting northward along the western
coast (Heath 1977; Jacobs, Fairbanks, and Horibe 1985; Lewis
and Perkin 1985). Carried within the southward flowing water
are often well-developed planktonic populations (Bunt 1964; Figure 1. Surface sediment sample sites in McMurdo Sound.
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Samples are relatively sparse on the shallow western shelf and
only 2 of the 69 samples are from water depths less than 100
meters. Most samples shallower than 100 meters are composed
of coarse sand and gravel.

Floral counts were performed on smear slides. Smear slides
were used in order to alter the assemblage as little as possible.
Samples were mounted with Hyrax (refractive index = 1.63).
Relative species abundances were determined by counting
transects at 1,000 x until 500-600 specimens had been counted.
Only diatoms with more than one half of the frustule intact were
counted in order to avoid counting the same specimen twice.

The Sound can be divided into three major geographic re-
gions with respect to diatom surface sediment assemblages, the
eastern Sound, the southwestern Sound (New Harbor area),
and the northwestern Sound (Granite Harbor area) (figures 2
and 3). Two groups of diatoms dominate surface sediments of
the Sound, Nitzschia curta and Thalassiosira spp. Differences in
the relative proportions of these two groups distinguish floral
provinces.

Highest relative abundances of Thalassiosira spp. are located
in the central and eastern Sound, where concentrations reach
almost 35 percent. Nitzschia curta, though found in high relative
concentrations throughout the Sound, is relatively sparse in
this region, particularly in the south-central Sound, where val-
ues lower than 20 percent are observed. Very low (<12 percent)
concentrations of Thalassiosira spp. are characteristic of the New
Harbor area. Conversely, concentrations of Nitzschia curta reach
values greater than 65 percent in the southwestern Sound. In
the northwestern Sound, the surface sediments also contain
high abundances of Nitzschia curta (up to 80 percent) and rela-
tively low numbers of Thalassiosira spp. At two sites in Granite
Harbor, however, Thalassiosira spp. concentrations are >20
percent.

To interpret the ecologic and oceanographic significance of
these floral assemblages it is necessary to understand the dif-
ferences between the life histories of these two groups of di-
atoms. Nitzschia curta, a small pennate form, commonly is found
both as a member of the sea-ice microbial community (Leventer
and Dunbar 1987; McGrath-Grossi 1985) as well as in ice-edge

% NITZSCHIA CURTA

Figure 2. Relative abundance of Nitzschia curta in surface sedi-
ments of McMurdo Sound.

% THALASSIOSIRA

Figure 3. Relative abundance of Thalassiosira spp. in surface sedi-
ments of McMurdo Sound.

blooms in the Ross Sea (Smith and Nelson 1985; Wilson, Smith,
and Nelson 1986). Thalassiosira spp., on the other hand, are
rarely found in sea-ice samples, reaching maximum abun-
dances of <0.5 percent in samples from McMurdo Sound (Le-
venter and Dunbar 1987). We suggest that Thalassiosira spp. is
more common in surface sediments from the eastern Sound
and in some areas of Granite Harbor as a result of its advection
into these regions. The advection of Thalassiosira spp. has been
documented by sediment-trap work in Granite Harbor, where
abundance of this group increases at mid-water depths, signal-
ing transport from areas of open water primary productivity
(Leventer and Dunbar 1987). Preliminary data from sediment
traps in the eastern Sound indicate that lateral advection of
Thalassiosira spp. also introduces this genera to eastern McMur-
do Sound. Conversely, data from New Harbor show that
Thalassiosira spp. is not a component of the water column diatom
assemblage in the southwestern Sound.

These data imply that the surface sediment diatom as-
semblage of McMurdo Sound may document the influx of phy-
toplankton into the Sound within high salinity shelf water. The
floral data serves as a record of the regional circulation patterns
in the Sound which are important in producing the distinct
benthic communities noted by previous workers. Downcore
floral analyses are presently being done to assess recent
changes in diatom assemblage and the implications of these
changes with respect to extent of open water primary produc-
tivity in the past.

This project was supported by National Science Foundation
grant DPP 85-16911 and an American Association of University
Women predoctoral fellowship. Surface sediment samples were
provided by the antarctic core storage facilities at Florida State
University and Victoria University, Wellington, New Zealand.
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Sea-ice microalgae in polar regions grow at temperatures
below 0°C. Despite low temperatures, the rates of certain meta-
bolic processes appear higher than would be expected given the
thermal energy available to catalyze these reactions (McConville
1985; Palmisano and Sullivan 1982; Bunt and Lee 1970), a charac-
teristic also observed in temperate microlagae (Li 1980). Bunt
(1968) demonstrated that Fragilaria sublinearis, a diatom isolated
from antarctic sea ice, had a growth rate maximum of about 7°C

which categorizes it as a true psychrophile (Morita 1975). Photo-
synthetic rate (carbon-14 dioxide fixation) of freshly collected
antarctic sea-ice algal communities shows maxima between 4°C
and 8°C (Kottmeier et at. 1984), supporting Bunt's laboratory
data.

The temperature response of specific metabolic pathways
represents the sum of a number of reactions, each of which may
contribute to the overall growth of the organism. We present
the results of experiments designed to examine the influence of
temperature on nitrate and ammonium uptake, and the activity
of the enzyme nitrate reductase from natural assemblages of
sea-ice microalgae. These results will be compared with tem-
perature response of carbon-14 dioxide uptake (photo-
synthesis). Inorganic nitrogen compounds were examined be-
cause they have been shown to regulate the growth of arctic sea-
ice microalgae (Maestrini et at. 1986) and phytoplankton in
many of the world's oceans (McCarthy and Goldman 1979).

Sea-ice cores were collected during the 1985-1986 and
1986-1987 austral summers in McMurdo Sound in the area
between the tip of the Erebus Ice Tongue and Tent Island. The
dominant species present for all experiments were Nitzschia
stellata and Amphiprora spp. Temperature experiments were con-
ducted on microalgae from the lower 15 centimeters of sea-ice
cores which had been melted slowly in Whatman CF/C filtered
seawater to avoid osmotic stress of the algae. Nitrogen and
carbon dioxide uptake experiments were conducted on 10-milli-
liter cell suspensions incubated in a temperature-controlled
glycol-water bath at a photon flux density of 42 microeinsteins
per square meter per second, a saturating irradiance for photo-
synthesis of sea-ice microalgae (Palmisano and Sullivan 1983a).
Following a 30-minute preincubation at the desired tem-
perature, samples were inoculated with nitrogen-15 (99 atom
percent) nitrate or ammonium to a final enrichment of 28.6
micrograms of atomic nitrogen per liter; carbon-14 was added to
a parallel set of samples to a final activity of about 1 microcurie
per milliliter. Following 4 hours of incubation the reactions were
terminated by filtration through pre-combusted Whatman CF/C
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filters. Nitrogen-15 content of the samples was determined by
optical emission spectrometry (Timperly and Priscu 1986) and
carbon-14 by standard scintillation spectrometry. Nitrate reduc-
tase activity was determined on cell-free extracts using di-
thionite reduced methyl viologen as the electron donor (Priscu
and Downes 1987).

Nitrate, ammonium, and carbon dioxide uptake had tem-
perature maxima ranging from about 0.5°C to 3.8°C (figure,
table). The carbon dioxide maximum corroborates previous
work on the photosynthesis-temperature relationship. Our ni-
trogen results clearly show that the metabolic pathways re-
quired for inorganic nitrogen uptake and reduction also charac-
terize the community as being psychrophilic. Although the
temperature maxima for inorganic nitrogen and carbon dioxide
are similar, their dependence on temperature above the maxima
is not completely coupled. Both nitrate and ammonium uptake
are reduced to about 50 percent of the maximum above 6°C.

TEMPERATURE (°C)
Rate of nitrate uptake (A), ammonium uptake (B), carbon dioxide
uptake (C), and nitrate reductase (NR) activity (D), as a function of
temperature (°C). Rates are expressed as a percentage of the max-
imum value measured. Error bars denote standard deviations; when
not drawn they are smaller than the symbol.

Carbon dioxide uptake is depressed to only about 70 to 75
percent of the maximum above 6°C. These data show that nitro-
gen uptake has a narrower temperature range of maximum
activity compared with photosynthesis. It is important to note,
however, that at typical in situ temperatures (0°C to -2°C),
uptake of nitrogen and carbon dioxide represent a similar pro-
portion of the maximum suggesting that their metabolic path-
ways are thermally coupled at ambient temperature. This latter
point is supported by the similar Q10 values for nitrogen and
carbon uptake (table). (Q,0 represents the increase in metabolic
activity per 10°C increase in temperature.) These Q,0 values are
based only on three to four replicate points and should be
interpreted cautiously.

Nitrate reductase showed a distinctly different activity vs.
temperature relationship from nitrogen and carbon uptake. The
temperature of maximum nitrate reductase activity was higher
(8.0-9.0°C) and the Q1 value significantly (p <0.05) lower than
the uptake pathways. Nitrate uptake is regulated by both trans-
port enzymes associated with the cell membrane as well as the
reduction pathway via nitrate reductase. Our combined data
imply that the transport systems for nitrate can operate more
efficiently at lower temperatures than the reduction enzymes.
The higher temperature maximum for nitrate reduction with
respect to transport, may partially explain the occurrence of
large intracellular nitrate pools we have found in these cells
growing below 0°C (J.C. Priscu unpublished data).

The results of nitrogen studies presented here provide fur-
ther evidence that low environmental temperatures have im-
posed selection pressures on sea-ice microalgae resulting in
physiological characteristics closely fitting habitat conditions.
That the metabolic temperature maximum is higher than the
ambient temperature may be due to high nutrient levels (Mad-
dux and Jones 1964) or may provide protection to the algae from
transient warming when the ice breaks out. Despite an exact
correlation between ambient temperature and physiological
maxima the psychrophilic characteristics shown by sea-ice mi-
croalgae allow them to grow at such a rate that they contribute
significantly to the primary production in McMurdo Sound
(Palmisano and Sullivan 1983b).

The authors thank Glen Cota, Mike Lizotte, and Glen Smith
for field and laboratory assistance. This research was supported
by National Science Foundation grant DPP 84-15215 to A.C.
Palmisano and C.W. Sullivan.
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Microalgal communities living in the lower layers of sea ice in
McMurdo Sound, Antarctica, are dominated by diatoms (Bunt
and Wood 1963). Diatoms contain chlorophylls a and c and the
carotenoid fucoxanthin as their primary light harvesting pig-
ments, as well as lesser amounts of the carotenoids diatox-
anthin, diadinoxanthin, and B-carotene. Light is sharply at-
tenuated as it passes through surface snow and sea ice leaving
typically <1 percent of surface downwelling irradiance avail-
able to diatoms in the lower congelation ice (coarse-grained ice)
and platelet ice (unconsolidated ice crystal layer below con-
gelation ice.) It is critical for sea-ice algae to be efficient in

harvesting available light for photosynthesis. We have charac-
terized light absorption by the total pigment complement using
visible spectrometry, and isolated and quantified individual
photosynthetic pigments using high-performance liquid chro-
matography to assess their relative contributions to light
absorbance.

An acetone extract of total pigments in a sea-ice diatom com-
munity from a site in Wohlschlag Bay is shown in figure 1. This
community was of special interest because it comprised a mono-
specific population of Nitzschia stellata, a common ice alga. We
found a broad peak in spectral absorbance at 436 nanometers
(chlorophylls and carotenoids) and at 668 nanometers (chlo-
rophyll a; this absorbance spectrum is characteristic for di-
atoms.

Using reverse-phase, high-performance liquid chromatogra-
phy (figure 2), we found that acetone extracts of sea-ice diatoms
contained chlorophyll c (peak 1), fucoxanthin (peak 2), and
chlorophyll a (peak 5). Trace amounts of diatoxanthin and di-
adinoxanthin were also present (peaks 3 and 4). B-carotene, a
carotenoid whose primary function is photoprotection, was not
detected in diatoms from this low-light, under-ice habitat. Pha-
eophytin and phaeophorbide, chlorophyll degradation prod-
ucts that have been proposed as indicators of grazing activity,

100

Ui
0
2

0C,,

Ui
>
I-

-J
Ui
cc

OL 	I	I	I	I	I	\..I
400	450	500	550	600	650	700

WAVELENGTH, im

Figure 1. Absorbance spectrum of an acetone extract of a sea-ice
diatom community at Wohlschlag Bay dominated by Nitzschia
stellata.
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Figure 2. A high-performance liquid chromatogram of an acetone
extract of a Nitzschia stellata community. Peaks represent absor-
bance at 440 nanometers. 1, chlorophyll C; 2, fucoxanthin; 3, di-
adinoxanthin; 4, diatoxanthin; 5, chlorophyll a.

were not detectable. This confirms our observations that con-
gelation ice habitat in McMurdo Sound serves as a refugium
inaccessible to many grazing animals. Chlorophyll a' (an isomer
of chlorophyll a) and chlorophyllide, present in senescing or
detrital diatom populations, were absent.

The molar proportions of the two accessory pigments—chlo-
rophyll c and fucoxanthin—varied with respect to chlorophyll a
by twofold in our samples with the highest proportion of ac-
cessory pigments in Granite Harbor congelation ice dominated
by Amphiprora communities and the lowest proportion in
Erebus Ice Tongue congelation ice samples containing several
species of pennate and some centric diatoms (table). These
variations may be due to photoadaptive strategies, species com-
position, or both. A decrease in growth irradiance may result in
an increase in cellular photosynthetic pigments (Prezelin 1981).
However, photoadaptation alone cannot explain the observed
differences in pigment ratios. Moreover, at the Erebus Ice
Tongue site, diatom communities in congelation ice had very

similar ratios to diatom communities in the platelet ice below
which receive significantly less irradiance (Sullivan, Palmisano,
and SooHoo 1984).

Bidigare et al. (1986) reported chlorophyll c/a ratios of 0.23 ±
0.08 in planktonic diatoms in the southern ocean. The ratios in
sea-ice diatoms were consistently higher averaging 0.35 ± 0.13;
this may reflect the low photosynthetically available radiation in
sea-ice microbial communities.

Our analyses of photosynthetic pigments in sea-ice diatoms
indicated a healthy, growing population with limited grazing.
Natural variability among under-ice communities in pigment
profiles may reflect photoadaptive strategies and/or species dif-
ferences. Further research is needed on pure cultures and
monospecific natural populations to determine interspecies
variability in pigments. More detailed analyses of the organiza-
tion of pigments within pigment-protein complexes of Nitzschia
stellata are currently in progress by Barbara Boczar.

This research was supported by National Science Foundation
grant DPP 84-15215.
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Molar ratios of principal photosynthetic pigments in sea-ice diatom communities

Site

Bottom congelation ice
Granite Harbor
Wohlschlag Bay
Erebus Ice Tongue

Dominant species

Amphiprora sp.
Nitzschia stellata
Berkeleya sp., N. stellata,

Bidduiphia sp.,
Amphiprora sp.

Small centric diatoms
(< 20 micrometers)

Ratios.

Chlorophyll c to
chlorophyll a

0.54
0.33
0.26

0.27

Fucoxanthin to
chlorophyll a

2.57
1.52
1.68

1.82

Platelet ice

Erebus Ice Tongue
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Diel periodicities in polar planktonic
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pacity (micrograms of carbon per microgram of chlorophyll a
per hour) occurred before noon and around midnight (figure
1A). As the daylight portion of the photoperiod lengthened,

max progressively shifted later in the day (figures 2A, 3A) until
it occurred about 2400 hours in November x.rhen irradiance was
continuous (figure 3A). The low photosynthetic capacity during
this mid-day period was not the result of photoinhibition. Pmax
and a (the slope of the light limited portion of the photo-
synthesis-irradiance, P-I, curve) had similar diel patterns and
were highly correlated (r = 0.9). A linear relationship between
1 max and a requires proportional changes in both parameters;
thus the relative shapes of the P-I curves and saturation irra-
diance ( Ik = 40 microeinsteins per meter per second) remained
relatively constant throughout the season. During this period,

1.2	 1200

The rotation of the Earth and attendant alteration in periods of
light and dark has imposed a requirement for coordination
among synthetic and reproductive processes (Sweeney 1983).
This results, for many species, in a phase relationship between
both biosynthesis and cell division and the environmental light/
dark cycle. Many physiological characteristics of micro-
organisms can be entrained by an external zeitgeber" (i.e., the
light/dark cycle) and diel periodicity in metabolism and growth
is a general characteristic of many temperate and tropical algae,
bacteria, and protozoa. In polar environments, the photic regi-
me is unique: 4-month periods of continual light or darkness are
separated by 2-month transition periods where the pho-
toperiod changes about 20 minutes per day. Thus, populations
endemic to these regions may not be subject to the same meta-
bolic regulatory mechanisms as temperate and tropical species
which evolved under regularly alternating light/dark periods.
In this study, we measured the diel periodicity of algal photo-
synthesis, bacterial growth, and grazing rates of micro-
zooplankton in McMurdo Sound, Antarctica.

Studies were conducted during the austral spring at our field
station located about 25 kilometers north of Cape Armitage and
8 kilometers west of Tent Island in McMurdo Sound (Rivkin and
Putt 1987). At 4- to 5-hour intervals for 24 to 30 hours, samples
for photosynthesis and bacterial growth were collected in 10-
liter Niskin bottles from 25 meters and microzooplankton were
collected by vertically towing a 0.5-meter diameter, 20-microm-
eter aperture plankton net in the upper 50 meters of the water
column. Photosynthesis was measured at 7 to 8 irradiances (0.5
to 250 microeinsteins per square meter per second). Bacterial
growth rates were determined by the incorporation of methyl-
tritiated thymidine (3H-TdR; specific activity 45-60 curies per
millimole TdR; 5-15 nanomoles per liter final concentration of
TdR) into acid insoluble nucleic acids (Fuhrman and Azam 1980;
Ducklow and Hill 1985). We determined an average conversion
factor (c.f., Ducklow and Hill 1985) of 2.2 x 10 cells per mole
TdR incorporated (range 1-7 x 1018). Microzooplankton graz-
ing rates were determined by the dual labelling (3H-TdR and
NaH 14CO3) technique of Lessard and Swift (1985) as modified
by Rivkin et al. (1986). Photosynthesis and bacterial growth
experiments were incubated for 1-2 hours and grazing experi-
ments for 3 hours at ambient temperature.

During early September, when daylight was <12 hours per
day, maximum (PT,,,,) and minimum (P,,) photosynthesis ca-
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Figure 1. Diel pattern in (A) photosynthetic capacity (P m) expressed
as a percentage of maximum photosynthetic capacity (Pma),) ob-
served during each of the diel periodicity experiments (P m X 100/
Pma),), U, and incident irradiance (microeinsteins per square meter
per second; solid line); (B) bacterial growth rate and (C) clearance
rates of the tintinnid Cymatocylis vanhoeffeni and nonphoto.
synthetic dinoflagellate Protoperidinium antarcticum measured 6 to
9 September.
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Figure 2. Diel pattern in (A) photosynthetic capacity (Pm) expressed
as a percentage of maximum photosynthetic capacity (Pmax) ob-
served during each of the diel periodicity experiments (P m X 100/
Pmax), N, and incident irradiance (microeinsteins per square meter
per second; solid line); (B) bacterial growth rate and (C) clearance
rates of the tintinnid Cymatocylis vanhoeffeni and nonphoto-
synthetic dinoflagellate Protoperidinium antarcticum measured 10
to 14 October.

the assimilation ratio decreased from about 8 to 1 micrograms of
carbon per microgram of chlorophyll a per hour and the ampli-
tude of the Pmax tOPn, , n ratio increased from 2-3 in early Sep-
tember to 15 by late November.

Bacterial growth rates were similar to temperate and tropical
bacterioplankton (1.5 to 3.0 per day). Growth rate showed a well
defined die! periodicity. Maximum and minimum growth rates
occurred mid-day and between 2400 hours and 0600 hours,
respectively, on all sampling dates and appeared to be inde-
pendent of the photocycle (figures lB. 2B, 3B).

Clearance rates were measured for an abundant tintinnid
(Cymatocylis vanhoeffeni Laackmann, 1907) and a nonphoto-
synthetic dinoflagellate (Protoperidinium antarcticurn) in early
September and mid-October. These microzooplankton in-
gested only bacteria and excluded phytoplankton (figures 1C,
2C). This is consistent with previous observations on the selec-

tive grazing of antarctic microzooplankton and invertebrate
larvae (Lessard and Rivkin 1986; Rivkin et al. 1986); thus, clear-
ance rates were calculated for 3H labelled particles only. In early
September, maximum clearance rates occurred around mid-
night for both the tintinnid and dinoflagellate (figure 1C). By
mid-October, maximum clearance rates for P. antarcticum shift-
ed to the mid-day period (figure 2C). Throughout the study
period, there was no apparent diel periodicity in chlorophyll a
concentrations or bacterial abundances.

In temperate phytoplankton, persistent diel oscillations in
photosynthesis can be entrained by alternating cycles of light
and dark (Prézelin, Meeson, and Sweeney 1977; Sweeney 1983).
Both light-limited and -saturated rates of photosynthesis gener-
ally have daily maxima and minima during the light and dark
periods, respectively, (Sournia 1974; Harding et al. 1982a,
1982b; Putt and Prézelin 1985). During September and early
October, when incident irradiance was periodic, the diel pat-
terns of photosynthesis of polar and temperate phytoplankton
were similar. During the remainder of the austral spring and
summer, when irradiance was continuous, Piiax occurred at
about midnight and P,,, at mid-day. Temporal changes in pho-
tosynthetic characteristics can significantly influence estimates
of area! production (Harding et al. 1982a, 1982b). Most previous
studies of primary production in the Antarctic were done dur-
ing the late austral summer and were usually based on single,
mid-day incubations (Holm-Hansen et al. 1977; Nelson and
Smith 1986). The mid-day period is when photosynthetic capac-
ity is at its daily minimum (figure 3A), thus primary production
may have been underestimated. During the austral summer,
daily production calculated from time-of-day-correct photo-
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Figure 3. Diel pattern in (A) photosynthetic capacity (Pm) expressed
as a percentage of maximum photosynthetic capacity (Pmax) ob-
served during each of the diel periodicity experiments (P m X 100/
Pmax), U, and incident irradiance (microeinsteins per square meter
per second; solid line) and (B) bacterial growth rate measured 21 to
23 November. Microzooplankton grazing was not measured on this
date.
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synthetic characteristics is about 3 times greater than predicted
from a single 6-hour mid-day incubation extrapolated to 24
hours. Similarly, bacterial growth and grazing by micro-
zooplankton exhibit distinct diel periodicities, thus extrapolat-
ing results of short incubations to daily rates may be misleading.
For example, extrapolating mid-day rates to 24 hours would
overestimate bacterial growth and production by a factor of 2 to 5
and underestimate grazing rates of some microzooplankton by
two- to fourfold.

This study demonstrates, for the first time, diel periodicities
in polar microbial populations. It also shows that the phys-
iological characteristics of populations in polar and temperate
regions can differ significantly, thus models developed for tem-
perate species may not be appropriate in polar regions. This
work represents part of our continuing study of the metabolism
of polar microbial populations. We are currently examining the
coupling and trophic interaction among phytoplankton, bacte-
ria, and microzooplankton.

This research was supported by National Science Foundation
grant DPP 83-14607 and DPP 85-20278 to R.B. Rivkin.
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Chitin degradation during the austral
summer in Antarctica

RUSSELL P. HERWIG and JAMES T. STALEY

Department of Microbiology
University of Washington

Seattle, Washington 98195

Chitin, a biopolymer composed of subunits of the amino
sugar N-acetyl-D-glucosamine, is the primary constituent of
the exoskeleton of zooplankton. The dominant zooplankton
species in the Antarctic is Euphausia superba, commonly called
krill. This crustacean serves as the primary item in the diet for
many different kinds of animals, including seals, whales, birds,
and fish. Approximately 4-10 percent of the dry weight of krill
is chitin (Clarke 1980; Raymont, Srinivasagam, and Raymont
1971). The degradation of chitin requires the action of a specific
enzyme called chitinase which is produced by a small group of
microorganisms (Clarke and Tracey 1956) and is found in the
tissues of some vertebrates (Jeuniaux and Cornelius 1978). Mil-
lions of tons of chitin are produced each year in the antarctic
ecosystem, and our research project focuses on finding the
routes of chitin degradation in Antarctica. An objective of our
study was to determine if krill-feeding animals in the Antarctic
can degrade a significant portion of the chitin that they con-

sume. A second objective was to examine the chitin degradation
rates in the environment and characterize the microorganisms
that are responsible for this activity. If chitin is not degraded,
large quantities of carbon and nitrogen 'would become lost in
the Antarctic. During the 1986-1987 austral summer our re-
search group examined the rates of chitin degradation and the
presence of chitinolytic bacteria in an Adélie penguin rookery,
and in marine sediments and water. In addition, the chitin
degradation ability of crabeater seals (Lohodon carcinophagus) was
investigated.

Cra beater seal studies. Crabeater seals are the most numerous
seal species in Antarctica and in the world with a population
estimated to be about 30 million (Laws 1985). These marine
mammals feed almost exclusively on krill. With the cooperation
of scientists from the National Marine Mammal Laboratory
(Seattle, Washington) a small number of seals was sacrificed and
the digestive contents removed for chitin degradation studies.
Digestive tract tissues were also examined for the presence of
chitinase.

Chitin degradation in an Adélie penguin rookery. During the aus-
tral summer Adélie penguins (Pygocelis adeliae) breed and raise
chicks in rookeries (figure). Studies were performed in an Adé-
lie penguin rookery located on Torgersen Island, a site near
Palmer Station, Anvers Island. This rookery serves as the home
for over 15,000 adult penguins during the austral summer
(Heimark and Heimark 1984), and large quantities of guano,
which contains chitin, are deposited in the rookery. For deter-
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mination of the rates of chitin degradation, radioactive car-
bon-14-chitin was synthesized in our Seattle laboratory using a
procedure similar to that used for the production of hydro-
gen-3-chitin (Molano, Duran, and Cabib 1977) but in which
carbon-14-acetic anhydride was allowed to react with chitosan
(deacetylated chitin). Soil samples were collected from different
depths at two separate sites and were incubated with the radi-
oactive chitin within closed flasks at 1°C. After a 48-hour incuba-
tion, the samples were acidified and the released carbon-14
dioxide was collected within the flask on filter paper, soaked
with base that was suspended above the sample. Using the
radionuclide tracer microbial degradation of chitin was meas-
ured by determining the quantity of carbon-14 dioxide released
by microbial respiration of the carbon-14-chitin. Bacteria capa-
ble of degrading chitin in the penguin rookery were enumer-
ated on an agar medium containing a rookery soil extract and
chitin that was incubated at 5°C for a minimum of 4 weeks. The
chitinolytic bacterial isolates and their chitinases will be charac-
terized.

Chitin degradation in marine waters and sediments. The iIv Polar
Duke and the U.S. Coast Guard Arctic Survey Boat were used to
collect sediment and water samples from selected sites along
the Antarctic Peninsula. Samples were collected in the Palmer
Station vicinity, Wilhelmina Bay, Bransfield Strait, Bismark
Strait, and Penola Strait. Chitin degradation activity was meas-
ured using two different approaches. First, a method similar to
that described above for the rookery soil was used. Sediment
slurries and water samples were incubated at 1°C with car-
bon-14-chitin for 48 hours and the release of carbon-14 dioxide
was collected and measured. Second, a fluorogenic substrate,
methylumbelliferyl chitotriose, was used to determine the ac-
tivity of chitinase in the marine environment. This substrate has
been used for the measurement of lysozyme activity (Delmotte,

Privat, and Monsigny 1975; Yang and Hamaguchi 1980). Sam-
ples were incubated at 1°C for 48 hours with methylumbelliferyl
hitotriose, and chitinase activity was determined by measuring

tue quantity of methylumbelliferone that was cleaved from the
I 1 uorogenic substrate by using a fluorometer. Chitinolytic bacte-
iLl from the marine environment were enumerated on an agar
medium containing chitin that was incubated at 5°C for a period
ireater than 4 weeks. Bacterial isolates were purified and iso
lted for taxonomic studies. Chitinases from selected marine
Nolates will be purified and characterized.

During the course of our investigation of chitin degradation in
the Antarctic, we have developed new procedures for the deter-
mination of chitinase activity in environmental samples. In
pirticular, the uses of carbon-14-chitin synthesized from
Jiitosan and carbon-14-acetic anhydride, and a fluorogenic
substrate for chitinase assays have not been previously re-
ported. These techniques developed for our antarctic investiga-
tions would be applicable to the study of chitin degradation in
other regions of the world.

This work was supported in part by National Science Founda-
tion grant DPP 84-15069. Nancy Pellerin, Roar Irgens, and James
Maki were members of the 1986-1987 field team. We would like
to acknowledge the excellent cooperation that we received from
the support personnel of ITT/Antarctic Services, Inc., the cap-
tain and crew of the iIv Polar Duke, and the U.S. Coast Guard
crew of the Arctic Survey Boat.
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Phytoplankton biomass and
productivity in the Bransfield Strait
and Elephant Island region of the
southern ocean in January 1987

LARRY H. WEBER and SAYED Z. EL-SAYED

Department of Oceanography
Texas A&M University

College Station, Texas 77843

The 28 December 1986 to 24 January 1987 cruise of the i1v
Professor Siedlecki to the Bransfield Strait and Elephant Island
region constituted leg II of the first survey to be conducted
under the auspices of the Antarctic Marine Living Resources
Ecosystem Monitoring Program. The phytoplankton research
during this cruise was designed to assess the vertical and hori-
zontal distribution patterns of phytoplankton biomass, produc-
tivity, and cell-size distribution in relation to environmental
parameters and to the distribution of krill. Discrete water sam-
ples were collected at daily stations from seven depths in the
upper 200 meters and analyzed for chlorophyll a concentrations
and carbon-14 uptake rates in the net (more than 20 microme-
ters), nano- (1-10 micrometers), and picosize (less than 1 mi-
crometer) fractions. While steaming between stations, values of
near surface in vivo fluorescence (together with data on sea
surface temperature, solar irradiance, and acoustically derived
krill density) were recorded at 0.1 nautical mile intervals. In
addition, an experiment was conducted to assess the response
of southern ocean phytoplankton to exposure to ultraviolet
radiation. To date, the discrete station data on chlorophyll a and
carbon-14 uptake, as well as the samples from the ultraviolet
experiment, have been analyzed.

At the 14 stations occupied, chlorophyll a concentrations
varied over an order of magnitude with surface and integrated
(to the depth of 1 percent surface light penetration: range 22-35
meters) values ranging between 0.3-3.0 milligrams per cubic
meter and 8.6-78.5 milligrams per cubic meter, respectively.
The stations can be divided into two distinct groups on the basis
of cell-size distribution. The phytoplankton in the Bransfield
Strait and south of Elephant Island were predominately net
plankton (both Phaeocystis pouchetii and Thalassiothrix antarctica
were observed in abundance), with 66-84 percent of the inte-
grated chlorophyll a in the greater than 20-micrometer size
fraction. For this group of six stations, only 13-25 and 3-10
percent of the chlorophyll a were in the nano- and
picoplankton, respectively. In contrast, at eight stations north of
Elephant Island, the net-, nano-, and picosize fractions contrib-
uted 4-18, 49-75, and 15-47 percent to the total chlorophyll a,
respectively.

Patterns of variability in carbon-14 uptake rates closely paral-
leled those of chlorophyll a, both in terms of absolute magni-
tude and in the relative importance of the different size frac-
tions. It is interesting to note that although large amounts of
chlorophyll a were present at depths below the euphotic zone,
the measured carbon uptake for samples incubated at 0.1 per-
cent of incident surface light intensity was negligible.

Surface seawater samples from north of Elephant Island (ap-
proximately 60°30'S 55°30'W) were collected on 3 consecutive
days, inoculated with carbon-14, and incubated for periods of 2,
4, and 8 hours under ambient and reduced levels of ultraviolet

light (wavelengths less than about 400 nanometers were filtered
out by Plexiglas). Incident total solar irradiance levels were
uncharacteristically high during the first 2 days (A and B in
figure) due to cloudless conditions. On all 3 days, measured
rates of carbon uptake were substantially higher (2-4 times) for
those samples shielded from ultraviolet radiation.

Continuous data on in vivo fluorescence, seawater tem-
perature, solar irradiance, and krill density are now being ana-
lyzed. It is hoped that this analysis, together with evaluation of
the discrete phytoplankton station data (reported herein) in
relation to hydrographic and krill abundance data (to be forth-
coming from other investigators), will provide insights into the
factors responsible for the spatial variability of phytoplankton
biomass and productivity in this hydrographically complex re-
gion of the southern ocean. Such analyses will parallel those
reported in Weber and El-Sayed (1985) and Weber, El-Sayed,
and Hampton (1986) for data from the Indian sector south of
Africa.

This work was supported by National Oceanic and At-
mospheric Administration/National Marine Fisheries Service
award number NA87EA-H-00014. We acknowledge the support
and cooperation of the captain, crew, and American and Polish
scientific personnel, without whose help our work would not
have been possible.

Radiocarbon uptake rates (counts per minute) for samples taken off
Elephant Island in January 1987 and incubated for 2, 4, and 8 hours
under ambient (-o) and reduced (A) levels of ultraviolet radiation.
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Larval and adult antarctic krill,
Euphausia superba, 1986 winter
observations at Palmer Station

ROBIN M. Ross, LANGDON B. QUETIN,

MARGARET 0. AMSLER, and MICHAEL C. ELIAS

Marine Science Institute
University of California at Santa Barbara

Santa Barbara, California 93106

During the winter of 1986, we maintained populations of
adult and larval krill, Euphausia superba, in tanks of seawater at
ambient temperature, food concentration, and photoperiod in
the aquarium room at Palmer Station. We examined the popula-
tions of larval krill at intervals to describe the development of
different furcilia stages under winter conditions. We also ob-
served both the reproductive status and behavioral charac-
teristics of adult krill after 8 months in known fall, winter, and
spring conditions. Other investigators have maintained larval
and adult krill in the laboratory for long periods, but usually in
an environment of constant temperature and high food con-
centration (Ikeda 1984; Marschall, personal communication).
Our objective was to examine development and maturation of
the antarctic krill in conditions like those found in the winter in
the antarctic Peninsula.

Larval development. Late furcilia stage larvae of Euphausia so-
perba were collected from the Gerlache Strait on a cruise on the p1
V Polar Duke in early April 1986. These larvae were sorted to
stage (Fraser 1936). About 500 larvae of the same stage were
placed together in shallow trays of flowing, unfiltered seawater
from Arthur Harbor. The four populations monitored were
initially furcilia 3, furcilia 4, furcilia 5, or furcilia 6 stage larvae.
The temperature was measured daily, and the chlorophyll a
concentration determined three times a week in each tray. The
stage composition of 10 individuals from each population was
determined every 2 weeks for the first 4 months, and of 15
individuals for the last 4 months of the experiment.

The temperature decreased rapidly from about 1.5°C in early
April to - 1.5°C in early July, remaining constant until late
August. In late August temperatures began to increase slowly,
reaching - 1°C in early November, then increased rapidly to
0.5°C in mid-December (figure 1). Chlorophyll a concentrations
were already low at the beginning of the experiment and re-
mained between 0.1 and 0.2 micrograms of chlorophyll a per
liter from late May until mid-September. Concentrations in the
spring were slightly higher, between 0.2 and 0.7 micrograms of
chlorophyll a per liter, but the spring bloom did not begin until
mid-December when the ice melted in Arthur Harbor. Peak

concentrations of over 35 micrograms of chlorophyll a per liter
were found in early January (figure 1).

Development of the larvae reflected these changes in en-
vironmental conditions. In the youngest population, develop-
ment continued slowly during the fall while the temperature
was still decreasing, despite the low food concentrations. The
durations of the late furcilia stages (furcilia 4, 19.5 days; furcilia
5, 33 days) were much longer in the fall than those of furcilia
kept at high food concentrations in the laboratory (Ikeda 1984)
or of calyptopis 3 larvae in the summer in the field (Brinton,
Huntley, and Townsend, 1986). During July and August, the
stage composition of these larvae remained constant, with most
of the larvae at furcilia 6. Both temperature and food con-
centration increased slightly in September, and the stage com-
position began to change slowly (figure 1). The pattern of de-
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Figure 1. Average temperature ([1) and food concentration (• ) of the
four trays, and stage composition of the youngest population of
larval Euphausia superba kept in flow-through trays at Palmer Sta-
tion during the fall, winter, and spring of 1986. The percentage of the
population in the most advanced stage is plotted against day; 1 April
is day 1. The last sampling day for this population was 22 October.
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velopment was similar in the other trays (figure 2). Develop-
ment continued until late June, then stopped until mid-
September. None of the populations was able to complete de-
velopment to 100 percent juvenile before late June, even the
group that was 100 percent furcilia 6 in mid-April. All four larval
populations wintered-over as a mixture of furcilia 5 and 6 stage
larvae and juveniles, with the majority at furcilia 6.

Under winter conditions such as those found in Arthur Har-
bor in 1986, most larvae of Euphausia superha spent the winter in
the last furcilia stage, and became juveniles in the late spring.
The period when development ceased was closely correlated
with the lowest temperatures and food concentrations of the
winter, less than - 1.3°C and 0.2 micrograms chlorophyll a per
liter.

Reproductive status and behavior. Adult Euphausia superba col-
lected from the Gerlache Strait in early April were kept in tanks
(1.52 meters in diameter) of flowing seawater at ambient tem-
perature, photoperiod, and food concentration. The adult
females in these tanks matured and became gravid later than
females in the field. We found spawning females in the south-
ern Bransfield Strait and Gerlache Strait in mid-December, but
those in the tanks at Palmer Station did not release eggs until
mid-January. This delay in maturation may be due to food
limitation caused by differences in timing of the disappearance
of ice cover and thus the spring bloom in the two areas. Females
from these tanks released viable embryos indicating that mating
had taken place in the tanks.

In these tanks we observed single males following gravid
females. The male would intersect a track recently followed by a
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Figure 2. Stage composition of three of the populations of larval
Euphausia superba kept in flow-through trays at Palmer Station
during the fall, winter, and spring of 1986, from 1 April to 20 January.
The percentage of the population in the most advanced stage is
plotted for the populations that were initially furcilia 3 (LII ), furcilia 5
(•) and furcilia 6 (•) stage larvae.

Figure 3. Diagram of the relative positions of the male (on the bot-
tom) and female adult Euphausia superba during the chase and
contact sequence of mating behaviors.

female, turn sharply, and double back on the track. He would
chase and often physically contact the female. The chase dura-
tions were about 5 seconds, and the contact or close times 10-30
seconds. Occasionally the male would just touch the female and
leave. The contact point was the ventral surface of the female
just behind the thelycum and the head of the male near the base
of the antennae (figure 3). This perception of an apparent chem-
ical trail occurred within 8-10 centimeters of the female in the
tank, but may occur over greater distances in the field where the
flow field is probably less turbulent. Although we never saw a
male transfer a spermatophore to a female, we did see mature
males chasing gravid females, never the reverse or two individ-
uals of the same sex. We believe that this sequence of behaviors
is part of mating. We know that adult Euphausia superba use their
chemosensory behavior in feeding (Hamner et al. 1983); this
chase and contact sequence demonstrates that this chemosen-
sory ability is also used in reproduction.

This work was supported by National Science Foundation
grant DPP 85-18872 to R.M. Ross and L.B. Quetin.
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Eggs and embryos of the antarctic
krill Euphausia superba

ROBERT Y. GEORGE

Institute for Marine Biomedical Research
University of North Carolina at Wilmington

Wilmington, North Carolina 28403

The antarctic krill Euphausia superba Dana spawns seasonally
in late December and early January in the Bransfield Strait and
in the vicinity of the Antarctic Peninsula. Gravid females were
captured in Charlotte Bay and Gerlache Strait as late as mid-
February in 1983. Eggs were shed in the laboratory at 1.5°C in
Palmer Station. The fecundity varied from as low as 958 eggs to
as much as 9,500 eggs, larger females of 5.8-6.1 centimeters
carrying the maximum laod of eggs. This is in agreement with
observations on krill fecundity by the Soviet investigators (Si-
egel 1985). Improved fecundity is probably encountered in
older larger gravid females with reproductive phase prolonged
to the extent of 7-11 years as reported by Ikeda (1985).

The newly shed eggs are fertilized during the act of spawning
on contact with spermatophores attached to the females. The
eggs are fragile and transparent spheres about 670 micrometers
in diameter. In sea water of 1.028 grams per cubic centimeter

density, the eggs sink at a speed of 130 to 160 meters per day
during cleavage, 80-90 meters per day during gastrulation and
100-120 meters per day prior to hatching (George and Strombert
1985). The sinking eggs and embryos are subjected to increas-
ing hydrostatic pressure in the water column. However, pres-
sure does not exert any influence on the sinking rate because the
density of sea water increases with depth and simultaneously
the embryos are getting compressed by pressure. As a con-
sequence of these two antagonistic impacts of similar magni-
tude, sinking rate is not presumably influenced by pressure
(Ross and Quetin 1985). Nevertheless, increasing pressure ac-
celerates rate of cleavage in krill eggs and our research at Palmer
Station clearly established the fact that 32-celled stage is attained
in 5 hours under ito 20 atmospheres of pressure while it took 13
hours at 1 atmosphere (George and Stromberg 1985).

Changes in the biochemical composition of the eggs occur
during embryogenesis. The zygotes contained 31 percent lipid,
1 percent carbohydrate, and 57 percent protein on a dry-weight
basis. During egg development, twice as much protein than
lipid was used for embryonic energetics (Amsier and George
1985). The high protein content and somewhat low lipid content
in krill eggs is also reflected in the low calorific value of 4837 +
30 gram-calories per gram of dry weight (George in prepara-
tion). Light micrograph of eggs revealed the abundance of yolk
droplets in the central portion of the centrolecithal egg and a
thin cortical cytoplasm. Ultrastructure analysis of the egg by
transmission electronmicroscopy showed numerous
mitochondria between the yolk droplets (Dillaman, George,
and Stromberg 1985).

9

1p	i'"

	

C'. e. PhS	çi'.'

	

G	 C2

9'-' ) S

0

n
Antarctic	\\	 ,l METANAUPL

Austral	 - :	1

7Summer

JV

- • 3 I/	 ial

S

11

9

	

I	a

Al

*	 ,,
0

/

	

(	 0 
e/

-p

I

'p

Figure 1. Diagram illustrating schedule of egg development and larval growth in the antarctic krill Euphausia superba.
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Figure 2. Krill eggs abruptly exposed to 200 atmospheres of pres-
sure. A. Note the abnormal shapes under pressure. B. Note the
damaged egg membrane under pressure.

The eggs, being denser than the antarctic surface water oc-
cupying the upper 300 meters and the circumpolar deep water
below 300 meters, make a downward journey while going
through cleavage, blastulation, gastrulation, and
organogenesis. The depth of hatching is still not clearly estab-
lished and may depend on what depth the spawning takes
place. However, the schedule of egg and larval development is
now known on the basis of experimental studies in the laborato-
ry (figure 1). The hatching depth is probably between 800 and
1,500 meters and evidently hatching process occurs at an am-
bient pressure of 80 to 150 atmospheres.

Abrupt exposure of fertilized krill eggs to 200 atmospheres
inhibits development and 30-40 percent of the eggs attain ab-
normal shapes, often exuding cytoplasmic material (figure 2, a
and b). However, exposure of fertilized eggs to gradual increase
in pressure, simulating the sinking rate, accelerates rate of cleav-
age (figure 3, a and b). In the deep waters west of South
Orkneys, Hempel and Hempel (1986) discovered krill eggs and
embryos in the open ocean (4,100 meters bottom depth) at
densities as much as 5,600 eggs per 100 cubic centimeters be-
tween 1,000 and 2,000 meters. I believe there is a considerable
wastage of krill eggs in the great depths because of the inhibiting

Of ^002149091&
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Figure 3. Krill eggs exposed to gradual increase in pressure, sim-
ulating the actual sinking rate. A. Cleavage at 5 atmospheres at 9:45
a.m. B. Rapid cleavage of the same eggs at 15 atmospheres at 1:40
p.m. on 14 February 1983 at Palmer Station.

influence of pressure on development. Eggs spawned in the
open ocean and eggs transported by downwelling waters to
great depths are probably wasted. Samyshev (1984) hypoth-
esized that "effective reproduction of the (krill) population is
ensured only through its spawning in shallow and deeply in-
dented coastal zones isolated from the open ocean by a system
of currents which prevent the eggs from being transported into
the deep water regions of the (Antarctic) ocean." It should be
also borne in mind that the nauplii sink after hatching at a
maximum velocity of 0.1 centimeter per second and even after
molting, the metanauplii sink at a speed of 0.25 centimeter per
second (Marschall 1984). The presence of early larvae at depths
greater than 1,500 meters suggests that the larvae are adapted to
hyperbaric conditions even though they can survive and grow
at I atmosphere.

This work was supported by National Science Foundation
grant DPI' 80-26535.
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Role of antifreeze glycopeptides and
peptides in the freezing avoidance of

antarctic fishes

ARTHUR L. DEVRIEs and CHI-HING C. CHENG

Department of Physiology and Biophysics
University of Illinois

Urbana, Illinois 61801

JAMES A. RAYMOND

Alaska Department of Fish and Games
Fairbanks, Alaska 99701

The members of our team for the 1986-1987 season were
Arthur DeVries and Chris Cheng from the University of Illinois,
Jim Raymond from the Alaska Department of Fish and Games,
Charles Knight from the National Center for Atmospheric Re-
search, Joe Eastman from Ohio University, Mike Smith from
Johns Hopkins University, and Richard Willis from New Zea-
land. Our program ran from 9 October 1986 to 5 January 1987.
Three fish houses were set up on the annual sea ice to catch
specimens of Dissostich us mawson i, Pagotheina horchgrevi nki,
Trematomus bernacchii, and Rhigophila dearborni. Other species
that were inadvertently caught are T. cent ronotus, T. hansoni,
Gymnodraco auliceps, and Paraliparis devriesi. This season we also
caught for the first time another eel pout, Australycicthys
brachycephalus which is related to R. dearhorni. The eel pouts
have antifreeze peptides and the others antifreeze glycopep-
tides, which enable the fish to survive in the freezing waters
(-1.9°C) of McMurdo Sound.

Studies of the physiological and biochemical roles of biolog-
ical antifreezes in the freezing avoidance of the antarctic fishes
were continued again this season. One of the interesting and
puzzling aspects of antifreeze glycopeptides is their presence in
the cerebrospinal fluid of the notothenioid fishes, despite intact
blood/brain and blood/cerebrospinal fluid barriers in these fish-
es as demonstrated by the exclusion of hydrogen-3-antifreeze

glycopeptides injected systemically. The presence of antifreeze
glycopeptides in the cerebospinal fluids prompted us to exam-
ine the presence of other proteins. Biorad protein assays show-
ed protein concentrations of 13.8 milligrams per milliliter and
16.8 milligrams per milliliter for cerebrospinal fluid and plasma,
respectively, from D. mawsoni. The protein concentration of the
cerebrospinal fluid reflects that of proteins other than the anti-
freeze glycopeptides which do not react with the Coomassie
dye in the Biorad reagent. Polyacrylamide gel showed that the
cerebrospinal fluid lacks the high molecular weight proteins in
plasma, but have similar intermediate to low molecular weight
forms, with large amounts of a group of intermediate molecular
weight ones. The cerebrospinal fluids of vertebrates are thought
to be protein-free because of the blood/brain and blood/cere-
brospinal fluid barriers. The presence of large amounts of anti-
freeze glycopeptide and other proteins in the cerebrospinal
fluid of these fishes opens up many interesting questions such
as whether they are translocated (how?) or synthesized locally
(where?), as well as their physiological roles, which will require
further investigations.

The new eel pout, Australycicthys brachycephalus, were caught
in fairly large numbers at 78°15'S 169°45'W in very deep waters
of 750 meters. The antifreeze peptides from this fish were pu-
rified with Sephadex G-75 chromatography followed by re-
verse-phase, high-performance liquid chromatography. Unlike
the related eel pout R. dearborni which has three major anti-
freeze peptides and at least four minor ones, A. bracliycephalus
has only one major antifreeze peptide (over 95 percent) and two
very minor ones. The sequence of the major antifreeze peptide
has been determined. It is 64 amino acid residues in length, a
molecular weight, therefore, of 6,800 daltons, and has 70 per-
cent homology with respect to the sequence of one of the major
antifreeze peptides from R. dearborni (Schrag et al., 1987).

The antifreezes are thought to exert their function, i.e. to
prevent ice crystal growth, via an adsorption-inhibition mecha-
nism (Raymond and DeVries 1977; DeVries 1984). This mecha-
nism for the freezing avoidance of fishes implies that ice is
present somewhere in the live fish. Thus far, no visible ice has
been located within antarctic fishes taken from their natural
environment. However, our work this season showed indirect
evidence for its presence. Fishes taken from the ice-laden sur-
face waters and subjected to low temperatures (- 2.7°C) in ice-
free seawater will freeze with ice visibly propagating through
their superficial tissues as well as through the clear fluids of
their eyes, and death occurs within 1 minute. Freezing occurs in
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these fishes even if they have been held for several hours at
- 1.2°C, a temperature that would ensure melting of any exter-
nal ice crystals associated with their gills or integument. These
observations imply that they harbor ice crystals somewhere
within their bodies. The ice, however, can be "melted" by hold-
ing the fish for several minutes at 0°C. The fish can then be
undercooled to at least - 7°C in ice-free seawater without freez-
ing and with no apparent ill effect. Subsequent exposure to ice-
laden seawater at - 1.9°C for 1 hour "reinoculates" the fish and
they again freeze at - 2.7°C. This suggests that that ice is pres-
ent at sites other than the circulatory system. The shallow water
is laden with ice crystals which are likely ingested by the fishes
along with the seawater they drink. A logical site of endogenous
ice, therefore, would be the intestinal fluid, which will be exam-
ined in the following season.

Studies of the mechanism of antifreeze action were con-
tinued. In the previous season, using a light-scattering tech-
nique with the coherent light from a small laser aimed at the
interface of a single ice crystal and antifreeze solution, between
the melting and freezing points, a threefold increase in light
scattering was observed over that from an ice-water interface
(Wilson and DeVries 1987). Increased scattering is indicative of
increased surface roughness, which is consistent though not
confirmatory of the small, curved growth fronts of ice between
adjacently adsorbed antifreeze molecules predicted in the ad-
sorption-inhibition mechanism. This season, with refined tech-
nique of growing large single ice crystals, the increased surface
roughness that caused the increased light scattering was ob-
served under light microscope to be limited ice growth on the
basal plane. No growth was detectable on the prism faces. The
growth on the basal plane occurs at any point between the
melting and freezing points and results in characteristic hex-

agonal "pits." Both antifreeze peptides and antifreeze glycopep-
tides examined caused pit formations on the basal plane. The
presence of ice growth on the basal plane, and the absence of it
on the prism faces, were further demonstrated by immersing
large single crystals in a solution of antifreeze glycopeptides
dissolved in tritiated water. Scintillation counting analysis
showed that radioactivity was incorporated in the shavings of
the basal plane, but not the prism faces. These results suggest
that antifreezes have a great affinity for and adsorb to the prism
faces. In the following season, light scattering experiments will
be performed with coherent light aimed at the interface of prism
face of single ice crystal and antifreeze solution, to detect the
possible presence or increase of submicroscopic surface
roughness.

This research was supported by National Science Foundation
grant DPP 84-15266.
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Research on wintertime feeding in
antarctic fishes
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Nearly all data on feeding in antarctic fishes are from studies
conducted during spring, summer, or fall (Daniels 1982; Targett
1981; Tarverdiyeva and Pinskaya 1980). Little is known about
how winter conditions affect feeding and growth processes in
antarctic fishes (Koch 1985; Targett 1981). Growth requires feed-
ing and energy (prey) intake in excess of that required to sup-
port routine levels of activity (Brett and Groves 1979). Environ-
mental conditions at the extremes of average abiotic conditions
generally exert the greatest limitations on feeding and growth.

Although water temperature in McMurdo Sound ranges only
from - 1.9°C in winter to - 1.8°C in summer (Littlepage 1965;
Eastman and DeVries 1986), water temperatures in areas farther
north are higher during summer, undergoing annual changes
of 34 degrees C. Coastal water temperatures at Anvers Island
(65°S 64°W) on the Antarctic Peninsula, for example, range from
approximately - 1.8°C in winter to + 1.8°C in summer (Krebs
1983). Thus, the sensitivity of feeding processes in antarctic
fishes, at these lower latitudes, to the small temperature de-
crease during winter will certainly affect the energy available for
winter growth. We have very little knowledge about the degree
to which feeding occurs during winter. Understanding the dl
fect of winter conditions on feeding by coastal antarctic fishes is

important to the development of our knowledge of the biolo\
and ecology of fishes in the Antarctic marine ecosystem and ii
influence of seasonal variation in ecological conditions on feed
ing and growth processes in antarctic fishes.

In late winter, during August and September 1985, trawling
was conducted for fishes aboard the ply Polar Duke at several
locations along the Antarctic Peninsula (Cruise WinCruise I).
Water depths were less than 150 meters and bottom tem-

peratures ranged from approximately + 0.2°C to - 1.3°C. Fish-
es were frozen immediately after capture. Subsequent examina-
tion of specimens of Notothenia coriiceps neglecta, Notothenia
gibberifrons, Notothen iops larsen i, Notothen iops n udifrons, Har-
pagiferantarcticus, and Trematomus newnesi showed that prey was
present in the stomachs of these fishes. Although this demon-
strates that these fishes do, in fact, feed during late winter, the
fact that prey is consumed provides no information on feeding
rate during winter relative to summer conditions, nor does it
provide insight into feeding at minimum winter temperatures
of —1.8°C.

To investigate feeding rate under winter conditions and the
sensitivity of feeding rate to slight changes in temperature and
photoperiod, actual feeding rate in fishes must be determined
under controlled conditions in laboratory experiments. For this
work, approximately 35 H. antarcticus were returned alive to the
University of Delaware, College of Marine Studies. The fish
were collected in 30 meters of water off the southern shore of
Low Island (63°S 62°W), and they were held in flow-through
aquaria aboard ship while crossing the Drake Passage. For ship-
ment to the United States, they were placed in a sealed con-
tainer of seawater, the airspace above the water was filled with
oxygen, and the container was packed in crushed ice in an
insulated cooler. These H. antarcticus are presently being main-
tained in a 320-liter recirculating seawater aquarium system
(figures 1 and 2) in a temperature and photoperiod controlled
environmental room. Temperature can be maintained within ±
0.2°C over extended periods. Fish have been in this system for
over 2 years and they continue to feed well and grow.

Prior to the beginning of the experiments, we placed one fish
(1.5-3.0 grams wet weight) in each of 12 5-liter circular flow-
through aquaria (figure 1) and allowed them to become accli-
mated to these containers for 2/2 months. Fish were fed ad
libitum on whole mysid shrimp (Neomysis americana), collected
locally and frozen. Initially, during the experiment, fish were
held at 0°C and a 12-hour light/12-hour dark photoperiod to
simulate spring and fall conditions at the latitude of Low Island
and Anvers Island along the Antarctic Peninsula (see Krebs
1983). Daily ad libitum feeding rates were quantified. Following
this, temperature and photoperiod were decreased to - 1.7°C

oft 1111,11;

Was I-

Figure 1. Recirculating seawater aquarium system for holding ant-
arctic fishes at the University of Delaware, College of Marine Stud-
ies. The system is located in a temperature and photoperiod con-
trolled room. Twelve circular aquaria for replicated experiments are
located on the right.
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Harpagifer antarcticus feeding rate on mysid shrimp (Neomysis americana) Mean percentage body weight (± 1 standard deviation) and
mean number of mysids (± 1 standard deviation) consumed per day at 0°C (for 7 days) vs. -1.7°C (for 14 days)

Mean feeding rate per day at 0°C	 Mean feeding rate per day at - 1.7°C

Fish	 Percentage	 Number of mysids	 Percentage	 Number of mysids
number	 body weight	 consumed	 body weight	 consumed
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1.22	 2.4

	

11
	

2.68
	

3.4
	

1.22	 1.4

	

12
	

1.66
	

2.1
	

0.96	 1.6

	

X=	 2.33 ± 0.73
	

3.4 ± 0.9
	

1.46 ± 0.37	 2.3 ± 0.7

and 5 hours light/19 hours dark to simulate winter conditions.
Daily feeding rate calculated over a 14-day period of winter
conditions was 1.46 percent wet body weight per day (table).
This was significantly less than the rate of 2.33 percent wet body
weight per day consumed over a 7-day period at 0°C (paried t-
test, p <0.01).

Thus, field and laboratory results show that feeding does
continue under the temperature and photoperiod conditions
which occur along the Antarctic Peninsula during winter. It is
also evident that feeding rate in H. antarcticus is very tern-
perature/photoperiod sensitive. Feeding rate in this fish is sig-
nificantly reduced at - 1.7°C relative to that at 0°C, a tem-
perature less than 2 degrees higher. Continued experiments are
underway to:
• Determine more precisely the feeding rate over longer peri-

ods of time at these temperatures, particularly at 0°C, and also
during summer conditions (+ 1.8°C and 20 hours light/4
hours dark),

• Establish whether differences in feeding rates are tem-
perature-mediated or photoperiod-mediated, and

• Determine the effect of these conditions on assimilation effi-
ciency, growth rate, and growth efficiency.
We thank the captain and crew of the RIV Polar Duke for their

help and cooperation. We thank the personnel of Facilities and
Services at the University of Delaware, College of Marine Stud-
ies, Lewes Complex and also personnel at Lewes Refrigeration
for their assistance. Both groups provided support which was
critical to the maintenance of proper temperature control in the
experiments with live Harpagifer antarcticus. Thanks also go to
Robert Bowden and Pam Donnelly, College of Marine Studies,
for photography and figure preparation.

This research was supported in part by National Science
Foundation grant DPP 85-41275.

Figure 2. A. Antarctic fish, Harpagifer antarcticus, in the aquarium
system at the University of Delaware, College of Marine Studies. B.
Harpagifer antarcticus feeding on the mysid shrimp Neomysis
americana.
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Characterization of energy metabolism
in antarctic fishes

BRUCE D. SIDELL and LISA CROCKETT

Department of Zoology and Center for Marine Studies
University of Maine
Orono, Maine 04469

Fish fauna of the antarctic seas are unusual in both species
composition and the chronically cold water temperatures south
of the Antarctic Convergence where they spend their entire life
cycle. DeWitt (1971) has estimated that more than 70 percent of
the fish genera populating antarctic waters are members of the
family Nototheniidae unique to the southern ocean. For ap-
proximately 40 million years this species group has been geo-
graphically isolated and evolving independently in the frigid
waters surrounding the antarctic continent.

Antarctic fishes are a major food item for many endothermic
predators and, as a group, are estimated to consume annually
some 100 million tons of krill (Everson 1984), a figure 30 percent
greater than combined world fisheries landings. Commercial
fishing pressure on antarctic finfish is now significant and pro-
jected to increase in the years ahead. Little is known about the
basic physiology and biochemistry of energy metabolism in this
group, despite the importance of this information to under-
standing mechanisms that enable life at cold body temperature
and the role played by antarctic fishes in the trophic structure of
the southern oceans.

Our project is focusing on two major unresolved questions in
this area:
• Do antarctic fishes possess cellular/biochemical adaptations

that enable a higher rate of energy metabolism (and there-
fore, activity) than would be expected by temperate zone
animals at equally cold body temperature?

• What are the relative roles of alternative metabolic fuels (car-
bohydrate vs. lipid) in energy metabolism of antarctic fish
tissues?

The latter question is particularly interesting because
notothenioid fishes accumulate unusually large stores of cor-
poreal lipid (Clarke et al. 1984). These low-density lipid deposits
are known to contribute buoyant advantage to notothenioids
which lack swimbladders (Eastman and DeVries 1981). Al-
though some biologists have suggested that lipids are also the
primary fuel for energy metabolism in this group, this hypoth-
esis has not been tested directly.

Our initial year's field activities at Palmer Station were carried
out during February and March 1987 by a research team consist-
ing of Lisa Crockett, Kelly Edwards, and Bruce Sidell of the
University of Maine. Three separate fishing efforts were con-
ducted by bottom trawling from ;sdRJV Polar Duke at locations in
the vicinity of Low Island and off Astrolabe Needle in Dallman
Bay. We were able to obtain numerous specimens of several fish
species, including Notothenia gibberifrons, Trematomus newnesi,
Chaenocephalus aceratus, and Parachaen icthys charcoti. Animals
were transported in tanks aboard Polar Duke to Palmer Station
where they were maintained in aquaria until needed for experi -
ments. Although collecting data from each species, our experi -
ments are emphasizing N. gibberifrons and T. newncsi (figure)
because of differences in their life histories and food habits. N.
gibberifrons is a relatively sluggish benthic species whose pri-
mary dietary items are benthic invertebrates with small
amounts of knit taken opportunistically. In contrast, T. newnesi
is a more active pelagic species that displays greater dietary
preference for krill.

We have measured the activities of several key enzymes of
energy metabolism from muscular tissues of both N. gibberifrons
and T. newnesi. Some of these data are presented in the table.
Enzymes which are not stable to freezing (cytochrome oxidase,
hexokinase, and 6-phosphofructokinase) were assayed at Pal-
mer Station using freshly prepared samples while others were
measured from frozen tissues transported to our laboratory at
the University of Maine. All measurements were made at an
assay temperature of 1°C, within the normal physiological
range of each species.

Overall capacity for aerobic metabolism (cytochrome oxidase,
citrate synthase) and anaerobic metabolism of carbohydrate (6-
phosphofructokinase) appears roughly equivalent in homolo-
gous tissues of the two species. Highly aerobic tissues (heart
and pectoral muscle) of T. newnesi consistently show a greater
capacity for oxidation of fatty fuels (carnitine pal-
mitoyltransferase activity) than those of N. gibberifrons. Pre-
ferred substrate for this enzyme in both species is the coenzyme
A ester of monounsaturated palmitoleic acid (16 to 1). The
marker enzyme for aerobic metabolism of carbohydrate, hex-
okinase, is higher in activity in cardiac muscle of N. gibberifrons
while pectoral muscle of the more active T newnesi displays
greater hexokinase activity than the homologous tissue from N.
gibberifrons. These preliminary data suggest an overall pattern of
fuel preference geared more toward fat oxidation in T. newnesi
than N. gibherifrons consistent with their known dietary prefer-
ences. Although more detailed comparisons are required for
definitive conclusions, the absolute levels of enzyme activities
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Representative examples of the primary fish species under study,
Trematomus newnesi (A) and Notothenia gibberifrons (B).

found in cardiac muscle of antarctic species at 1°C are similar to
those measured in hearts from temperate zone fishes at much
warmer assay temperatures (e.g., see Sidell et al. 1987).

During austral summer 1987-1988 field activities, we will
concentrate on direct measurements of the rate of oxidation of
'irious radiolabeled substrates by tissues isolated from each
pecies. In the interim, gas chromatographic analyses of the
itty acyl composition of plasma and tissue lipids are continuing

our laboratory to determine which specific lipid fuels are
iccessible to the metabolic machinery of antarctic fishes. Elec-
tron micrographs of tissues fixed during last field season also
are being prepared for quantitative ultrastructural analyses
which may reveal unique aspects of cellular organization tai-
lored to life at subzero body temperature.

We gratefully acknowledge the excellent support provided by
ITT/Antarctic Services, Inc., personnel at Palmer Station and by
the master and crew of iiv Polar Duke which contributed enor-
mously to the success of our first field season. This work was
suported by National Science Foundation grant DPP 85-16137.
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Maximum activities of key enzymes of energy metabolism from muscular tissues of antarctic fishes

Activity (micromoles per minute per gram wet weight)

6-PFK

2.12 ± 0.16
(12)

1.50 ± 0.15
(12)

1.96 ± 0.18
(12)

2.10 ± 0.10
(12)

1.48 ± 0.10
(12)

1.53 ± 0.07
(12)

Cs

9.13 ± 0.54
(8)

25.71 ± 1.88
(8)

1.46 ± 0.10
(8)

13.69 ± 0.91
(8)

23.47 ± 1.78
(8)

0.77 ± 0.12
(8)

CYTOX

13.73 ± 1.01
(12)

19.84 ± 0.98
(12)

1.70 ± 0.08
(12)

15.12 ± 1.05
(12)

16.77 ± 0.79
(12)

1.07 ± 0.10
(12)

HK

0.94 ± 0.05
(12)

0.37 ± 0.03
(12)
ND
(5)

1.32 ± 0.09
(12)

0.20 ± 0.02
(12)
ND
(8)

CPTb

0.29 ± 0.01
(8)

0.73 ± 0.01
(8)

0.05 ± 0.01
(8)

0.18 ± 0.01
(8)

0.34 ± 0.02
(8)

0.02 ± 0.00
(8)

Trematomus newnesi
Heart

Pectoral muscle
(oxidative)

White skeletal muscle
(glycolytic)

Notothenia gibberifrons
Heart

Pectoral muscle
(oxidative)

White skeletal muscle
(glycolytic)

a All assays were conducted at 10 ± 0.50C; data presented are mean ± standard error measure for number of individual samples indicated parenthetically;
"ND" denotes "not detectable"; "6-PFK" denotes "6-phosphofructokinase"; "CS" denotes "citrate synthase"; "CYTOX" denotes "cytochrome oxidase";
"HK" denotes "hexokinase"; "CPT" denotes "carnitine palmitoyltransferase'
CPT activity reported is that determined with palmitoleoyl CoA as substrate.
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Antifreeze glycoproteins: Physical,
chemical, and functional properties

ROBERT E. FEENEY and DAVID T. OSUGA

Department of Food Science and Technology
University of California
Davis, California 95616

YIN YEN

Department of Applied Science
University of California
Davis, California 95616

Our laboratory has been studying the antifreeze protein from
polar fish blood for nearly two decades. Currently under study
are glycoproteins from Pagothenia horchgrevinki, Dissostichus
mawsoni, Boreogadus saida, and Eleginus gracilis. In addition,
some studies have been made with the nonglycoprotein from
Pseudopleuronectes americanus. Our principal, more current stud-
ies have been recently reviewed (Feeney, Burcham, and Yeh
1986). The antifreeze glycoproteins function at the ice-solution
interface; this has been demonstrated by showing that the inter-
facial tension at the ice-solution interface is lowered in the
presence of the antifreeze glycoprotein (Kerr et al. 1985). The
observation of an altered grain boundary curvature with anti-
freeze solutions indicated a decreased surface tension of the
interface. The antifreeze was directly observed at the interface
by measuring surface second harmonic generation using a high-
energy pulse laser (Brown et al. 1985). Finally, the ability to fit
the antifreeze glycoprotein function profiles to a modified Lan-
gmurian adsorption theory (Burcham et al. 1986) further
strengthens the adsorption hypothesis. Work under way or
completed during the last 2 years has been on the growth of ice
crystals and on the ice crystal morphology in the presence of
antifreeze glycoproteins. In one study conducted in our labora-
tory, linear growth in plastic tubes was used to measure the
linear crystallization velocities as a function of temperature and
concentrations of antifreeze glycoprotein. Upon lowering the
temperature below the freezing temperature there was an
abrupt increase in linear crystallization velocities of the anti-
freeze glycoprotein solution above that encountered in the pure
water-ice system. These enhanced linear crystallization ve-
locities plateaued over a wide range of undercooling, eventually
changing to linear crystallization velocities less than or equiv-
alent to that of the pure water-ice system (below - 3°C) (Kerr et
al. 1987) (table, figure).

Free growth studies were performed in the laboratory of, and
with the cooperation of, John Hallett at the University of Nevada
at Reno (Harrison et al. 1987). The main study to date has been
using a cold wire inserted from the top of a cuvette into an
undercooled solution of antifreeze glycoproteins. The subse-
quent crystal growth was recorded by a video cassette recorder
through a video camera and a Questar telescope. Growth rates
of the leading crystal tips were measured by timing the move-
ment of crystal tips across calibrated spatial markers. In the
second technique an ice crystal of known orientation selected
from the surface of a freezing dish of water was carefully inser-
ted through the surface of the undercooled solution using a

micromanipulator. Subsequent crystal growth was observed as
in the experiments with the cold wire. Although faster growth
was observed in the experiments where nucleation was ob-
tained by insertion of the cold wire rather than by the introduc-
tion of a seed crystal, as described above, the relative rates for
ice growth in the antifreeze glycoprotein solutions were very
similar; that is, the antifreeze glycoprotein solutions had faster
growth rates immediately upon exceeding the freezing tem-
perature. This rate is almost constant until nearly -3°C. Then
the rate increased in a manner similar to that of the pure ice-
water system. In the preliminary experiments with an oriented
crystal, when a seed crystal was inserted oriented with a c-axis
parallel to the interface, growth of crystals in the solution was
unequivocally parallel to the c-axis, contrary to growth in pure
water. In all experiments inactive proteins or controlled proteins
(chicken ovomucoid) performed like water. Although the linear
growth experiments are simple to perform in plastic tubes and

Linear crystallization velocities in various solutions expressed as
power law equation, v = AT n (in centimeters per second) (from

Kerr 1985.)a

Concentration
(in milligrams Undercooling

Sample	per milliliter)	range (°C)	A	n

Water	 -c	0.0-6.0	0.054 1.98	0.99

AFGP 15'	2	0.2-3.5	0.227 0.430 0.98
3.5-6.0	0.035 1.85	0.97

5	04-3.6	0.214 0.414 0.99
3.6-6.0	0.021 2.10	0.99

8	0.5-3.2	0.191 0.425 0.97
3.2-6.0	0.037 1.61	0.98

AFGP 8	 2	0.1-2.5	0.024 0.422 0.57
2.5-4.0	0.063 1.68	0.96
4.0-6.0	0.034 2.01	0.99

5	0.3-2.7	0.072 1.34	0.99
2.7-6.0	0.029 2.14	0.98

12	0.4-2.5	0.164 0.251 0.49
2.5-6.0	0.027 2.03	0.99

20	0.4-2.5	0.190 0.177 0.84
2.5-6.0	0.033 1.76	0.99

AFGP 1-5 +	5	0.5-3.0	0.224 0.413 0.98
AFGP 8	5	3.0-6.0	0.044 1.69	0.98

Periodate-	5	0.0-6.0	0.035 1.57	0.99
AFGP 1-5

Periodate-	10	0.0-6.0	0.055 1.54	0.97
AFGP 8

Hemoglobin	5	0.0-6.0	0.054 1.90	0.99

Mannitol	 20	0.0-4.2	0.032 2.05	0.99
4.2-6.0	0.128 0.95	0.95

a In the equation, v is the linear crystallization velocity, A is the power law
coefficient, AT is the change in temperature (undercooling) and n is the
power law index. In the last column, the heading r is the correlation
coefficient.

b "AFGP" denotes "antifreeze glycoprotein."
Dashes denote "not applicable."
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Log-log plots of linear crystallization velocities (Lcv) versus undercooling for solutions of antifreeze glycoprotein 1-5. (a) 2 milligrams per
milliliter, (b) 5 milligrams per milliliter (including 10 4 —antifreeze glycoprotein, a preparation inactivated by periodate oxidation), and (c) 8
milligrams per milliliter. From Kerr (1985). ("cm/sec" denotes "centimeters per second:')

yielded corroborating evidence of enhanced rates upon under-	growth habit. Further experimentation in Professor Hallett's
cooling, the free growth experiments would appear to be gener-	laboratory is planned.
ally superior in terms of attaining better accuracy. The free	Other studies in progress involve a determination of the
growth experiments did not suffer from the attendant diffi-	effects of galactose oxidase on oxidizing the terminal carbons of
culties with the effects of thermal conductivity of the tube walls.	the sugars on the antifreeze glycoprotein to the carbonyl
Free growth also allows for the determination of the crystal	groups, a procedure which has been previously shown not to
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cause any loss of activity (Vandenheede, Ahmed, and Feeney
1972; Ahmed et al. 1976). The preparation of synthetic analogs
of the galactosamine is under way by our colleague Milton
Feather. Attempts to synthesize glycopeptides with structures
approximately resembling the antifreeze glycoprotein have
been underway in the laboratory of Laurens Anderson of the
University of Wisconsin in collaboration with our studies. In
still further studies in our own laboratories, we have been suc-
cessful in growing large c-axis oriented crystals which we plan
to use in studying the interaction of the antifreeze glycoproteins
with the surface of c-axis orientation.

This research was supported in part by National Science
Foundation grant CHE 84-05390 and by National Institutes of
Health grant CM 23817.
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Formation of cold-stable microtubules
by tubulins and microtubule-

associated proteins from antarctic
fishes

H.W. DETRICH, III

Department of Biochemistry
University of Mississippi Medical Center

Jackson, Mississippi 39216-4505

Cytoplasmic microtubules are filamentous components of
the eukaryotic cytoskeleton that participate in many fundamen-
tal cellular processes (e.g., mitosis, nerve growth and regenera-
tion, the maintenance of cell shape, and the transport of
organelles within cells). The assembly of cytoplasmic micro-
tubules from their subunit proteins, tubulin dimers and micro-
tubule-associated proteins (MAPS), is an entropically driven pro-
cess favored by high temperatures and mediated primarily by
hydrophobic interactions. Thus, the microtubule proteins of
warm-blooded animals (e.g., mammals, birds) form micro-
tubules at physiological body temperatures (30-37°C), and
these "cold-labile" microtubules depolymerize to yield their
subunits (and subunit oligomers) at low temperatures (0-40C).
The "cold-stable" microtubules of antarctic fishes, in contrast,
assemble from their subunits at body temperatures (-2 to
+ 2°C) substantially below those of homeotherms. Our goal is
to determine the structural adaptations of the microtubule pro-
teins of antarctic fishes that enable microtubules to form at low
temperatures

During the 1986-1987 austral summer, we collected spec-
imens of two nototheniids, Notothenia gihherifrons and N. cor-
iiceps neglecta, and one channichthyid, Chaenocep/ialus aceratus,
by bottom trawling from IIv Polar Duke in the vicinity of Low
Island and in Dallmann Bay near Brabant Island. Additional
specimens of N. coriiceps neglecta were obtained by fishing with
baited hook-and-line at Arthur Harbor. At Palmer Station the
fishes were maintained in sea-water aquaria at 0° to + 2°C.

The tubulins of antarctic fishes, purified from brain tissue
and free of MAPS, assemble in vitro to form microtubules at both
low temperature (0°C) and physiological protein concentration
(Detrich 1985; Williams, Correia, and DeVries 1985; Williams
and Detrich 1986; Detrich, Overton, Marchese-Ragona, and
Johnson in preparation). During 1986-1987 we continued our
studies to determine the structural adaptations that underlie the
unique assembly properties of antarctic fish tubulins. Piscine
and mammalian tubulins were purified as described previously
(Detrich and Overton 1986; Detrich, Prasad, and Ludueña
1987), the proteins were reduced and carboxymethylated, and
their subunit compositions were examined by sodium-dodecyl-
sulfate polyacrylamide gel electrophoresis (Detrich, Prasad,
and Ludueña 1987). Three (occasionally four) alpha tubulins
and two beta chains could be resolved on this gel system. As
shown in the table, we found that tubulins from three antarctic
fishes (N. gibberifrons, N. coriiceps neglecta, and C. aceratus) con-
tained large quantities (greater than 55 percent) of a unique,
rapidly migrating alpha variant, designated alpha-1 tubulin,
that was absent, or present in substantially smaller amounts, in
the tubulins of temperate fishes (the channel catfish, Ictalurus
punctatus, and the dogfish, Mustelus canis) and of a mammal (the
cow, Bos taurus) (Detrich, Prasad, and Ludueña 1987). In addi-
tion, N. gihherifrons possessed a third, slowly migrating alpha
chain, alpha-3, not detected in tubulins from the other species.
In contrast, the compositions of the beta tubulins from the six
organisms were qualitatively similar. Generally, the piscine tu-

1987 REVIEW	 217



bulins contained smaller quantities of the minor beta variant,
beta-2 tubulin, than did the mammalian tubulin. These results,
together with other structural data (Detrich 1986; Detrich,
Prasad, and Ludueña 1987), suggest that many of the adapta-

ABC
—TOPp	VOOMMOM

—116

—205

Heterogeneity of tubulins from antarctic fishes, from temperate fishes, and from a mammala

Composition of alpha	 Composition of beta
(Percentage of total alpha)

	
(Percentage of total beta)

Species	 alpha-1	 alpha-2	 alpha-3
	

beta-1	 beta-2

N. gibberifrons	 56
	

30
	

14
	

92
	

8
N. corliceps neglecta	 65

	
35
	

0
	

88
	

12
C. aceratus	 58

	
43
	

0
	

96
	

4
Catfish (I. punctatus)
	

17
	

83
	

0
	

90
	

10
Dogfish (M. canis)
	

0
	

100
	

0
	

83
	

17
Cow (B. taurus)b
	

0
	

100
	

0
	

75
	

25

a Samples of tubulins, reduced with 2-mercaptoethanol and carboxy-methylated with sodium iodoacetate, were electrophoresed in the presence of
sodium dodecyl sulfate on a 5.5 percent polyacrylamide slab gel, and the gel was stained with Coomassie Brilliant Blue R-250. Appropriate lanes from the
stained gel were scanned at 595 nanometers with a Helena Quick-scan densitometer, and the amount of protein in each of the alpha- and beta-tubulin
bands was determined by integration. For each organism the table summarizes the distribution of protein between the three alpha chains (alpha-1,
alpha-2, and alpha-3 in order of decreasing relative mobility) and between the two beta variants (beta-1 and beta-2, ordered as for the alpha chains)
routinely observed. Portions of this table are reprinted from Detrich, Prasad, and Luduena (1987) with permission. (Copyright 1987 American Society of
Biological Chemists.)

b Ludueña et al. 1982 and this investigation.

tions that enhance the assembly of microtubules from antarctic
fish tubulins at low temperatures are present in their unique
alpha chains.

During the past year (1986-1987) we continued to investigate
the role of antarctic fish MAPS in the formation of cold-stable
microtubules. MAPS were isolated from the brain tissues of
antarctic fishes by taxol-dependent microtubule assembly (Val-
lee 1982; Detrich and Overton 1986; Williams and Detrich 1986).
As shown in the figure, microtubules prepared from N. coriiceps
neglecta (lanes A and B) and from N. gibberifrons (lane C) con-
tained tubulin (Th) and several presumptive MAPS (i.e., the
nontubulin proteins with apparent molecular weights between
32,000 and 430,000). Prior to use, the MAPS were separated from
the taxol-stabilized microtubules and desalted into assembly
buffer. To determine their role in microtubule asembly, MAPS

were added to solutions containing low, subcritical (i.e., below
the threshhold for assembly) concentrations of pure tubulins.
Analysis of results obtained this past year and during 1985-1986
showed that antarctic fish MAPS promoted the formation of
microtubules from antarctic fish tubulin at 00 or 2°C and from
bovine tubulin at 37°C. The fish MAPS did not, however, stimu-
late the assembly of microtubules from bovine tubulin at 00 or
20°C. Thus, the MAPS of antarctic fishes do not make mam-
malian tubulins competent to form microtubules at low tem-
peratures. We conclude that MAPS may contribute to, but are not
required for, the assembly of the cold-stable microtubules of
antarctic fishes.

4

Electrophoretic analysis of microtubule preparations from antarctic
fishes. Samples of brain microtubule proteins, isolated by taxol-
dependent assembly, were electrophoresed on a sodium-dodecyl-
sulfate urea-polyacrylamide gradient gel, and the gel was stained
with Coomassie Brilliant Blue R-250. Electrophoretic migration was
from top to bottom. Lanes: A and B, two different microtubule prepa-
rations from N. corilceps neglecta; C, microtubule proteins from N.
gibberifrons. The molecular weights of standards run on the same
gel are given on the right in thousands. The positions of the top of
the gel, the tubulin chains (Tb), and the dye front (DF) are also
indicated. Reprinted from Williams and Detrich (1986) with permis-
sion. (Copyright 1986 The New York Academy of Sciences.)

-.

TbI

—29

—DF

218	 ANTARCTIC JOURNAL



Field work was performed at Palmer Station from mid-Febru-
ary to late April 1987. I am deeply indebted to Bonnie W.
Neighbors (University of Colorado, Boulder), Thomas J.
Fitzgerald (Vanderbilt University), Melvyn Little (German Can-
cer Research Center), and George S. Bloom (University of Texas
Health Science Center at Dallas) for their participation in the
field research program. I gratefully acknowledge the assistance
provided to the project by the personnel of ITT/Antarctic Serv-
ices, Inc., by the captain and crew of RIv Polar Duke, and by the
scientists of Palmer Station. This research was supported by
National Science Foundation grant DPI' 83-17724.
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Growth of antarctic fish: Notothenia
nudifrons and Trematomus newnesi

RICHARD L. RADTKE

Oceanic Biology, Hawaii Institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

Understanding the ecology of antarctic fishes requires infor-
mation on growth variability in life history and population
processes. To help provide such information on a group of fish
which have no related counterparts anywhere in the world, we
performed growth investigations on Notothenia nudifrons and
Trematomus newnesi.

Fish growth is a continuous process of decreasing intensity
inversely related to age. Internal factors (spawning, physical
stress) as well as external factors (temperature, food) affect
growth causing cyclic variations, which in turn affect the de-
velopment of calcified tissues and are registered as growth
increments.

External factors tend to show regular and marked seasonal
changes in temperate areas thus creating clearly identifiable
annual growth periods in fishes. Studying these regular, sea-
sonal rings in otoliths of temperate fishes is an accurate aging
technique widely employed for temperate environments. Ant-
arctic habitats are characterized by more limited and irregular
changes in biotic and abiotic factors than in temperate habitats.
This lack of regularity and periodicity in the seasonal changes is
reflected in the fish by a rather uniform growth with smooth
cycles. Growth increments laid down in the otoliths of antarctic
fishes are therefore irregular and frequently related to wide
spawning periods. Otoliths of long lived antarctic fishes show a
series of seasonal growth marks of unknown periodicity which
in some cases have been used for aging purposes (Kock 1981). In

shorter living fishes (5-8 years of age) which in many cases are
not important fisheries sources, the otoliths usually lack the
presence of any seasonal increments that can be used for age
determination.

Information about events that occurred in the life of a fish can
be obtained from the use of daily increments in otoliths.
Otoliths are calcified tissues which may contain a large amount
of biological and ecological information about a fish's life histo-
ry. This information may be divulged when structural compo-
nents of otoliths are investigated. During favorable periods of
fast growth, an area rich in protein is laid down in the otoliths.
During unfavorable periods or slow growth, an area higher in
calcium content is laid down in the otoliths. This process results
in daily increments. Daily increments have been found in
otoliths from a host of fish species (see reviews by Campana and
Neilson 1985; Jones 1986). Daily increments are laid down in
relation to metabolic daily cycles which are in turn syn-
chronized with photoperiodicity.

Otoliths in this study were prepared as described in Radtke
and Targett (1984). Internal examination of otoliths from the
antarctic fish, Notothenia nudifrons and Trematomus ncwnesi, by
scanning electron microscope methodology revealed internal
rhythmic patterns.

Results from the marking experiments with both tetracycline
(Notothenia nudifrons and Trefnatomus newnesz) and
acetazolomide (Notothenia nudifrons.) demonstrated that linear
markings were formed at the rate of one per day. Tetracycline is
an antibiotic which is incorporated into the otolith and marks
the time of injection. When viewed under a compound micro-
scope at filtered reflected wavelengths of 700-800 nanometers
tetracycline fluoresces and appears as a fluorescent band inside
the otolith. The microincrements can then be counted beyond
that point. Acetazolamide is a diuretic which causes a cessation
of calcium deposition and leaves a distinct mark on the otoliths.
This can be used as a benchmark, making it possible to count
the increments beyond the mark.

The validation of the increments enabled us to validate the
microincrements seen by scanning electron microscope which
revealed small increments, some less than 0.2 microns in width.
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These increments were visible with scanning electron micro-
scope preparations. These data conformed well to a linear equa-
tion (N. nudifrons) and to the von Bertalanffy equation (T. new-
nesi) (von Bertalanffy 1957) and provided a reliable growth
estimate of the populations of N. nudifrons (figure 1) and T
newnesi on the Antarctic Peninsula (figure 2). The growth pat-
terns determined in the present study based on a size range of
fish made it feasible to determine the precise nature of the entire
growth curve.

N. nudifrons grew slowly, reaching sexual maturity at an age of
4-5 years, with the largest fish attaining ages of more than 8
years. Growth and survivorship were similar for males and
females.

Increments of both larvae and adults were deposited on a
daily basis, even during the winter months, as validated
through marking experiments. These techniques allowed the
determination of the age, growth, and natural morality of N.
nudifrons and T newnesi. N. nudifrons grew slowly, reaching
sexual maturity at an age of 4-5 years, with the largest fish
attaining ages of more than 8 years. Growth and survivorship
were similar for males and females. T. newnesi also grew slowly,
reaching an age of 7 years. Growth and survivorship were
similar to other antarctic fish.

The otoliths of N. nudifrons and T. newnesi contain microincre-
ments which are easily counted using scanning electron micro-
scope techniques. Two lines of evidence support the assump-
tion that the observed growth increments reflect daily growth:
first, similar microincrements have been verified to be daily in
many of the temperate and tropical fishes previously investi-
gated, and second, the number of increments in the validation
experiments suggests that one increment is formed per day.

The validation experiments in this study strongly support
that increments in antarctic fish otoliths form on a daily basis.
Analyses of otoliths of antarctic fish have shown the promise of
this technique in the determination of age and growth (Radtke
and Targett 1984). For antarctic fish, daily increments in otoliths
furnish the best avenue for age resolution. The present study
was intended to demonstrate the potential of scanning electron
microscope techniques. Daily increment analyses cannot an-
swer all the questions of antarctic fish biology, but they do make
it feasible to reconstruct a record of a fish's past and to under-
stand the age and subsequent population dynamics of antarctic
fish.
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Figure 1. Relationship of fish standard length (SL) and age as deter-
mined from the number of sagittal otolith microincrements for N.
nudifrons.
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Figure 2. Relationship of fish standard length (SL) to age as deter-
mined from the number of sagittal otolith microincrements. Von
Bertalanify (1957) growth curve for T newnesi is based on daily
increment counts from sagittae of 15 specimens read with a scan-
fling electron microscope. L. (length at infinity) = 194.77 milli-
meters standard length, K (growth coefficient) = 0.001 per day, t0
(time zero) = -14.99 days, r2 (correlation coefficient = 0.99.

Daily increments are also helpful in determining the signifi -
cance of growth checks in otoliths of long-lived species. Because
spawning periods are reflected in the otolith structures of most
species, the presence of such marks may allow for the deter-
mination of the spawning frequency and duration. Due to the
function of the otoliths as part of the inner ear, their constituent
materials which are laid down in equilibrium with the environ-
ment are not removed or absorbed. Thus, the otoliths can act as
a register of the environmental conditions experienced by the
fish during their lifespan. Moreover, the width of the incre-
ments may be closely correlated with the fish growth allowing
otolith structural data to act as information storage units of
biological periods and growth fluctuation in the fish. The use of
daily increments greatly increases the value of otoliths as rec-
orders of a fish's life history.

Thanks are due to T. Hourigan, J. Bell, T. Targett, and the staff
of Palmer Station for help in collecting and rearing. T. Hourigan,
S. Folsom, C. Rowland, and K. Hill helped with sample collec-
tion, preparation, and data analyses. This research was sup-
ported by National Science Foundation grant DPI' 85-21017.
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Feeding patterns of emperor penguins
GERALD L. KOOYMAN and DONALD A. CROLL

Scripps Institution of Oceanography
University of California at San Diego

La Jolla, California 92093

King, Aptenodytes patagonicus, and emperor penguins, A. for-
steri, are the largest diving birds. They have many similarities in
body form, breeding habits, and prey selection, and they oc-
cupy adjacent, but geographically separated, habitats (i.e., the
king penguin is subantarctic and the emperor penguin is high
polar). Because of these features, a comparative study of forag-
ing behavior was begun in 1985 to measure the sea-cycle times,
food habits, dive behavior, and energetics of the sea-cycle. The
results of this study should answer basic questions about the
similarities and differences in preferred dive depths, prey type
and distribution, and energy expenditure of the foraging cycles.
These, in turn, should provide insight about environmental
factors that influence the feeding characteristics of these two
species.

In 1985 field studies were carried out on the king penguin at
St. Andrews Bay, South Georgia (Kooyman and Thorson 1985).
This past season the second part of the study was completed
with an investigation of the hunting behavior of emperor pen-
guins at Cape Washington, Antarctica. Several types of experi-
ments and observations were made after our 26 October arrival
at Cape Washington.

Due to the remoteness of the colony we were airlifted by
LC-130 to Priestley Glacier on 22 October. From there we tra-
versed Browning Pass, Campbell Glacier, and Terra Nova Bay.
We remained at the colony until 6 January when we were picked
up by the U.S. Coast Guard icebreaker Polar Sea.

Soon after our arrival we counted 1,859 dead chicks and 193
abandoned eggs. Because there had been no scavenging by
other animals, this was about the total loss through the winter
and up to the time of the count, except for some eggs and chicks
that had been buried by drifting snow. The mortality was less
than 10 percent of all chicks at the colony and is remarkably low
in comparison to observations made elsewhere (Jouventin
1975).

Food habits were determined by stomach lavage of birds
recently returned from sea. Most of the food found in the
samples was partially digested fish, but krill was also found in
some samples. The fish species consumed is unknown. The
food appeared to have a high oil content and therefore, on a
per-weight basis, it was probably high in energy. Calorimetric
analyses are in progress.

Dive behavior and preferred depths were determined with
depth histogram recorders (Kooyman, Billups, and Farwell
1983), and a prototype time/depth recorder. The data acquisition
of the latter recorder was controlled by a microprocessor. The
unit weighed about 200 grams. All recorders and radios were
strapped and glued to the dorsal feathers (figure).

The frequency distribution of dive depths was bimodal, sim-
ilar to the king penguin, but deeper. The shallow depth peak
was between 25 and 50 meters if dives less than 25 meters are
not included. The deep dive peak was between 150 and 200
meters. For the first time in a bird time/depth profile, dive
durations and patterning of dive bouts were obtained. The

Emperor penguin with a prototype microprocessor time/depth rec-
order. (Photo by D.A. Cr011.)

record from one bird shows that they will hunt between 150 and
200 meters for several hours while making 7-8 minute dives.
Most dive durations fall between 2 and 8 minutes. The rapid
sequencing of dives to depths greater than 100 meters for such
long durations raises several physiological problems about
management of oxygen stores and avoidance of decompression
sickness, which had not been appreciated before these record-
ings. Some of the physiological questions will be the subject of
study in the forthcoming season.

This project was supported by National Science Foundation
grant DPP 83-16963. We would like to acknowledge the enthusi-
astic support of Commander J . Mazza and his VXE-6 Squadron;
National Science Foundation project directors, especially Eric
Chiang, who guided the planning of the projects deployment;
the ITT/Antarctic Services, Inc., support personnel; the Polar Sea
for a timely pickup; C. Vallone, the Italian Antarctic Program
director for his hospitality; and finally, M. Boone for prepara-
tion of the depth histogram recorders, E. Ponganis for design
and construction of the microprocessor recorders, and S. Stone
and S. Smith for getting us across the glacier and assisting us in
the field.
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Pygoscelis penguin population
studies at King George Island

SUSAN C. TRIVELPIECE, GEOFFREY R. GEUPEL,
JANET KJELMYR, and WAYNE Z. TRIVELPIECE

Point Reyes Bird Observatory
Stinson Beach, California 94970

We arrived at the Polish Academy of Science's Arctowski
Station, King George Island (60010S 58°30'W), on 18 October
1986 and departed on 4 February 1987. Our primary research
objective was to continue gathering information on the ecology,
behavior, and demography of sympatric, known-age popula-
tions of the three Pygoscelis penguins, the Adélie (P. adeliae),
gentoo (P. papua), and chinstrap (P. antarctica). The penguin
rookery and surrounding areas were heavily covered with
snow and ice upon our arrival, and the average daily tem-
peratures were well below normal all spring. Admiralty Bay and
the Bransfield Straits were frozen from mid-May to late Sep-
tember (Polish X Expedition, personal communication) and
pack-ice frequently choked these waters until late December.

The severe winter and spring conditions did not adversely
affect the Adélie penguins. Egg laying was initiated in mid-
October, as in previous seasons, and the reproductive success
of 1.17 chicks fledged per breeding pair was the highest success
rate in the last decade at our study site. The winter survival rates
of our banded, known-age breeders and pre-breeders (ages 2 to
4 years) were significantly higher than in the previous
(1985-1986) season (59.1 percent return in 1986-1987 versus
39.3 percent last season). Additionally, a higher percentage of
the known-age Adélie returnees bred this year than last (table).
We reconfirmed that male Adélies breed at age 3 in our region of
the Antarctic, although not as many bred as did females (ap-
proximately 1 male to 3.6 females). This is unlike the reported
age of first breeding of 4 years in the Cape Crozier, Ross Sea area
(Ainley, LeResche, and Sladen 1983).

Gentoo and chinstrap penguins did not fare as well as Adé-
lies. Gentoos were present when we arrived in October and
began to lay eggs by 1 November, which was similar to past
seasons. However, the winter survival of unknown-age, band-
ed breeders was lower than in either of the past 2 years, and
survival of 1- to 5-year-olds was significantly reduced as com-
pared to the 1985 season (35.7 percent returned in 1986-1987
versus 55.5 percent in 1985-1986).

The reproductive success of gentoos was also lower than in
past years. The mean number of chicks fledged per pair was

0.92 compared to an average of 1.19 for four previous breeding
seasons. However, the majority of gentoo losses occurred dur-
ing the incubation period in late November, when heavy pack-
ice filled the bay for a week resulting in prolonged incubation
shifts. Thirty-one percent of the gentoo nests with eggs were
abandoned during this period, when the birds at sea did not
return after 1 to 3 days to relieve their mates; the "normal" relief
time for incubating gentoos is 12-24 hours. Winter survival of
known-age gentoo penguins was also greatly reduced. Only 2
percent of the 1985-1986 cohort were sighted following the 1986
winter, compared to 42 percent of the 1983-1984 cohort seen
after the 1984 winter. Additionally, the percentage of 2-year-old
returnees attempting to breed for the first time in 1986-1987 was
approximately half of those found in the 1984-1985 and
1985-1986 years (table).

Chinstrap penguins arrived in late October, as expected, but a
large number of birds (22 percent) did not breed, although they
all had had previous breeding experience. Many of these birds
went to sea after occupying a nest site for about I week, then
returned to their colonies at about the time of egg laying, but did
not breed. Many of the chinstrap pairs that laid eggs abandoned
them during the first 2 weeks of incubation, resulting in a lower
than average reproductive success, wjth only 0.83 chicks
fledged per pair. However, when the large number of birds with
previous breeding experience that did not breed is considered,
the overall reproductive success was very low, with approx-
imately 0.65 chicks fledged per pair. The factors affecting this
low success rate are unclear. There was no ice in the bay to
impede travel to and from feeding grounds during this time,
and food did not appear to be hard to find since Adélies were
successfully feeding small chicks. Chinstrap pairs that hatched
chicks reared them to fledging, with a success rate approx-
imately equal to previous seasons.

The percentage of 3-, 4-, and 5-year-old chinstraps that at-
tempted breeding was significantly lower in 1986-1987 than in
past seasons (table), but the survival rates of these same-age
cohorts were not significantly different from past years. In
contrast, the percentage of 1- and 2-year-old chinstraps return-
ing to their natal rookeries was much lower in 1986-1987 than in
the previous 2 years (1-year-olds: 3.0 percent versus 9.7 and
13.2 percent; 2-year-olds: 6.1 percent versus 11.7 and 12.0 per-
cent; for 1986-1987, 1985-1986, and 1984--1985, respectively).

The 1986-1987 breeding season followed one of the most
severe winters on record in the Antarctic Peninsula region. It is
of particular interest to us because the 1984 and 1985 winters
were unusually mild. Examination of the breeding success, the
percentage of young birds that attempt to breed, and the winter
survival of the three Pygoscelis species offer interesting insights
into some of the major variables affecting their reproductive
biology.

Percentage of known-age returnees that attempted breeding"

Gentoo age

5	2	3	4	5	2

-	52.2	88.5	88.2	-	0
-	46.8	80.7	93.8	87.5	0
-	24.0	77.3	90.0	100.0	0

Adélie age

Year	2	3	4

1984-85	0	1.8	-
1985-86	0	9.2	26.5
1986-87	0	9.9	55.6

a Dashes indicate no data available.
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Chinstrap age

3	4	5

	

22.2	46.7	-

	

20.2	56.3	75.0

	

2.9	23.5	28.6
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To summarize, Adélie penguins, winter denizens of the pack-
ice, had their most successful breeding season of the decade in
1986-1987, following the heavy pack-ice winter of 1986. Fur-
thermore, the winter survival of all age-class cohorts and the
percentage of young 3- to 4-year-olds attempting to breed were
significantly higher in this season than in either of the two
preceeding mild, ice-free years. Gentoo penguins, in contrast,
had very low winter survival this season, for all age cohorts,
compared to the 2 previous years, and significantly fewer 2-
year-olds attempted to breed this year. Gentoos clearly fare
better during milder winters when they can remain in the
vicinity of their breeding rookeries. Chinstraps present some-
thing of an enigma. Although they are known to be winter
migrators to the pack-ice, they arrived this spring in very poor
breeding condition (as witnessed by the large number of pre-
viously experienced birds that did not attempt to breed) and
experienced low reproductive success; in striking contrast to
Adélie penguins. This suggests that Adélies and chinstraps may
have very different pack-ice wintering areas and/or exploit dif-
ferent winter food resources. Much is yet to be learned con-

cerning the nonbreeding season of the Pygoscelis species before
a thorough understanding of their role in the antarctic marine
ecosystem can be fully comprehended.

Data presented in this paper have not been corrected for band
loss, loss between banding and fledging, or mortality due to
bands. Therefore, although they are used to show interesting
variations between years and among age cohorts, they are not
valid for comparisons with other data.

We would like to thank the USAP and the crew of the RIv Polar
Duke for logistical help and the X and XI Polish Expeditions for
their aid and hospitality during our stay at the Polish Academy
of Science's Arctowski Station. This research was supported by
National Science Foundation grant DPP 83-14667.
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Hematological parameters of the
penguin genus Pygoscelis of

Antarctica (Adélie, gentoo, and
chinstrap)

VIRGINIA A. PARIS ZINSMEISTER and NICOLE VANDERHEYDEN

Department of Anatomy
School of Veterinary Medicine

Purdue University
West Lafayette, Indiana 47907

Hematologic data on wild cogeneric species of penguins have
been limited to erythrocytic parameters in the Adélie, gentoo,
and chinstrap penguins of Antarctica (Block and Murrish 1974;
Guard and Murrish 1975; Murrish 1982; Myrcha and
Kostelecka-Myrcha 1979; Myrcha and Kostelecka-Myrcha 1980;
Koselecka-Myrcha and Myrcha 1980). In addition, data from
limited numbers of captive penguin species have been reported
(Schmitt and Righton 1962; Stoskopf, Yarbrough, and Beall
1980; Hawkey, Henderson, and Hart 1985).

In 1983, Zinsmeister was invited to accompany scientists
from the Instituto Antartico Chileano as part of a research
expedition to Ardley Island, South Shetlands, Antarctica
(62°13'S 58°55'W).

From 9 October to 15 November 1983, blood and tissue sam-
ples were obtained from wild adult pygoscelid penguins for
morphologic and histochemical analysis (Zinsmeister, Valencia,
and Golowasch 1984; Zinsmeister and Valencia 1985). Anti-
coagulated blood (sodium EDTA) was collected from four female
and one male Adélie, five female and one male gentoo, and one

female and one male chinstrap penguins via cardiac puncture
during halothane anesthesia. Sex, maturity, and health status
were determined post mortem.

Blood films were prepared immediately, air dried, and stored
unfixed prior to transport to the United States and subse-
quently stained with Wright blood stain.

A 200 cell differential count was performed by the cross-
section method on each of two blood smears from each pen-
guin. The two values were averaged to determine the final
count. The percentage of polychromatophils was determined
by evaluating 1,000 red blood cells under oil immersion. Ap-
proximately 200 fields (50,000 red blood cells) were observed for
hemoparasites.

Data from one female Adélie penguin was discarded due to
elevated percentages of monocytes and band heterophils sug-
gesting the bird was ill. Data from the four Adélies and six
gentoos were compared for significant differences with stu-
dent's "t" test.

Comparisons of the differential counts, and percentages of
polychromatophils of the three species of Pygoscelis are given in
the table. No significant differences, due to sex or species were
noted for all parameters except monocytes. 1-lemoparasites
were not observed in any of the blood films.

The leucocytic values for the genus Pygoscelis were similar to
those obtained from other captive species of penguins cited
previously. In general, the heterophils in penguins are the most
numerous white cells in the normal peripheral circulation and
this finding contrasts sharply with many other birds, where the
lymphocyte is the most frequent leucocyte encountered (Max-
well 1978a; Maxwell 1978b; Stoskopf, Neely, and Mangold
1983). Elevated numbers of avian heterophils have been shown
to result from stress, bacterial infections, and inflammatory
reactions (Burton and Guion 1968; Assoku, Penhale, and Box-
ton 1970; Hawkey et al. 1985).

Eosinophils are the second most prevalent granulocytes in
penguins (Stoskopf et al. 1983). Lower numbers of eosinophils
were observed from the chinstrap penguins as compared to the
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Mean values and ranges for six hematological parameters
determined for 12 wild pygoscelid penguins from Antarctica

Parameter	 Adélie	Gentoo	Chinstrap

Number of birds	 4	6	2

Differential white blood count
Heterophil percentage	65.3	55.3	61.6

38.5-86.0	40.8-69.8	56.0-67.3

Lymphocyte percentage	23.9	37.1	35.8

	

7.8-51.8	26.0-45.0	27.8-43.8

Eosinophil percentage	4.5	4.0	0

	

1.8-7.5	2.5-7.0

Monocyte percentage	39a	2.3a	2.4

	

2.5-5.5	1.0-3.3	0-4.8

Basophil percentage	2.5	0.9	0.3

	

0.8-6.0	0.3-1.0	0-0.5

Polychromatophil	 1.3	0.9	1.5
percentage	 1.0-2.0	1.0-2.0	1.0-2.0

a Significantly different at P < 0.05.

Adélies and gentoos. Avian eosinophilia is often associated
with hypersensitivity reactions and hemoparasitism (Maxwell
1984; Moriya and Ichikawa 1982; Olson 1959).

The percentage of basophils was higher than those reported
for captive gentoo penguins (Hawkey et al. 1985). In general,
avian basophils are the least common granulocyte in the pe-
ripheral circulation and usually account for 1 percent of the total
white blood count. Our findings may reflect a true physiologic
or pathologic difference between captive vs. wild penguins or it
may result from failure of other investigators to recognize
basophils, because they tend to degranulate readily in aqueous
solutions.

Lymphocyte numbers may decrease seasonally or with
chronic stress and cortisol/AcTH administration (Stoskopf et al.
1983; Siegel 1980; Wingfield, Smith, and Farmer 1984). Lympho-
cyte values were similar to previously published values
(Hawkey et al. 1985).

Monocytes were more numerous in the Adélies as compared
to the gentoos. Monocytosis has been associated with chronic
and tissue destructive diseases (Woerpel and Rosskopf 1984).

The number of polychromatophils in the circulation is related
to the rate of erythropoiesis. In general, 1-2 percent of avian
erythrocytes are polychromatophilic and their increased num-
bers are often associated with inflammation and hemorrhage
(Campbell and Dein 1984).

Thrombocytes were observed in all blood smears, but their
numbers were not evaluated.

The authors wish to acknowledge the initial support from
International Programs, National Science Foundation grant INT
83-14929, Division of Polar Programs, the National Science
Foundation (round trip air ticket, U.S.A./Chile), and Instituto
Antartico Chileano (travel and expenses, Santiago/Antarctica).
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Morphologic description of Adélie
penguin (Pygoscelis adeliae) granular

leucocytes from blood films
V.A. PARIS ZINSMEISTER

Department of Anatomy
School of Veterinary Medicine

Purdue University
West Lafayette, Indiana 47907

This study describes the microscopic morphologic features of
the granular leucocytes (granulocytes) of wild adult Adélie pen-
guins from Antarctica. The description of the Adélie gran-
ulocytes is based on the analysis of stained blood films. For
specific methods and procedures the reader is referred to
Zinsmeister, Valencia, and Golowasch (1984) and Zinsmeister
and VanDerHeyden (1987).

Heterophils. Heterophils constitute 57.9 percent of the total
white blood cell count in the Adélie penguin (Zinsmeister and
VanDerHeyden 1987). Heterophils (1, 3, 5, and 10 in the figure)
appeared as large, round cells filled with bright red, spindle-
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1. Heterophil. Notice the numerous rod/spindle shaped intracytoplasmic granules. The multilobed nucleus lies along the cell periphery. "He"
denotes "heterophil"; "Er" denotes "erythrocyte?' Wright stained blood film, x 604. 2. Eosinophil. Notice the large spherical eosinophilic
intracytoplasmic granules. The multilobed nucleus is slightly eccentric to polar in position. "Eo" denotes "Eosinophil"; "Th" denotes
"thrombocyte"; "Er" denotes "erythrocyte." Wright stained blood film, x 604. 3. Heterophil. The multilobed nucleus is obscured by the
numerous rod/spindle shaped intracytoplasmic granules. Little cytoplasm can be seen between the granules and nucleus. "He" denotes
"heterophil"; "Er" denotes "erythrocyte"; "Th" denotes "thrombocyte." Wright stained blood film, x 604. 4. Eosinophil. Notice the bibbed
nucleus. A few large round refractile intracytoplasmic granules lie over the nucleus. "Eo" denotes "eosinophil"; "Er" denotes "erythrocyte."
Wright stained blood film, x 604. 5. Heterophil vs. eosinophil. These two granulocytes possess similar size and shape but are easily
distinguished by the size, shape, and ref ractibility of their intracytoplasmic granules. "He" denotes "heterophil"; "Eo" denotes "eosinophil";
"Er" denotes "erythrocyte"; "Th" denotes "thrombocyte." Wright stained blood film, x 604. 6. Basophil. Notice the large round nucleus. The
intracytoplasmic granules ring the nucleus and are in various stages of degranulation in aqueous solutions. "Ba" denotes "basophil"; "Er"
denotes "erythrocyte." Wright stained blood film, x 604. 7. Basophil. The intracytoplasmic granules obscure the round nucleus and several
vacuoles represent dissolved granule contents. "Ba" denotes "basophil"; "Th" denotes "thrombocyte"; "Er" denotes "erythrocyte." Wright
stained blood film, x 604. 8. Basophil. The intracytoplasmic granules have totally degranulated and appear as vacuoles that ring the nucleus.
"Ba" denotes "basophil"; Er" denotes "erythrocyte:' Wright stained blood film, x 604.9. Basophil. Numerous intact intracytoplasmic granules
can be seen in this figure. "Ba" denotes "basophil"; "Er" denotes "erythrocyte"; "Th" denotes thrombocyte" Wright stained blood film, x 604.
10. Heterophil vs. eosinophil. Compare the size, shape, and granule populations of these two granulocytes with the basophils in 6 through 9.
Basophils appear to be of similar size as the eosinophil, but this is artif actual because of the swelling of the basophil on degranulation. "He"
denotes heterophil"; "Eo" denotes "eosinophil"; "Er" denotes "erythrocyte." Wright stained blood film, x 604.
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shaped granules. Cell diameters range from 10.08-12.42 mi-
crometers, with an average cell diameter of 11.19 micrometers.
The polymorphic nucleus consisted of two to three lobes, con-
nected by a thick chromatin strand. The majority of heterophils
possessed three nuclear lobes, which were observed close to the
cell periphery. Prominent clumps of purple-blue staining het-
erochromatin were observed surrounded by lighter blue-
stained euchromatin. One nucleolus/nucleus was usually ob-
served. Spindle-shaped specific granules were closely packed
within the cytoplasm, and therefore it was not possible to count
or measure the granules accurately. These granules stained a
brilliant red in Wright stain preparations. A dark-purple stained
core was often seen in these granules. No partial dissolution of
the specific granules was observed. Cytoplasmic-to-nucleus
ratio was approximately 2 to 1.

Eosinophils. Eosinophils constituted 4.7 percent of the total
white blood cell count in the Adélie penguin (Zinsmeister and
VanDerHeyden 1987). These cells (2, 4, 5, and 10 in the figure)
were imperfectly oval/round with an average diameter of 9.99
micrometers, range 8.46-11.88 micrometers. The nucleus pos-
sessed a lobar appearance of two to three lobes (most with 2
lobes) that lies along the cell's periphery and usually extended
one-half of the circumference of the cell. The nucleus possessed
dense heterochromatin and stained a deep purple. Nucleoli
(1-2) were present and stained a pale blue and often appeared
as an area of negative image within the nucleus. The specific
granules were pink, lightly refractile, and filled to bulge the
cytoplasm. The average diameter of the specific granules was
0.97 micrometer. Cytoplasm-to-nucleus ratio was approx-
imately 3 to 1.

Basophils. Basophils constituted 2.3 percent of the total white
blood cell count in the Adélie penguin (Zinsmeister and Van-

DerHeyden 1987). The basophils (6 through 9 in the figure)
possessed an irregular round shape with small blunt
pseudopodia projecting from the cell surface. The bulging of
the cytoplasmic granules lend a mulberry appearance to the
basophils in blood films. Cell diameters ranged from 7.02 to
10.44 micrometers with an average cell diameter of 8.41 mi-
crometers. The nucleus was eccentric in location, irregular rou-
nd and stained darkly. It had an average diameter of 5.17 mi-
crometers, range of 4.32-6.48 micrometers. Usually one large,
very dark nucleolus was seen. The round cytoplasmic granules
were highly metachromatic and stained purple-blue in Wright
stain. Granule size was variable and could not be accurately
measured on blood films due to the solubility of the granule
contents in aqueous solutions. Cytoplasm-to-nucleus ratio was
1 to 2.

I wish to acknowledge the initial support from the Interna-
tional Programs, National Science Foundation grant (INT

83-14929); Division of Polar Programs, National Science Foun-
dation (round trip air ticket, United States to Chile), and In-
stituto Antartico Chileano (travel and expenses, Santiago/
Antarctica).
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Cellular characterization and
morphometric analysis of resin-

embedded blood samples of Adélie
penguins (Pygoscelis adeliae)

V.A. PARIS ZINSMEISTER

Depart tnent of Anatomy,
School of Veterinary Medicine

Purdue University
West Lafayette, Indiana 47907

This microscopic study describes the cellular and mor-
phometric features of the granular leucocytes (granulocytes are
heterophil, eosinophil, and basophil) of wild adult Adélie pen-
guins of Antarctica. The description of the Adélie granulocytes
are based on the analysis of methylene blue-Azure II stained
resin embedded 0.5-micrometer sections. For specific methods
and procedures the reader is referred to Zinsmeister, Valencia,
and Golowasch (1984) and Zinsmeister (in press). The methods

and techniques employed in our studies greatly enhance cel-
lular detail thereby facilitating more accurate morphometric
assessment and characterization of these unique cells.

Heterophils. The large, round heterophils had an average di-
ameter of 6.93 micrometers, range 6.39-7.66 micrometers (1 in
the figure). The polymorphic nucleus consisted of one to three
lobes, the majority had two lobes. The nucleus was laterally
eccentric and possessed a very irregular nuclear membrane.
Prominent heterochromatin clumps were observed and nuclear
strands could be detected between the nuclear lobes. Eu-
chromatin appeared basophilic. Peripheral nuclear hetero-
chromatin stained an intense blue. One nucleolus/nucleus was
commonly observed. Cytoplasmic basophilia was difficult to
access due to the close-packed arrangement of the spindle-
shaped, light pale green specific granules. It was not possible to
accurately count or measure the heterophil granules.
Cytoplasmic-to-nucleus ratio was approximately 2 to 1.

Eosinophils. Eosinophils had an average diameter of 7.25 mi-
crometers range 6.24-8.76 micrometers (2 in the figure). These
cells were large round/oval in shape with an oblong or bibbed
nucleus which averaged two lobes per cell and laid laterally in a
polar placement. Patchy peripheral heterochromatin was ob-
served along the inner nuclear membrane and stained a dark
blue. Light basophilic euchromatin was observed between the
three to four blue heterochromatin clumps. The staining charac-
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1. Heterophils. Notice the numerous rod/spindle shaped intra-
cytoplasmic granules and the peripheral location of the nuclei. "He"
denotes "heterophils"; "Eo" denotes "eosinophils." Methylene
blue-Azure II stained 0.5-micrometer section, x 604. 2. Eosinophils.
Notice the large round intracytoplasmic granules of the eosinophils
and the polar location of their nuclei. "Eo" denotes "eosinophils";
"He" denotes "heterophil"; "Ba" denotes "basophil." Methylene
blue-Azure II stained 0.5-micrometer section, x 604. 3. Basophils.
Notice the round metachromatic intracytoplasmic granules and the
central position of the single round nucleus. Compare the basophil
size and characteristics with those of the eosinophils. "Ba" denotes
"basophils"; "Eo" denotes "eosinophils." Methylene blue-Azure II
stained 0.5-micrometer section, x 604. 4. Basophils. The round
metachromatic intracytoplasmic granules ring the nucleus. Com-
pare the basophil size and nuclear characteristics with those of the
heterophil. "Ba" denotes "basophils"; "He" denotes "heterophils."
Methylene blue-Azure II stained 0.5-micrometer section, x 604.

teristics of the nucleus gave it a lacy appearance. Large promi-
nent nucleoli were observed and appeared irregular in shape,
being either oblong or round. One to two nucleoli were com-
monly present in these cells.

An average of 29.52 specific granules per cell section were
counted. The majority of granules were round or oblong in
shape with an average diameter of 1.13 micrometers.

The granules stained a dark green and the cytoplasm ap-
peared colorless. Cytoplasm-to-nucleus ratio was approx-
imately 3 to 1.

Basophils. The basophils (3 and 4 in the figure) were round
with an average diameter of 6.05 micrometers, range 5.36-6.63
micrometers. The nonlobulated nucleus was irregular-round
with a slightly eccentric position. The nuclear mean diameter
was 4.34 micrometers, range 3.08-4.7 micrometers. One, or
rarely two, irregularly shaped nucleoli were seen. Small aggre-
gates of heterochromatin were attached to the nuclear mem-
brane in a patchy network. Large, round cytoplasmic granules
surrounded and often overlaid the nucleus. Granule size and
numbers varied from 0.5 to 1.39 micrometers in diameter with
12-20 granules per cell section, respectively. The granules were
highly metachromatic, staining pink, blue to deep purple. The
larger granules usually stained more intensely.

I wish to acknowledge the initial support from International
Programs, National Science Foundation grant (INT 83-14929),
Division of Polar Programs, National Science Foundation (rou-
nd trip air ticket, United States to Chile), and Instituto Antartico
Chileano (travel and expenses, Santiago/Antarctica).
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Physiological ecology of Adélie
penguins during the reproductive

season

MARK A. CHAPPELL and SHERRIE L. SOUZA

Department of Biology
University of California

Riverside, California 92521

Adélie penguins (Pygoscelis adeliae) experience a wide range of
thermal conditions during the reproductive season. Both adults
and chicks may be exposed to severe cold during storms or to
substantial heat loads on clear, calm days (Ainley, LeResche,
and Sladen 1983; Murrish 1982). We examined thermal microcli-
mates during the breeding season in the Adélie colony on
Torgersen Island, near Palmer Station. In addition, we made
laboratory measurements of the thermoregulatory physiology
of young and adult Adélies. When these studies are completed,
the combined data should improve our understanding of cli-
matic influences on reproductive success.

Field and laboratory measurements were performed from
November 1986 to February 1987. We captured six adult pen-
guins and 12 chicks (4 each of 1-, 2-, and 3-kilogram body mass)
for physiological measurements. Using open-flow respirome-
try, we measured oxygen consumption (V0 2), carbon dioxide
production (VCO2), and evaporative water loss (rñH 20) at am-
bient temperatures (Ta) from - 20°C to 30°C. A sensitive pres-
sure transducer allowed simultaneous determination of
breathing rate (fl and tidal volume (VT), and therefore minute
volume (V, 1 ) and oxygen extraction efficiency (02EE). Birds
were unrestrained within the metabolism chamber during mea-
surements (Bucher 1981).

For microclimate studies we recorded air and ground tem-
peratures, wind speeds, solar radiation, and the temperatures
of taxidermic mounts of Adélie adults and chicks. The mounts
respond to wind, sun, and ambient temperature in a manner
similar to live birds, except that the mounts lack physiological
reponses (Chappell and Bartholomew 1981). Accordingly,
mount temperatures provide a useful integrated index of the
thermal environment (Bakken 1980). When mount tem-
peratures are combined with wind speed data, the "standard
operative temperature" (T) can be calculated. Te, is an index of
heat flow that can be directly compared to physiological re-
sponses in a metabolic chamber. Microclimate data were
sampled every 30 minutes by a weatherproofed
microcomputer.

Adult Adélies are extremely tolerant of cold; they show no
significant increases in metabolic thermogenesis (measured as V
02) until ambient temperature drops below - 10°C (figure 1).

At high temperatures (20 and 30°C), they pant vigorously and ni
H20 increases to 0.3 percent of body mass per hour. Nev-
ertheless, body temperatures increase only slightly (to 40.1°c,
compared to 39.4°C at low T a). Ventilation parameters (VT, f'
and O2EE) are fairly constant at. T below 20°C (figure 2). At
higher Ta , f increases rapidly (from 8 breaths per minute at 10°C
to 55 breaths per minute at 30°C), with a parallel increase in V1

(V 1 is constant at all Ta). 02EE declines sharply during panting
(from 35 percent to 10°C to 6 percent at 30°C). We saw no
indication that O 2EE rises at low T, in order to reduce respiratory
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Figure 1. Oxygen consumption at different ambient temperatures in
Adélie penguin adults and chicks.

heat loss, as has been suggested for other species (e.g., Brent et
al. 1984).

In contrast to adults, small chicks showed substantial in-
creases in V02 at low T (figure 1). This thermogenic response
was reduced as chicks grew larger. Nevertheless, molting chicks
(about 3 kilograms) still had mass-specific metabolic rates 60-80
percent larger than for adults (about 4 kilograms). The overall
pattern of ventilation in chicks strongly resembled that of the
adults, except that f, VT, and V1 were proportionally smaller in
small chicks.

During most of the 1986-1987 breeding season, microclimate
conditions on Torgersen Island were within the thermal toler-
ances of adults (figure 3). The season was unusually cool, so we
observed few indications of heat stress (we did see long-term
panting on several occasions). Despite the relatively cool sea-
son, we estimate from calculated T. values that thermal condi-
tions requiring additional metabolic heat production (above
resting levels) comprised less than 1 percent of the season.
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Figure 2. Ventilation parameters of adult Adélie penguins at different
ambient temperatures. (Symbols: vertical lines show range; boxes
around means are 95 percent confidence intervals.)
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Figure 3. Microclimate conditions in the Torgersen Island Adélie
rookery during the 1986-1987 breeding season. The points repre-
sent daily mean values; data were sampled every 30 minutes. The
Tes, or "standard operative temperature," is an index of heat flow
integrating the effects of ambient temperature, wind, and solar
radiation.

However, substantial heat production by unbrooded chicks
would have been necessary, particularly for small individuals.

This research was supported by National Science Foundation
grant DPP 85-15357. We are grateful to D. Wiggin, S. Akely, M.
Snyder, and the rest of the Palmer Station staff for their help.
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Continuing penguin research at Sea
World Research Institute, San Diego,

California

FRANK S. TODD

Sea World Research Institute
Huhhs Marine Research Center

San Diego, California 92109

Since the successful establishment of the original research
colony of high antarctic penguins in San Diego in 1976-1977,
much has transpired. The initial founder colony of Adélie
(Pygoscelis adeliae) and emperor (Aptenodytes forsteri) penguins
was acquired from the Ross Island/McMurdo Sound region
(Todd 1977, 1978). Over a decade later, many of these penguins
are still thriving and reproducing. In 1980, the first successful
captive breeding of the emperor penguin occurred. The long-
term, year-round research that the Division of Polar Programs at
the National Science Foundation originally envisioned has been
facilitated.

Over the years, techniques have been developed which en-
abled us to acquire additional species from regions not noted for
extensive logistic support. Live penguins are no longer required
and all current acquisitions are made via eggs. The advantages
of penguin transport by eggs are numerous; logistics are far less
complicated (it is much easier to move 100 penguins in a 1-
meter-square, self-contained field incubator than employing an

entire frozen USAF C-141 Starlifter); quarantine is much less
traumatic; accurate daily growth rate data is easily obtainable;
and a population of known-age birds results. In addition, in the
case of those species which produce two eggs, only one egg of
the clutch is collected. Typically, despite the production of two
eggs and even hatching two chicks, seldom is more than one
young fledged per pair. Thus, the removal of a single egg should
facilitate the establishment of controlled environment penguin
populations without compromising the wild reproductive
potential.

In 1983, a joint cooperative pilot program was initiated with
the Chilean Antarctic Institute (INAcH) and the Chilean Air
Force (FAcH) and eggs were collected at Nelson Island, South
Shetland Islands. During 1984, eggs were acquired from the
Cape Horn sector (Chile), and in 1985, penguin eggs were
obtained in the Falkland Islands in conjunction with the British
Forces/Falkland Islands (BFFI).

During November and December 1986, we returned to
Nelson Island, once again working with FACH and INACH. The
field season was long and difficult and numerous unanticipated
problems arose. As a result of unseasonably bad weather and
C-130 mechanical problems, the field team was stranded in
Punta Arenas, Chile for more than 2 weeks. Ultimately, the
mission was successfully accomplished, but it required the as-
sistance of many people, agencies, and countries. If ever a
single project clearly illustrated the international cooperative
spirit of the Antarctic, this was it.

The field team was transported to the Antarctic aboard the
M/V World Discoverer, a West German tourist ship chartered by an
American travel company. Upon arrival at Marsh Base, the
cargo was off-loaded by Filipinos and Indonesians into a Rus-
sian landing craft from Bellingshausen Station driven by East
Germans. At Marsh Base, all support was provided by the
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Chileans. Communications to the United States was accom-
plished through the Chinese at the Great Wall Station. The
Argentines kindly allowed us the use of their Harmony Cove
refugio at Nelson Island (62°19'S 59°12'W). And finally, once the
eggs were acquired, the Brazilians came to our rescue and flew
us back to Punto Arenas aboard their C-130.

The weather was the worst that I had ever experienced there
at that time of year. Extensive pack ice was encountered more
than 300 kilometers north of the Peninsula. Marsh Base still had
fast ice in December which extended out some 300 meters. At
Nelson Island, solid pack ice extended out 500 meters offshore
in most areas, and the entire island was covered with 1.5-2.0
meters of snow with drifts exceeding 10 meters. Winds of 60
knots were also experienced.

The extensive snow cover severely compromised the nesting
birds, particularly the chinstrap penguins (P. antarctica). Many
nests were abandoned and numerous frozen eggs were present
in early December. Conceivably, 30-40 percent of the nests
ultimately failed. The gentoo penguins (P. papua) fared better,
but these rookeries were generally located on high ground
which, as a result of the wind, tended to be snow free. The
cavity nesters, such as sheathbills (Chionis a/ha) and Wilson's
storm-petrels (Ocean ites oceanicus) were retarded because fa-
vored nesting cavities were still snow and ice packed. Perhaps
due to the extensive off-shore pack ice conditions, I was able to
document the first recorded incident of a Weddell seal (Lep-
ton ychotes weddelli) preying upon a chinstrap penguin in the
manner of a leopard seal (Hydrurga leptonyx) (Todd 1988).

Despite the extreme climatic conditions at Nelson Island, it
would appear that this was localized; the rookeries at Stranger
Point (62°16'S 58°37'W) and Point Thomas (62°10'S 58°30'W) on
King George Island were essentially snow free. Indeed, by 4
December, the peak hatch of Adélie penguins had already
passed. As a result, when we collected the required eggs on 15
December, very few viable ones remained. Nevertheless, de-
spite the complications, the venture was a complete success and
ultimately, hundreds of chicks of various species were hatched
and subsequently fledged in San Diego.

Figure 1. Sorting eggs and feeding antarctic tern chicks.

..
IVol"
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Figure 2. Newly hatched gentoo and chinstrap penguin chicks.

As a result of the egg work since 1983, sizable controlled
environment populations of gentoo (2 spp.), Adélie, chinstrap,
rockhopper (Eudyptes crestatus), macaroni (E. chryso!ophus), and
Magellanic (Sphenicus magel/anicus) penguins have been estab-
lished. Additionally, numerous kelp gulls (Larus dorninicanus),
antarctic terns (Sterna vittata), southern giant petrels (Mac-
ronectes giganteus), cape pigeons (Daption capense), blue-eyed
shags (Pha/acrocorax atriceps), and brown skuas (Cat ha racta lonn-
hergi) have been successfully reared. (See figures 1 and 2.)
During the 1987-1988 season, in conjunction with the British
Antarctic Survey (BAs), king penguin (A. patagonicus) eggs will
be collected at South Georgia.

While many of these birds are currently maintained at the
Penguin Encounter in San Diego, most are destined for the new
penguin facilities in Orlando, Florida, and San Antonio, Texas.
These two new units will focus mainly on subantarctic species
whereas the Encounters in San Diego and Aurora, Ohio, will
continue to concentrate on the high antarctic forms. All four of
these facilities are available to qualified researchers who may
have projects which are not feasible in the field.

The initial phases of this project were supported by National
Science Foundation grant DPP 76-20746. More recently, gener-
ous support has been received from INACI-I, EACH, and BAS. We
also gratefully acknowledge the assistance of the skillful and
tireless pilots (both fixed wing and helicopter) of the various
nations with which we have been privileged to work.
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Reproductive effort and population
dynamics of Weddell seals

(Leptonychotes weddellil) in
McMurdo Sound

J. WARD TESTA, SHERIE S. BARTSH, DONALD B. SINIFF,

LINDA D. BANISH, and JOHN J. BURNS

Department of Ecology and Behavioral Biology
University of Minnesota

Minneapolis, Minnesota 55455

Long-term studies of the population dynamics and behavior
of Weddell seals, in McMurdo Sound were continued in the
1986-1987 season. A total of 114 adult males, 160 adult females,
and 436 pups were tagged or retagged in the eastern part of
McMurdo Sound from October to December, 1986, and six
censuses were conducted in Erebus Bay between 8 November
and 2 December. Population estimates using the Jolly-Seber
method (Seber 1982; Testa and Siniff 1987) in Erebus Bay during
the breeding season were 785 (standard error 71) females and
154 (standard error 53) males. The reproductive rate among
adult females was 0.70 pups per female, relatively high for this
population (Testa 1987a).

Reproductive effort and parental investment by Weddell
seals were the subjects of intensive research at the Hutton Cliffs
breeding colony, 14 kilometers north of McMurdo Station. The
relative effort expended by females in producing an independ-
ent pup was assessed by weighing females and pups just after
parturition, and again just before weaning. Patterns in maternal
investment, as well as the effects of varying investment on pup
growth and survival, and on future reproduction are reported
by Hill (1987).	 -

A greater research effort was made in this season to evaluate
reproductive effort, behavior, and physiology of male Weddell
seals. Males expend energy and risk serious injury defending
breeding territories under the ice during the pupping season.
Territorial males were identified by monitoring haulout be-
havior of all males with radio telemetry (Siniff et al. 1977).
Mating success of these males was detected by painting pig-
mented grease near the penal oriface of males and monitoring
females for the presence of grease transferred underwater dur-
ing copulation (Hill 1987). Several males were also weighed near
the beginning and end of the breeding season, as a measure of
the energetic cost of their breeding behavior. Blood samples

were collected at 4-day intervals to monitor steroid levels as
possible correlates of behavior and mating success (Bartsh in
preparation).

Juvenile dispersal is an important element in the local popu-
lation dynamics (Testa 1987b), but direct measurement of dis-
persal distances and juvenile survival with radio telemetry has
been hampered by difficulties in attaching radios to growing
seals. Implantation of radio transmitters is a widely used tech-
nique in other species (Garshelis and Siniff 1983; Eagle,
Choromanski-Norris, and Kuechle 1984). We implanted radios
in two Weddell seal pups to test the feasibility of this method for
future studies in pinnipeds. Intraperitoneal implantations of
sterile radio transmitters were performed when pups were be-
tween 2 and 7 days old. The first pup died 2 days later after
skuas (Catharacta skua) had apparently opened the lateral inci-
sion. The pup had been feeding normally. The second pup had
a ventral midline incision and was apparently healthy and fully
molted 25 days later when our field party left the area. The
technique may be feasible in other pinnipeds, but difficulties
conducting surgery in cold weather will probably limit its ap-
plication in the Antarctic.

This work was supported by National Science Foundation
grant DPI' 83-18473 to the University of Minnesota.

References

Bartsh, S.S. In preparation. Behavioral ecology of male Weddell seals (Lep-
ton ychofes weddellii). Master's thesis, University of Minnesota,
Minneapolis.)

Eagle, T. C., J. Choromanski-Norris, and V. B. Kuechle. 1984. Implanting
radio transmitters in mink and Franklin's ground squirrels. Wildlife
Society Bulletin, 12, 180-184.

Garshelis, DL., and D.B. Siniff. 1983. Evaluation of radio-transmitter
attachments for sea otters. Wildlife Society Bulletin, 11, 378-383.

Hill, S.E.B. 1987. Reproductive ecology of Weddell seals in McMurdo Sound,
A ntarctica. (Unpublished doctoral thesis, University of Minnesota,
Minneapolis.)

Seber, G.A.F. 1982. The estimation of animal abundance and related param-
eters. (2nd ed.) New York: Macmillan.

Siniff, D.B., D.P. DeMaster, R.J. Hofman, and L .. L. Eberhardt. 1977. An
analysis of the dynamics of a Weddell seal population. Ecological
Monographs, 47, 319-335.

Testa, J.W. 1987a. Long term reproductive patterns and sighting bias in
Weddell seals (Leptonychotes weddelli). Canadian Journal of Zoology, 65,
1091-1099.

Testa, J.W. 1987b. Juvenile survival and recruitment in a population of
Weddell seals (Leptonychotes weddelli) in McMurdo Sound, Antarctica.
Canadian Journal of Zoology, 65, 2993-2997.

Testa, J.W., and D.B. Siniff. 1987. Population dynamics of Weddell seals
(Leptonychotes weddelli) in McMurdo Sound, Antarctica. Ecological
Monographs, 57, 149-165.

1987 REVIEW	 231



Silence as an anti-predation strategy
by Weddell seals

JEANETTE A. THOMAS

Naval Ocean Systems Center
Kailua, Hawaii 96734

LISA M. FERM

National Marine Mammal Laboratory
Seattle, Washington 98115

VALERIAN B. KUECHLE

Cedar Creek Bioelectronic Laboratory
Bethel, Minnesota 55005

In McMurdo Sound, Antarctica, Weddell seals (Leptonychotes
weddelli) return to traditional breeding colonies on shorefast ice
each austral spring. This fast ice provides a stable platform, over
a 2-month period, for raising pups and a fixed location for
establishing underwater mating territories. However, it also
may provide protection from predators, such as leopard seals
(Hydrurga leptonyx) or killer whales (Orcinus orca). Weddell seals
are the only marine mammal in the shorefast ice of McMurdo
Sound from October through early December. When killer
whales and leopard seals arrive in mid-December, they work
the ice edge for available prey, especially penguins. As the fast
ice breaks up, leads provide access to nearby Weddell seal
colonies (Thomas et al. 1981). In late December, U.S. Coast
Guard icebreakers open a lead for entry to McMurdo Station
(figure 1). Killer whales and leopard seals use this large lead and
its tributaries to move closer to Weddell seal colonies.

Leopard seals and killer whales are the top mammalian pre-
dators in the antarctic ecosystem and feed opportunistically on
seasonally available species. Leopard seals hunt krill, squid,
fish, penguins, seabirds, and crabeater seal (Lohodon car-
cinophagus) pups (Siniff and Bengtson 1977). Scars on 78 percent
of adult crabeaters confirm the importance of this species in the
leopard seal's diet and the occasional ability of the prey to
escape (Siniff and Bengtson 1977). When crabeater pups wean,
leopard seals also are present in the pack ice. Weddell seal pups
are in shorefast ice areas when they are weaned (Thomas and
DeMaster 1984). Whether newly weaned Weddell seals also are
at risk of predation is unknown. The absence of scars in Weddell
seals suggests that, if such predation by leopard seals occurs, it
is highly successful.

Killer whales take antarctic cod, penguins, and all age classes
of all antarctic seals (Siniff and Bengtson 1977; Thomas et al.,
1981). Seals do not have scars from killer whale predation,
which testifies to a high success rate for this predator.

Our objectives were to document the rate of underwater calls
from Weddell seals throughout the breeding season and
monitor changes in this rate associated with the arrival of pre-
dators, such as leopard seals and killer whales.

Recordings of underwater calls at the Hutton Cliffs breeding
colony were made from 19 October 1977 through 14 January

1978. Recordings were made automatically every hour for a
duration of 2.5 minutes. With this time interval, we stored data
from a 24-hour period on one side of a 90-minute cassette. A
battery-operated Superscope C101 A cassette recorder (frequen-
cy response 0.20-10.00 kilohertz) and a digital timer were
housed in an insulated box and warmed with chemical heat-
packs. We used an Interoceans R130 hydrophone (frequency
response 0.03-10.00 kilohertz ± 1.0 decibels) dropped through
a seal breathing hole to a depth of 6 meters. A tone generated by
the digital timer separated each hourly recording on the
cassette.

We counted the number of Weddell seals hauled-out at Hut-
ton Cliffs each day from October 1977 through mid-January
1978. We also compiled sightings of killer whales and leopard
seals from occasional helicopter flights, other investigators in
the area, and icebreaker logbooks. Systematic visual surveys for
leopard seals and killer whales were not conducted. Rather, we
monitored the presence of these predators from the hourly
recordings of their underwater sounds.

In the laboratory, one of two researchers listened to the cas-
settes and classified sounds as from Weddell seals, leopard
seals, or killer whales. Weddell seal calls were divided into one
of ten adult call categories (MT, MC, MP, MR, MK, MM, ME, MG, MH,

MA) and a single pup call category (MQ) as described by Thomas
and Kuechle (1982). Although leopard seals (Stirling and Siniff
1979) and killer whales (Jehl et al. 1980; Thomas et al. 1981)
produce a variety of sounds, our samples were too small to
score their calls into categories. For each hourly sample, the
number of calls in 11 Weddell seal categories, one leopard seal

Figure 1. Map of McMurdo Sound, Antarctica, showing Hutton Cliffs,
the fast ice edge, and the ice breaker path in December of 1977.
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category, and one killer whale category, were divided by 2.5 to
calculate the rate per minute. Data from each hourly sample
were sorted into weekly intervals (starting on 1 October and
ending with 8 January). Rates of calls in each category were
plotted against weeks of the study and the period of sympatry
of all three species was identified.

Weddell seals are highly vocal; during the peak breeding
period we sometimes recorded nearly 20 underwater calls per
minute at the Hutton Cliffs colony. Around mid-December,
when mating is nearly complete and pups are being weaned, a
sudden decrease to about two calls per minute occurred. Except
for the MA call, all adult and pup (MQ) calls showed this decline
(figure 2). This decline in call rate may not be solely the result of
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Figure 2. Mean number of underwater calls per minute (.t 95 percent
confidence interval) for types of adult Weddell seal sounds (MT, MC,
MR, MP, MK, MM, MG, ME, MH, MA) and pup sounds (Mo). Stippled area
shows period of sympatry with leopard seals and killer whales.

the end of breeding and subsequent dispersal of adults from the
colony. This decrease in the number of calls by Weddell seals is
concurrent with the arrival of leopard seals and killer whales
into the fast ice.

Data on hearing abilities in Weddell and leopard seals are not
available. Hall and Johnson (1971) found the most sensitive
hearing in killer whales to be between 2 and 32 kilohertz, a
range which brackets the sounds produced by Weddell seals.
Because they all produce sounds in the same frequency range
(2-20 kilohertz, it is likely that killer whales, leopard seals, and
Weddell seals hear each other. We believe that the decrease in
number of underwater calls is an anti-predation strategy by all
age classes of Weddell seals to avoid detection by killer whales
and also may limit detection of newly weaned Weddell seal
pups by leopard seals.

The channel cut by the icebreaker (figure 1) allows predators
to move closer to Weddell seal colonies. Although we did not
make systematic counts of killer whales and leopard seals in
1977, Thomas et al. (1981) surveyed this area during the austral
spring of 1981 and reported many sightings of killer whales in
McMurdo Sound in December and January. During a single
flight, they saw 152 killer whales, with an estimated 50 animals
in a single herd, including calves of the season. In January 1981,
Thomas et al. (1981) made tape recordings of killer whales
swimming in fast ice leads. Killer whales produced many
sounds, but no calls were heard from nearby Weddell seals.

We first detected sounds from killer whales about 10 De-
cember 1977, with the majority produced during the next 2-
week period. On the average, we detected about one call per
minute (figure 3). Many killer whales were sighted in December
1977 near the ice edge or leads off the edge. In January 1978, the
icebreaker channel allowed them to disperse throughout the
Sound, and we were less likely to detect them with our record-
ing system at Hutton Cliffs. This may explain the sudden de-
crease in killer whale sounds in late December (figure 3).

Leopard seals were detected by their underwater sounds
from late November 1977 to mid-January 1978, with a peak of
about 3.6 calls per minute around mid-December (figure 3).
Leopard seals in McMurdo Sound produced the same sounds
they produce near Palmer Peninsula (Stirling and Siniff 1979). In
general, sightings of leopard seals were in pack ice, rather than
fast ice. However, because underwater sounds travel long dis-
tances, Weddell seals at Hutton Cliffs probably heard sounds
from leopard seals near the fast ice edge (about 20 kilometers
away). Unlike killer whales which use leads to approach a Wed-
dell seal colony, leopard seals can swim long distances under
fast ice and haul out through breathing holes in the Weddell seal
colony. As a result, the detection of distant leopard seal calls
may be enough of a threat for Weddell seals to stop vocalizing.

During the austral spring, all antarctic marine mammals are
vociferous. Predators, which do not have to avoid detection
unless they are pursuing prey, have relatively large sound re-
pertoires. For example, leopard seals produce five types of sonic
sounds; these include buzzes, pulses, and frequency-modu -
lated sweeps (Stirling and Siniff 1979) and perhaps three types
of ultrasonic sounds (Thomas et al. 1982). Killer whales generate
a variety of sounds over a broad frequency range, including
pulses, buzzes, screams, and whistles (Jehl et al. 1980; Awbrey
et al. 1982).

For a prey species, the number of sounds and their use is a
compromise between the need to communicate with con-
specifics for breeding and the need to avoid detection by a
predator. The most vulnerable prey species, the crabeater seal,
produces only a single call (Stirling and Siniff 1979). Its simple
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sound repertoire also is associated with seasonal monogamy
(Siniff and Bengtson 1977). In contrast, polygynous Weddell
seals have 34 underwater sounds (Thomas and Kuechie 1982).
We hypothesized that if fast ice provides Weddell seals a refuge
from predators during breeding, then Weddell seals can risk
advertising and defending underwater mating territories with
loud sounds. Weddell seals also can afford a variety of airborne
calls in surface pupping colonies and probably developed a
large call repertoire due to their polygynous social system.
However, when the fast ice habitat no longer provides isolation
from predators, Weddell seals become silent to prevent detec-
tion. We suggest that Weddell seals have adapted the timing of
reproductive events and abundant calls to precede the breakup
of fast ice and subsequent intrusion of predators.

This work was supported in part by National Science Founda-
tion grants DPP 77-21946 and DPP 77-21646.
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The most characteristic feature of the dry valley lakes of
southern Victoria Land is their thick perennial ice covers. These
ice covers are important because they regulate the lake's en-
vironment by eliminating wind generated currents, restricting
gas exchange and sedimentation, concentrating gases, and re-
ducing light penetration (Mikell, Parker, and Simmons 1984;
Nedell et at. in press; Palmisano and Simmons 1987; Wharton et
al. 1986, 1987, in press).

During the 1985-1986 austral summer we deployed two
meterological stations at Lake Hoare. These recorded several
environmental properties continuously through the year (Clow
et al. in press). For this paper, we wish to emphasize the light
measurements from our continuously recording data stations.
Additionally, because we have been working at Lake Hoare
since 1977, we have numerous records on ice thickness during
the past decade, particularly from dive holes (Love et al. 1982).
This almost yearly recorded series of ice thickness measure-
ments has become very important in recent years.

Figure 1 shows the amount of light reaching the lake's surface
from late 1985 through early 1987. The integrated total amount
of photosynthetically active radiation incident on the lake was
approximately 5.88 x 10 9 microeinsteins per square meter or a
yearly average of approximately 186.5 microeinsteins per
square meter per second (Wharton et at. in press). Furthermore,

these data show that only a small percentage of the total light
(approximately 5 percent) is incident at the start of typical field
operations in mid-October.

Commonly measured light penetration values indicate that
light penetration is approximately 1 percent of surface incident
values (Palmisano and Simmons 1987). However, changes in the
quality of ice covering the lake also affects the quality of light
reaching the water column below. Data from the 1986-1987 field
season are coupled with data from Palmisano and Simmons
(1987) in figure 2. These data show that during the early season,
when the ice is clear, the amount of blue light penetrating the ice
greatly exceeded the amount of red light. As the season pro-
gressed and the ice became cloudy, blue light was attenuated by
scattering. Changes in ice quality had little effect on the pen-
etration of red light and by season's end, the spectral properties
of the ice became more uniform.

Not only do the spectral qualities of light passing through the
ice covers change during the season, but the ice covers them-
selves have thinned over the past decade. Data collected over
the past decade (1977-1987) (figure 3) show that Lake Hoare's
ice cover has thinned by approximately 2.0 meters (Wharton et
al. in press). There is further evidence of climatic change in the
dry valleys. Chinn (1982) has documented the rise in lake levels
in nearly all the dry valley lakes between the period of
1972-1982. Both data sets suggest a warming trend; however,
there is insufficient data at present to understand, or predict,
the magnitude of future changes.

If the trend continues, however, we can expect the sediment
load on Lake Hoare's ice cover to be deposited and to see a shift
toward an increase in the phytoplankton biomass. Further-
more, we suggest that antarctic lakes are extremely sensitive
indicators to changes in local climatic conditions. The degree to
which these changes can be extended to a larger geographic
area will require additional data from other lakes.
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Figure 1. Annual record of incident photosynthetically active radia-
tion on Lake Hoare from late 1985 through early 1987. ("i.Einsteins/
M2 /sec" denotes "microeinsteins per square meter per second:')

1987 REVIEW	 235



6

E

W
Z

0
I
I-
w
0

31	I	 I	 I	 I	 I	J
76	78	80	82	34	86	88

YEAR

Figure 3. Changes in ice thickness on Lake Hoare from 1976-1987.

11 NOV 1986
.1

Z
0

.01
U)
Z

cc
I-

provided by the U.S. Navy and Antarctic Services. We are
especially thankful to the other members of the 1986-1987 field
team: D. Andersen, L. Leary, D. Schwindler, and S. Squyres..001'-

400
	

450	500	550	600	650	700
WAVELENGTH, nm

Figure 2. The percentage of transmission of discrete wavelengths
through the ice cover on Lake Hoare during three different seasonal
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Antarctic lakes in the dry valley regions of southern Victoria
Land would make excellent sites for long-term ecological stud-
ies in relation to shifts in climatological changes because:
• The lakes are sufficiently distant from McMurdo to be free of

direct human impact.
• The thick ice covers regulate the ecological properties of the

lake.
• The thickness of the ice covers appears to be delicately bal-

anced between mean annual temperature (freeze/thaw rela-
tionships), water input from glaciers and possibly ground-
water, and ablation rates.

• The factors which control ice thickness, such as ablation, are
in turn, determined by prevailing climatic conditions.

• Changes in the ice-cover thickness should be detected quick-
ly by changes in one, or both, of two biological commu-
nities—the plankton or benthic microbial community.
This research was supported by National Science Foundation

grant DPP 84-16340 and the National Aeronautics and Space
Administration's Exobiology Program (NCA2-2 and
NCA2-1R675-402). We are grateful for assistance in Antarctica
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The ice-free valleys of southern Victoria Land, Antarctica,
contain several closed basins in which perennially ice-covered
lakes are found. One of the most unusual features of these ice-
covered lakes is the occurrence of supersaturated oxygen con-
centrations in the water column; concentrations ranging from
slightly over saturation to values of over 400 percent have been
reported (Parker et al. 1981, 1982; Wharton et al. 1986). To
explain quantitatively the high oxygen concentrations in these
lakes, we have developed a bulk oxygen budget for Lake Hoare
(Wharton et al. 1986). This budget shows that there are two
primary net sources of oxygen. These are a biological source
resulting from the burial of organic carbon in the sediments on
the lake bottom and a physical source resulting from gases
carried into the lake by the aerated meltstream and forced into
the water column when the water freezes to the bottom of the ice
cover.

Sedimentary materials play a key role in controlling these
oxygen-production mechanisms, both in terms of sand in the
ice cover and in the burial of reduced carbon on the lake bottom.
Inorganic sediment deposited on the surface of the lake, pri-

marily as sand, causes localized radiative heating and increased
surface relief, effects that will increase ablation resulting in a
thinner ice cover (McKay et al. 1985) and alter the steady-state
oxygen equilibrium (Wharton et al. 1986). Changes in the thick-
ness and structural integrity of the ice cover should correlate
with changes in the rate of inorganic sedimentation on the lake
bottom. Rapid burial rates due to increased deposition of sand
may suppress remineralization of organic detritus resulting in
an increased net biological oxygen production.

In our effort to understand the dynamics of these processes,
we have been studying the sand/ice interactions and analyzing
sediments from the lake bottom. In this paper, we present
preliminary results of observations and experiments conducted
during the 1985-1986 austral summer at Lake Hoare, southern
Victoria Land, Antarctica. We also discuss changes in Lake
Hoare's ice cover (thickness and morphology) between 1983
and 1986. We propose a conceptual model which relates sand
loading on the ice cover surface to the observed variations in the
ice cover on Lake Hoare.

Lake Hoare (77°38'S 162°53E) is at the eastern end of Taylor
Valley in southern Victoria Land. The figure presents a
bathymetry map of Lake Hoare. The perennial ice cover of Lake
Hoare overlies water at a temperature of about 0°C. Less than 1
percent of the incident photosynthetically active radiation
(400-700 nanometers wavelength) penetrates the ice cover (Par-
ker et al. 1982; Palmisano and Simmons 1987). The ice cover also
prevents wind-generated mixing and greatly restricts exchange
of gases with the atmosphere. The lack of mixing results in a
perpetually stratified water column which is anoxic below 26
meters. Along the margins of the ice cover is a region of annual
ice which melts most summers, creating a moat about 5 meters
wide which is relatively well mixed by frequent winds. The lake
receives both water and sediment from glacial meltstreams and
from nearby Lake Chad during the austral summer; lacking
outfiowing streams, it loses its water primarily by ablation and
sublimation at the surface of the ice cover and evaporation from
the moat.

During the 1985-1986 austral summer sediment traps (de-
ployed in December 1982 and January 1983) were removed from
sites near 1981-1982 dive holes (DH) 1, 2 (see figure), 1980-1981
dive hole 3, and a dive hole (glacier hole GHI) located near
the 20 meter contour approximately 10 meters from the snout of
Canada Glacier. A trap consists of an aluminum funnel (top
diameter of 45 centimeters and 47 centimeters deep) attached to
a 4-liter Nalgene plastic bottle. The traps are placed in metal
stands with the upper surface of the funnel approximately 2
meters above the lake bottom. Three identical traps were placed
at each site approximately 1 meter apart and 10 meters away
from the dive hole.

Ice thickness measurements and observations of the stratigra-
phy and morphology of the lake ice cover were made while
melting the dive holes (Love et al. 1982). Key observations
included location and thickness of sand layers, stratigraphy of
gas bubbles, the presence of vertical cracks, and water flow
within the ice cover.

Samples collected from the lake shore, the Canada Glacier
meltstream, surface of the ice cover, within the ice cover, and
lake bottom during the 1980-1981 and 1984-1985 field seasons
were analyzed for their grain-size distribution, mineralogy, and
microscopic texture. Additional samples were collected from
these environments during the 1985-1986 field season.

Sediment trap data for Lake Hoare is presented in the table.
Traps from DH1 showed a sedimentation rate of 4.11 milligrams
per square centimeter per year. Sediment traps from DH2 and
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DH4 averaged 3.76 and 2.87 milligrams per square centimeter
per year, respectively. It is interesting that one trap from each of
these two sites contained significantly more sediment than the
other traps from the same site. Traps from GHI contained a
substantial quantity of sediment and had a mean sedimentation
rate of 142 milligrams per square centimeter per year. The sedi-
ment from traps at GH1 were predominantly coarse sand, while
farther away from the glacier at Dl-13, both coarse sand and finer,
silty material were collected. In DH1 and DH2, which were
closer to the shoreline, the traps collected silt and clay-sized
particles.

Several interesting changes in Lake Hoare's ice cover oc-
curred between January 1983 and October 1985. These include:
a general thinning of the ice cover from approximately 5 to 3
meters; the continued thinning of the ice cover from October
1985(3 meters) to January 1986(2.5 meters); and the observation
of vertical cracks within the ice cover.

Sediment from the Canada Glacier meltstream, a sand bank at
the eastern end of the lake, the lake shoreline, the lake bottom,
and the ice cover had fairly uniform mineralogies. However,
grain-size distribution analyses showed that sediment from the
lake bottom was most similar to sediments on or in the ice cover
and different from samples from the lake shoreline and from
the Canada Glacier meltstream.

Several observations made during the 1985-1986 field season
lead us to suggest that major changes are occurring to Lake
Hoare's ice cover (when compared to similar observations made
during the 1978-1982 austral summers). The most important of

these observations includes a thinning of the ice from 5 to 3
meters (between 1983 and 1985) and the development of vertical
cracks within the ice cover.

We now develop a conceptual model which incorporates
these observations and relates sand loading on the ice cover
surface to the observed variations in the ice cover on Lake
Hoare.

A small dark sand particle on the surface of the ice or embed-
ded in the ice cover absorbs sunlight. If the heating rate is
sufficient to raise the surface temperature of the particle above
the melting point, the particle will sink through the ice cover.
Since the particles are very small compared to the thickness of
the ice cover, the particle surface temperature can be deter-
mined by the spherically symmetric heat equation:

F(1 - w)-Tr'	4'irrK AT

where F is the radiation field in the ice cover averaged over the
upward and downward directions (including scattered light),
is the single scattering albedo of the particle (w equals approx-
imately 0.2), r is the radius of the particle, K is the thermal
conductivity of the ice (at - 1°C,K is approximately 2.3 watts
Kms' per meter), and A T is the difference between the tem-
perature of the particle surface and the temperature of the ice at
the depth of the particle. From the measurements of Palmisano
and Simmons (1987), we have determined that the maximum
radiation (at noon on summer solstice) is given approximately

238	 ANTARCTIC JOURNAL



17.52
24.38
16.95

44.25
4.58
4.98

2.58
2.08

36.35

633.00
544.60
856.20

3.67
5.11
3.55

Mean: 4.11

9.27
0.96
1.04

Mean: 3.76

0.54
0.44
7.62

Mean: 2.87

133
114
179

Mean: 142

11-29-85
11-29-85
11-29-85

11-25-85
11-25-85
11-25-85

11-21-85
11-21-85
11-21-85

11-21-85
11-21-85
11-21-85

12-27-83
12-27-83
12-27-83

12-27-83
12-27-83
12-27-83

1-1-83
1-1-83
1-1-83

1-1-83
1-1-83
1-1-83

DH1: A
B
C

DH2: A
B
C

DH3: A
B
C

GH1: A
B
C

Sediment trap data for Lake Hoare, southern Victoria Land, Antarctica

Sedimentation rate
Date deployed
	

Date removed
	

Dry mass
	 (in milligrams per square

Sample 	 (month-day-year)
	

(month-day-year)
	

(in grams)
	 centimeter per year)

a Refer to figure for the location of sample sites: DH1 and DH2 denote 1980-1981 dive holes 1 and 2; DH3 denotes 1980-1981 dive hole 3; GH1 denotes a
dive hole located near the 20 meters contour approximately 10 meters from the western snout of Canada Glacier.

b Samples were freeze-dried under vacuum and weighed.

as F equals approximately 1.5Sems&ppk&ppz where z is
depth into the ice and k equals approximately 0.9 per meter is an
equivalent absorption coefficient which includes scattering.
The incident solar flux, S o, at solstice noon is approximately 500
watts per square meter. Using these results it can be shown that
in order to melt through ice that is only 10 below freezing
requires a particle of 1.5-centimeter radius at the surface, 3.8
centimeters at a depth of 1 meter, and 9.3 centimeters at a depth
of 2 meters. Melting through colder ice requires even larger
particles. Hence the sand particles, which have radii much less
than 1 centimeter, will not melt through the ice cover and are
carried into the ice cover by surface meltwater percolation dur-
ing the austral summer.

Based on the observations and theoretical considerations of
sand movement, we propose the following model. The nature
of the interaction between the sand and the ice cover can be
illustrated by considering a time course of sand accumulation.
The stages in the time course are: (1) clean ice, (2) subsurface
melting, (3) surface ponding, and (4) instability and dumping.

1. Clean-ice. Initially, when the amount of sand in the ice
cover is small, the ice is relatively stable and uniform. In addi-
tion, its thickness is dependent on the mean annual tem-
perature and ablation rate. Based on the results of McKay et al.
(1985), this clean-ice thickness is about 3.3 meters for Lake
Hoare. As sand accumulates onto the ice it is initially collected at
a depth of 0.5 to 1.0 meter in the ice cover due to summer
surface meltwater percolation.

2. Subsurface melting. As the sand lens at 1 meter depth
grows, it becomes a significant absorber of radiation and a
strong local heat source. This results in melting of the ice at the
depth of the sand layer mobilizing the sand. The attenuation of
the sunlight results in a thickening of the ice cover: for a 10
percent sand absorptivity the thickness becomes 4.2 meters
(McKay et al. 1985).

3. Surface ponding. As the sand continues to accumulate and
is carried about the ice cover as a result of meltwater movement,
strong local concentrations of sand are set up beneath the ice.
These sand lenses cause complete melting of the ice above
them, forming surficial ponds. During the winter these ponds
freeze forming resistant pedestals with sand at their base that
protrude above the ice surface during the next summer. As the
pedestals are worn down by ablation, the sand is carried to
newly formed ponds and the process repeats itself. This pond/
pedestal topography greatly increases the ablation rate of ice
from the ice cover because of two effects: an increase in relief
and the presence of warm surficial ponds. The result of an
increase in the ablation rate is a thinning of the ice cover (McKay
et al. 1985).

4. Instability and dumping. The cycle can be reinitialized by the
loss of sand from the ice cover. Two separate mechanisms could
accomplish this: thinning of the ice cover due to changes in
mean annual temperature and/or annual ablation rate; or in-
stability of the sand/ice interaction. As the ice thins and the
pond/pedestal relief grows to scales comparable to the ice thick-
ness, it would be possible for the ponds to melt through or
honeycomb the ice cover. In addition, the appearance of large
vertical cracks in the ice cover might aid meltwater percolation
and the transport of sand through the ice cover. Through these
mechanisms sand would be dumped into the lake water and
could result in an essentially clean ice cover, starting the cycle
over again.

It is possible that the transition from the relatively smooth ice
surface conditions observed in 1983 to the unstable conditions
observed in 1986 reflect the transition from stage 2 to stage 3. If
this is correct and the model presented here is valid, then we
predict that in the next few years there will be further instability
in Lake Hoare's ice cover leading ultimately to the dumping of a
significant fraction of the ice-cover sand load (stage 4). The
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episodic deposition of sediment predicted by this model is
consistent with the uneven sedimentation rates determined
from cores in Lake Vanda by Lyons et at. (1985).

The cycle outlined above would be modified if there were
changes in the local climatic conditions. However, the thickness
of the ice cover would tend to average out variations on time-
scales of a few years or less.

An interesting aspect of sediment deposition in antarctic
lakes is its impact on the formation of stromatolites. Several
types of stromatolites are forming in the antarctic lakes as a
result of sediment trapping and binding by benthic microbial
mats (Parker et al. 1981; Wharton et al. 1982, 1983). If the sand/
ice scenario presented above is valid, then it may be possible to
use information contained in the antarctic stromatolites to make
inferences about local climate in the southern Victoria Land dry
valleys over the past 100,000 years.

Another interesting feature of the antarctic lakes is their pos-
sible relevance as analogs to ice-covered lakes which may have
existed on the primordial Mars (McKay et al. 1985; Nedell 1986).
The equatorial canyons of Mars, the Valles Marineris, contain
sedimentary deposits exhibiting rhythmic horizontal layering
suggesting a lacustrine origin (Nedell and Squyres 1984; Nedell
1986). These paleolake sediments may hold clues to the early
martian environment (which was warmer than the present
Mars) and the possible origin of life on Mars. As in Antarctica,
sand/ice interactions may have partially determined the be-
havior of the martian paleolakes.

We wish to thank Cot. Linton Leary for invaluable field assist-
ance. This research was supported by National Science Founda-
tion grant DPP 84-16340 and National Aeronautics and Space
Administration grants NCA2-2 and NCA2-1R675-402.
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Antarctic cryptoendolithic microbial
ecosystem research, 1986-1987

E.I. FRIEDMANN and M.A. MEYER

Polar Desert Research Center
Department of Biological Science

Florida State University
Tallahassee, Florida 32306-2043

The apparent lifelessness of the Ross Desert* is in marked
contrast to the diversity of cryptoendolithic microorganisms
inhabiting the interstices of sandstone rocks. The endolithic
habitat provides a protective niche for lichens, bacteria, algae,
and fungi, enabling them to exist in an extremely dry and cold
climate. Composed solely of microorganisms living under the
surface of rocks and totally lacking animals and protozoa, this

*Ross Desert" refers to the desert areas of southern Victoria Land and
extends mostly, but not exclusively, to the area of the McMurdo dry
valleys.

ecosystem is controlled by measurable physical variables and
well suited for ecosystem study and modeling. The work of the
antarctic cryptoendolithic microbial ecosystem research group
has involved physical measurements of nanoclimate (microbial
environment inside rocks) (Friedmann, McKay, and Nienow
1987), taxonomy (Darling, Friedmann, and Broady 1987; Hale
1987), microdistributjon, organism-substrate interactions in-
cluding the ongoing process of fossilization (Friedmann and
Weed 1987), physiological ecology, and quantification of the
nitrogen economy.

This past season, field camps were established on Linnaeus
Terrace (Asgard Range) and on Battleship Promontory (Convoy
Range). On Battleship Promontory, extensive and diverse cryp-
toendolithic cyanobacterial communities exist, which show a
vertical zonation of organisms similar to that known to occur in
lichen-dominated communities (Friedmann, Hua, and Ocam-
po-Friedmann in press) that had been described earlier (Fried-
mann 1982). The reason for this diversity in cryptoendolithic
communities may lie in physical factors. Therefore, a Campbell
21X datalogger was used to measure rock conductivities (indica-
tive of water) and temperatures across a lichen/cyanobacterial
transition zone. These data are being compared to Linnaeus
Terrace recordings where lichen communities predominate.

This past year's field work has seen the fruition of several
long-range projects. Eight temperature-clocks, placed 2 years
ago on Mount Fleming, University Valley, and Mount Lister,
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have been recovered. Measuring the time above the tem-
perature limit of possible metabolic activity will help to deter-
mine whether cryptoendolithic communities could have sur-
vived glaciation in the McMurdo dry valleys. Due to the newly
instituted 12,000-foot (3,700 meter) ceiling for helicopter opera-
tions, the recovery of the temperature-clocks from Mount Lister
required a climbing team composed of Tim Axelson, Jim
Crump, Bill Danford, and Chuck McGrosky. We are indebted to
their careful and thorough work. The second project was the
retrieval of sandstone rock slabs that have trapped the dry fall-
out of combined nitrogen for 2 years on Linnaeus Terrace,
University Valley, and Mount Fleming. As shown earlier (Fried-
mann and Kibler 1980), abiotically fixed nitrogen is the main
source of nitrogen for the cryptoendolithic community, and the
new data will permit the quantification of the nitrogen budget
for the ecosystem. Third, a colonization experiment for soil and
rock microorganisms that was initiated in the field during the
1985-1986 field season has been retrieved.

For subsequent characterization and for comparison to sever-
al soil and rock sites sampled during this and previous seasons,
microorganisms were isolated from Linnaeus Terrace and Bat-
tleship Promontory. Peter Hirsch sampled for bacteria; Roseli
Ocampo-Friedmann isolated cyanobacteria, algae, and fungi;
and Maosen Hua sampled and isolated cryptoendolithic
cyanobacteria. Robie Vestal conducted carbon uptake experi-
ments on lichen and cyanobacterial communities and con-
tinued long-term experiments on in situ carbon incorporation
into phospholipids. He studied with Carl Johnston the effects of
iron and phosphate interactions on photosynthetic rates.
Michael Meyer conducted preliminary studies on potential
viability assays and installed new instrumentation for nanocli-
mate measurements. Imre Friedmann worked on characteriza-
tion of the different endolithic communities and studied the
process of trace fossil formation. Members of the 1986-1987 field
team of the antarctic cryptoendolithic microbial ecosystem re-

search group were: E.I. Friedmann (Florida State University,
Polar Desert Research Center), P. Hirsch (Universität Kiel,
Federal Republic of Germany), M. Hua (Academica Sinica,
Qingdao, Peoples Republic of China), C. Johnston (University
of Cincinnati), M.A. Meyer (Florida State University, Polar Des-
ert Research Center), R. Ocampo-Friedmann (Florida A&M
University), and R.J. Vestal (University of Cincinnati).

Research has been supported by National Science Foundation
grant DPP 83-14180 to E. I. Friedmann and National Aeronautics
and Space Administration grant NSG7337 to E.I. Friedmann
and R.O. Friedmann through Florida State University.
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Lower atmosphere studies_________________

The National Ozone Expedition, 1986

SUSAN SOLOMON

National Oceanic and Atmospheric Administration
Aeronomy Laboratory

Boulder, Colorado 80303

A remarkable change in the antarctic ozone layer was first
established in a study by the British Antarctic Survey (Farman,
Gardiner, and Shanklin 1985). Their observations at Halley Bay
demonstrated that the total ozone abundance had decreased by
about 50 percent during the antarctic spring seasons of the past
decade. This constitutes a variation in total ozone that far ex-
ceeds natural variability observed previously anywhere in the
world, and has prompted a great deal of concern regarding the
cause and ramifications of such an extreme environmental per-
turbation. Both dynamical (Tung et al. 1986; Mahlman and Fels
1986) and chemical (Callis and Natarajan 1986; McElroy et al.
1986; Solomon et al. 1986) theories were advanced as possible
explanations for this phenomenon. All the theories agree that
the unique appearance of this phenomenon in the Antarctic is
related to the extreme coldness of the antarctic atmosphere
during winter and spring, perhaps through processes involv-
ing polar stratospheric clouds, sometimes visible in the twilight
sky in the Antarctic.

Eighteen scientists from four separate institutions came to
McMurdo Station during the period from August to November,
1986, to carry out an intensive stratospheric measurement pro-
gram aimed at obtaining further data on the antarctic ozone
"hole." The results from the composite of experiments strongly
suggest that chemistry (specifically, the chemistry of an-
thropogenically produced halocarbon species) probably plays
an important role in the development of the antarctic ozone
hole. If the antarctic ozone hole is due to mankind's use of
chlorofluorocarbons, then it represents the first time that the
environment has been shown to be sensitive to man's activities
on a global scale.

Balloon observations by the group from the University of
Wyoming established that the vertical domain of the total ozone
hole is quite restricted, extending only from about 10 to 22
kilometers as shown in the figure (from Hofmann et al. 1987).
Both these observations and the observations of ozone by visible
spectroscopy by the National Oceanic and Atmospheric Ad-
ministration's Aeronomy Laboratory showed that the ozone
hole develops rapidly during early September. The group from
the University of Wyoming also performed several simul-
taneous balloon measurements of the vertical distributions of
particulate matter and ozone in the stratosphere. They con-
cluded that those data implied that dynamical transport pro-

cesses are probably not the cause of the ozone hole (Hofmann et
al. 1988). Observations of nitrous oxide by the microwave emis-
sion instrument of the group from the State University of New
York at Stony Brook (Parrish et al. in press) also suggest that
dynamical processes are not likely to be the direct cause of the
depletion of antarctic ozone.

Observations of chlorine-containing molecules at McMurdo
displayed extremely unusual characteristics. Chlorine monox-
ide plays a central role in all halocarbon theories of the hole.
This species was observed by the Stony Brook group and found
to be present in abundances about 50-100 times greater than
"standard" theoretical models near the 20-kilometer level (de
Zafra et al. 1987; P. Solomon et al. 1987). Chlorine dioxide is a
closely related species. Observations of chlorine dioxide by the
National Oceanic and Atmospheric Administration group also
displayed abundances that were about 50 times greater than
standard models (S. Solomon et al. 1987), in excellent agree-
ment with the observations by the Stony Brook group. The two
observations taken together provide strong evidence that the
chlorine chemistry of the antarctic lower stratosphere is highly
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disturbed, and probably plays an important role in the develop-
ment of the antarctic ozone hole.

Several outstanding questions remain in the study of the
antarctic ozone phenomenon, and the issue is far from being
fully resolved at this writing. Further work on the role and
chemistry of polar stratospheric clouds is badly needed, as are
earlier measurements during the antarctic winter so that the
temporal development of the hole can be studied in detail.
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Observation of stratospheric trace
gases related to ozone depletion in

the antarctic spring

R.L. DE ZAFRA, A. PARt1sH', P. SOLOMON,

J.W. BARRFT1, B. CONNOR", and
M. JARAMILLO

State University of New York at Stony Brook
Stony Brook, New York 11790

During the first National Ozone Expedition (NOZE 1), which
ran from 21 August to early November 1986 at McMurdo Sta-
tion, we made frequent measurements of chlorine monoxide
(CIO), ozone (0 3), nitrous oxide (N2O), and occasional measure-
ments of hydrogen cyanide. Observations were made with a
ground-based millimeters wave spectrometer capable of detect-
ing and measuring the pressure broadened rotational emission
lines of these molecules in the 260-280 gigahertz frequency
range (Parrish et al. 1988). The spectral bandpass and resolution
of the instrument is sufficient to recover altitude distributions
over a range of approximately 20-55 kilometers and to detect
emission from as low as approximately 13-15 kilometers.

NOZE I was organized to give the first systematic look at a
number of factors potentially involved with the seasonally oc-
curring antarctic ozone hole (Farman, Gardiner, and Shanklin

* Also with Millitech Corporation, South Deerfield, Massachusetts.
** Present address: Science and Technology Corporation, Hampton, Virginia

1985). Of primary concern were several stratospheric trace gases
known to be involved in regulating the formation and destruc-
tion of ozone in the normal stratosphere. Chemical theories
attempting to explain the formation of the ozone hole have, as a
common denominator, the prediction of far more CIO at low
altitudes than is normally found there. The details of the chemi-
cal interactions involved vary from theory to theory (McElroy,
et al. 1986; S. Solomon, et al. 1986; Rodriquez, Ko, and Sze 1986;
Crutzen and Arnold 1986; Molina and Molina 1987), but all
predict a large excess of CIO in the same altitude range and
geographical region where ozone is undergoing significant
depletion.

Measurements of chlorine monoxide. The observation of excess
CIO at low altitudes in Antarctica would be a clear sign of a
primary role played by chlorine chemistry in the formation of
the ozone hole and would at least diminish the importance of
other theories relying on dynamics (e.g., Tung 1986; Mahlman
and Fels 1986), sunspot cycles (Callis and Natarajan 1986), etc.
(The ultimate source of most stratospheric chlorine is now the
photolysis of chlorofluorocarbons produced for a variety of
commercial purposes.) Our measurements at McMurdo have
revealed just such an excess of low-altitude CIO, amounting to
approximately 100 times more than normally found at an at-
titude of 20 kilometers. The altitude range within which the
greatest depletion of ozone takes place-14-18 kilometers—is
too low to allow details of the vertical distribution of detected
CIO to be recovered with the instrument used during NOZE I,

but its presence is unmistakable in the data collected. CIO in the
normal stratosphere has a strong diurnal variation, with great-
est amounts in the daytime, and a strong decrease at night (P.M.
Solomon et al. 1984, and references therein). A strong diurnal
variation is also predicted from the chemistry postulated for the
low-altitude component involved in the ozone hole, and this is
clearly seen in our data (figure 1). In addition to the diurnal
variation, it would be expected that the amount of low-altitude
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Figure 1. Diurnal change in CIO emission line strength at 278.63
gigahertz. Data from 1-22 September has been averaged into 2-hour
time blocks, with stratospheric dawn and sunset as daily reference
times.a = -2toO hours before dawn, b = O-2 hours after dawn, c =
2-4 hours after dawn... . i = 0-2 hours after sunset, j = 2-4 hours
after sunset. e = the midday block starting 6 hours after strat-
ospheric sunrise and ending 6 hours before sunset. The abscissa is
in channel number, with 1 megahertz per channel. The ordinate is in
Rayleigh-Jeans black-body equivalent emission temperature, with
an offset of :50 milli-Kelvin between data displays. (From de Zafra et
al. 1987.)

00 would show a secular change as ozone depletion pro-
gresses through the antarctic spring. This expectation is also
verified by our data (figure 2), which show a fairly constant
amount of mid-day, low-altitude CIO during the first 3 weeks of
September, then a rather rapid decline to undetectable amounts
by early October. Figure 2 also indicates a strong correlation
between low-altitude CIO and temperature at approximately 18
kilometers altitude. Since the presence of polar stratospheric
clouds is also strongly correlated with temperature, this fur-
nishes indirect support for the idea that polar stratospheric
clouds are intimately connected with seasonal ozone depletion
in Antarctica through heterogeneous chemical reactions occur-
ring on cloud particle surfaces (e.g., S. Solomon et al. 1986;
McElroy et al. 1986; Crutzen and Arnold 1986).

Measurements of nitrous oxide. Observations of N20 were be-
gun on 12 September 1986 and made approximately every third
day through the remainder of September, and on a daily basis
during much of October. N20 is a quite stable trace gas in the
atmosphere with a lifetime of well over 100 years, and is par-
ticularly suited to determining global stratospheric circulation
patterns. Its sources are considered to be biogenic and confined
largely to the tropics and lower latitudes. Destruction is mainly
through photolysis or reaction with 0( 1 D), both taking place in
the stratosphere. Previous stratospheric measurements of N20
in Antarctica had been made via a series of direct grab-sampling

balloon measurements (Schmeltekopf et al. 1977; Goldan et al.
1980) each January from 1976 to 1979. These measurements
showed a highly consistent vertical profile for mixing ratio up to
the balloon limit of approximately 30 kilometers from year to
year, and were in general accord with expected summer ant-
arctic mixing ratios.

In contrast, our results show a much smaller mixing ratio for
stratospheric N20, roughly an order of magnitude below those
of the mid-summer balloon measurements at approximately 30
kilometers, with the difference diminishing toward lower al-
titudes. This was the average situation during the period 12
September to 27 October, with the exception of a 2-day occur-
rence, 23-24 September, when a significant increase in N 20 was
seen in a layer between 3040 kilometers. Meteorological stud-
ies of this occurrence indicate that an intrusion of air from well
outside the antarctic region happened over McMurdo in this
altitude range. This air should have carried with it a "normal"
component of N20 about equal to that detected. The continued
low mixing ratios of N2O above the 20-25-kilometer altitude
range for the remainder of our observations strongly imply that
the geographical region of N 20 depletion extends well into the
edges of the winter polar vortex region, with "normal" summer
values returning only after the break-up of the winter vortex
pattern in early November.

Our N20 measurements should be of significance for model-
ing studies attempting to relate the antarctic ozone hole to
chemical and/or dynamical effects. Previous modeling efforts
have had very limited data to compare with at high southern
latitudes, and none that we know of to indicate the amount of
chemical/dynamical depletion of N 2O which takes place from
mid-summer to the following spring over Antarctica.

010 McMURDO, ANTARCTICA 1986
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Figure 2. Long-term change in CIO daytime signal as seen in aver-
ages over roughly 1-week intervals. The broad line wings indicative
of CIO at low altitudes (below approximately 22 kilometers) have
nearly vanished by the end of September. Data depicted here have
been smoothed by a 5 megahertz weighted averaging process to
reduce local noise, relative to figure 1. (From Solomon et al. 1987.)
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Figure 3. Contour plot of ozone mixing ratio over McMurdo Station
as a function of time and altitude. Contours are marked in parts per
million by volume. Dashed contours represent intervals when data
was not taken. Shaded area below 20 kilometers comes from balloon
measurements of Hofmann et al. (1987). (From Connor et al. 1987.)
("km" denotes "kilometer:')

Ozone measurements. We also made frequent ozone measure-
ments between 1 September and 29 October, (at least every
third day in September and daily in October). Our observations
provide the first measurements of ozone mixing ratio profiles
above 30 kilometers in the antarctic spring that we are aware of
and provide a reasonably detailed and accurate (approximately
±10 percent) view of the behavior of middle and upper strat-
ospheric ozone during the formation of the ozone hole and its
circulation over McMurdo Station (see figure 3). Rapid varia-
tions of up to a factor of two were found to take place in the
ozone mixing ratio to at least 40 kilometers altitude, but these
seem to be entirely associated with the position of McMurdo
Station relative to the antarctic vortex and the dynamics of the
ozone hole. Analysis of our data for the 2-month period of
observations shows no discernible decline in the average ozone
mixing ratio above 30 kilometers. On the other hand, in the
approximately 25-kilometer range a small but statistically sig-
nificant (approximately 15 ± 6 percent) downtrend is seen. This
is in conflict with balloon-borne ozonesonde measurements
made during the same period by the University of Wyoming
group at McMurdo Station (Hofmann et al. 1987) who saw no
significant change at this altitude. The cause of this discrepancy
in results has not yet been established.

Details of the work reported here, with the exception of N20,
can be found in de Zafra et al. 1987; Solomon et al. 1987; Parrish
et al. 1988; and Connor et at. 1987).
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Balloonborne ozone and aerosol
measurements in the antarctic ozone

hole
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Springtime ozone in the south polar vortex region has been
on the decline since about 1975 (Farman, Gardiner, and
Shanklin 1985; Stolarski et al. 1986). This phenomenon has
come to be known as the "antarctic ozone hole" and has impor-
tant implications for stratospheric chemistry and climate stud-
ies. The source of this ozone depletion is presently unknown
but may be related to chlorine chemistry on polar stratospheric
cloud particles (Solomon et al. 1986; McElroy et al. 1986). Be-
cause the latter is related to anthropogenic releases of chlo-
rofluorocarbons, a great deal of interest has arisen concerning
this phenomenon. For this reason the National Ozone Expedi-
tion (NozE) was mounted in 1986 using winter fly-in flights to
McMurdo Station in August, which is approximately the time
the ozone reduction begins. The University of Wyoming At-
mospheric Physics group participated in this expedition
through balloonborne measurements of the vertical distribu-
tion of ozone and aerosol particles.

Between 24 August and 6 November, 33 ozone soundings, 6
aerosol soundings, and 3 condensation nuclei soundings were
conducted using polyethylene balloons which were able to
penetrate the cold (< - 80°C) antarctic stratosphere. Results of
the ozone measurements were reported in Nature (Hofmann et
al. 1987), and results of the aerosol measurements have been
submitted to the Journal of Geophysical Research. We summarize
these results here.

The figure shows the ozone partial pressure profiles in late
August, shortly after our arrival at McMurdo Station when
ozone levels were near normal and at the height of the depletion
in mid-October when the smallest ozone column was observed.
We find that although total ozone is reduced only about 50
percent, the loss in the 12-20-kilometer region is at least 75
percent. The limited region of the depletion and large magni -
tude were unexpected results and are important observations
for defining the depletion mechanism.

The aerosol measurements were important in two ways.
First, the stratospheric sulfate aerosol layer, which is due to
volcanic eruptions around the globe, was found to remain con-
stant in height and magnitude during the time that the ozone
was decreasing. This suggests that dynamic phenomena such
as upwelling, which would alter the aerosol distribution, are
not important in the ozone depletion process. Second, although
balloon flights were made on four occasions when the strat-
osphere was cold enough for polar stratospheric clouds to form
and were actually observed visually on two occasions, no un-
usual particles were registered in the optical particle counters
employed. This suggests that the concentration of the cloud
particles is probably too low (less than about 0.001 per cubic
centimeter) to be observed in the counters employed. This
would be consistent with the clouds being similar to high-
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Ozone profiles obtained at McMurdo Station before (August) and
after (October) the spring decline of ozone took place in 1986. ("mb"
denotes "millibars." "rib" denotes "nanobars." "km" denotes
"kilometers.")

altitude cirrus, i.e., large particles (5-50 micrometers) of low
concentration composed predominantly of water ice.

The ozone measurements will be repeated during winter fly-
in 1987 and additional particle counter flights are planned in
hope of further defining the temporal and spatial variations of
ozone and to attempt again to detect polar stratospheric cloud
particles.

D.J. Hofmann and J.W. Harder were at McMurdo from 22
August to 15 November, S. R. Rolf from 22 August to 10 October,
and N.T. Kjome and G.L. Olson from 7 October to 15
November. This work was supported in part by National Sci-
ence Foundation grant DPP 85-15472 and by the National Aero-
nautics and Space Administration grant NAG W-918.
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Particle emissions from Mount Erebus
during the 1986-1987 field season

KIMBERLEY MEEKER and PHILIP R. KYLE
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Particle and sulfur dioxide (SO 2) emissions have been
monitored since 1983, from Mount Erebus, the largest and only
active volcano on Ross Island. Mount Erebus has contained a
persistent anorthoclase phonolite lava lake since 1972 (Kyle et
al. 1982) and emits a low ash plume. Occasional Strombolian
eruptions occur from the lava lake and small adjacent vents.

During the 1986-1987 field season, we examined particle
emissions using a four-stage quartz crystal microbalance cas-
cade impactor. In addition, sulfur dioxide (SO 2) flux measure-
ments were made by correlation spectrometer from a site near
the Jamesway Hut situated at 3,400 meters on the summit
plateau of Mount Erebus. The quartz crystal microbalance gives
real-time estimates of the particle size distribution and retains
the particles for later examination of form and chemical com-
position by energy dispersive X-ray analysis on a scanning
electron microscope (Chuan 1975). Particles and their emission
rates measured in 1983 are discussed by Chuan et al. (1986).

Particle measurements were made at the crater rim and also
airborne by flying with a LC-130 through the plume above the
crater and out to a distance of 5 kilometers from the summit. A
representative size distribution (table) of a sample collected at
the crater rim is unimodal and dominated by small particles
(less than 0.1 micron). Stage 4 (less than 0.1 micron) contains
monotonous clusters of potassium, sodium, chlorine, and sul-
fur, presumably potassium chloride, and sodium chloride with
amorphous sulphur which appear to have precipitated on the
stage. Stage 3 (0.3-0.1 microns) contains less chlorine and an
increase in sulfates with evidence for sodium and aluminum
sulfates. Rare iron-rich particles are associated with sulfur and

Representative grain-size distribution of particles emitted in the
plume of Mount Erebus, measured by a four-stage quartz crystal

microbalance at the crater rim

Particle concentration
microgram per cubic	 Cumulative

Stage Microns	centimeter	Percentage percentage

>2	 11.15	 5.3	5.3

	

0.3-2.0	 0.0	 0.0	5.3

	

0.1-0.3	 7.6	 3.5	8.8

	

<0.1	197.3	 91.1	100.0

salts and may serve as a catalyst for SO2 oxidation (Finlayson-
Pitts and Pitts 1986). Stage 2 (0.3-2.0 microns) is usually free of
particles but rarely contains amorphous silicon and sulfur with
particles containing zinc, iron, and gold. Crystalline zinc sul-
fide stands out in dense clusters of sulfur and a flocculent
element with a low atomic number (possibly carbon). This sub-
stance was pervasive in airborne samples in 1983 (Chuan et al.
1986) and in 1984. Silica glass, pyroxene, and olivine are noted
ccasionally but their general absence is indicative of the low ash
plume. Stage I (greater than 2 microns) is dominated by various
forms of gold including gold chloride. The source of these
particles is under investigation, because it is uncertain if they
are a contaminant or derived from the plume.

The airborne samples of the Erebus plume lack particles on
stage 1 (greater than 2 microns), although stage 2 (2.0-0.3
microns) has particles containing gold, iron, chlorine, copper,
and lead. Stage 3 (0.3-0.1 microns) shows agglomerates of car-
bon and sulfur with zinc, iron, manganese, tin, copper, and
cerium. Stage 4 (less than 0.1 micron) contains mostly amor-
phous sulfur, silicon, and possibly carbon.

Ambient air was sampled during a flight from McMurdo
Station to Byrd Station. The size distribution is dominated by
small particles found mainly on stages 3 and 4. Energy disper-
sive x-ray analysis shows sulfur, calcium, and iron. Auger anal-
ysis reveals sulfur, chlorine, carbon, nitrogen, and oxygen.

Significant differences are found in Mount Erebus plume
samples from the crater rim and those collected airborne. Crater
samples contain abundant potassium chloride and sodium
chloride, whereas airborne samples contain more amorphous
sulfur and sulfates. Presumably the salts form at high magmatic
temperatures in the eruption vent (Oskarsson 1980). Sulfate
formation is generally low. This is probably due to the low sulfur
content of the magma as well as the paucity of oxidizing cata-
lysts such as silicates and iron oxides. On condensation further
from the vent, sulfate formation could occur by reaction of
halides with sulfur (Naughton et al. 1974) in reactions such as:

2NaCl + H2O + S02 - 2HCI + Na2SO,4

Sulfuric acid is absent from the 1986-1987 samples, presum-
ably due to the passive nature of the plume. An increase in
sulfuric acid during an eruption was noted by Rose, Chuan, and
Kyle (1985) and Chuan et al. (1986) at Erebus and by Rose,
Chuan, and Woods (1982) at Mount St. Helens. In general, the
Erebus plume is dominated by compounds containing halogens
over sulfur. Matrix glass from recent bombs shows an average of
1,527 parts per million and 2,162 parts per million for chlorine
and fluorine, respectively (Bigelow 1985). Halides play a promi-
nent role in the vaporization process of metal compounds from
the magma. The prevalence of metals, specifically zinc, copper,
and gold, infer that this process is occurring. Varekamp et al.
(1986) suggest that element signatures of high-temperature
fumarole incrustations are related to fluorine-to-chlorine ratios
in the vapors. Erebus would be analogous to Mount St. Helens
rather than to Mount Etna. Vapor transport of sodium, po-
tassium, and related metals (zinc, copper) occurs in the chlo-
rine-rich plume from Mount St. Helens, whereas in the Mount
Etna fluorine-rich plume, aluminum and iron sulfates, and rare
earth elements are dominant.

Cerium has previously been reported in the Erebus plume
(Germani and Rose, personal communication; quoted in
Varekamp et al. 1986) and may be transported in volatile fluoro-
complexes.
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In conclusion, preliminary results from particle analysis have
successfully shown a variation in size distribution and chemis-
try of aerosols since 1983. The difference between crater and
airborne samples suggests a zoning occurs in the plume. The
plume is characterized by the high halogen and relatively low
sulfur content, which could explain the high metal content seen
in the aerosols.

This work was supported by National Science Foundation
grant DPP 85-19122.

References

Bigelow, E.A. 1985. Techniques of volatile analysis in volcanic glass by
quadrupole mass spectrometry and application to Mount Erebus,
Antarctica. (Masters thesis, New Mexico Institute of Mining and
Technology, Socorro, New Mexico.)

Chuan, R.L., J. Palais, W.I. Rose, and P.R. Kyle. 1986. Fluxes, sizes,
morphology and composition of particles in the Mt. Erebus volcanic
plume, December, 1983. Journal of Atmospheric Chemistry, 4, 467-477.

Chuan, R. L. 1975. Rapid measurement of particulate size distribution in
the atmosphere. In B.Y.H. Lui (Ed.), Fine particles: Aerosol generation,
measurement, sampling and analysis. New York: Academic Press.

Finalyson-Pitts, B.J., and J.N. Pitts. 1986. Atmospheric chemistry: Funda-
mentals and experimental techniques. New York: John Wiley & Sons.

Kyle, P.R., R.R. Dibble, W.F. Giggenbach, and J.R. Keys. 1982. Volcanic
activity associated with the anorthoclase phonolite lava lake, Mt.
Erebus, Antarctica. In C. Craddock (Ed.), Antarctic geosciences.
Madison: University of Wisconsin Press.

Naughton, J., V.A. Lewis, D. Hammond, and D. Nishimoto. 1974. The
chemistry of sublimates collected directly from lava fountains at
Kilauea Volcano, Hawaii. Geochimica et Cosmochimica Acta, 38,
1679-1690.

Oskarsson, N. 1980. The interaction between volcanic gases and tephra:
Fluorine adhering to tephra of the 1970 Hekla eruption. Journal of
Volcanological and Geological Research, 8, 251-266.

Rose, WI., R.L. Chuan, and P.R. Kyle. 1985. Rate of sulphur dioxide
emission from Erebus volcano, Antarctica, December 1983. Nature,
316, 710-712.

Rose, WI., R.L. Chuan, and D.C. Woods. 1982. Small particles in the
plumes of Mount St. Helens. Journal of Geophysical Research, 87 (C7),
4956-4962.

Varekamp, J.C., E. Thomas, M. Germani, and P.R. Buseck. 1986. Particle
geochemistry of volcanic plumes at Etna and Mt. St. Helens. Journal of
Geophysical Research, 91 (1312), 12,233-12,248.

Statistical prediction of restricted
visibility at McMurdo Station and

Williams Field, Antarctica
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Department of Meteorology
Naval Postgraduate School

Monterey, California 93943-5000

Restricted visibility presents a significant hazard to both avia-
tion and surface operations at McMurdo Station, Antarctica
(77°51'S 166°40'E). Accurate forecasts of visibility can reduce
operational hazards for the Naval Support Force Antarctica
(NSFA). This research seeks to develop objective, probabilistic
guidance for predicting restricted visibility (i.e., less than 3
miles/5 kilometers) at McMurdo Station and nearby Williams
Field. This guidance not only augments the experience, forecast
rules, regional analyses and prognoses, and satellite imagery,
but also it may be useful in training weather officers attached to
NSFA.

The subject predictive scheme uses a multiple linear discrimi -
nate model (Dixon et al. 1983) to yield probabilities of visibility
less than defined operational limits. An essential part of the
research has been the construction of a database upon which to
derive the predictive equations. The database includes all avail-
able 3-hourly surface observations from McMurdo Station and
Williams Field, McMurdo Station rawinsonde reports, and ob-
servations from the Ross Ice Shelf automatic weather station
network (Stearns and Weidner 1985) in the period February
1980 through December 1985.

The data set itself provides much information about the
nature of restricted visibility. Table 1 summarizes the frequency

of various weather parameters/conditions as a function of vis-
ibilities less than 0.5 mile (0.8 kilometer) and less than 3 miles (5
kilometers). It is evident that restricted visibility (especially less
than 0.5 mile) is an uncommon event, although more frequent
at Williams Field than at McMurdo Station. Previous cli-
matological studies (Souders and Renard, 1984) agree with
these results. Table I indicates that both the frequency of re-
stricted visibility and the relative frequency of blowing snow are
much less in the months of November through February (called
warm season here) than in August, September, October, and
March (called cold season here). The non-operating season
months, April through July, are not treated here. The data set
and prediction equations have been split into warm and cold
seasons on this basis. Also highlighted in table 1 is the signifi-
cance of fog at Williams Field during the warm season. Re-
stricted visibility is strongly associated with cloud ceilings be-
low 2,000 feet (600 meters) and winds from both easterly
(prevailing) and southerly directions. (See table I for definition
of wind directions used here.) The wind speed association with
restricted visibility is more variable, with the cold season
strongly favoring speeds less than or equal to 6.5 meters per
second, evidently correlating highly with blowing snow.

The discriminant forecast method applied here uses visibility
as the predictand, keyed upon the operational observation of
visibilities of less than 0.5 mile (0.8 kilometer), less than 2 miles
(3.2 kilometers), and less than 3.0 miles (5.0 kilometers). The
predictors derived from the various data sources include vis-
ibility, weather type, cloud/ceiling condition, temperature, sea-
level pressure, wind and pressure gradient from McMurdo
Station/Williams Field and automatic weather station observa-
tions and the upper-level winds, moisture, stability and geo-
strophic temperature advection from the McMurdo Station
rawinsonde observations. Time tendencies of these predictors
are also considered. The predictors are of two types: categorical
(such as weather type, wind direction and ceiling height) and
continuous (such as temperature and pressure). The con-
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Table 1. Summary of the frequency of weather parameters or conditions as a function of visibilities less than 0.5 mile (0.8 kilometer) and
less than 3.0 miles (5.0 kilometers). Frequency of restricted visibilities is based on the number and percentage of all observations;

weather parameters are weather type, cloud ceiling, wind speed, and wind direction. Observations were made between February 1980
and December 1985 at Williams Field and McMurdo Station. The cold season refers to the months of August, September, October, and

March and the warm season to the months November through February. (Williams Field predictors are shown in parentheses.)

Cold-season visibility	 Warm-season visibility

< 0.5 mile
Parameter	 (0.8 kilometer)

Weather type
No restrictions reported	 0 (0)
Fog	 9(3)
Snow and fog	 8(3)
Snow	 4(0)
Snow and blowing snow	 50 (19)
Blowing snow	 29 (75)

Cloud ceiling
<2,000 feet (600 meters)	 79 (86)

2,000 feet (600 meters)	 14 (11)
No ceiling	 7(3)

Wind speed
< 6.5 meters per second	 14 (3)

6.5 meters per second	 86 (97)

Wind direction
Low velocity (< 1 meter per second)	 2 (0)
North (3500-400)	 3 (3)
East (50°-i 300)	 53 (17)
South (140 3-2100)	 41(78)
West (220 0-3400)	 1 (2)

Number of observations	 329 (64)

Percentage of all observations	 5.7 (8.3)

< 3.0 miles	 < 0.5 mile	 <3.0 miles
(5.0 kilometers)	(0.8 kilometer)	(5.0 kilometers)

	

0 (0)	 3(3)	 1(1)

	

11 (12)	 9 (39)	 5 (25)

	

9 (4)	 18 (3)	 12 (8)

	

8 (18)	 20 (4)	 40 (30)

	

39 (18)	 46 (32)	 34 (20)

	

33 (48)	 4 (19)	 8 (16)

	

70 (81)	 71 (74)	 75 (73)

	

22 (13)	 28 (14)	 24 (19)

	

8(6)	 1 (12)	 1(8)

	

25 (12)	 46 (50)	 50 (62)

	

75 (88)	 54 (50)	 50 (38)

	

5(6)	 4 (10)	 4 (12)

	

4(3)	 8(7)	 10 (4)

	

60 (40)	 42 (30)	 55 (45)

	

29 (47)	 38 (53)	 26 (39)

	

2 (14)	 8(0)	 5(0)

852 (138)	 66 (120)	 285 (321)

14.9 (17.8)	 1.2 (3.0)	 5.2 (8.3)

ditional climatology of restricted visibility indicates that the
categorical variables may be credible predictors. To use them in
the discriminate procedure, the categorical atmospheric condi-
tions are replaced by empirical frequencies of their associations
with categories of restricted visibility. Table 2 displays these
transformations for weather type, ceiling height, and wind di-
rection. In a sense, the transformation scales the threat of a
particular condition to restricted visibility. The discriminate
procedure then selects from the pool of available predictors
those which yield maximum distinction between visibility less
than and greater than/equal to a critical value.

Results of applying the linear prediction equations to fore-
casting visibilities less than 0.5 mile (0.8 kilometer) and less
than 3.0 miles (5.0 kilometers) during the cold and warm sea-
sons for four data subsets are presented in tables 3 through 5.
Predictions were made for McMurdo Station (using McMurdo
Station surface-observation predictors) and Williams Field
(using McMurdo Station and Williams Field surface-observation
predictors). In addition, McMurdo Station visibility forecasts
were made from two paired comparisons, using McMurdo Sta-
tion with/without automatic weather station of McMurdo Sta-
tion rawinsonde predictor data. In all cases the predictions are
based on the dependent data sets since the scarcity of restricted
visibilities necessitated using the maximum amount of data
available. Verification scores consist of total percentage correct
(PC); power of detection (PD), which is the percentage of re-

stricted visibility cases correctly forecasted; false alarm percent-
age (FA), which is the percentage of unrestricted visibility cases
incorrectly forecasted; threat score (THR), which is the number
of correct restricted visibility forecasts divided by the union of
restricted visibilities forecasted and observed; and the Brier-
Panof sky P-score (Panof sky and Brier 1958), which is a measure
of the precision of the probability forecasts. The range of PC, PD,

and FA is 0-100 percent, with 0 percent being best for FA and 100
percent being best for PC and PD; the scaled range of THR is
0-100, 100 being best; scaled P-score ranges from 0-200, with 0
being best.

In general, using McMurdo Station/Williams Field surface
weather parameter predictors with the discriminate approach,
it is more difficult to forecast restricted visibilities at Williams
Field than at McMurdo Station, especially in the warm season.
Forecasts of visibilities less than 0.5 mile (0.8 kilometer) are
more accurate than those less than 3.0 miles (5.0 kilometers) for
PC, FA, and the P-score, but less accurate than those less than 3.0
miles (5.0 kilometers) for PD and THR. Using PD and THR as
criteria, cold-season forecasts are more accurate than warm-
season forecasts. Comparing the discriminate and persistence
forecast verifications indicates that the former method scords
noticeably higher in PD for warm and cold seasons and generally
higher in THR for the cold season, but worse in PC, FA, and the P-
score for both seasons. If the major concern is the accurate
forecasting of restricted visibility occurrences, then PD is the key
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Table 2. Example of discriminate forecast method where weather parameters (weather type, wind direction, and ceiling height) can be
used to predict restricted visibility. Overall frequency of observed weather parameters, the number of observations (in parentheses), and
the frequency of restricted visibilities, less than 0.5 mile (0.8 kilometer) and less than 3.0 miles (5.0 kilometers), are shown as a function
of observed weather parameters for observations at Williams Field between February 1980 and December 1985. The cold season refers
to the months of August, September, October, and March and the warm season to the months November through February. (Williams

Field predictors are shown in parentheses.)

Cold-season visibility	 Warm-season visibility
Total number	< 0.5 mile	< 3.0 miles	Total number	< 0.5 mile	< 3.0 miles

Parameter miles	 of observations (0.8 kilometer) (5.0 kilometers) of observations (0.8 kilometer) (5.0 kilometers)

Weather type
Fog
Fog and snow
Light snow
Moderate to heavy snow
Snow and blowing snow
Blowing snow
None of the above

Cloud ceiling
< 300 feet (95 meters)
400-900 feet (120-290 meters)
1000-2,000 feet (300-600 meters)
2,100-3,500 feet (650-1,100 meters)
3,600-8,500 feet (1200-2,600 meters)
8,600-20,000 feet (2,700-6,000 meters)
No ceiling

Wind direction
Low velocity ( 1 meter per second)
North (3500-400)
East (50')-1300)
South (1 40°-21 00)
West (220°-3400)

	

163 (17)
	

18 (6)
	

58 (53)

	

115 (5)
	

24 (20)
	

67 (60)

	

324 (25)
	

2(0)
	

18 (48)
12 (2)
	

50 (0)
	

100 (100)

	

351 (18)
	

47 (39)
	

94 (78)

	

358 (51)
	

24 (53)
	

68 (75)

	

4,370 (374)
	

0(0)
	

0(0)

	

135 (19)	92 (95)	99 (100)

	

218 (26)	38 (35)	91(96)

	

595 (51)	9(8)	36 (37)

	

597 (58)	4(2)	12 (5)

	

1,009 (90)	2(2)	6(6)

	

409 (59)	1 (1)	4(2)

	

2,773 (190)	1 (0)	2(2)

	

1,037 (88)	1 (0)	4(6)

	

529 (30)	2(3)	6(6)

	

3,195 (288)	5(2)	16 (11)

	

486 (65)	28 (43)	50 (57)

	

475 (27)	1(4)	3 (11)

36 (82)
50 (28)

676 (240)
15 (20)

106 (54)
34 (60)

4,571 (2,444)

12 (64)
103 (114)
417 (206)
615 (313)

1,357 (657)
711 (390)

2,280 (1,183)

753 (467)
593 (322)

2,972 (1,718)
465 (359)
697 (62)

17 (45)
28 (11)
2(1)

20 (15)
28 (57)
9 (30)
0(0)

92 (72)
18 (17)
4(3)
2(2)
00)
0(0)
00)

0(2)
1 (2)
1 (2)

6 (14)
1 (0)

42 (72)
72 (64)
15 (20)

100 (100)
98 (87)
59 (63)
0(0)

100 (99)
71(64)
32 (17)
6(7)
2(3)
0(0)
0(2)

2(6)
5(3)
5(6)

16 (25)
2(l)

Table 3. Verification of scores for 6- and 12-hour forecasts of restricted visibilities (less than 0.5 mile and less than 3.0 miles) for two
methods of forecasting—discriminate and persistence. These forecasts were made for McMurdo Station (using McMurdo Station surface-

observation predictors) and for Williams Field (using McMurdo Station and Williams Field surface-observation predictors) for cold and
warm seasons. (Williams Field predictors are shown in parentheses.)

Parameter miles

Cold-season visibility

< 0.5 mile	 < 3.0 miles
(0.8 kilometer)	 (5.0 kilometers)

Discriminate Persistence	Discriminate Persistence
forecast	forecast	forecast	forecast

Warm-season visibility

< 0.5 mile	 3.0 miles
(0.8 kilometer)	 (5.0 kilometers)

Discriminate Persistence	Discriminate Persistence
forecast	forecast	forecast	forecast

	89 (87)	93 (92)	84 (78)	87(85)

	

57 (73)	40(33)	67 (69)	55(35)

	

9 (12)	4 (4)	13 (21)	8 (8)

	

24 (25)	25(21)	39 (26)	38 (21)

	

18 (19)	14(15)	16 (35)	27(29)

Total number of observations: 5,465 (234)

	

76 (90)	91(91)	73 (79)	81(84)

	

67 (48)	21(28)	67 (61)	38(27)

	

23 (7)	5(4)	26 (18)	11(8)

	

14 (25)	12(18)	27 (27)	24(17)

	

36 (18)	18 (18)	40 (34)	37 (33)

Total number of observations: 5,454 (243)

95 (91)	98 (95)	91(80)	94(90)
59 (46)	25 (28)	62 (64)	43(38)
5(8)	1 (3)	7 (19)	3 (6)

12 (13)	14(16)	27 (20)	28(22)
9 (21)	4(10)	14 (391	12(20)

Total number of observations: 5,402 (2,004)

92 (75)	98 (95)	84 (54)	92(88)
45 (46)	12 (18)	57 (70)	24(23)
7 (24)	1 (3)	14 (47)	4 (7)
6(5)	7 (9)	16 (11)	14(13)

16 (35)	4(10)	28 (57)	16(24)

Total number of observations: 5,412 (2,068)

Six-hour forecast
Total percentage correct
Power of detection 
Percentage of false alarms
Threat score 
Brier-Panotsky P-score°

Twelve-hour forecast
Total percentage correct
Power of detection 
Percentage of false alarms
Threat score 
Brier-Panofsky Pscorec

a Percentage of restricted visibility cases correctly forecasted.
b The number of correct restricted visibilities divided by the union of restricted visibilities forecasted and observed. (This figure has been multiplied by 100.)
c A measure of the precision of the probability forecasts. (This figure has been multiplied by 100.)

250 ANTARCTIC JOURNAL



Table 4. Verification of scores for 6- and 12-hour forecasts of restricted visibilities (less than 0.5 mile and less than 3.0 miles) for
discriminate forecasts at McMurdo Station only, with and without (shown in parentheses) automatic weather stations observations as

predictors. Forecasts are for cold and warm season.

Cold-season visibility	 Warm-season visibility

< 0.5 mile	 < 3.0 miles	 < 0.5 mile	 < 3.0 miles
Parameter	 (0.8 kilometer)	 (5.0 kilometers)	 (0.8 kilometer)	 (5.0 kilometers)

Six-hour forecast
Total percentage correct	 88 (89
Power of detection 	 51 (59)
Percentage of false alarms	 9 (8)
Threat score 	 25 (25)

83 (83
	

93 (94
	

93 (92)
66 (66)
	

74 (71)
	

69 (65)
15 (15)
	

6(6)
	

6(6)
35 (35)
	

18 (18)
	

37 (36)

Total number of observations: 2,362 (234)
	

Total number of observations: 1,816

Twelve-hour forecast
Total percentage correct	 75 (74
Power of detectiona	 65 (64)
Percentage of false alarms	 24 (26)
Threat score'	 16 (15)

71 (72
	

92 (90
	

88 (89)
64 (62)
	

65 (60)
	

56 (52)
28 (27)
	

7(9)
	

9(9)
25 (24)
	

15 (11)
	

26 (25)

Total number of observations: 2,395	 Total number of observations: 1,811

a Percentage of restricted visibility cases correctly forecasted.
b The number of correct restricted visibilities divided by the union of restricted visibilities forcasted and observed. (This figure has been multiplied by 100.)

Table 5. Verification of scores for 6- and 12-hour forecasts of restricted visibilities (less than 0.5 mile and less than 3.0 miles) for
discriminate forecasts at McMurdo Station only, with and without (shown in parentheses) rawinsonde predictors. Forecasts are for cold

and warm season.

Cold-season visibility	 Warm-season visibility

< 0.5 mile	 < 3.0 miles	 < 0.5 mile	 < 3.0 miles
Parameter	 (0.8 kilometer)	 (5.0 kilometers)	 (0.8 kilometer)	 (5.0 kilometers)

Six-hour forecast
Total percentage correct	 89 (87)
Power of detection-	 70 (64)
Percentage of false alarms	 11 (12)
Threat score 	 23 (19)

	

85 (85)
	

94 (94)
	

89 (88)

	

62 (58)
	

53 (40)
	

63 (56)

	

12 (11)
	

6(6)
	

10 (10)

	

33 (32)
	

7(6)
	

22 (19)

Total number of observations: 981
	

Total number of observations: 1,610

Twelve-hour forecast
Total percentage correct	 79 (79)
Power of detection 	 73 (67)
Percentage of false alarms	 21 (20)
Threat score'	 16 (15)

	

76 (78)
	

82 (82)
	

81(81)

	

68 (61)
	

43 (43)
	

61(47)

	

23 (20)
	

18 (18)
	

18 (17)

	

28 (27)
	

2(2)
	

13 (1)

Total number of observations: 992
	

Total number of observations: 1,615

a Percentage of restricted visibility cases correctly forecasted.
I The number of correct restricted visibilities divided by the union of restricted visibilities forecasted and observed. (This figure has been multiplied by 100.)

verification index and the discriminate approach excels.
However, maximizing PD is generally associated with an in-
crease in FA, which is more of a problem with the discriminate
method than with persistence. Adding McMurdo Station
rawinsonde predictors especially improves the 12-hour
McMurdo Station forecasts in the cold season, while the auto-
matic weather station predictors generally increase the accuracy
of warm-season forecasts, in both cases based on discriminate
method forecasts. However, the smaller data sets, using auto-
matic weather station and rawinsonde data, imply a larger un-
certainty in forecast results.

The most useful McMurdo Station/Williams Field predictors
are sea-level pressure, visibility, weather type, sky condition
and ceiling, and trends in weather and ceiling. Selected upper-
air variables are lower-troposphere stability, 400 millibar wind
direction, and at (850 millibar the wind speed and direction)
relative humidity and height. The automatic weather station
predictors selected are station pressure, pressure tendencey,
wind direction, and pressure gradient between automatic
weather stations.

This research is supported by the Naval Support Force
Antarctica.
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Numerical simulation of the Terra	Katabatic winds are commonplace over the coastal rim of

Nova Bay katabatic wind regime	Antarctica. The strong, downslope winds occur primarily be-
cause of the radiational cooling of the sloping ice surface. Con-
sequently, the most well-defined and strongest katabatic epi-

THOMAS R. PARISH

	

	 sodes are generally found during the winter months. It is clear
from previous observations that antarctic surface winds are

Department of Atmospheric Science	 intimately coupled to the orientation and steepness of the Un-
University of Wyoming	 denying ice terrain. Ball (1960) was one of the first to describe

Laramie, Wyoming 82071	 satisfactorily the dynamics of antarctic surface winds as a bal-
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/

Figure 1. Time-averaged near-surface pattern of cold air drainage winds off the antarctic continent. (After Parish and Bromwich in press.)
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ance of the horizontal pressure gradient force arising from the
diabatic cooling of the ice surface, Coriolis force and friction.
Recently, Parish and Bromwich (1987) have used the Ball (1960)
model formulation to diagnose the time-averaged near-surface
airflow pattern over the antarctic continent. The results are
shown in figure 1. Over certain interior sections, flow from a
vast area becomes channeled into a narrow zone which is
focused on a restricted stretch of coastline. Such confluence
zones represent regions of local enhancement of the supply of
negatively buoyant air available to feed coastal katabatic winds
(Parish 1984) and thereby allow an enhancement of the katabatic
regime. Several confluence zones can be identified in figure 1
such as upslope of coastal Adélie Land, site of the infamous
"Home of the Blizzard" station of Cape Denison, and inland of
Terra Nova Bay (75°S 165°E).

Currently underway is a joint study between the Ohio State
University and the University of Wyoming aimed at document-
ing the katabatic wind regime at Terra Nova Bay and examining
the dynamics of the confluence zone inland of the coast. The
katabatic winds are thought to be a major factor in the develop-
ment of a large, recurring polynya in Terra Nova Bay. Bromwich
and Kurtz (1984) report that the intense winds effectively advect
newly formed ice eastward and thereby prevent a solid ice
cover. To understand the Terra Nova Bay katabatic regime better,
a number of observational strategies have been incorporated
including deployment of automatic weather stations (Aws), air-
photography of the regional sastrugi fields, a series of LC-130
flights equipped with the newly designed data acquisitions and
display system for recording meteorological state parameters,
and high-resolution satellite imagery. During the 1986-1987
austral summer field season, a refurbished AWS was deployed at
Inexpressible Island and airphotography of regional sastrugi
fields was completed. Installation of two other AWS units could
not be done because of logistical difficulties. Four additional AWS

units are to be installed and several LC-130 flights will be con-
ducted during the 1987-1988 field season. In addition, another
regional mapping of the sastrugi fields will take place.

To complement the observational data set, extensive numer-
ical simulations of the katabatic regime are being conducted
using a three-dimensional, primitive equation, hydrostatic
model. A description of the model framework is given in Parish
(1984); explicit representation of the longwave radiative pro-
cesses and turbulence characteristics is incorporated into the
model to provide a realistic numerical treatment of the relevant
physics. Preliminary model simulations have been completed
to provide confirmation of the large-scale drainage streamlines
represented in figure 1 and to offer insight as to the gross
features of the katabatic circulation. In addition, the numerical
results provide suggestions as to the positioning of the AWS

array in the Terra Nova Bay region. The numerical simulations
start from a condition of rest to isolate the terrain-induced
katabatic winds; the ice topography for the Terra Nova Bay
region is digitized from the detailed and accurate antarctic con-
tour map of Drewry (1983). Illustrated in figures 2 and 3 are
results after a 24-hour simulation during which time the ka-
tabatic winds have developed and have nearly reached steady
conditions. Figure 2 shows the resulting streamlines of the
near-surface winds (50 meters above the ice terrain) after the 24-
hour model time integration. A marked confluence zone is
present and is directed into the Reeves Glacier. This suggests
that most of the negatively buoyant air is concentrated into one
major glacier outlet; surrounding glaciers such as the David and
Priestley Glaciers appear to be on the fringe of this confluence
effect. The overall pattern revealed in figure 2 is very similar to

Figure 2. Streamline pattern of near-surface windfield after 24-hour
model integration. Height contours in dashed and thin solid lines.
("km" denotes "kilometers:')

Figure 3. Wind speed (in meters per second) of near-surface wind-
field after 24-hour model integration. ("km" denotes "kilometers:')
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that seen in the large-scale streamline map of figure 1, providing
at least tentative support for the viability of the simple Ball
(1960) model. The resulting wind speeds of the katabatic regime
after the 24-hour simulation are shown in figure 2. The intensity
of the katabatic regime is clearly enhanced downslope of the
confluence zone along the Reeves Glacier. The maximum wind
speeds of greater than 20 meters per second are consistent with
data from the AWS on Inexpressible Island downwind of Reeves
Glacier (Kurtz and Bromwich 1985). The wind speeds appear to
decrease significantly away from the confluence zone to values
representative of more normal coastal katabatic winds. Such
simulations confirm the importance of the interior confluence
zone and the katabatic potential of the Reeves Glacier and
vicinity.

This research has been supported by the National Science
Foundation through grant DPP 85-21176. I was in the Antarctic
from 12 January to 3 February 1987.
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A case study of mesoscale
cyclogenesis over the southwestern

Ross Sea

DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210

Bromwich (1986a) and Kurtz and Bromwich (1985) have pro-
posed that the frequent west and northwest winds recorded at
Franklin Island are primarily due to katabatic winds from Terra
Nova Bay which propagate at least 190 kilometers across the
western Ross Sea without the assistance of regional at-
mospheric pressure gradients. This paper analyzes the birth,
evolution, and dissipation of a mesoscale storm complex near
Franklin Island which produced prolonged adverse weather
conditions at McMurdo Station in February 1984. The intense
katabatic outflow from Terra Nova Bay (Bromwich 1986b) ap-
peared to play an important role in the development and main-
tenance of this cyclone. The primary database is composed of
observations from the mesoscale array of automatic weather
stations (Aws) around Ross Island (Savage et al. 1985).

The cyclone was first detected on regional AWS analyses
around 1200 GMT (Greenwich mean time, about 12 hours be-
hind local time) on 20 February 1984. Figure 1 shows the cyclone
forming (called cyclogenesis) near the coast of Victoria Land just
to the south of the Drygalski Ice Tongue. The cyclone presence
is most clearly revealed by the slightly lower pressure at Inex-
pressible Island. The katabatic wind speed at Inexpressible Is-
land is very strong (28 meters per second) and the air tem-
perature contrast between Inexpressible Island and Franklin
Island is only 2°C. The wind direction at Franklin Island is
north-northwest which may be due to katabatic winds from

+74'S
+

ROSS SEA

+78o S	20

+

+

I'	\	 +

\:
ROSS 	SHELF	RooIt

8	i6

+82'S

60'E	'L1700E	80'	170°W	60'W

Figure 1. Sea-level pressure analysis for 1200 GMT 20 February 1984.
Circles with numbers attached identify automatic weather stations
whose data were used to construct the chart. Wind direction is
shown by the orientation of the line drawn to each Aws; wind speed
is indicated by the symbols attached to this line. No symbol denotes
a speed less than 1.3 meters per second; half a barb signifies 2.5
meters per second; a full barb equals 5 meters per second; and a
flag represents 25 meters per second. Solid lines are sea-level iso-
bars (contours of constant pressure) and are labelled with the hun-
dreds digit omitted; 90 equals 990 hectopascals (hPa). The dashed
lines represent constant air temperatures (isotherms) in degrees
Celsius.
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Terra Nova Bay (Bromwich 1986a) reaching the island. The other
feature of significance on the chart is an anticyclone (high-
pressure area) centered over the Ross Ice Shelf near Byrd
Glacier with a ridge extending northward over the western Ross
Sea.

Figure 2 compares Inexpressible Island and Franklin Island
observations for the 3-day period centered on 1200 GMT, 20
February. The sea-level pressure at Inexpressible Island was
lower than that at Franklin Island from 0430 to 1800 GMT on 20
February. This suggests that the cyclone may have started to
form around 1600 GMT. The pressure contrast was most negative
at 1500 GMT, and then increased rapidly as the cyclone moved
away from Terra Nova Bay. The average katabatic wind speed at
Inexpressible Island during the period of negative pressure
differences was 27.6 meters per second. During this interval,
the sea-level temperature contrast was the smallest of the 3-day
period with Franklin Island averaging 5.5°C warmer than Inex-
pressible Island. The relatively small temperature difference in
conjunction with mostly north-northwest winds at Franklin
Island indicates that katabatic winds from Terra Nova Bay were
affecting Franklin Island. The 5.5°C warming during transit
across the western Ross Sea is similar to the katabatic warming
found by Bromwich (1986a) for an April 1984 case. This occcurs
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Figure 2. Time series of wind speed readings from the automatic
weather stations on Inexpressible Island and on Franklin Island.
Also plotted are the air temperature (reduced to a common datum
and with the diurnal cycle extracted) and sea-level pressure dif-
ferences between the two sites—Inexpressible Island minus Frank-
lin Island. Franklin Island wind directions are plotted with the con-
vention that an arrow pointing from top to bottom of diagram
represents a north wind.

in spite of the very different sea-surface conditions on these
occasions; in late February the western Ross Sea was completely
ice free while in mid-April it was covered by 9-10 tenths of sea
ice (Naval Polar Oceanography Center 1985).

The 500 hectopascal hemispheric charts produced by the
World Meteorological Center, Melbourne, were examined to
determine the midtropospheric conditions at the time of surface
cyclogenesis (1200 GMT 20 February). Victoria Land lay between
a ridge oriented north-northeast to south-southwest across Ad-
élie Land and a trough oriented north-south along 165°W. Al-
though the analysis was indistinct near Terra Nova Bay, it is
probable that the 500 hectopascal winds were west-southwest
with speeds less than 20 meters per second. The analysis is
somewhat suspect, because it was based upon only two obser-
vations from Antarctica and neither of these was from the
vicinity of the Ross Sea. Thus, it is not possible to determine
whether surface cyclogenesis was accompanied by positive vor-
ticity advection in the midtroposphere (Sanders 1987). The dis-
cussion in the previous paragraph indicates that cold katabatic
air from Terra Nova Bay was part of the developing cyclonic
circulation and may have played a key role in its genesis through
the development of strong horizontal temperature gradients.

The cyclone moved east to the vicinity of Franklin Island and
developed slowly. It remained nearly stationary in this area
with a central pressure of around 984 hectopascals from 0000 to
1900 GMT on 21 February. By 0300 GMT on 21 February, a second
cyclone had formed over the Ross Ice Shelf just to the east of
Ross Island. A southward-moving, mesoscale maritime
cyclone, with a vast low-level cloud field on its northern side,
started to merge with the storm complex by 0742 GMT on 21
February. The maritime low appeared to merge with the Ross
Ice Shelf cyclone, so that the latter became more intense than
the center near Franklin Island by 1800 GMT on 21 February. A
DMSP visible for 1830 GMT showed that the storm complex had
assumed an "inverted comma" form (Carleton 1981) with two
centers just being discernible close to the locations resolved by
the automatic weather station analyses. The Ross Ice Shelf cen-
ter was much better defined and had an attached frontal band.
The Ross Ice Shelf cyclone continued to be the more prominent
circulation from 1800 GMT on 21 February until 0600 GMT on 22
February.

After the two storms were equally intense for several hours
(figure 3), the Ross Ice Shelf cyclone had started to dissipate
rapidly by 1200 GMT on 22 February. A 1023 GMT thermal in-
frared DMSP image on 22 February showed only one disor-
ganized circulation center and that the inverted comma cloud
signature had started to break down. The center near Franklin
Island dissipated slowly after 1200 GMT on 22 February and
completely disappeared by 0000 GMT on 25 February; the inten-
sity of outflow of cold katabatic air at Terra Nova Bay also
declined from 1200 GMT on 22 February until 1200 GMT on 24
February.

The relatively strong pressure gradients between the Ross Ice
Shelf low and the adjacent anticyclone moved near-surface air
toward that part of the Transantarctic Mountains lying between
Byrd Glacier and the latitude of Ross Island. This air overlying
the Ross Ice Shelf was probably stably stratified (i.e., the tem-
perature increased with height), although no data are available
to confirm this. When stable air encounters a sufficiently high
obstacle, the air does not pass over the obstruction, but turns
and flows parallel to it. After some time, an approximate bal-
ance develops between the pressure gradient generated by the
cold air sloped up against the obstacle and the Coriolis force
(Schwerdtfeger 1975). When these southerly barrier winds en-
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Figure 3. Same as figure 1, but for 0900 GMT, 22 February 1984.

counter the steep, high topography of Ross Island, they split
and blow around the island (O'Connor and Bromwich in press).
A small high develops on the south side of the island to support
this air motion.

Barrier winds affected Ross Island from 0000 GMT on 21 Febru-
ary to 0000 GMT on 24 February and were best developed be-
tween 0000 and 0900 GMT on 22 February when the cyclone over
the Ross Ice Shelf was well-developed. Figure 3 shows the sea-
level pressure analysis for 0900 GMT on 22 February. The small
high which supports airflow around Ross Island is well re-
solved. The blocking effect of the island is shown by airflow
deceleration from 20 meters per second at AWS 11 to 1 meter per
second at AWS 18; the sea-level pressure also rose by 3 hec-
topascals over this distance. These results are in close agree-
ment with the modeling work of O'Connor and Bromwich (in
press); figure 2b of their paper shows the sea-level pressure
analysis for 0000 GMT on 22 February.

This cyclonic sequence produced adverse weather conditions
at McMurdo Station. Blowing snow was continuously reported
from 0000 GMT on 22 February to 0000 GMT on 24 February.
Horizontal visibilities were mostly less than 2 kilometers during
this period, and from 0300 GMT to 2100 GMT on 22 February did
not exceed 200 meters. Average wind speed for these 2 days was

10.9 meters per second. Generally light snow was noted from
1800 GMT on 21 February to 1200 GMT on 23 February. It is
probable that the close proximity of open water was responsible
for abundant snowfall over the northwestern part of the Ross
Ice Shelf. This snow was blown northward past McMurdo Sta-
tion for about 2 days.

Finally, it should be remarked that without the automatic
weather station data, it is unlikely that this weather sequence
could have been adequately studied. Visible and thermal in-
frared DMSP images between 0742 GMT on 21 February and 1838
GMT on 22 February did resolve the broad features of the
cyclonic complex but could not quantify the intensity of the
storms. Large-scale syntheses, such as hemispheric satellite
charts published by the U.S. Department of Commerce (1984)
and the sea-level pressure analyses by the World Mete-
orological Center, Melbourne, showed no evidence of the meso-
scale cyclones discussed here.

Fruitful discussions with Andrew Carleton are gratefully ac-
knowledged. The DMSP photographs were obtained from the
National Snow and Ice Data Center, Campus Box 449, Boulder,
Colorado 80309. This research was supported by National Sci-
ence Foundation grants DPP 83-14613 and DPP 85-19977.
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Atmospheric ozone at the South Pole
during 1986

S.J. OLTMANS, W.D. KOMHYR, and R.D. GRAss

Geophysical Monitoring for Climatic Change
National Oceanic and Atmospheric Administration

Boulder, Colorado 80303

The springtime ozone decrease that has occurred in Ant-
arctica since 1979, first documented by Farmen, Gardiner, and
Shanklin (1985), has led to intensified research activity to de-
scribe this phenomenon accurately as well as to explain it. The
program of ozone research in Antarctica carried out by the
National Oceanic and Atmospheric Administration's
Geophysical Monitoring for Climatic Change Program (cMcc) is
part of a comprehensive program of atmospheric trace gas and
particle measurements made by GMCC at the South Pole and
numerous locations around the world.

Based on 22 years of measurements from 1964-1985 of the
atmospheric total column ozone amount, Komhyr, Grass, and
Leonard (1986) reported total ozone at the South Pole in 1985 to
be roughly 20 percent lower on an annual basis than values
present in the mid-1960s; the decrease in austral spring values
was considerably larger. It was also shown that since 1979, there
has been a marked retardation in the time of the springtime

stratospheric warming over Antarctica and the accompanying
influx of ozone.

In 1986, an ozone vertical profile measurement program
(Komhyr, Oltmans, and Grass in press) was added to the long-
term program of total column and in situ surface-based ozone
measurements. Fifty-one vertical profiles were obtained
throughout the year using light-weight, balloonborne elec-
trochemical concentration cell (Ecc) ozonesondes. In addition
to providing detailed ozone profiles to altitudes of 30-35 kilo-
meters, the ozonesonde data were integrated to give a clearer
picture of the seasonal march of total ozone.

Daily total ozone measurements from both the Dobson spec-
trophotometer and integrated ECC ozonesonde profiles for 1986
are shown in figure 1. Total ozone gradually decreased from
near 300 DU (Du denotes "Dobson unit," which equals I milli-
atmosphere per centimeter of ozone) in January to about 220 DU

in late April. Ozone column amounts increased during the
polar night again achieving a value near 300 DU in August.
Following this, the value dropped precipitously to a low value
of 160 DU in early October. With the acceleration of stratospheric
warming in late October, and more rapid warming by mid-
November, total ozone values rose to over 400 DU. This was the
first reading over 400 DU since 1980. The October to December
total ozone average in 1986 was about 40 DU units higher than
the corresponding 1985 value, representing a modest recovery.
The 1986 amounts are still, however, far below the 1962-1979
average for this time of year of about 330 DU.

The formation of the 1986 ozone "hole" at South Pole is de-
tailed in figure 2, which compares six profiles in September and
October with a profile obtained in August prior to the "hole"

400

350

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1986

Figure 1. Daily total ozone amounts at South Pole, Antarctica in 1986 derived from Dobson spectrophotometer observations (u) and ECC
ozonesonde observations (o). ("D.W' denotes "Dobson unit:')
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Figure 2. ECC ozonesonde vertical profiles showing the development of the ozone "hole" in September and October 1986. ("km" denotes
"kilometer:" "nb" denotes "nanobar:' "mb denotes "millibar.")

formation. Although minimum column ozone amounts oc-
curred in early October, ozone concentrations in the "hole"
region continued to decrease into mid-October. During the
period of most rapid ozone decrease from September 20 to
October 15, the mixing ratio decreased by 78 percent in the
region of maximum ozone depletion (16 ± 1 kilometer). The
exponential ozone decay rate half-life was 11 days. ECC ozone-
sonde soundings made at the South Pole in 1971 suggest that at
that time ozone began to be transported into Antarctica above
the 25-kilometer level by mid-September, 1.5 months earlier
than in 1986. Transport processes appear to be significantly
altered in recent years compared to years prior to 1980. Associ-
ated delays in times of breakdown of the antarctic circumpolar
vortex most likely augment conditions that accelerate ozone loss
through photochemical reactions involving natural and man-
made pollutants.

An indication of the altered transport over Antarctica is the
dramatic change in the character of the annual cycle in surface
ozone at South Pole shown in figure 3. Ozone transport pro-
cesses, including horizontal advection of tropospheric ozone
from lower latitudes and downward mixing of ozone from the
stratosphere, give rise to the annual cycle in ozone (Oltmans
and Komhyr 1986). This seasonal cycle has minimum values in
February and maximum values in July. The twofold increase in
the amplitude of the annual cycle probably represents changes

in both these processes (Komhyr, Oltmans, and Grass in press)
with retarded tropospheric transport during late summer
months (Samson et al. in press) and enhanced cross-tropopause
fluxes during the winter months.

Cliff Wilson and Brad Halter carried out the extensive, high-
quality series of ozone measurements at South Pole in 1986.
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Global trends of natural and
anthropogenic gaseous chlorine in the

atmosphere: Observations at the
South Pole and in the Pacific

northwest

M.A.K. KHALIL and R.A. RASMUSSEN

Institute of Atmospheric Sciences
Oregon Graduate Center
Beaverton, Oregon 97006

There is now nearly two and a half times more gaseous
chlorine in the atmosphere from human activities than there
was a decade ago. The concentration of anthropogenic chlorine
is now nearly four times more than natural levels both at the
South Pole and at mid-northern latitudes. These trends reflect
global conditions, because the chlorine gases from an-
thropogenic activities are long-lived and spread throughout the

Earth's atmosphere. It is feared that these manmade chlorine
gases may deplete the stratospheric ozone layer (World Mete-
orological Organization 1986). The recent discovery about di-
minishing levels of stratospheric ozone at the South Pole has
added to these concerns. Here we will document the observed
increase of manmade chlorine-containing trace gases in the
Pacific northwest and at the South Pole where we have taken
systematic measurements for more than a decade (Rasmussen,
Khalil, and Dalluge 1980; Rasmussen and Khalil 1982, 1986).

Most of the methylchloride (CH 3C1) is of natural origin, pri-
marily from the oceans, although some of it may come from
biomass burning. At the South Pole, other mostly natural chlo-
rine-containing gases are chloroform (CHC1 3) and di-
chloromethane (CH 2Cl 2), which are present in low con-
centrations. These gases have short atmospheric lifetimes
compared to the manmade chlorofluorocarbons and chlori-
nated hydrocarbons. Methylchloride has  lifetime of about 1.5
years, whereas chloroform and dichloromethane have lifetimes
of about half a year. The principal long-lived anthropogenic
chlorine-containing species are trichlorofluoromethane (CCI3F,
also called F-Il), dichlorodifluoromethane (CCl 2F2 , F-12), chlo-
rodifluoromethane (CHCIF 2, F-22), carbon tetrachloride (CC,),
methylchloroform (CH 3CC1 3), and trichlorotrifluoroethane
(C2CIIF3, F-113). The shortest lived of these is probably meth-
ylchloroform with a lifetime of about 6 years; next is F-22 with a
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lifetime of about 20 years. The remaining compounds have
lifetimes between 50 and 100 years.

We have chosen two indices to describe the trends of gaseous
chlorine:
• Equation 1: Total chlorine a Cl	C(as Cl) =
• Equation 2: Total chlorine gas = C(as gas) = C 1 where C i is

the concentration and n, are the number of chlorine atoms in a
molecule of the i-th trace gas. The units of concentration are
parts per trillion by volume. Total chlorine as Cl reflects the
total number of atoms of chlorine for every trillion molecules
of air. Total chlorine as gas reflects the total number of mole-
cules of chlorine-containing gases per trillion molecules of air.
Chlorinated gases act on the ozone layer by first releasing one

or more chlorine atoms by photodissociation caused by energet-
ic photons found in the stratosphere; then the chlorine atom
enters into a catalytic cycle of chemical reactions by which it
destroys many ozone molecules before being removed. The
factors that affect the action of chlorinated trace gases on the
stratospheric ozone layer include the concentration in the upper
troposphere, removal processes in the stratosphere that com-
pete with photodissociation, the number of chlorine atoms that
can be removed from the molecule, and the altitude at which
photodissociation occurs to release chlorine atoms. Our indices,
though they reflect the overall effect of human activities on the
global cycle of chlorine, account only for the concentration of
total chlorine.

Figure 1 shows the trends of gaseous chlorine at the South
Pole and the Pacific northwest. Anthropogenic chlorine gases
are more concentrated in the Northern Hemisphere where they
are released. The difference has remained nearly constant at
about 330 ± 16 parts per trillion by volume of chlorine or 120 ± 6
parts per trillion volume as chlorine-containing gases (± = 90
percent confidence limits). In January of 1975, when we began
to take measurements, the concentration of natural chlorine-
containing gases exceeded the anthropogenic gases; by 1978
anthropogenic gases were at about the same concentration as
natural species and since then anthropogenic chlorine-con-
taining gases have exceeded the concentration of natural spe-
cies. In terms of the concentrations as total chlorine, an-
thropogenic gases have exceeded natural concentrations since
before 1975. The last panel of figure 1 shows the increase of the
ratio of anthropogenic to natural chlorine. The ratio is defined as
R (as Cl) = C. (as Cl)/C (as Cl) and R (as gas) = C a (as gas)/C (as
gas) where the subscripts "a" and "n" stand for anthropogenic
and natural. The ratio has increased steadily over the last de-
cade; however, in both hemispheres the rate of increase in parts
per trillion by volume per year has been nearly the same.

In figure 2 we have shown the concentrations of the various
natural and manmade trace gases in January of 1975 and 1987 as
the percentage of chlorine contributed by each gas. In both
hemispheres the increased role of anthropogenic chlorine-con-
taining gases is evident in the present atmosphere.

The estimated rates of increase are summarized in the table,
which shows that for more than a decade the concentration of
anthropogenic chlorine grew at about 6.5 to 7 percent per year at
the South Pole and at 5.4 to 5.9 percent per year in the Pacific
northwest. We found that the concentrations of natural chlo-
rine-containing gases did not change appreciably over the last
decade.

This work was supported in part by National Science Founda-
tion grant DPP 81-08684, the Biospherics Research Corp., and
the Andarz Co. We thank the National Oceanic and At-
mospheric Administration's Geophysical Monitoring for Cli-
mate Change for collecting samples for us.
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Figure 1. The trends of natural and anthropogenic gaseous chlorine
at the South Pole and in the Pacific northwest. The steady increase
of manmade chlorine-containing trace gases is evident. In panel (a)
measured concentrations of chlorine-containing gases are used to
calculate the concentration of total chlorine (as Cl) each January
between 1975 and 1987. The concentrations reflect the number of
chlorine atoms per trillion molecules of air (pptv). In panel (b) the
same measurements as in panel (a) are used to calculate the con-
centrations as number of molecules of chlorine-containing gases
per trillion molecules of air. The last panel (c) shows the ratio of
anthropogenic to natural chlorine. In the panel legends "s p" de-
notes "South Pole," "PNW" and "NW" denote "Pacific northwest," "N

"denotes "natural," and "A" denotes "anthropogenic." In the last
panel "Cl" denotes concentrations expressed as number of chlorine
atoms per trillion molecules of air and "gas" denotes number of
molecules of chlorine-containing gases per trillion molecules of air.
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Figure 2. The concentrations of chlorine-containing trace gases at the South Pole and the Pacific northwest during January of 1975 and
January 1987. The contribution of each gas is shown as the percentage of chlorine it contributed (as chlorine atoms). The anthropogenic
contribution has grown significantly over the last decade.

Trends of anthropogenic chlorine containing trace gases at the South Pole and the Pacific northwest between January 1975 and January
1987

Total chlorine as Cl-atoms	 Total chlorine as gas

A	 B	 A	 B

South Pole
Concentration:	 1205 pptv	 117±6 pptv/yra	430 pptv	 47±2 pptv/yr
Ratio:	 1.77	 0.18±0.01 1/yr	 0.69	 0.079±0.005 1/yr

Pacific northwest
Concentration:	 1517 pptv	 120±5 pptv/yr	 547 pptv	 47±2 pptv/yr
Ratio:	 2.14	 0.16±0.01 1/yr	 0.85	 0.069±0.006 1/yr

a The ± values are 90 percent confidence limits. Trends are based on the model C = A + Bt. A is the calculated initial concentration or ratio in January
1975. Total chlorine as Cl-atoms refers to calculated chlorine concentration using equation 1 as number of chlorine atoms per trillion molecules of air and
total chlorine as gas refers to the calculated total concentration of chlorine gases according to equation 2 as molecules of chlorine-containing trace gases
per trillion molecules of air. "Ratio" is the ratio of anthropogenic to natural chlorine and had no dimensional units. ("pptv" denotes 'parts per trillion by
volume.")
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Correlating ice crystal
types with halo types

WALTER TAPE

Department of Mathematical Sciences
University of Alaska Fairbanks

Fairbanks, Alaska 99775

Halos are caused by the refraction or reflection of sunlight by
ice crystals in the atmosphere. Conditions in the antarctic inte-
rior are especially favorable for the formation of the well-formed
ice crystals necessary for fine halos. While ornate or poorly
formed crystals do occur at times, the crystals responsible for
elaborate halo displays tend to be simple hexagonal prisms,
ranging in shape from platelike to columnar (figure 1).

Plate crystals may tend to fall with their (principal) axes
vertical and to produce a characteristic group of halos. Colum-
nar crystals sometimes tend to fall with their axes horizontal
and then give rise to a second group of halos. In addition, the

Figure 1. Ice crystals collected as they fell at the South Pole on 16
January 1986. The large columnar crystal at the upper right is about
0.2 millimeter long.

262

Figure 2. Ice crystals collected as they fell at the South Pole on 16
February 1986. The crystals were collected iii hexane liquid, and
they grouped together when the sample was moved. The longest
crystal is almost 0.4 millimeter long.
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columnar crystals may have their top and bottom prism faces
horizontal—such orientations are known as Parry orientations—
and in this case produce yet another group of halos. More or less
randomly oriented crystals will produce another group, the
circular halos.

During the austral summer seasons of 1984-1985 and
1985-1986 ice crystals were collected as they fell during halo
displays at the South Pole. A major goal was to provide an
empirical check of the theoretical correlation of crystal types
with halo types as outlined above. Many crystal samples are not

especially useful for that purpose because, as in figure 1, they
contain a variety of crystal types, and the halo display contains
many halos. A more helpful crystal sample is shown in figure 2,
in which all of the crystals are long hexagonal columns. Figure 3
is a computer simulation that shows the theoretically expected
halos if crystals shaped like those in the sample fell with their
axes approximately horizontal. The simulation closely matches
photographs of the actual display and thus supports the con-
clusion that the crystals indeed fell with their axes nearly hori-
zontal.

Figure 3. All-sky simulation of the halo display that occurred while the crystals in figure 2 were collected. The brightest halo is the upper tangent
arc. The faint V-shaped halo within the upper tangent arc is the (upper sunvex) Parry arc. The long curve crossing itself is the heliac arc.
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In addition to having their axes approximately horizontal,
about 10 percent of the crystals in the simulation had Parry
orientations and were responsible for the Parry arc and heliac
arc. Parry orientations have long been known to be the cause of
these two halos, but some writers have wondered whether a
simple columnar crystal would fall with two prism faces hori-
zontal. Perhaps some sort of cluster of crystals would be neces-
sary to achieve the horizontal prism faces, or in single crystals
perhaps two opposite prism faces would have to be much larger
than the others, resulting in tabular crystals. The presence of
the Parry arc and the heliac arc in the actual display, together
with the absence of clusters or obviously tabular forms in the
crystal sample, indicates that simple columnar crystals by
themselves can assume Parry orientations.

This display illustrates the sort of inferences that can some-
times be drawn from examining crystals during halo displays.

Thorough understanding of the relation between crystal types
and halo types would permit halos to be used as indicators of
crystal types present in halo producing clouds. Since crystal
types are thought to be a function of atmospheric conditions,
halo types should in principle be indicators of atmospheric
conditions.

The computer simulation program is similar to that originally
developed by Pattloch and Trankle (1984).

This research was supported in part by National Science
Foundation grant DPP 84-14178.
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Blowing snow in eastern Antarctica

GERD WENDLER

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

A large-scale U.S.-French experiment IAGO (Interaction-At-
mosphere-Glace-Ocean) was carried out in Adélie Land, East
Antarctica, and was first described by Wendler and Poggi (1980)
and Poggi et al. (1982). This experiment included setting up
meteorological towers to gather wind, temperature, and radia-
tion data; taking balloon, kite, and airborne measurements
through the boundary layer; and taking blowing snow mea-
surements. It is the last of these data, which were collected at
D-47 (67°23'S 138°43'E, 1,560 meters altitude), that will be high-
lighted here. The station is some 100 kilometers from the coast-
line, the winds are strong (12.6 meters per second mean annual
value) and very constant in direction (0.94 wind direction con-
stancy). Apart from their intrinsic value, blowing snow mea-
surements are also of importance to understand the mass bal-
ance of Antarctica better, because large amounts of snow are lost
to the oceans in areas as windy as Adélie Land.

We measured the number and sizes of the snow particles
photoelectrically with a device developed by the University of
Alaska. We patterned the design after Schmidt (1977), the big-
gest design change being that not only the frequency, but also
the mean size varied linearly with the output voltage. This is
important, because the cube of the diameter must be used in the
flux calculation, and small errors in the diameter might other-
wise result in large errors in the fluxes.

Measuring the fluxes photoelectrically has the big advantage
that the air flow is not disturbed as with mechanical devices
which have been previously used in Antarctica (e.g., Budd
1966; Radok 1970; Kobayashi 1978). Further, short integration

times are possible, giving a more meaningful relation between
wind speed and flux (e.g., Tabler 1975). In figure 1, frequency
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Figure 1. Number of particles per second (frequency) and mean size
of the particles against wind speed for one specific event (1 De-
cember 1985) and one specific height (30 centimeters) at D-47, East
Antarctica.
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and size are plotted against wind speed for 4-second intervals.
It can be seen that stronger winds not only pick up more parti-
cles but also larger ones. The frequency is about 700 particles
per square centimeter per second while the size ranges between
150 and 250 nanometers. The values agree with those found by
other investigators (e.g., Schmidt 1977). Further, a visual in-
spection of the sizes was carried out in the field with the help of
a fine grid and a magnifying glass: good agreement was found.

From size and frequency (figure 1) the fluxes can be calcu-
lated, which are presented against wind speed in figure 2. A
linear relationship between the logarithm of the flux and the
wind speed was found. The flux density decreased strongly
with altitude; however, the same slope of the curves were found
for different heights. By integrating the fluxes with height, the
total flux can be determined for any specific wind speed.

In summer, when the snow blowing measurements were
carried out, the wind speed was somewhat below the annual
mean; nevertheless, drifting snow was observed about half of
the time. Drifting snow was observed with winds speeds of
about 8 meters per second; with a speed of 14 meters per second
well developed blowing snow was observed; and when the
wind speed reached 20 meters per second, visibility went down
to 20 meters.

The automatic weather station at D-47 gives us a very good
frequency distribution of the wind speed year round (figure 3).
Using these data, the total drifting snow could be calculated. A
value of about 6.3 x 10 kilograms per meter per year was
found, which is a high but credible value for this windy area.
Loewe (1970) suggested values of up to 7 x lOb kilograms per
meter per year for windy areas.

This work was supported by National Science Foundation
grant DPP 81-00161.
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Ice-forming nuclei at Palmer Station,
Antarctica

V.K. SAXENA and D.C. WEINTRAUB

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

Raleigh, North Carolina 27695-8208

Drop-freezing experiments using a large number of drops
have, in the past, been used to study heterogeneous nucleation
of water droplets. The range in observed freezing temperatures
of the drops is due to the presence of ice-forming nuclei (IFN) of
different activities in the sample. This technique applied to the
coastal environment of Palmer Station provided us, for the first
time, with an understanding of IFN involved in the hydrologic
cycle of the Palmer Peninsula. The objectives of this experiment
were first, to investigate log-normal distribution of freezing
drops and identify aerosol particulates responsible for ice nu-
cleation and, second, to find any correlation between the ele-
mental composition of IFN and the threshold freezing tem-
perature. The aerosol samples taken at Palmer Station were
analyzed using methodology by Vali (1971a, 1971b). Results
show that the range of threshold temperature is - 5°C to
- 14.3°C, with ice forming nuclei concentrations ranging from
8.5 per cubic meter to about 100,000 per cubic meter.

Much attention has been given to condensation nuclei and
cloud condensation nuclei characteristics of the antarctic con-
tinent (Hogan 1975; Hogan and Barnard 1978; Hogan 1979; and
Bigg 1980), yet the role of ice-forming nuclei are rarely analyzed.
The objective of our investigations is to study the ice-nucleating
characteristics of antarctic aerosol so that an understanding of
precipitation mechanisms could be evolved.

A submicroscopic particulate sampling as described by Sax-
ena et al. (1985) was used to collect aerosol samples on Nu-
clepore filters (47 millimeters in diameter, 0.1 micrometer pore
size). Sampling was done by the research staff of the Wash-
ington State University under the direction of Elmer Robinson
during the period from 30 December 1982 to 8 December 1983.

Each of the exposed filters was sectioned in halves and pro-
cessed according to Vali (1971b). The test thermometer was
calibrated against an accurate surface thermistor with a tem-
perature range of - 10° to 20°C. The accuracy of the temperature
readings was within 0.1°C. Each filter took approximately 25
minutes to process. Filters were exposed for a maximum period
of 9 days. Each filter is representative of the station environ-
ment. An elemental analysis of each of the filters was conducted
using an electron microscope in conjunction with an X-ray
energy diffraction spectrometer (Ruggiero 1987). IFN con-
centrations are calculated by relating the temperature at which
the droplets freeze to the ratio of the filter area covered by
droplets and relating those values to the volume of air sampled.
The correlation between chemical elements in individual drop-
lets on each of the filters and their threshold temperatures were
calculated by taking their ratio:

I' = °a (Ti)

where a = the percentage by weight of a particular element
0 the threshold temperature of the filter containing a T =
the warmest temperature at which the droplets began to freeze
during the experiment.

Differential and cumulative concentrations of ice forming nu-
clei for five of the filters are shown in figure 1. These figures
show a wide range in freezing temperatures indicating varying
freezing characteristics. The cumulative spectra shows skew
log-normal curves indicating an exponential increase of IFN with
decreasing temperature. These results do compare well with
those reported by previous investigators such as Vali (1971a),
Vali and Stansbury (1966), and Bigg (1953). Although this inves-
tigation was not intended to determine whether or not the
process is stochastic or singular in nature, the procedure used to
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Figure 1. (a). Differential spectra of four representative filters pro-
cessed via drop-freezing method. (b). Cumulative spectra of five
representative filters, which also include the integrated sum of the
spectra shown in block a.
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obtain the IFN spectra, however, was similar to that of Vali
(1971b). The singular characteristic of drop freezing, noted by
Pruppacher and Klett (1978), attributes the freezing mechanism
to the active sites and average chemical and crystallographic
properties of the particle, while the stochastic hypothesis at-
tributes it to the random manner in which the water molecules
join the clusters absorbed at active sites, forming the ice-like
germ.
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Figure 2. The ratio () of chemical elements as a function of threshold
freezing temperature. The correlation coefficients for zinc, silicone,
and potassium are 0.93, 0.96, and 0.65, respectively.

Elemental analysis showed common and not so common
elements expected in the "pristine" environment of Palmer Sta-
tion. The common elements included chlorine, aluminum, sil-
icon, calcium, and sulfur while not so common elements were
potassium, titanium, cromium, iron, cobalt, copper, and zinc.
Figure 2 shows a positive correlation between the threshold
temperatures and three chemical elements namely, potassium,
silicon, and zinc.

A Pearson product-moment correlation was performed on
the data. As a result, correlation coefficients of 0.96, 0.93, and
0.65 were computed for silicon, zinc, and potassium, respec-
tively. The straight lines are the least squares fit to the data.

Such a correlation tells us that there is a potential for these
elements, which are assumed to combine with other elements
and water as allowed by their valences, to serve as good ice
nucleants. The coastal environment of Palmer Station also lends
itself to the possible source of biogenic nuclei from the sur-
rounding ocean. Saxena (1983) has suggested evidence of bio-
genic nuclei in the Ross Ice Shelf region, in which he pointed
out a possible link between the ocean plankton and the growth
of algae in the antarctic cloud water. The implication is that
"warm" freezing temperatures initiate precipitation more read-
ily due to Find eisen-Bergeron mechanism.

The study was supported by National Science Foundation
grant DI'P 79-22058. We thank Elmer Robinson and Degmar
Cronn, and the field research staff of the Washington State
University for collecting samples of particulate matter for us.
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Atmospheric halocarbons and nitrous
oxide measurements: Palmer Station
monitoring, latitudinal gradients and

standardization

K.J. SCHILLING, D.C. DELOREY,
D.R. CRONN, and W.L. BAMESBERGER

Laboratory for Atmospheric Research
Washington State University
Pullman, Washington 99164

Latitudinal measurements. Interpretation is complete of lati-
tudinal measurements of dichlorodifluoromethane (CC1 2F2 or
F-12), fluorotrichioromethane (CC1 1F or F-li), methyl chlo-
roform (CH 3CC13)1 carbon tetrachloride (CC,), and nitrous ox-
ide (N20) made over the remote Pacific Ocean by six C-130 USAP
aircraft flights between 1976 and 1980, and one oceanographic
cruise in 1983 (DeLorey, Cronn, and Farmer in press). Spatial
and temporal distributions of these gases are important because
of their effect on climate via stratospheric ozone depletion and
their contribution to the warming of the Earth (the greenhouse
effect). Since there are no known sinks for these compounds in
the lower atmosphere other than the reaction of CH 3CC1 3 with
the hydroxyl radical (OH), they are transported to the strat-
osphere where they can be photodissociated only by ultraviolet
radiation. The resulting free radicals then catalytically destroy
ozone. Because stratospheric ozone absorbs ultraviolet solar
radiation, its depletion could alter the radiation balance and
consequently cause climatic changes (NASA 1986). These com-
pounds also absorb outgoing infrared radiation and, therefore,
contribute to the greenhouse effect in the same way as carbon
dioxide (d0 2) (wMo 1986).

Although latitude ranges varied for each flight, the maximum
range was from 80° north to 90° south. Mean mixing ratios for
the Northern and Southern Hemispheres, annual time trends,

and total atmospheric burdens have been calculated for each
gas. Lifetimes also were calculated for F-12, F-il, and CH1CC13
using observed annual growth rates, calculated total at-
mospheric burdens, and published cumulative emissions data.
Results are presented in the table.

The halocarbons showed higher levels in the Northern Hemi-
sphere than in the Southern Hemisphere (see the example for
F-il in figure 1). This result is expected since there are larger
anthropogenic emissions in the Northern Hemisphere, mainly
in the mid-latitudes, than in the Southern Hemisphere. The
halocarbons also showed a "Southern Hemispheric hump,"
where the concentrations increase from the Intertropical Con-
vergence Zone (0° to 10°N) to about 10°S, then decrease from
about 10°S to 30°S. This could be a result of large-scale transport
between the northern and southern hemispheric air masses in
the so-called Hadley cells (DeLorey et al. in press).

N20 did not exhibit a noticeable latitudinal gradient. This is
primarily due to its long atmospheric lifetime and geograph-
ically uniform emissions from predominantly natural sources
such as microbial activity in soils, freshwater, and saltwater
(wMo 1986).

Ratios of northern hemispheric to southern hemispheric mix-
ing ratios were calculated for each study. For F-12 and F-il the
ratios varied from 1.03 to 1.07 and are somewhat lower than
values reported by others. Various reasons for the lower ratios
could include:
• free tropospheric measurements by Washington State Uni-

versity vs. boundary layer measurements by others,
• mid-Pacific (Washington State University) vs. continental

measurements, and
• large latitudinal coverage (Washington State University) vs.

discrete site measurements.
Northern to southern hemispheric ratios for CH 3CC13 also

were substantially smaller than values reported by other inves-
tigators (e.g., Washington State University's value for January
1978 was 1.15 ± 0.07). In addition to these reasons, the dif -
ferences could be explained partly by the usual absence of
Washington State University data for areas north of 33°N, where
the highest concentrations occur. Northern to southern hemi-
spheric ratios for both CC1 4 and N20 were in good agreement
with measurements made by other investigators.

Results for 1976-1983 latitudinal measurements

1976-1983
	

Total
1980 Mean	 Mean annual	 atmospheric	 Atmospheric

Compound	 mixing ratioa
	

increase	 burden 	 lifetime

CCl 2 F2 (F-12)
	 285 pptvc	 6.0±0.3%/yrd	 5.81 MTe

	
174±89 yr

CCI3F (F-1 1)
	

177 pptv	 6.3±0.1%/yr	 3.95 MT
	

202±149 yr

CH3CCI3	 117 pptv	 9.0±0.9%/yr	 2.47 MT
	

14.5±2.2 yr

CCI4	 139 pptv	 3.7±0.4%/yr	 3.50 MT

N20
	

301.6 ppbvt
	

0.3±0.04%/yr	 2283 MT

a Mean of northern and southern hemispheric mean mixing ratios.
b Calculated for October through November, 1980.

Parts per trillion by volume.
Percentage per year.
Megatons.
Parts per billion by volume.
Dashes denote 'not calculated."
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F-12 and F-il increased globally at 6 percent per year and
were consistent with emission estimates by the Chemical Man-
ufacturers Association (1986). CH3CC13 mixing ratios increased
at 9.0 ± 0.9 percent per year, faster than any of the other trace
gases. CC!, increased at about 3.7 percent per year and N 20 at
about 0.3 percent per year. Although N20 increased by the
smallest percentage, it increased in magnitude faster than the
other gases (about 1 part per billion by volume for N 20 vs. about
17 parts per trillion by volume for F-12). Total atmospheric
burdens for the halocarbons and N 20 were calculated by a
method described by Rowland et al. (1982) (see table).

Palmer Station measurements. Halocarbon and N 20 time trend
calculations from 1982 to 1985 at the Clean-Air Facility at Palmer
Station, Antarctica, have been completed. These calculations
are based on the finalized data set following completeion of
quality control checks (Cronn et al. 1986; Robinson et at. 1984).
The mixing ratios were found to be increasing at annual rates of
5.87 ± 0.10 percent for F-1 1, 5.45 ± 0.10 percent for F-12, 5.31 ±
0.22 percent for CH 3CC13, 1.29 ± 0.08 percent for CCI 4, and 0.24
± 0.05 percent for N20. In general, these calculations are in
agreement with those made by other investigators.

A preliminary analysis of the weekly mean carbon monoxide
(CO) mixing ratios at Palmer Station from 1982 to 1985 is pre-
sented in figure 2. Gaps in the data are due to periods of
equipment failure or site contamination. These data, as well as
methane (CH4) and carbon dioxide (CO 2) data are currently
undergoing final quality control checks. They will be used for
time series analyses once the data have been verified.

Calibration of secondary standards. Accurate trace gas measure-
ments are dependent upon the accuracy of standards used in
their analyses. Therefore, mixing ratio values assigned to sec-
ondary standards must be periodically compared to accurately
known primary standards. Compressed gas cylinders con-
taining secondary transfer standards which had been standard-
ized by static dilution techniques and stored at Washington
State University since 1976 (Klemgard Long Term secondary
standards, KLT5) were recently compared to an NBS SRM-
(National Bureau of Standards, Standard Reference Material).

These KLT5 have been used to establish gas mixing ratios in field
standards which in turn were used for all subsequent field
measurement programs including the latitudinal gradient
study and the project conducted at Palmer Station. The NBS SRM

was certified for N 20 with a 95 percent confidence interval of
about 1 percent ( = 301 parts per billion). The SRM provided
advisory mixing ratios for F-12 ( 455 parts per trillion ± 15
percent) and F-li ( = 323 ;arts per trillion ± 13 percent). Since
the uncertainty in the SRM mixing ratio for all these gases was
greater than the statistically significant difference between the
old and newly calculated mixing ratios for the KLTs, application
of correction factors will not guarantee that the values are any
more accurate. However, if one wants to compare Washington
State University calibrations via the NBS SRM, the correction
factors needed are 0.9975 for N20,1.0073 for F-12, and 1.0699 for
F-li.

Secondary field standards used at Palmer Station and
elsewhere were also compared to the NBS SRM for CO2 and CH4.

The CO2 mixing ratio was certified with a 95 percent confidence
interval of about 0.06 percent ( = 341.5 parts per million); the
CH4 mixing ratio was advisory only ( = 1.73 parts per million
± 1.7 percent). CO2 mixing ratios calculated using the SRM
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Figure 2. Weekly mixing ratios of carbon monoxide (CO).
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agreed with the secondary standard manufacturer's suggested
value within 0.8 parts per million (about 0.2 percent), and were
not statistically different from them. For CH, the SRM calculated
value was higher than the suggested value for the secondary
standards by 1-2 percent; however, the uncertainty in the SRM
CH4 mixing ratio value would not allow reassignment to be any
more accurate. Therefore, we have not changed the secondary
standard values used for generating the CH 4 and CO2 Palmer
Station data.

The authors wish to thank Elmer Robinson, David Harsch,
Fred Menzia, Bob Stordeur, and Robert Watkins for help in
acquiring the aircraft data used for the latitudinal gradient
study. This work was supported by National Science Founda-
tion grants DPP 76-00437, DPP 77-22866, DPP 79-21003, DPP
81-18398, and ATM 83-12369. The Palmer Station monitoring
program has been supported by National Science Foundation
grants [)PP 79-21003, DPP 80-05797, and DPP 85-15752.
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Antarctic automatic weather stations,
austral summer 1986-1987

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

The automatic weather stations (Aws) in Antarctica measure
air temperature, wind speed and wind direction at a nominal
height of 3 meters above the surface, and air pressure at the
electronics enclosure. Some AWS units measure relative humidi-
ty and/or the air temperature difference between 3 meters and
0.5 meters above the surface. The AWS unit is controlled by a
microcomputer which updates the data at a nominal 10-minute
interval and transmits three to five data points for each sensor at
a nominal 200-second interval to ARGOS equipped polar orbiting
satellites.

The AWS units in Antarctica support the following studies:
• Barrier wind flow along the Antarctic Peninsula and the

Transantarctic Mountains.
• Katabatic flow down the Adélie Coast, Byrd Glacier,

Beardmore Glacier, and Reeves Glacier.
• Mesoscale circulation on the Ross Ice Shelf.
• Climatology of Byrd Station and Dome C.
• Sensible and latent heat fluxes on the Ross Ice Shelf.
• Oceanographic support.
• Meteorological support for air operations using a local user

terminal at McMurdo Station.
• Influence of Amundsen-Scott Station on the local climate.

The table gives the site name, AWS ID, location, and start date
for AWS units installed austral summer 1986-1987. Stearns and
Weidner (1985, 1986) present similar tables for 1984 and 1985.
Figure 1 shows the locations of the AWS units in Antarctica given
in the table. The open circles are units which were to be installed
during austral summer 1986-1987.

Didier Simone of Expeditions Polaires Francaises replaced
AWS 8901 with AWS 8912 at D-10 and repaired the sensor cable. At
D-47 and D-57 the AWS electronics were replaced.

The field work for austral summer 1986-1987 included visit-
ing Marilyn site to raise the tower and replace the AWS unit,
Patrick and Allison sites to exchange AWS units, Martha site to
install an AWS unit, Manuela site to replace the entire station,
and Buckle Island in the Balleny Islands to install an AWS unit.

Marilyn site was visited on 10 January 1987 using an LC-130
airplane. The inertial navigation system located the site, and the
unit was detected on radar. The aircraft ADI detected the solar-
powered beacon. The tower top was approximately 3 feet (0.9
meter) above the snow. The tower was raised 3 meters, and AWS
8915 and a radar reflector were installed. The AWS 8921 had not
been received because the Synergetics antenna was broken
internally.

On 16 January 1987 Patrick site near South Pole was visited to
remove AWS 8905 and install AWS 8901 for testing. A pressure
gauge was not installed. The tower was raised and the boom
reoriented so that the vane zero was not in the direction of the
most frequent wind.

Allison site was visited on 17 January 1987 to replace AWS 8905
with AWS 8921. Two boxes of three gel-cell batteries and a reg-
ulator were installed. The tower was reinstalled and the boom
was oriented so that zero was not in the most frequent wind
direction. The old batteries were returned to McMurdo Station
to determine their condition after 1 year at the South Pole.

Ferrell site was visited on 23 January 1987 to replace the
aerovane. The bearings had failed on the wind speed ta-
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Elevation
Longitude
	 (in meters)

	
Start date

	

139.800E
	

240
	 15 Jan 84

	

138.720E
	

1,560
	 13 Nov 85

	

137.520E
	

2,105
	 17 Nov 85

	

134.725E
	

2,500
	 11 Dec 85

	

1 23.00°E
	

3,280
	 13 Jan 83

1 20.005W
	

1,530
	

05 Feb 80

163.750E
170.80°E
168.705E
163.240E

165.030E
169.450E
179.005W
174.460E
1 74.27°W
173.425W

163.60°E

60.555W
60.920W
60.34°W
68.935W

45.000E
60.005W

166.815E

05 Feb 80
10 Dec 80
23 Jan 82
20 Feb 87

16 Jan 84
24 Jan 85
24 Jan 85
28 Jan 86
29 Jan 86
11 Feb 87

06 Feb 84

01 Jan 86
18 Feb 86
01 Mar 86
06 Mar 86

19 Jan 86
28 Jan 86
28 Jan 86

01 Feb 87

120
45

275
335?

75
60
55
60
55
18

80

17
396

91
780

2,835
2,835
2,835

200

AWS locations for 1987

Location or
name	 AWS ID	 Latitude

Purpose: Katabatic wind flow; G. Wendler, University of Alaska
D-10	 8912	 66.700S
D-47	 8914	 67.385S
D-57	 8916	 68.185S
D-80	 8919	 70.025S
Dome C	 8904	 74.500S

Purpose: Climatic record; C. Stearns, University of Wisconsin
Byrd Station	 8903	 80.00S

Purpose: NSFA Support network
Marble Point	 8906	 77.43S
Ferrell	 8907	 78.025S
Whitlock	 8913	 76.240S
Buckle Island	 8928	 66.875S

Purpose: Ross Ice Shelf network; C. Stearns, University of Wisconsin
Marilyn	 8915	 79.980S
Schwerdtfeger	 8924	 79.570S
Gill	 8925	 80.00S
Elaine	 8911	 83.15S
Lettau	 8908	 82.590S
Martha II	 8900	 78.385S

Purpose: Katabatic flows; Bromwich and Parish, Ohio and Wyoming
Manuela	 8905	 74.920S

Purpose: Barrier wind, Antarctic Peninsula; C. Stearns, U. of Wisconsin
Larsen Ice	 8926	 66.970S
Dollman Island	 8917	 70.580S
Butler Island	 8902	 72.20°S
Uranus Glacier	 8920	 71.430S

Purpose: South Pole Station influence, A. Hogan, State Univ. of NY
Clean-air fac.	 8918	 90.00°S
Patrick	 8921	 89.885S
Allison	 8901	 89.880S

Purpose: Testing
Jimmy	 8927	 77.870S

chometer. This was the first confirmed failure of a Belfort aero-
vane and the first failure of the tachometer on any aerovane. A
solar powered beacon transmitting at 235.8 millihertz was in-

0 PROPOSED
0 EX IS TING

Figure 1. Map of Antarctica showing the locations of automatic
weather station units for 1987. Bowers and Martha I are not operat-
ing properly and are not listed in the table.

stalled. On 28 January 1987 a second trip was made to Ferrell
site to install the AWS 8907 and a second beacon transmitting at
235.05 millihertz.

Tom Parish and Ken Waight arrived to help with the planned
installations on the Reeves Glacier. The trip was cancelled be-
cause of changes in the Polar Sea schedule. Instead, AWS 8927
was installed near McMurdo Station at Jimmy site on Star
Glacier for testing of a Belfort aerovane. On 2 February 1987
Weidner, Parish, and Waight returned to Christchurch. C.
Stearns boarded the Polar Sea for Science Cruise II.

A helicopter search was made for Martha site but due to
scattered clouds and the resulting poor visibility the site was not
found, so AWS 8900 was installed nearby and named Martha II.

After the Polar Sea cruise along the Ross Ice Shelf, sufficient
time remained to visit Manuela site at Inexpressible Island. The
tower was down and the second Belfort aerovane with failed
wind speed tachmoter bearings was found. The tower was
installed at a height of 1.5 meters. The boom's 180° end was
pointed up the Reeves Glacier and AWS 8905 was installed.
Another anchor to the north was put on the tower. The aerovane
wind speed failed 30 April 1987.

On the Polar Sea return trip to Sydney, Australia, AWS 8928 was
installed on Buckle Island in the Ballenys. The islands were
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Figure 2. Mean temperature, pressure, and resultant winds on the
Ross Ice Shelf for March 1987.

shrouded by clouds. Fortunately, the south end of Buckle Island
had sufficient ceiling so that a helicopter landing could be
made. AWS 8928 was installed with a boom height of 1.5
meters. The aerovane wind speed and direction had stopped
working as of I May 1987 and were operating again on 30 June
1987. The aerovane may have been covered with ice. It may be a
mistake to install any wind instrument on the Balleny Islands.

Figure 2 represents the climate summary for March 1987 for
the Ross Ice Shelf. The temperatures and sea-level pressures are
the monthly means while the wind data is the resultant wind for
the month. The outflow from the Byrd Glacier is clearly evident
at Marilyn and Schwerdtfeger sites. The higher sea-level pres-
sures near the Transantarctic Mountains support a barrier wind
flow. Initial analysis indicates that March 1987 was on the order
of 7-10°C colder over the central Ross Ice Shelf than March
1986.

This work was supported by National Science Foundation
grant DPP 86-06385.
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Upper atmosphere studies__________________

All-sky imager at the South Pole

S.B. MENDE and R.L. RAIRDEN

Lockheed Palo Alto Research Laboratories,
Palo Alto, California 94304

The Lockheed Palo Alto Research Laboratory is operating an
all-sky video imager at South Pole Station. For several years
auroral activity has been monitored by several groups at South

Pole Station. In the early years, the instrument for monitoring
auroral displays was the all-sky camera. This instrument has a
very wide field optical system, usually a "fish eye" lens, and
views directly up into the zenith. A field of view of 160_1800 is
used to record the all-sky view of the aurora. The data from this
type of camera were recorded directly on film. The film-based
all-sky camera has a limited sensitivity and auroras are recorded
sporadically when the intensity is well above visual threshold.
In the past 10 years, new types of image-intensified cameras
have been developed which can detect auroras that are much
fainter than what the eye can see. Using these types of cameras
we can see faint auroras which are present most of the time.

South Pole Station field of view
relative to auroral oval

Local magnetic noon
1530 UT

dawn
0930

dusk
2130 UT

Local magnetic midnight
0330 UT

South Pole Station all-sky camera field of view in relation to the auroral oval at four times of day. ("UT" denotes "universal time?')
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Some understanding of the large-scale auroral morphology
has also evolved in the past decade. Some of the advances were
made by satellite-borne imagers which can photograph the
entire auroral regions. From satellite and ground-based studies,
it has become evident that the polar cap which is surrounded by
the auroral regions is an important zone of activity. This activity
appears to be quite intensive when the lower latitude and the
conventional auroral regions are quiet. This behavior has been
associated with the directional properties of the interplanetary
magnetic field. When the interplanetary field is northward
directed, then the polar caps shrink and the optical auroral
activity level in the polar cap appears to increase.

In the figure we illustrate the position of the auroral zone, the
polar cap, and the location of South Pole Station during four
periods during the day. The solar direction is toward the top of
the figure. The circle around the station represents the size of
the all-sky field of view in relation to the polar cap and the
antarctic continent. The upper illustration shows South Pole
Station located at magnetic midday. At this time the auroral oval
is often magnetic poleward but still within the field of view. This
configuration is ideal for studying auroral dayside phenomena.
During the austral winter there is continuous darkness at South
Pole permitting the optical investigation of polar cap activity
over the entire diurnal period. The figure on the right repre-
sents the situation 6 hours later at magnetic dusk. The auroral
oval is generally overhead as it crosses from the poleward side
to the equatorward side. In the bottom picture the local magnet-
ic midnight situation is illustrated. At this time the quiescent

auroral oval is invariably equatorward of the station at South
Pole.

Using data from prior years, we are studying the properties of
the midday aurora, its movements, and whether those move-
ments correlate with magnetic field changes in the magne-
tosphere. We are also comparing the simultaneous behavior of
the aurora at the magnetically conjugate region in the Northern
Hemisphere. A particularly interesting auroral feature is the
sun-aligned arc. Sun-aligned arcs are usually located in the
polar cap and are assumed to be associated with plasma flows in
the polar cap regions of the magnetosphere which are es-
pecially strong during periods of northward interplanetary
magnetic fields.

To simplify the data collection and data analysis a new system
was installed at South Pole Station in January 1987. This system
consists of a monochromatic (filtered) image-intensifier, charge-
coupled device (CCD) imager. The CCD is cooled so that long time
exposures can be taken. The images are read out as a video
signal and are recorded on videotape. The video can also be
displayed in real time at the station and the station crew can
observe the local auroral display on an appropriate video
monitor. The new type of video data will speed up data analysis,
because the video data can be handled much more conveniently
than the film data taken in prior years.

The Antarctic Auroral Imaging program at the Lockheed Palo
Alto Research Laboratories is being supported by National Sci-
ence Foundation grant DPP 86-00018.

A preliminary search for evidence of
flux transfer events seen in the

ionospheric electric field above the
south geographic pole

EDGAR A. BERING, III, JAMES R. BENBROOK,

and GREGORY J . BYRNE

Physics Department
University of Houston at University Park

Houston, Texas 77004

The ionospheric electric field data set that was obtained by the
1985-1986 South Pole balloon campaign is being searched for
evidence of the ionospheric signature of flux transfer events (FTE
s). The objective of the search is to compile a list of events that
can be compared with the various competing models of FTE
ground signatures. This paper will present 6 hours of data
centered on local magnetic noon on 7 January 1987. At least
three candidate events can be seen in these data.

Magnetic reconnection is the dominant process whereby the
solar wind provides energy and plasma to the magnetosphere.
Spacecraft data have provided evidence that reconnection at the
dayside magnetopause is a sporadic process (Russell and Elphic

1978, 1979). These apparent bursts of intermittent reconnection
have been called flux transfer events (Fibs).

FTEs have been intensively studied since their discovery
because of their importance in elucidating the plasma physics of
the magnetopause. The search for ionospheric signatures of FTE

s has become a major topic of research in the last 2-3 years
(Goertz et al. 1985; Lanzerotti et al. 1986; Siscoe and Lockwood
1986; Southwood 1987). Establishing clear evidence for ground-
or balloon-based detection of ionospheric FTE signatures is im-
portant, because it will enable the development of much better
statistics on FTE rates and the relative contributions of FTE5 and
quasi-steady reconnection. In addition, the physical details of
the signatures will give some insight into the plasma physics
both of the FET process and into the effect that this process is
having on the low-altitude ionosphere near the polar magne-
tospheric cusp.

The data that will be used for this study were obtained during
the 1985-1986 South Pole balloon campaign (Bering et al. 1986).
During this campaign, eight stratospheric balloon payloads
were launched from Amundsen-Scott Station, at the South geo-
graphic pole. The payloads were instrumented with three-axis,
double-probe electric field detectors and X-ray scintillation
counters. In fair weather, a balloon at 30 kilometers altitude in
the stratosphere measures the 100-kilometer 1-second averages
of the horizontal ionospheric electric field (Mozer and Serline
1969). Intense fields associated with features that have a scale
size smaller than 100 kilometers will be detected with some
attenuation. The South Pole Station cusp lab was in normal
operation during this campaign. The cusp lab instrumentation
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includes a fluxgate magnetometer, whose data output will also
be used in this study.

A model of the electric field in the ionospheric wake of an FTE

has been developed (Siscoe and Lockwood 1986). This model
suggests that a reconnected flux tube will produce a two-dimen-
sional electric dipole that convects poleward from the noon
sector auroral oval. The exact signature observed will depend on
the relative location of balloon and flux tube. However, near
noon, FTE5 passing directly overhead will appear as spike-type
or pedestal-like features of approximately 20-100 millivolts per
meter amplitude and a few minutes duration in the eastward
component of the field. (Eastward electric field corresponds to
poleward flow in the Southern Hemisphere.) Similarly, Lan-
zerotti et al. (1986) have presented a model of the expected
ground-based magnetic signature of an FTE. Again, a short,
spike-type signature is expected, characterized in particular by
a unipolar variation in the vertical component.

Several possible examples of ionospheric FTE signatures are
shown in the figure. This figure shows 6 hours of data begin-

SOUTH POLE BALLOON CAMPAIGN
University of Houston

Flight 7

W	-200

Z	-zoo

7\ 200
12M	 1400	 1600

UNIVERSAL TIME, 7 JANUARY 1986

The top three panels show 2-minute averages of the variations in the
geomagnetic field observed at South Pole. The next two panels
show 30-second averages of the two horizontal components of the
ionospheric electric field measured by the payload on balloon flight
7 plotted in Earth-fixed geomagnetic coordinates (poleward is paral-
lel to the local declination). The bottom panel shows the greater than
15-kiloelectronvolt X-ray counting rate observed on the balloon
payload. The figure shows six hours of data plotted as a function of
universal time on 7 January 1986.

fling at 1130 universal time on 7 January 1986. The figure shows
six panels of data. From bottom to top, the panels show the
greater than 15-kiloelectronvolt X-ray counting rate, the geo-
magnetic eastward component of E, the geomagnetic poleward
component of E (all three from the balloon), and the Z, D, and H
components of the perturbations in B measured on the ground
at South Pole. The magnetic data show at least three candidate
events, at 1305, 1445, and 1550 universal time. The first and
third of these events are accompanied by the expected large
pedestals in the electric field. The 1445 universal time event is
accompanied by a much weaker electric signature. However,
this middle event occurs during a period of enhanced X-ray
counting rate. It is therefore likely that enhanced ionospheric
conductivity produced by this precipitation has shorted out this
expected signature.

The balloon electric field data obtained at South Pole during
the 1985-1986 campaign apparently contain evidence of
ionospheric signatures of FTE5. A preliminary survey of six of
the eight flights has revealed several dozen candidate events. A
formal, hypothesis-test-based search of the full six-component
E and B data set is planned.

We are deeply obliged to L.J. Lanzerotti of AT&T Bell Laborato-
ries for use of the cusp lab magnetometer data, a copy of which
was provided to us by David Matthews of the University of
Maryland. We are indebted to Jeffrey Theall and Liao Bing for
their invaluable assistance in data reduction.

This research was supported by National Science Foundation
grant DPP 84-15203.
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Balloon measurements of energetic
electron precipitation in the vicinity of

South Pole Station

D.L. MATFHEWS and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

E.A. BERING, III, and J.R. BENBROOK

Physics Department
University of Houston
Houston, Texas 77004

The first balloon measurements of electron precipitation over
the geographic south pole were made between 15 December
1985 and 16 January 1986 with launches from South Pole Sta-
tion. This work was part of a University of Houston/University
of Maryland campaign. The University of Houston measured
electric fields on all eight payloads and bremsstrahlung X-rays
on four, while the University of Maryland measured X-rays on
the other four payloads.

This article emphasizes data on precipitating electrons de-
duced from X-ray measurements made by the University of
Maryland on 2 and 3 January, 1986, a geomagnetically active
period. The instrument was identical to that used in previous
campaigns, consisting of a sodium-iodide scintillator, 7.6 cen-
timeters in diameter, mounted integrally with a suitable pho-
tomultiplier. The scintillator had a 25-micron beryllium window
and was otherwise unshielded. Energies from 25 to 500 kilo-
electronvolts were measured in seven differential channels and
an integral channel.

The observed X-rays are produced by electrons precipitating
into the atmosphere at altitudes far above the balloon. As these
electrons strike molecules in the atmosphere at altitudes above
70 kilometers, they lose energy by a variety of processes, some
of which (photoelectric absorption, for example) produce X-
rays. These X-rays, categorized as bremsstrahlung (braking ra-
diation), are much more penetrating than the electrons and can
reach the balloon altitude of about 30 kilometers, where they are
detected and used to deduce the precipitating electron spec-
trum using thick-target bremsstrahlung theory.

We first consider correlated data during a period of intense
prenoon precipitation. Figure 1 shows balloon data together
with ground-based data obtained at South Pole Station. Local
magnetic noon is 1530 universal time. Observed precipitation is
on closed magnetic field lines and is of the type known as
dayside aurora. The local-time period within a few hours of
magnetic noon corresponds to the magnetospheric region
known as the cusp, where the Earth's magnetic field lines curve
steeply away either toward the geomagnetic pole or toward the
equator. The cusp is a transition region between auroral phe-
nomena (relatively energetic electron precipitation) and polar-
cap phenomena (less energetic electron precipitation). South
Pole Station is close to the average cusp latitude, but the cusp
may not have been overhead at South Pole at the time of observa-
tion.

Correlation among all the data is clearly evident. This is also
true of the balloon electric field data, which are not shown.

South Pole	 X rgys 45-65 keV

S/se:

South Pole	 :50.0 MHz Riomeer

(dB)

South Pole	 Magnetometer H500	 F

nT

Frobisher Bay	 Marietometer H

nT

-loo L	 L__ L	 ____L - ----- i_j
12	 13	 14	 15

UT, Jan 2, 1986

Figure 1. Some correlated data from a balloon, from South Pole
Station and from the magnetically conjugate station Iqaluit (for-
merly Frobisher Bay). ("Ctslsec" denotes "counts per second."
"Abs" denotes "absorption." "keV" denotes "kiloelectronvolt."
"dB" denotes "decibel:' "MHz" denotes "megahertz." "nT" denotes
"nanotesla." "UT" denotes "universal time:')
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Figure 2. A hard electron precipitation event near 1000 universal
time. Peaks mentioned in the text are marked with arrows. ("CtsI
sec" denotes "counts per second:' "keV" denotes "kiloelectron-
volt:' "UT" denotes "universal time:')
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Power-spectrum analysis shows several well-defined periods in
the range 1.4 to 16 minutes (13 to 1.0 millihertz). Such correla-
tions have been previously reported by others, but simul-
taneous data on electric and magnetic fields and electron pre-
cipitation are rare and valuable since they can be used to
identify the kinds of waves that are propagating in the magne-
tospheric plasma.

We have found several examples of very hard—relativistic-
electron precipitation, one of which is shown in figure 2. Shortly
before 1000 universal time the flux in all channels up to and
including the 250-500 kiloelectronvolt channel is visibly above
background. The maximum e-folding or characteristic energy at
this time is 150 kiloelectronvolts; 200 kiloelectronvolts or more

has been observed in other events. To our knowledge this is the
first observation of such hard precipitation at so high a latitude,
although it is not uncommon in the auroral zone at L-values
below 8. Figure 2 further exhibits marked dispersion, that is, the
25-45 kiloelectronvolts electrons peak about 10 minutes later
than the 250-500 ones, while intermediate energies peak at
intermediate times. From the dispersion one can deduce that
some of the observed electrons have drifted in longitude from
an injection region, the more energetic electrons drifting faster.
A rough estimate shows the injection region to have been
around midnight local time, corresponding to an auroral event.

This work was supported in part by National Science Founda-
tion grant DPP 86-14457.

Relationships of high-latitude
geomagnetic variations to

interplanetary plasma conditions

A. WOLFE

New York City Technical College
City University of New York
Brooklyn, New York 11201

and
AT&T Bell Laboratories

Murray Hill, New Jersey 07974

L.J. LANZEROTTI, C.G. MACLENNAN, and
L.V. MEDFORD

AT&T Bell Laboratories
Murray Hill, Nezv Jersey 07974

As an extension of the United States program at South Pole
Station to study in detail the southern magnetospheric cusp
region, we have initiated geomagnetic studies at Iqaluit (for-
merly Frobisher Bay), Baffin Island, Northwest Territories, Can-
ada. This location is approximately geomagnetically conjugate
to South Pole Station under quiet geomagnetic conditions. Both
sites are just inside the equatorward boundary of the dayside
magnetospheric cusps in their respective hemispheres (see, for
example, Wolfe et al. 1986). This research includes studies of the
conjugacy of geomagnetic activity at these high latitudes, stud-
ies of the conditions under which conjugacy breaks down, and
the relationship of geomagnetic variations to energy sources in
the interplanetary plasma. This article outlines some recent
work related to this last topic.

In both hemispheres, variations in the magnetic field are
measured with fluxgate magnetometers over the range from 0.0
to approximately 0.5 hertz. The field variations are measured in

three orthogonal components: geomagnetic north-south (H-
component), geomagnetic east-west (D-component), and ver-
tical (V-component). At each site the field components, together
with system performance parameters, are digitized and written
in computer-compatible format on magnetic tape. Instrument
noise level is approximately 0.2 nanoteslas; the digitization in-
crement is equal to 0.06 nanoteslas. The magnetic field data are
analyzed using a number of statistical techniques, including
power spectra analysis.

Presented here are the results of a study of hourly power
spectra computed for the H-component magnetic field data
acquired at both South Pole and Iqaluit for the 30-day interval 17
July to 15 August 1985. After computing the spectra, the geo-
magnetic power is calculated over several different bandwidths
corresponding, roughly, to frequencies related to hydromag-
netic waves in the Earth's magnetosphere. These power levels
are then correlated with various interplanetary plasma param-
eters in order to ascertain possible associations of the power
with interplanetary energy sources.

The figure shows that a significant linear relationship is found
between ultra-low-frequency broadband power in the Pc 3-5
frequency range (approximately 0.0017-0.05 hertz) observed
during local daytime hours at both Iqaluit and South Pole and
the solar wind speed. The vertical axes represent hourly mag-
netic energy densities integrated over the broad period bands
150-600 seconds (Pc 5-left panel) and 20-30 seconds (in the Pc 3
range-right panel). These results are for H-component data
acquired during local day hours 10-21 universal time (magnetic
local noon is approximately 1530 universal time) for nearly I
month of simultaneous data. Solar wind speeds were recorded
by instrumentation on the IMP8 spacecraft (located in the up-
stream region). Hourly averages of 1-minute values of these
data are plotted on the horizontal axes.

Similar predictive equations (indicated in each panel) are
found for the two high-latitude conjugate stations. The linear
correlation coefficient r 0.4 is significant beyond the 99.9
percent confidence level for the number N = 140 data points
used. These conjugate results further substantiate the earlier
single station South Pole results using a 3-month data set from
1982 as shown in figures 4 and 7 of Wolfe et al. (1987). It is
concluded that near cusp latitudes one dominant source is
responsible for dayside ultra-low-frequency broadband power
regardless of frequency range, unlike the conclusions reached
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from lower latitude investigations (e.g., Wolfe, Lanzerotti, and
Maclennan 1980). These cusp results suggest strongly that a
field line resonance mechanism, excited by a shear-flow in-
stability which involves the flow of the solar wind around the
magnetosphere, such as the Kelvin-Helmholtz instabliity, is the
dominant source of hydromagnetic energy (Wolfe et al. 1987;
Yumoto et al. 1987).

Extensive work is in progress to understand further and
extend this work to other seasons and to occasions of occur-
rence of distinct monochromatic waves.

The Division of Polar Programs, U.S. National Science Foun-
dation, provided logistics support for the South Pole measure-
ments and partial support under grant DPP 83-18031 to New
York City Technical College. We would like to thank C. Lessard
for assistance with station maintenance at Iqaluit.
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Cosmic noise absorption and
ionospheric currents at the South Pole

and Frobisher Bay: Initial results
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Studies of the conjugacy of auroral and ionospheric phe-
nomena at very high latitudes are an important aspect of mag-
netospheric physics research. The extent to which auroral
phenomena in opposite hemispheres are similar in occurrence
and in the details of their temporal, spatial, and spectral charac-
teristics can be used to infer the commonality of the source(s) of
the disturbances. At one extreme in this consideration is the
question of whether sources lie on open or closed magnetic field
lines.

At geomagnetic latitudes above 700, magnetic field lines may
be open or closed, the spatial extent in latitude of the two
regions being dependent on the level of geomagnetic distur-
bance, and thus on the state of the interplanetary medium.
Because the offsets from the planetary spin axis of the geomag-
netic poles are different in the two hemispheres, there are few
ground locations at very high latitudes where conjugate mea-
surements can be made. One such pair of stations is
Amundsen-Scott South Pole Station in Antarctica and Frobisher
Bay (renamed Iqaluit) in Canada.

The University of Maryland and AT&T Bell Laboratories have
operated riometers and fluxgate magnetometers, respectively,
at South Pole since 1982. Corresponding measurements at Fro-
bisher Bay were begun in mid-1985. Riometers record the ab-
sorption of cosmic radio noise in the ionosphere produced by
the enhanced precipitation of energetic charged particles. The
studies of the riometer data relate mainly to the effects of the
influx of magnetospheric electrons, which give rise to auroral
absorption of the cosmic signals. Intense currents (electrojets)
that often flow in the ionosphere in association with aurora!
absorption events produce magnetic field changes that can be
recorded on the ground by appropriately sited magnetometers.

This report presents some initial results of the comparison of
the two data sets. A previous study some two decades ago of the

conjugate properties of auroral absorption events at these two
sites was reported by Hargreaves and Chivers (1965). These
authors noted that auroral absorption events had many points
of similarity but also significant differences. The advantages of
the present-day measurements are that the riometer operating
frequencies are the same (30 megahertz) in both hemispheres,
the data are obtained on digital magnetic tape at high time
resolution (1 second), and the fluxgate magnetometer records at
both sites aid in interpreting the observed phenomena.

Of particular interest in this article is the activity that occurs
during local geomagnetic night. Events in this magnetic local
time sector typically have sharp onsets and durations of order
30 minutes or less. A previous analysis of South Pole data
(Hones, Rosenberg, and Singer 1986) has shown that such
occurrences can be interpreted as surges of auroral activity from
the auroral zone into the polar cap following the expansive
phase of magnetic substorms.

Often such disturbances are evident in both hemispheres
with near simultaneous onset and similar temporal details, as
shown in figure 1 for data between 00 and 06 universal time on
28 July 1985. Local magnetic midnight at South Pole (Frobisher
Bay) is about 0330 (0400) universal time. Sometimes the onset
and time of maximum absorption of generally similar events
occur several minutes later in one hemisphere. Almost invaria-
bly in the latter cases, the events occur at pre-midnight local
times and are recorded first at South Pole, suggesting that
Frobisher Bay is located magnetically poleward of the South
Pole conjugate point at such times.

Events that are observed in one hemisphere only are also
found to occur on the nightside, particularly in the dusk-to-
midnight sector. Figure 2 (top panel), for example, shows ab-
sorption observed at South Pole between 22 and 24 hours uni-
versal time on 26 August 1985 in the absence of any correspond-
ing activity at Frobisher Bay. Examination of the fluxgate magne-
tometer recordings (lower three panels) reveals that there is a
similar striking asymmetry in the ionospheric horizontal dcc-
trojet current flow at the two sites. These data are indicative of
an absence of magnetic conjugacy.

In the absence of any other data, the hemispheric asymmetry
in the absorption occurrence could be attributed to the pre-
cipitation region in the north being located just outside the field
of view of the Frobisher Bay riometer, since the auroral struc-
tures are likely to be discrete arcs of narrow spatial extent and
the zenith-directed riometer fields of view correspond to an
area of approximately 115 kilometers diameter at a height of 100
kilometers. However, if similarly intense electron precipitations
were occurring in both hemispheres, but just outside the field of
view of the riometer in one hemisphere, then the fluxgate
magnetometer data at both sites should show comparable evi-
dence of the intense electrojets that would undoubtedly be
flowing. No such evidence is apparent in the magnetic varia-
tions recorded at the South Pole and Frobisher Bay for this event
(see figure 2).

The ionospheric absorption event at South Pole was accom-
panied by a large magnetic perturbation, approximately 800
nanoteslas negative bay in the H (horizontal)-component,
caused by a westward electrojet that was centered approx-
imately above the South Pole shortly after 23 hours universal
time. However, there is no evidence of a corresponding electro-
jet within 5 degrees of Frobisher Bay, the approximate range of
the magnetometer measurement given the observed responses
and assuming comparably intense thin horizontal line currents
flowing at a height of about 100 kilometers. Similar magne-
tometer responses were obtained for all other cases when ab-
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Figure 1. Cosmic noise absorption and magnetic variations recorded in opposite hemispheres at sites located nominally on the same
geomagnetic field line. Local magnetic midnight is at 0330 universal time. The events, observed simultaneously and with similar features at
both sites, are illustrative of close conjugacy. ("dB" denotes "decibel." "Abs" denotes "absorption:' "MHz" denotes "megahertz:' "nT" denotes
"nanoteslas," "UT" denotes "universal time:')

sorption was recorded in one hemisphere only. Thus, these
cases are evidence of nonconjugate electron precipitation (per-
haps occurring on open field lines) and/or of severe distortion of
the magnetic field line topology.

Further studies of the conjugacy of electron precipitation and
ionospheric currents are in progress, including investigations
of phenomena characteristic of the local daytime sector. Absorp-
tion events occurring on the dayside typically last for several
hours and occur at both the South Pole and Frobisher Bay with
generally similar characteristics. The absorption is often larger
in one hemisphere, but this amplitude asymmetry can switch
within a given event. The most distinguishing feature of the
dayside observations is the appearance of long-period (5-15-
minute) variations.

This work was supported in part by National Science Founda-
tion grants DPP 86-10061 and DPP 83-04844 to the University of

Maryland and by grant DPP 83-18031 to New York City Technical
College of the City University of New York. We thank the
Division of Polar Programs for logistics support at South Pole
Station, C. G. Maclennan, L. V. Medford, L. Lutz, and D. Detrick
for technical assistance, and C. Lessard for assistance with
station maintenance at Frobisher Bay.
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Bursts of Pc 1-2 related to flux
transfer events
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Instances of sporadic reconnection of geomagnetic and inter-
planetary magnetic field lines have been measured by space-
craft passing through the dayside magnetopause region
(Russell and Elphic 1979; Rijnbeek et al. 1984). The ionospheric
signature of the reconnection events (flux transfer events) is a
topic of current interest in that if one is evident then ground
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Figure 1. Summary plot broadband data from Sondre Stromfjord,
Greenland, (top panel) and South Pole, Antarctica (bottom panel).
Divide the South Pole volts by 12.5 to convert to nanotesla-hertz.

magnetic field data can be used to monitor the rate of dayside
reconnection and conditions under which it occurs in a manner
not possible with rapidly moving spacecraft. The proposed
ground magnetic signature of a flux transfer event (L1TE) is a large
amplitude one-cycle Pc 5 (150-600 second period) pulse pro-
duced by a large vortex of ionospheric Hall current generated by
the field-aligned current in the helical flux tube that has recon-
nected (Lee 1986). The intent of this article is to provide further
data on the possible ground magnetic signatures of FTE
(Lanzerotti et al. 1986) as measured by the induction antennas
that the University of New Hampshire and the University of
Minnesota have operated at high latitudes in the Antarctic and
Greenland. With a high-frequency cut-off of 5 hertz, the induc-
tion magnetometers can measure Pc 1-2 waves (0.1-5.0 hertz)
which cannot be seen by fluxgate instruments. Indeed, Pc 1-2
waves are frequently observed on the ground coincident with
the Pc 5 FTE signature which provides some interesting new
perspectives on these events.

The top panel of figure 1 contains broadband pulsation,
three-axes, data from Sondre Stromfjord, Greenland, while the
bottom panel gives the X- and Y-axis data from South Pole,
Antarctica. Note that these two stations are almost 2 hours in
local time or over 3,000 kilometers out of magnetic conjugacy,
yet the large 1-cycle FTE event is observed at both sites. The
coincident Pc 1-2 waves are the darkened portions of the trace in
figure 1 and in the time-expanded presentation of figure 2 are
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Figure 2. Expanded time-scale plot of data in figure 1.
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the very monochromatic, high-frequency waves. In a prelimin-
ary statistical analysis of FTE in our data set, we find that over a
period of 180 days they occur on an average of one every other
day. This average does not include magnetically disturbed days
when the FTE signature cannot be easily identified. The Pc 1-2
occurs coincident with about 80 percent of the FTE events and
the FTE are simultaneous at Sondre Stromfjord and the South
Pole about 20 percent of the time.

It is generally believed that the Pc 1-2 hydromagnetic waves
are the result of hot ions being in cyclotron resonance with the
waves. To produce the Alfven-mode wave, the resonance oc-
curs when the ions move in opposite directions to the wave and
doppler shift the wave frequency up to the local ion gyrofre-
quency. The 0.2 hertz waves seen in figure 2 require protons on
the order of a kiloelectronvolt energy for magnetopause
strength magnetic fields. Cusp ions of this energy have been
observed by sounding rockets (Carson and Torbert 1980), and
by low-altitude and mid-altitude satellites (Reiff, Hill, and Bur-
ch 1977); Burchet al. 1982). The question that our data raises is
this: Can the ion cyclotron resonance mechanism work on open
field lines to produce the very monochromatic Pc 1-2 observed
at opposite hemisphere sites that are quite removed from nomi-
nal magnetic conjugacy? An alternative explanation for the pre-
sumed FTE events is that they may be a result of solar wind
pressure impulses on the magnetopause which is well known to
result in the generation of Pc 1-2 waves throughout the
magnetosphere.

This research was supported by National Science Foundation
grant DPP 86-13272.
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Stellar photometry with the South Pole
optical telescope

KwAN-Yu CHEN, JOHN P. OLIVER, and F. BRADSHAW WOOD
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University of Florida

Gainesville, Florida 32611

The primary objectives of this research project are to use the
unique location of the South Pole to obtain long runs of continu-
ous observations of certain variable stars which are best suited
for observation from the Pole and to obtain a comprehensive
evaluation of the South Pole as a site for a nighttime optical
astronomical observatory.

The South Pole optical telescope, installed at the Amundsen-
Scott Station in 1986, began its second year of winter operation
in April 1987. The telescope building is shown in figure 1, and
the twin-mirror head on top of the roof is shown in figure 2. The
1986 observation, with -y 2 Velorum (a Wolf-Rayet binary) as the
principal program star, ended in September when the sky be-
came too bright for the star to be located. The variation of the
emission lines in the star system, Hell >4686 and CIII >5696, is
being studied. Figure 3 shows part of the result which is a plot of
the photometric intensities of these emission lines, in corn- Figure 1. The South Pole optical telescope building.
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parison with X4768 of the continuum, as observed with optical
interference filters on 3 July 1986.

Modification on the altitude-motion mechanism was made by
the field team in January 1987. The first set of 1987 observations
was made also on -y2 Velorum. These photometric data have
already been transmitted to the University of Florida via the
satellite-computer link for detailed analysis.

This work was supported in part by National Science Founda-
tion grants DPP 84-14128 and DPP 86-14550.
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Identification of the lightning sources
of whistlers
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The dispersed very-low-frequency (VLF) signals called whis-
tlers that originate in lightning flashes and propagate from
hemisphere to hemisphere along the Earth's magnetic field
lines have proved to be a powerful means of remotely probing
the properties of the plasma near the equatorial plane of the
magnetosphere (e.g., Park and Carpenter 1978). Much can be
learned from whistlers in the absence of information about the
location and strength of their lightning sources. The energy
from the flash initially spreads in the spherical cavity between
the Earth and the bottom side of the ionosphere at about 80
kilometers altitude, but propagation delays on the path seg-
ments that precede penetration of the ionosphere are small
compared to those that develop within the ionized medium
above. Recently, however, it has become possible to correlate
whistler observations with data from lightning detection net-
works, and thus expand the number of questions that can be
addressed. Among these are broad questions concerning the
contributions of lightning to magnetospheric wave activity and
to the scattering of energetic particles from the Earth's radiation
belts.

Two initial case studies have been performed in which broad-
band recordings of whistlers and VLF magnetospheric noises at
Siple Station, Antarctica, and at the magnetically conjugate
station Lake Mistissini, Canada, were compared with results
from the lightning detection network operated in the eastern
U.S. by the State University of New York at Albany (Orville,
Henderson, and Bosart 1983). It was found that roughly one half
of the whistlers detected could be correlated on a one-to-one
basis with cloud-to-ground flashes detected by the lightning
network. The occurrence of uncorrelated whistlers was at-
tributed to several factors yet to be assessed, including excita-
tion by intracloud flashes (which are not identified by the net-
work) and excitation by flashes outside the network field of
view.

In both of the initial case studies, whistlers were found to
propagate most efficiently on a magnetospheric path with
ionospheric endpoints at the approximate latitude of dashed
curve A in the figure and thus near the latitude of Lake Mis-
tissini and Siple. Multihop echoing back and forth along this
path was observed. However, in one case the correlated light-
fling flashes were located near the Canadian border, at a dis-
tance on the order of 600 kilometers from the endpoints of the
principal path, while in the second and correlated lightning
occurred near the Gulf coast of Florida, roughly 2,000 kilo-
meters away. In this second case, illustrated by the map of the

figure, a phenomenon occurred which can now be understood
better as a result of the lightning data.

Typical locations of the correlated flashes are shown by dots
on the map. It was found that while the lightning excited whis-
tler paths with endpoints distributed in latitude between curves
A and B in the figure, the path that was initially excited most
strongly began near latitude B, as might be expected from
considerations of proximity to the flash. Following propagation
to the Southern Hemisphere along this lower-latitude path, the
energy became coupled during the process of ionospheric re-
flection (Smith and Carpenter 1982) onto the much longer,
higher latitude path with endpoints at latitude A, and then
proceeded to echo back and forth several times. This remark-
able case illustrates a mode in which, through coupling between
paths, it is possible for lightning to illuminate large portions of
the magnetosphere.

The work at Stanford was supported by National Science
Foundation grants DPP 83-17092, DPP 83-18508, and DPP

86-13783.
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Map showing the location of the whistler receiver at Lake Mistissini,
Canada, (LM) and the locations along the Gulf coast (dots) of light-
ning flashes that were correlated on a one-to-one basis with whis-
tlers received at LM. The curves for various values of L represent the
locations at 100 kilometers altitude of geomagnetic field lines which
at maximum altitude extend to 2, 3, and 4 earth radii from the Earth's
center. Dashed curves at A and B indicate the ionospheric endpoint
latitudes of field-aligned whistler paths discussed in the text. The
energy from lightning may be visualized as spreading widely over
the Earth and thus illuminating from below (with spatially varying
amplitude) large regions of the ionosphere.
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ISIS-11 satellite observations during
Siple Station very-low-frequency wave-

injection experiments

T.F. BELL and J.P. KATSUFRAKIS

Space Telecomin u nications and Radio Science Laboratory
Stanford University

Stanford, California 94305

One of the critical scientific objectives of space plasma physics
is to understand the processes that couple distinct parts of the
Earth's plasma environment, such as the solar wind, magne-
tosphere, ionosphere, and upper atmosphere. An important
source of coupling between the magnetosphere, ionosphere,
and upper atmosphere is the flux of energetic particles which
are precipitated from the Earth's radiation belts through interac-
tions with both natural and manmade very-low-frequency (VLF)

waves.
One of the main goals of the Siple Station VLF wave-injection

experiments is to obtain an understanding of wave-particle
interactions by performing controlled studies in which VLF

waves are injected into the magnetosphere and radiation belts
and in which measurements of the wave and particle properties
during the interactions are carried out both on the ground and
in space (Helliwell and Katsufrakis 1974). An important compo-
nent of these experiments has been the support provided by
various satellites, such as Explorer 45 (United States), Exos-B
(Japan), ISEE-I (United States), isis-i (Canada), isis-il (Canada),
and DE-i (United States). Correlative data from these satellites
have been used to determine the characteristics of the injected
waves and energetic particles in the ionosphere and magne-
tosphere, and to establish the importance of coherent whistler-
mode waves in magnetospheric wave-particle interactions (Bell,
man, and Helliwell 1981; Bell et al. 1983a, 1983b; Bell, Kat-
sufrakis, and James 1985; Kimura et al. 1983; Rastani, man, and
Helliwell 1985; Sonwalkar and Inan 1986).

In the coming austral summer (November 1987 to February
1988), isis-li spacecraft observations will be carried out during
Siple Station wave-injection experiments as part of a joint inter-
national research effort involving workers from the Stanford
University STAR Laboratory, the Canadian Communication Re-
search Center, the Japanese Research Institute of At-
mospherics, Radio Research Laboratory, and National Institute
of Polar Research.

One of the goals of this study is to understand a newly
discovered phenomenon in which high-amplitude electroststic

waves are stimulated by electromagnetic VLF whistler-mode
waves propagating at low altitudes (less than 8,000 kilometers)
(Bell and Ngo in press a). This phenomenon is very common at
all latitudes, and theoretical models (Bell and Ngo in press b)
indicate that the electrostatic waves are stimulated when the
input electromagnetic waves scatter from small scale (less than
100 meters) magnetic-field-aligned plasma density irreg-
ularities. It is believed that the stimulated electrostatic waves
produce enhanced pitch angle scattering of energetic radiation
belt particles, resulting in enhanced particle precipitation. The
precipitated flux produces plasma density enhancements in the
ionosphere, and upward diffusion of thermal plasma from the
regions of enhanced ionospheric plasma density creates addi-
tional magnetic-field-aligned plasma density irregularities in
the magnetosphere. Thus, a feedback system is established
which tends to maintain plasma density irregularities and
which provides coupling between the magnetosphere,
ionosphere, and upper atmosphere.

An example of the electrostatic wave stimulation phe-
nomenon is shown in the figure. This data was acquired on the
isis-il spacecraft at a time when the subsatellite point was within
1,000 kilometers of Siple Station. The upper spectrogram of
panel a shows six swept-frequency transmissions from the Si-
plc Station transmitter as observed on the spacecraft. The lower
part of a shows the signals as transmitted atSiple. Because of the
presence of stimulated electrostatic waves, the bandwidth of the
received signals lies in the range 200-500 hertz, approximately
two orders of magnitude larger than the nominal bandwidth of
the transmitted signals.

The upper part of panel b shows six swept-frequency trans-
missions from Siple at a slightly later time when no electrostatic
waves were stimulated. The lower part of b shows the signals as
transmitted at Siple. It is clear that the bandwidths of the trans-
mitted and received signals are comparable. Theory (Bell and
Ngo in press b) indicates that the electrostatic waves can be
stimulated only when the frequency of the input wave is greater
than the local lower-hybrid-resonance (LHR) frequency
(Laaspere, Johnson, and Semprebon 1971). This requirement is
satisfied for the data shown in the upper spectrogram of panel a,
where the measured local LHR frequency is less than 3 kilohertz.
However, the requirement is not satisfied for the data shown in
the upper spectrogram of panel b, where the measured local
LHR frequency is higher than the frequency of the Siple trans-
mitter pulses.

Wave injection experiment planned for the 1987-1988 austral
summer will improve our understanding of the electrostatic
wave stimulation phenomenon and the magnetospheric-
ionospheric upper atmospheric coupling which results from it.

This research was supported in part by National Aeronautic
and Space Administration grant NGL 05-020-008, and in part by
National Science Foundation grant DPP 86-13783.
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An example of the electrostatic wave stimulation phenomenon as observed on the isis-ii satellite, a. The upper panel shows signals from the
Siple Station transmitter and stimulated electrostatic waves as observed on the spacecraft. All signal frequencies are above the local LHR
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A possible identification of very-low-
frequency wave-induced precipitation

in high-frequency sounding radar
measurements
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Active experimentation on very-low-frequency (VLF) wave-
particle interactions (Helliwell and Katsufrakis 1979) has been
the primary purpose of research at Siple Station and many
important new VLF wave phenomena have been discovered as a
result of that research. While ionospheric precipitation effects
due to triggered emissions and whistlers have been observed,
precipitation effects directly attributable to the Siple VLF
transmitter have not. The range of particle energies expected to
be precipitated by the Siple transmitter extends from approx-
imately 300 electronvolts to 20 electronvolts (Helliwell 1983).
The high-frequency sounding radar installed at Siple Station
can effectively monitor the whole ionosphere from approx-
imately 80 to 500 kilometers, therefore offering the potential for
detecting wave-induced precipitation effects over the same
range of energies.

The mechanism causing particle precipitation in the lower
ionosphere is a gyroresonant interaction between radiation belt
particles and electromagnetic waves, which results in pitch
angle scattering of the energetic particles (Kennel and Petschek
1966). A variety of sources for the electromagnetic waves exists,
such as whistlers, triggered VLF emissions, or signals from such
manmade sources as VLF transmitters or the 50-60 hertz-fre-
quencies radiated by electric power grids. Energetic electrons
precipitated by this mechanism can cause secondary ionization,
optical emissions, X-ray bursts, and heating in the ionosphere
over the altitude range 80-200 kilometers [see e.g., Rosenberg
et al. (1971, 1981), Helliwell et al. (1973, 1980), Doolittle (1980),
Doolittle et al. (1978), Doolittle and Carpenter (1983), Carpenter
and man (1987), and man and Carpenter (1987)].

Doolittle (1982) has shown that wave-induced precipitation
will cause a signature in the ionosphere which can be detected

using a phase coherent high-frequency sounding radar. One of
the results of his work shows that a perturbation in the phase of
a totally reflected high-frequency signal can be expected, if
ionization due to wave-induced precipitation is produced along
the reflected signal ray path. This signature can be detected by
measuring the rate-of-change of phase of a reflected echo at a
fixed sounding frequency over a suitable interval of time.

As a consequence of the density dependence of the refractive
index of the ionospheric plasma, changes in the phase of an
ordinary mode echo resulting from changes in the local density
along the path will be in the opposite sense from the density
change. For an extraordinary mode echo, the situation is some-
what more complex; however, the phase will also change in the
opposite sense from the density change when the probing
signal frequency is less than the electron gyrofrequency of the
medium (Doolittle 1982). The change of phase will last as long as
the density along the path is being modified.

Until recently, no evidence for wave-induced precipitation
had been discovered in the Siple Station sounding radar data
although one whistler wave-associated event had previously
been found in high-frequency data from Halley, Antarctica (Jar-
vis unpublished data). Several instances of a large decrease of
rates-of-change of phase were discovered within a 4.2 mega-
hertz fixed-frequency sounding which began at 1151:36 univer-
sal time on 13 November 1982. The observations were recorded
during the recovery phase of a magnetospheric substorm,
which is consistent with the conditions during which all pre-
vious correlations have occurred (Doolittle 1982). On 13
November, the auroral electrojet index (A1) exceeded 1,000
nanoteslas at 0950 universal time and total signal absorption
(blackout) occurred at Siple Station between 1005 and 1120 uni-
versal time.

Six events characterized by a large negative excursion of rate-
of-change of phase and followed by a slow increase to a positive
value were found and five of those events occurred during a 10-
minute interval of Siple Station VLF transmissions. Note that the
change in rate-of-change of phase began at the same time the
Siple transmissions started. For five of these events, the mean
decrease of rate-of-change of phase was - 250° per second
whereas the largest observed coherent decrease of rate-of-
change of phase in data recorded prior to or after the events in
question was a factor of three smaller. In figure 1, the rate-of-
change of phase of 4.2 megahertz echoes and the frequency
format of the Siple VLF transmissions has been displayed as a
function of time from the start of the sounding (1151:36 univer-
sal time). Although not shown here, whistlers were recorded at
Palmer Station (L equals approximately 2.4) during the Siple
key-down periods at t = 146, 163, 174, 208, and 225 seconds
(Carpenter personal communication). Four clear examples of a
rate-of-change of phase decrease are evident in the data and
these four plus a less definitive fifth event (at t 225) have been
denoted in figure 1. Note that each value of the rate-of-change of
phase is a three-point running mean, except between events.
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Figure 1. The rate-of-change of phase of high-frequency transmitter echoes received during a fixed-frequency sounding at 4.2 megahertz on 13
November 1982 (day 317). The spectra of Siple VLF transmissions and naturally occurring whistler waves is depicted just above the time axis.
The time is in seconds after 1151:36 universal time (UT).

As a result of the preceding substorm, which caused D region
absorption, received signal amplitudes were weak and no echo-
es were recorded during the sounding before 1152:42 universal
time. Transmitter signals at two other sounding frequencies (2.2
and 3.1 megahertz) were totally absorbed at this time.

In addition to the whistler which occurred at 1154:37 univer-
sal time (182 seconds), the VLF spectrograms from Siple Station
exhibit triggered noise bursts which occur outside the plas-
mapause and are of the kind that has been associated in pre-
vious work with overhead precipitation at Siple (Carpenter
personal communication). Obviously, the simultaneity of both
whistlers and Siple VLF transmissions and the presence of
chorus complicates the process of definitively identifying a
source of the precipitation events occurring on 13 November.
However, the fact remains that excess ionization did occur along
the high-frequency signal ray path during magnetospheric con-
ditions seemingly appropriate to wave-induced precipitation
and on that basis, we have conducted an analysis of the events.

The phase response of high-frequency radar echo at 1.5
megahertz to a 5-second burst of 1 kiloelectronvolt electrons
having energies of 10 2 ergs per square centimeter per second
and producing ionization near 180 kilometers was simulated by
Doolittle (1982). In figure 2 this simulation has been redrawn
with the ordinate in degrees per second (i.e., rate-of-change of
phase). The phase response can be considered to have three
distinct stages which have been indicated by number in figure 2.
The first-stage response time is dependent on sounding fre-
quency and the energy flux of the causative precipitation (note

DERIVED FROM DOOLITTLE (1982)

1.5MHz IKeV

10E-5 J m-2 s-i for 5 sec

Figure 2. Simulated phase changes at 1.5 megahertz due to a 0.01
ergs per square centimeter per second flux of 1 kiloelectronvolt
electron precipitation for 5 seconds with the ordinate plotted as rate-
of-change of phase. The dependence of the three stages of the
precipiation pulse have been indicated. ("MHz" denotes "mega-
hertz." "KeV" denotes "kiloelectronvolt." "j m -2 s - i" denotes
"joules per square meter per second?') 1. Depends on sounding
frequency and energy flux of precipitation. 2. Depends on duration
and decay of precipitation event. 3. Depends on height and density
of enhancement.
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that a lower sounding frequency results in a larger decrease as
does a more energetic flux of electrons). The second-stage re-
sponse is a function of the duration of the precipitation and the
shape of the pulse of electrons. The recovery time of rate-of-
change of phase back to a pre-disturbance level (stage 3) is
dependent on the recombination rate and the local density.
From the response during stage 3, an inference regarding the
height of the precipitation and therefore the energy of the
causative precipitation can be made.

For the sake of computational efficiency, Doolittle (1982) as-
sumed a square wave pulse of precipitation. Rocket and satellite
measurements have been reported by Rycroft (1973) and Voss et
al. (1984), which show that a precipitation pulse typically con-
sists of a rapid increase (less than 1.5 seconds) in flux followed
by a relatively slow (approximately 10 seconds) decay. The
mean rate-of-change of phase profile shown in figure 3 has been
derived from the five events observed on 13 November 1982
between 1154 and 1156 universal time. The mean decrease of
rate-of-change of phase was found to be - 251 ± 89° per second
with a recovery rate of 117 ± 91° per second. Taking into account
the frequency of the measurement, Doolittle's work indicates
that a 250° per second decrease during stage I would be pro-
duced by a flux of approximately 0.75 x 10 pp' 2 ergs per
square centimeter per second. If the stage 3 decay commences
at 117° per second, then it will decay to half its value in approx-
imately 12 seconds. A 12-second recombination rate is typical of
the D-region which in turn implies that the precipitated electron
flux during these events had an energy of approximately 100
kiloelectronvolts.

With knowledge of the wave frequency and the equatorial
plasma density, an estimate of the energy of the precipitating
electrons can be made. Rycroft (1973) has graphed the variation
of the parameter W 11 N as a function of L-value, where W 11 N is
the component of the electron energy (in kiloelectronvolts) par-
allel to the geomagnetic field and N is the number density of

MEAN EVENT PROFILE
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-200
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Figure 3. An average profile of the rate-of-change of phase derived
from the five phase perturbations recorded on 13 November 1982
using a fixed-frequency 4.2-megahertz sounding. The average
phase retardation was - 251 ± 890 per second with a recovery rate
of 117 ± 910 per second. ("MHz" denotes "megahertz:' "DEG/SEC"
denotes "degrees per second:'" KeV" denotes "kiloelectronvolt." "j
m 2 s" denotes "joules per square meter per second:') An energy
flux of -100 kiloelectronvolt electrons of -0.75 X joules per
meter per second decaying in 7-12 seconds can be inferred.

thermal plasma (per cubic centimeter) in the interaction region.
In the equatorial plane the electrons are in gyroresonance with
whistler mode waves of different frequencies. Numerically, the
relationship can be expressed

W 1 N	3.16(fB - 03/f
(in kiloelectronvolts per cubic centimeter)

where f is the frequency of the whistler mode waves at the point
where the electron gyrofrequency is f. This expression is valid
for a dipole representation of the geomagnetic field and in a
region centered on the equatorial plane.

For the 30 August 1979 VLF-photometer correlation observed
at Roberval, Quebec (L equals approximately 4.2) Doolittle
(1982) estimated the equatorial plasma density to be 17 ± 9 per
cubic centimeter and notes that all VLF wave-induced precipita-
tion events have occurred outside the plasmapause, where the
density is typically less than 50 per cubic centimeter. Carpenter
(1979) has shown that the plasmapause tends to lie 0.2 to 1.5 L
shells equatorward of Siple during wave-induced precipitation
events. From figure 8 of Rycroft (1973), at I. = 4.2 the parameter
W 11 N equals approximately 6,000 kiloelectronvolts per cubic
centimeter for 1-kilohertz waves and equals approximately 900
kiloelectronvolts per cubic centimeter for 3-kilohertz waves.
The predominant frequency during the Siple transmissions on
13 November 1982 was 3 kilohertz, which would be in gyroreso-
nance with approximately 52-kiloelectronvolt and approx-
imately 18-kiloelectronvolt electrons for equatorial densities of
17 and 50 per cubic centimeter, respectively. For 1-kilohertz
waves, the gyroresonance energies (for the same values of N)
would be approximately 350 kiloelectronvolts and 120 kilo-
electronvolts. It can be tentatively concluded from this analysis
that the inferred energy of 100 kiloelectronvolts for the events
observed on 13 November is more consistent with a wave
source having a frequency near 1 kilohertz (i.e., the chorus
bands) than it is for the Siple transmitter signal.

At Utah State University, this research has been supported by
National Science Foundation grants DPI' 83-08044 and DPP
84-18173. The British Antarctic Survey has supported the par-
ticipation of M.J. Jarvis in this research. The high-frequency
sounding radar at Siple Station was operated by S.J. Walter.
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The Polar Research Board (PRB), established in 1958, monitors
the status and needs of domestic and international polar sci-
ences. The Board also assists in the formulation and mainte-
nance of strong research programs that are responsive to U.S.
national interests and scientific opportunities. The Board serves
as U.S. National Committee for the Scientific Committee on
Antarctic Research (SCAR) of the International Council of Scien-
tific Unions. In this capacity, the Board ensures participation of
the U.S. polar research community in SCAR'S activities and en-
courages international cooperation in antarctic research en-
deavors recommended by SCAR.

The Board and its subgroups are multi-disciplinary, with
representatives of the biological, earth, physical and social sci-
ences and of engineering. The Board has two standing commit-
tees, the Committee on Glaciology and the Committee on Per-
mafrost, and a dozen ad hoc groups that are formed for specific
studies and are discharged on their completion. Board mem-
bers are appointed to 4-year terms. The members' expertise
consists of a balance between arctic and antarctic experience.

The Board meets semiannually to review its program, de-
velop U.S. positions on matters to come before SCAR, and
provide a forum for the presentation and discussion of informa-
tion about federal programs in the polar regions, as well as
about the activities of nonfederal organizations with polar inter-
ests. Discourse at Board meetings often reveals questions or
needs that become the focus for new studies, either as part of

* Current Board membership: Gunter E. Weller (Chairman), Knut
Aagaard, Mim Dixon, David Elliot, Dennis Hayes, Arthur H. Lac-
henbruch, Louis J. Lanzerotti, Geoffrey L. Larminie, Ian Stirling,
Kevin Trenberth, Emmett G. Ward, Patrick J. Webber, Ray F. Weiss. Ex
Officio members: Charles R. Bentley (Alternate U.S. Delegate to
SCAR), Oscar J . Ferrians (Chairman, Committee on Permafrost),
Charles Raymond (Chairman, Committee on Glaciology), and Robert
Rutford (U.S. Delegate to SCAR).

the Board's ongoing, longer-range "Polar Research—A Strat-
egy" series, or as specific responses to federal agency requests
for advice on some aspect of a scientific program.

This report summarizes only the Board's antarctic activities,
and will first address antarctic projects of the PRB's ongoing
program, and will secondly describe the Board's activities as
U.S. National Committee for SCAR.

Polar Research Board—Antarctic program. The Board, at the re-
quest of the director of the Division of Polar Programs, under-
took a thorough review of accomplishments in antarctic science
since the International Geophysical Year (icY), U.S. antarctic
scientific needs for the remainder of this decade and the early
1990s, and long-term antarctic scientific priorities beyond 2000
A.D. Post-icy results were summarized in the article "Antarctic
Science Since the Icy" in the June 1986 issue of the Antarctic
Journal of the U.S., while long-term priorities are presented in
the report, U.S. Research in Antarctica in 2000 A.D. and Beyond: A
Preliminary Assessment. In addition, the Board has submitted a
multi-author article "U.S. Antarctic Science 1958 to 2000" for
publication in Science in late 1987.

Over the past year, the Board's standing Committee on
Glaciology has completed two major projects through its ad hoc
groups. The ad hoc Panel on Polar Ice Coring has completed its
study of the role of U.S. institutions in the development of a
national ice coring program. In late 1986 the Panel published its
final report Recommendations for a U. S. Ice Coring Program which
identifies U.S. scientific interests in the analysis of ice cores,
assesses the scientific capabilities in ice core drilling and core
analysis from a national and international perspective, and
recommends a long-term plan for U.S. polar ice coring.

In response to a need perceived by the Committee on
Glaciology to survey uses of remote sensing systems for snow
and ice research, a second panel was formed. The ad hoc Panel
on the Remote Sensing of Snow and Ice has completed its report
Prospects and Concerns for Satellite Remote Sensing of Snow and Ice,
which will be published in early 1988. This report presents a
summary of the applications of the remote sensing of snow and
ice, discusses the variety of existing remote sensing systems,
and identifies future needs to improve the quality and extent of
snow and ice remote sensing.

In December 1986 the Board's ad hoc Committee on Antarctic
Solid-Earth Geosciences published its Strategy Series report,
Antarctic Solid-Earth Sciences Research: A Guide for the Next Decade
and Beyond. This report recommends that earth sciences re-
search be focused in specific transect zones in and around
Antarctica. This transect zone approach has since been adopted
by the new SCAR Group of Specialists on the Antarctic
Lithosphere as a major agenda item for discussion at SCAR xx in
1988.

The Board's ad hoc Committee on Antarctic Physical and
Chemical Oceanography has finished a Strategy Series report on
the physical oceanography and tracer chemistry of the southern
ocean. The report stresses a need for an integrated application

292	 ANTARCTIC JOURNAL



of numerical modeling with satellite telemetry, tracking and
remote sensing, arrays of instrumented drifters and moorings,
and conductivity-temperature-depth trace chemistry observa-
tions to understand the oceanography of the southern ocean
better. The report will be distributed in late 1987.

The Board's Working Group on Polar Ocean Research Plat-
forms has provided information to the U.S. Coast Guard and
the National Science Foundation on the research community's
views of the configuration and scientific specifications of new
polar class icebreakers. In December 1986, the Board prepared a
letter report to the director of the Division of Polar Programs
discussing the polar research vessel needs of the scientific com-
munity. In addition, the Board is working on two reports,
"Quality of Science Support on Existing U.S. Coast Guard Ice-
breakers" and "Evaluation of the U.S. Coast Guard's Prelimin-
ary Design Document for the Proposed Next Generation of
Polar Class Icebreaker," which summarize the Board's findings
after analysis of responses to a Board-prepared questionnaire,
and meetings with the scientific community and Coast Guard
personnel. The Board expects that these interactions will con-
tinue as on-going activities well beyond 1987.

The Board continues to consider new projects to respond to
needs of federal agencies and the scientific community. For
example, the Board is involved with a review of the upper
atmospheric physics community's future antarctic needs. The
Board is also considering a new study on antarctic space and life
sciences. Initially, Board members will participate in a National
Aeronautics and Space Administration/National Science Foun-
dation sponsored workshop entitled "The Human Experience
in the Antarctic: Applications to Life in Space," to be held in
August 1987.

Scientific Committee on Antarctic Research activities. The Polar
Research Board, in its role as U.S. National Committee for SCAR,
will continue to ensure participateion of U.S. scientists in meet-
ings and planning sessions of SCAR Working Groups and
Groups of Specialists.

The Board organized and hosted the xix Meeting of SCAR in
San Diego, California, 16-27 June 1986. Follow-up to this meet-
ing included distribution of "Draft Documents of the xix

Meeting of SCAR," to relevant U.S. Government agencies and
the U.S. scientific community.

At SCAR XIX, U.S. scientists were selected conveners of two
new Groups of Specialists. Peter N. Webb will serve as convener
of the group of specialists interested in the evolution of
Cenozoic paleoenvironments, while Ian Dalziel will convene
the group on the antarctic lithosphere. These two groups of
specialists will hold initial meetings in association with the Fifth
Symposium on Antarctic Earth Sciences in August 1987.

At the request of the director, Division of Polar Programs, the
Board will examine a series of policy and management options
for SCAR to strengthen the effectiveness of SCAR in dealing with
its ever expanding workload and membership. In the last 8
years, SCAR membership has increased from 12 to 25 nations,
while SCAR has been increasingly called upon for advice from
the Antarctic Treaty System and other international
organizations.

These suggestions and other ideas solicited from federal
agency representatives were discussed at a special federal agen-
cy session during the Polar Research Board Meeting of 9 March
1987. This input will help as the Board develops the U.S. posi-
tions on matters to come before the SCAR Executive Committee
meeting in July 1987, and SCAR XX, which will be held in Aus-
tralia in September 1988.

A variety of other SCAR meetings and symposia during
1986-1987 were of concern to the Board, and were attended by
its members or representatives. Other related activities per-
tained to the Antarctic Treaty, implementation of the Con-
vention on Conservation of Antarctic Marine Living Resources,
and efforts to develop a regime governing possible mineral
resource exploration and exploitation in Antarctica.

As called for by SCAR, the Board assembled data, published,
and distributed the annual catalog of U.S. research activities in
Antarctica, entitled: Report on U.S. Antarctic Research Activities,
February 1985—October 1986; U.S. Antarctic Research Activities
Planned for October 1986—September 1987. Report No. 28 to SCAR.

Additional information concerning the activities of the Board
is available in Polar Research Board Annual Report 1987 and Future
Plans, available from the Polar Research Board.

Antarctic Marine Geology Research
Facility and Core Library, 1986-1987

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

In fulfillment of contractual obligations for the period 1 June
1986 to 31 May 1987, staff of the Florida State University's
Antarctic Marine Geology Research Facility and Core Library
have continued to provide a variety of services to members of

the international community of scientists whose investigations
require study and sampling of antarctic and subantarctic ma-
rifle sediments curated at Florida State University under the
auspices of the U.S. National Science Foundation. These serv-
ices include the distribution of samples from the more than
17,000 meters of cores and other specimens comprising the
collections, the receipt and processing of new materials, and the
description and classification of marine sediments recovered by
recent field projects.

During this period, a total of 1,457 samples were distributed
on the basis of 36 separate requests submitted by 24 inves-
tigators representing 16 institutions in Brazil and the United
States. These samples, and the projects which they represent,
are as follows:

USNS Eltanin. 997 samples from 47 piston cores recovered
aboard 22 of the 45 southern ocean coring cruises of this vessel;
13 samples from 11 trigger cores of 5 cruises; one rock dredge
sample.
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ARA Islas Orcadas. 305 samples from 14 piston cores repre-
senting 3 of the 5 cruises from which cores were received by the
Facility; 14 samples from 14 trigger cores of 5 cruises.

Ross Ice Shelf Project (R!SP) 1978-1979. 14 samples from 3 of the
47 gravity cores recovered through the J9 drill hole.

International Weddell Sea Oceanographic Expeditions (lwsoE). 3
samples from 1 piston core and 2 Phieger cores retrieved aboard
the 1968 and 1969 IWSOE cruises of the U.S. Coast Guard ice-
breaker Glacier.

Austral summer 1978-1979 (U.S. Coast Guard icebreaker Glacier).
43 samples from 8 piston cores.

Austral summer 1979-1980 (U.S. Coast Guard icebreaker Glacier).
40 samples from 14 piston cores.

Austral summer 1981-1982 (U.S. Coast Guard icebreaker Glacier).
15 samples from 4 piston cores.

Austral summer 1984-1985 (U.S. Coast Guard icebreaker Glacier).
10 samples from 3 piston cores.

Miscellaneous. Two rock specimens from Cape Royds (Ross
Island) that were hand-collected by personnel operating from
aboard USCGC Glacier during Operation Deep Freeze III, an
austral summer 1957-1958 program of the International
Geophysical Year (icy).

Thus, the 1,457 samples were taken from a total of 121 dif-
ferent piston, trigger, Phleger, and gravity cores, a bottom dred-
ge, and hand-collected specimens recovered aboard 33 cruises
of three vessels, and from the RISP and IGY field projects.

The full extent of core-sampling, handling, and use is not
accurately reflected by the sample distribution totals presented
above, in that these totals do not include the removal of min-
uscule amounts of core and grab sample sediment (numbering
several hundred samples) required either for the preparation of
smear slides used in descriptive work, or for the preparation of
smear slides by visiting investigators for their reconnaissance
work. (One investigator, for example, prepared 405 smear slides
of reworked sedimentary clasts from 27 piston cores of the
austral summer 1979-1980 Ross Sea collection.)

Also not included in the sample count are: (1) the redistribu-
tion of samples by sample recipients, a common occurrence; (2)
the selection of samples (approximately 1,500) by personnel of
Rice University from any of the 385.15 meters of piston and
trigger core halves (291 cores in 338 sections) or bagged splits of
several hundred grab samples currently on loan to John Ander-
son (Rice University) for core study, X-radiography, and sam-
pling, or (3) samples distributed from the on-loan collection on
the basis of requests submitted to Florida State University and
coordinated with Rice University (two requests were received,
resulting in 594 samples from 50 piston cores retrieved during
four cruises of Glacier from the South Orkney Plateau, the
Bransfield and Gerlache Straits, and Marguerite Bay).

As these data suggest, sampling interests are not limited to
only recently collected specimens, and they continue to reflect
the broad geographic coverage provided by project materials.
(Nearly 70 percent of the total number of samples distributed by
Florida State University this year were from Eltanin specimens,
with more than half of the Eltanin samples being from cores
retrieved between 1962 and 1964 and another 20 percent being
from cores collected between 1964 and 1967. Oceanic areas
represented by these samples include the Drake Passage and
Bransfield Strait, the Scotia, Weddell, and Ross seas, the Tas-
man Sea, and broad coverage of the South Atlantic, Pacific, and
Indian oceans).

The total meterage of cores received this year exceeds 800
meters. Received on 6 June 1986 were 55 piston cores (114.53
meters), 52 trigger cores (17.93 meters), the bagged recovery of 5

piston-coring and 5 trigger-coring attempts, 8 Dietz-La Fond
grab samples, and 44 suhcores of box cores (16.70 meters), all of
which were collected aboard Glacier during austral summer
1985-1986 operations in the Bransfield and Gerlache Straits, and
Marguerite Bay (Anderson, DeMaster, and Nittrouer 1986).

Received on 6 April 1987 were one-half splits, in 189 core
boxes, of drill core recovered by a New Zealand field team
during October and November 1986 (Robinson et al. 1987). This
core, from a single drill hole (hole 1) of Project CIROS (Cenozoic
Investigations in the Western Ross Sea), comprises 688 meters
of sediment (98 percent recovery) in a drill hole penetrating to
702 meters. This is the deepest drill hole to date in Antarctica.

Also received (6 May 1987) were approximately 140 kilograms
of rock specimens collected during the austral summer
1986-1987 field season by E. Imre Friedmann (Florida State
University, Department of Biological Sciences) in the dry val-
leys of Antarctica. These rocks, shipped frozen, are maintained
in a storage vault at - 14°C to preserve the endolithic organisms
harbored within them. CIROS and Glacier sediments are stored
in the refrigerated core library at 2°C.

At the time of preparation of this report, additional materials
are enroute to the Facility as recovered aboard a cruise of Polar
Duke in the Bransfield Strait (Anderson 1986), and by coring
operations aboard Glacier during the austral summer program
of 1986-1987 in the western Ross Sea (Anderson, Bartek, and
Reid, Antarctic Journal, this issue).

Laboratory work during the period covered by this report has
centered about the classification and description of marine sedi-
ments recovered by coring and grab-sampling during the
1984-1985 austral summer cruise of Glacier in areas adjacent to
the South Orkney and South Shetland Islands, Anvers Island,
and Marguerite and Pine Island Bays (Anderson 1985; Kellogg,
Kellogg, and Hughes 1985). When completed, a record of this
work will be presented as one in the continuing series of sedi-
ment description volumes emanating from the Antarctic Re-
search Facility, and it will comprise the descriptions of 128
piston and trigger cores (218 meters), the grab samples, and the
bagged piston and trigger core samples.

A bibliography is being prepared of publications in the hold-
ings of the Antarctic Reference Library that document the re-
sults of research upon samples distributed from the collections
of the Antarctic Research Facility. More than 1,000 such publica-
tions (theses, dissertations, journal articles,, professional pa-
pers, technical reports, sediment description volumes, etc.)
have been identified. Copies of the bibliography, to be com-
puter-maintained as a bibliographic database, will he available
upon request.

Curatorial activities are supported by National Science Foun-
dation contract C-1059 (DPP 75-19723).
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Support services for polar biology

B.J. LANDRUM

Smithsonian Oceanographic Sorting Center
Smithsonian Institution

Washington, D.C. 20560

The support services provided by the staff of the Smithsonian
Oceanographic Sorting Center (sosc) expedite biological re-
search and the acquisition of knowledge on organisms in ma-
rine environments. Extant, bulk collections of marine fauna and
flora are sorted into suitable taxonomic groups, documented,
preserved for study, and distributed to qualified investigators.
Over 20,000 ocean-bottom photographs from areas of the south-
ern ocean are archived and made available to scientists and
others. Computer-based documentation of the collections is
integrated with specimen processing.

Since the beginning of the U.S. Antarctic Research Program
(usARP), sosc's staff has processed over 34.5 million specimens
from numerous vessels, cruises, and shore-based operations.
The extant collections include marine algae, benthic inverte-
brates, fishes, and zooplankton. We have distributed world-
wide over 10.5 million sorted specimens to approximately 260
investigators, primarily systematic biologists. The indirect par-
ticipation of this body of scientists and the publications on their
results add an essential dimension to polar research and con-
tribute as well to global aspects of marine biology.

Sorting projects during the past year included classification to
genera or families the copepods from USNS Eltanin midwater
trawl samples; about 150,000 animals from 65 samples were
added to the collection. Specimens currently are distributed to
13 copepod specialists. Classification of the enormous collec-
tion of antarctic bryozoans continues. Specimens from 252 sam-
ples were classified to genera and species to facilitate analyses

on the group. A short-term project to curate and classify larval
and juvenile fishes captured by midwater trawls is nearing
completion. About 83 samples obtained in the Pacific and east-
ern Indian Ocean sectors of the southern ocean on two cruises
of the USNS Eltanin were examined. Of the identifiable spec-
imens, members of the families Gonostomatidae and Myc-
tophidae predominated. The final, identified collection will aid
in answering questions on geographical and vertical distribu-
tions, species composition, and group revisions.

During the year, 48 shipments of specimens were made to 18
scientists for study and to museums for permanent deposition.
Several major collections were returned to sosc by specialists
upon completion of their research. These collections included
siphonophorans (Angeles Alvarino), unsorted aliquots exam-
ined for herbivorous copepods (Victor Mann), calanoid
copepods (Taisoo Park), and polychaete worms (Jerry
Kudenov). Results of these studies will appear in future vol-
umes of the Antarctic Research Series.

Antarctic collections at S()SC were augmented with very
useful samples of fishes and benthic invertebrates from the
region of South Georgia Island and Shag Rock. Two technicians
participated on a cruise of the Professor Siedlecki, a Polish vessel
under charter to the National Marine Fisheries Service for stud-
ies of living resources. The SOSC staff preserved about 578 lots of
specimens from 100 trawls. At the request of the National Ma-
rine Fisheries Service, Hugh DeWitt from the University of
Maine recently visited the Sorting Center. He examined and
identified the nototheniid fishes in the collection to report to the
National Marine Fisheries Service group.

The Sorting Center is located now in new quarters built by the
Smithsonian Institution for the storage and curation of numer-
ous collections. The facility, the Museum Support Center, is
located in Suitland, Maryland—about a 20-minute drive south
from the Mall area of Washington, D.C. Inquiries about spec-
imens can be directed to the above address, or staff may be
reached at (301) 238-3514.

This project was supported by National Science Foundation
DPP 74-13988.
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Literature on antarctic law and
politics: A quantitative assessment of

the last 36 years

G.T. THURONYI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

In the course of its year-to-year coverage of the world's ant-
arctic literature, the Cold Regions Bibliography staff became
aware of a recent multiplication of writings about legal and
political aspects of antarctic activities. A quantitative approach
was taken to the validity of this perception, as a follow-up (with
a slightly different subject selection) to a similar study reported
earlier [Antarctic Journal of the U.S., 18(5), 297-298, 19831. Papers
dealing with international law, territorial claims, regulations,
etc., are cited in Section M (Political Geography) of the Antarctic
Bibliography/Current Antarctic Literature. All such citations (and a
few in Section A, General in the case of conference proceedings)
were counted by date of publication, starting with the year 1951
and continuing through 1986. Results of the tally are shown in
the figure. Because the number for 1986 (and to some extent
1985) must be considered incomplete at this point, an extrapo-
lated number is also shown (see dotted curve).

The graph opens up the way to some more or less speculative
interpretation. There is minimal activity in 1951-1955. Interest
seems to rise during the 4 years leading up to the signing of the
Antarctic Treaty in December 1959 and a definite peak (but
mostly of repetitive, nonanalytical literature) occurs in 1960,
immediately after the signing. A decade or more of lower level
activity follows (although it should be mentioned that a number
of high-quality writings may be credited to these years) as
antarctic activities prosper under the Antarctic Treaty regime
without notable controversy. A large increase takes place in
1974-1978, as attention is directed toward such topics as the law
of the sea, the minerals regime, the antarctic living marine
resources, the U.S. Antarctic Conservation Act, the Falklands
war, etc. Numbers fall off during 1979-1981, partly due to a
policy change whereby political and military questions con-

ho.,f	 N,.,,

M.
Papers on antarctic law and politics.

nected with the Falkland Islands are no longer covered in the
Antarctic Bibliography.

The Antarctic Treaty took effect on 1 December 1961 with the
provision that "if after expiration of 30 years . . . any of the
Contracting Parties . . . so request . . . a conference of all the
Contracting Parties shall be held . . . to review the operation of
the Treaty." With the end of the 30-year period approaching,
interest in the possibility of a revision became manifest. In
December 1983 the Secretary-General of the United Nations
was asked to prepare a study on all aspects of Antarctica. The
Secretary-General's report was published in 1984. In January
1985 a conference was held at Beardmore Glacier South Camp,
Antarctica, with the participation of 57 individuals from 25
countries within or outside the Antarctic Treaty System. These
events were accompanied by the most significant upsurge yet of
literature dealing with legal and political problems of Ant-
arctica, which does not appear to show signs of slackening as of
1986.

To allow a little more than a purely quantitative appreciation
of the literature surveyed, a few examples of the more signifi-
cant recent works are listed below.

Conference Proceedings

Chilt's antarctic policy. 1984. F. Orrego Vicuña, ci al. (Eds.). Santiago de
Chile, Universidad de Chile. (Antarctic Bibliography, Vol. 14.)
(M-31344)

Antarctic challenge: Conflicting interests, cooperation, environinen to! protec-
tion, economic development. 1984. R. Wolfrum, et al. (Eds.). Berlin:
Duncker und Humblot. (14M-30439)

Antarctic Treaty System: An assessment. 1986. Proceedings of a workshop
held at Beardmore Glacier South Camp, Antarctica, 7-13 January
1985. Washington, D.C.: National Academy of Sciences Press.
(15A-33328)

Antarctic politics and marine resources: Critical choices for the 1980c. 1985.
L.M. Alexander, et al. (Eds.) Kingston: University of Rhode Island.
(14A-32217)

Australia, Britain and Antarctica. 1986. T.B. Millar (Ed.). London: Univer-
sity of London, Australian Studies Centre. (14M-35143)

Growing focus on Antarctica. 1986. R.C. Sharma (Ed.). Delhi: Rajesh.
(15A-34132)

Major essays or monographs

Almond, H.H. 1985. Demilitarization and arms control: Antarctica. Case
Western Reserve Journal of International Law, 17(2), 229-284. (15M-32028)

Beck, P.J. 1986. The international politics of Antarctica. New York: St.
Martin's Press. (16M-35213)

Boczek, B.A. 1984. The Soviet Union and the Antarctic Treaty. American
Journal of International Law, 78(4), 834-858. (15M-31939)

Cornell International Law Journal. 1986. (Eight essays on antarctic law
and politics), 19(2), 155-300. (16M-34880/87)

Myhre, J.D. 1986. The Antarctic Treaty System: Politics, law and diplomacy.
Boulder: Westview Press. (16M-35204)

Parriott, T.J. 1986. Territorial claims in Antarctica: Will the United States
be left in the cold? Stanford Journal of International Law, 22(1), 67-121.
(16M-35239)

Peterson, M.J. 1986. Antarctic implications of the new Law of the Sea.
Ocean Development and International Law, 16(2), 137-181. (15M-34448)

Quigg, P.W. 1985. Antarctica, the continuing experiment. New York: For-
eign Policy Association. (15M-32825)

Triggs, G. 1985. The Antarctic Treaty Regime: A workable compromise
or a "purgatory of ambiguity"? Case Western Reserve Journal of Interna-
tional Law, 17(2), 195-228. (15M-32027)

United Nations. 1984. Question of Antarctica: Study of the Secretary-Gener-
al. United Nations Document A/39/583 (Parts I and II). (14M-31062)
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Westermeyer, W.E. 1984. The politics of mineral resource development
in Antarctica: Alternative regimes for the future. Boulder: Westview
Press. (14M-29259)

Wolfrum, R. 1984. Internationalization of common space outside national
I urisdiction. Development of an international administration for Antarctica,
outer space, high seas and seabed. Berlin: Springer. (14M-31725)

It is interesting to note that many of the above major studies emanate
from universities; some others are books issued by major publishers
and destined for a wider reading public, reflecting a broad interest in
the future of Antarctica. The next few years should bring international
decisions and agreements favorably influenced, it is hoped, by some of
the thoughts expressed in these extensive writings.

Antarctic Research Series

JUDY C. HOLOVIAK

American Geophysical Union
Washington, D.C. 20009

The Antarctic Research Series is a book series designed to serve
scientists and graduate students actively engaged in antarctic or
closely related research and others versed in the biological or
physical sciences. It provides a continuing, authoritative medi-
um for the publication of extensive and detailed reports on
antarctic research that are too lengthy or comprehensive for
inclusion in standard disciplinary journals. The series has been
published by the American Geophysical Union since 1963 with
continuing grant support from the National Science Foundation
(currently grant DPP 85-20816).

The series is designed to complement antarctic field work,
much of which is in cooperative, interdisciplinary projects. The
series encourages the collection of papers on specific geograph-
ic areas. Many volumes focus on particular disciplines.

The Antarctic Research Series has provided for rapid publica-
tion both through hardbound volumes and through soft-cover
minibooks (each assigned to a thematic volume) that allow
papers to be published as they are completed or as results
become available. Generally, several volumes are in production
simultaneously.

Work in six volumes was published in 1986 and 1987.
Volume 36, Geology of the Central Transantarctic Mountains, is

edited by Mort D. Turner and John F. Splettstoesser. Papers 14
and 15 (by Barrett, Elliot, and Lindsay and by Wade and Cathey,
respectively) were published in 1986 and complete the volume.
Papers by Wade and Cathey include studies of some of the
oldest rocks in the Transantarctic Mountains, those below the
Paleozoic rocks of the Beacon Supergroup. Studies of younger
rocks, and also of current recent glacial events, are included in
the other papers published in this volume in 1986.

Volumes 41, 44, 45, and 47 (Biology of the Antarctic Seas XV1,
XVII, XVIII, and XIX, edited by Louis S. Kornicker) comprise
biological studies of antarctic and subantarctic protozoans (Ra-
diolaria), sea anemones (Coelenterata), jelly fish (Scyphozoa),
brittle stars (Echinodermata), pelagic shrimps (Crustacea),
copepods, isopods (Tanaidacea), fish (Zoarcidae), and marine
birds.

Volume 46 (Geological Investigations in Northern Victoria Land,
edited by Edmund Stump) comprises 18 articles, including
contributions from geologists in New Zealand, Australia, and
the U.S. The volume summarizes results of participants in the
1981-1982 International Northern Victoria Land Project.

The Board of Associate Editors for the Antarctic Research Series
sets priorities for publications and works with the editors of

each volume to ensure that the objectives of the series are met,
that the best possible papers are presented, and that publication
is achieved in a timely manner.

All papers in the series are subject to peer review. After
scientific review and revision are complete, papers are checked
by the American Geophysical Union copy editor for style, con-
sistency, and general publications requirements. After the au-
thor has confirmed that changes made by the copy editor are
satisfactory, the paper is typed to American Geophysical Union
specifications. Authors who have access to electric typewriters
or to word-processing equipment are urged to undertake the
preparation of the final typescript. Special rates for reprints are
available for authors who provide final typescript to American
Geophysical Union specifications.

Individuals wishing to develop a thematic volume for the
Antarctic Research Series must prepare a proposal for review by
the Board of Associate Editors. Authors of individual papers

Antarctic Research Series Publications, 1986-1987

Volume	 Title

Vol. 36	Geology of the Central Transantarctic Mountains
Mort D. Turner and John F Splettstoesser, editors

1986 Paper 14. The Beacon Supergroup (Devonian-
Triassic) and Ferrar Group (Jurassic) in the
Beardmore Glacier Area, Antarctica
PJ. Barrett, David H. Elliot, and John F Lindsay

1986	 Paper 15. Geology of the Basement Complex, West-
ern Queen Maud Mountains, Antarctica
F Alton Wade and Carl A. Cathey

Vol. 41	Biology of the Antarctic Seas XVI
Louis S. Kornicker, editor

1986 Paper 3. Pelagic Scyphomedusae (Scyphozoa: Coro-
natae and Semaeostomeae) of the Southern Ocean
Ronald J. Larson

1986	 Paper 4. Further Studies on the Phaeodaria (Pro-
tozoa: Radiolaria) of the Antarctic Seas
John Francisco Tibbs and Sally Deck Tibbs

Vol. 44	Biology of the Antarctic Seas XVII
1986	 Louis S. Kornicker, editor

Vol. 45	Biology of the Antarctic Seas XVIII
1986	 Louis S. Kornicker, editor

Vol. 46	Geological Investigations in Northern Victoria Land
1986	 Edmund Stump, editor

Vol. 47	Biology of the Antarctic Seas XIX
(forthcoming)	Louis S. Kornicker, editor
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should contact a Board member through the American
Geophysical Union to determine whether a volume in a specific
field is in process and whether the work is appropriate for
inclusion.

Proposal forms, information for contributors, and catalogs of
books in print are available from the American Geophysical
Union, 2000 Florida Avenue, N.W., Washington, D.C. 20009.
The telephone number is (202) 462-6903.

Geology and paleontology of the
Ellsworth Mountains

G.E. WEBERS

Macalester College
St. Paul, Minnesota 55105

J.F. SPLETTSTOESSER

Minnesota Geological Survey
University of Minnesota

St. Paul, Minnesota 55114

Coordination continued in 1987 on the production of a vol-
ume on the geology and paleontology of the Ellsworth Moun-
tains. Final versions of a few outstanding chapters were
completed by the authors in 1987, after which all 22 chapters
planned for the volume were given a final reading by the editors
(Webers, Craddock, and Splettstoesser) and submitted to the
Geological Society of America (GSA). A highlight of the volume
will be the colored geologic map (scale 1:250,000) of the entire
range, which was printed on one sheet by Williams and Heintz
Map Corporation in 1986. The map is also available separately as
GSA Map and Chart MC-57 (Craddock et al. 1986). An additional
plate in the volume will be the map of "Selected glacial geologic
features," compiled by Denton et al. as part of their studies in
the 1979-1980 field season. This plate is part of a chapter in the
volume entitled Glacial history of the Ellsworth Mountains, West
Antarctica by Denton et al., listed below. The map shows ser-
rated rock crests, trimline elevations, striations, and localities of
soil pits. The map was printed in two colors at a scale of
1:500,000, using the U.S. Geological Survey (1976) satellite im-
age map as a base.

The wealth of rock and fossil material collected will continue
to be studied by many of the investigators who participated in
the 1979-1980 field season under the direction of G.F. Webers
and also by other specialists. Further field studies are con-
templated to sample fossil faunas, in particular, and additional
studies of the structure, sedimentology, stratigraphy, and pal-
eomagnetics are needed to establish with certainty the rela-
tionship between the Ellsworth Mountains and the region of
West Antarctica and the Antarctic Peninsula.

The annotated bibliography of the Ellsworth Mountains
(Webers and Splettstoesser 1982), which is being compiled on a
continuing basis, included about 175 citations as of June 1987.

The bibliography is stored on a word processor disk at the
Minnesota Geological Survey. A copy is available from the au-
thors on request. The contents list of chapters is given below.

Geology and Paleontology of the Ellsworth Mountains, Antarctica.
G.F. Webers, C. Craddock, and J.F. Splettstoesser, Editors.
Geological Society of America Memoir, no. 170.

• Webers, G. E, C. Craddock, and J.E Splettstoesser. History of
exploration and geologic history of the Ellsworth Mountains.

• Webers, G.F., R.L. Bauer, J.M. Anderson, W. Buggisch, R.W.
Ojakangas, and K.B. Sporli. Geology of the Heritage Group
of the Ellsworth Mountains.

• Sporli, K.B. The crashsite Group of the Ellsworth Mountains,
West Antarctica.

• Matsch, C.L., and R.W. Ojakangas. Stratigraphy and sedi-
mentology of the Whiteout Conglomerate—A late Paleozoic
glacigenic sequence in the Ellsworth Mountains, West
Antarctica.

• Collinson, J.W., C.L. Vavra, and J.M. Zawiskie. Sedimen-
tology of the Polarstar Formation, Permian, Ellsworth Moun-
tains, Antarctica.

• Jago, lB., and G.F. Webers. Middle Cambrian trilobites from
the Ellsworth Mountains, West Antarctica.

• Shergold, J.H., and G.F. Webers. Late Dresbachian (Idamean)
trilobite faunas from the Heritage Range, Ellsworth Moun-
tains, West Antarctica.

• Webers. G.F., J. Pojeta, Jr., and E.L. Yochelson. Cambrian
Mollusca from the Minaret Formation, Ellsworth Mountains,
West Antarctica.

• Henderson, R. A., E Debrenne, A.J. Rowell, and G. F. Webers.
Brachipods, Archaeocyathids, and Pelniatozoa from the
Minaret Formation of the Ellsworth Mountains, West
Antarctica.

• Buggisch, W., G.F. Webers, J.E. Repetski, and L. Glenister.
Cambrian conodonts from the Ellsworth Mountains, West
Antarctica.

• Webers, G.F., B. Glenister, J. Pojeta, Jr., and G. Young. Devo-
nian fossils from the Ellsworth Mountains, West Antarctica.

• Debrenne, E The Archaeocyathan fauna from the Whiteout
Conglomerate, Ellsworth Mountains, West Antarctica.

• Taylor, T.N., and E.L. Smoot. The Glossopteris flora of the
Sentinel Range of the Ellsworth Mountains, West Antarctica.

• SpOrli, K.B., and C. Craddock. The structure of the Ellsworth
Mountains, West Antarctica.

• SpOrli, K.B., C. Craddock, and J.M. Anderson. Stratigraphy
and structure of the Marble, Independence, and Patriot Hills,
Ellsworth Mountains, West Antarctica.

• Denton, G.H., J.G. Bockheim, R.H. Rutford, and B.G. An-
dersen. Glacial history of the Ellsworth Mountains, West
Antarctica.

• Spörli, K.B., C. Craddock, and R.H. Rutford. Breccia bodies
of the Heritage Range, West Antarctica.
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Vennum, W.R. Chemical weathering of Cu, Fe and Pb sul-
fides, southern Heritage Range, Ellsworth Mountains,
Antarctica.
Bauer, R.L. Burial metamorphism in the Heritage Range,
southern Ellsworth Mountains, West Antarctica.
Vennum, W.R., P. Gizycki, V.V. Samsonov, and R.J. Pan-
khurst. Igneous petrology and geochemistry of the southern
Heritage Range, Ellsworth Mountains, Antarctica.
Buggisch, W., and G.F. Webers. Facies of carbonate rocks in
the Ellsworth Mountains (Cambrian, West Antarctica).

S Dreschhoff, G.A.M., E.J. Zeller, and V. Thoste. Radioelement
distribution in the sedimentary sequence of the Ellsworth
Mountains, Antarctica.
Craddock, C. The geology of the southern extensions of the
Ellsworth Mountains—Nash, Martin, Pirrit, Hart and Stew-
art Hills, and Thiel and Whitmore Mountains.

This research was supported by National Science Foundation
grant DPP 82-14212 to Macalester College (G.F. Webers, prin-
cipal investigator).
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Geology of the central Transantarctic
Mountains

JOHN F SPLETTSTOESSER

Minnesota Geological Survey
University of Minnesota

St. Paul, Minnesota 55114

MORT D. TURNER

Professor Emeritus
University of Maine at Orono

Silver Spring, Maryland 20902

Publication has been completed on a volume of the American
Geophysical Union's Antarctic Research Series entitled "Geology
of the Central Transantarctic Mountains." The 15 chapters in the
volume were published as soft-cover minibooks as editorial
work and printing schedules allowed. The final chapters were
printed in early 1987, and the American Geophysical Union
then issued foreword material for the volume, such as title
page, contents page, etc., and plates for libraries and others to
bind the contents into a single volume. The pocket plates are
four colored geologic maps of the U.S. Geological Survey Ant-
arctic Geologic Map Series. The complete contents of the vol-
ume and the plates are listed below.

This volume is the culmination of field studies done primarily
by geologists from the Institute of Polar Studies, Ohio State
University, and others beginning in the mid-1960s and con-
tinuing into the 1970s. Major discoveries in paleobotany and
vertebrate paleontology in the 1969-1970 field season are re-
ported here in chapters by James M. Schopf and E.H. Colbert,
respectively. The remote field camp located at Coalsack Bluff in
that season provided a base for helicopter-supported opera-
tions over a large area (Elliot 1970). That was followed by camps
on the McGregor Glacier and Amundsen Glacier in the

1970-1971 season (Elliot and Coates 1971). Some of the results of
that season are also presented here, as well as studies by other
investigators in earlier and later seasons. The volume is pub-
lished by the American Geophysical Union as volume 36 in its
Antarctic Research Series, a project supported by the National
Science Foundation. Chapters are available individually from
the American Geophysical Union as indicated in the following
list, in booklets of two, three, or four chapters.

Antarctic Research Series volume 36: Geology of the Central Trans-
antarctic Mountains, Mort D. Turner and John F Splet-
tstoesser, editors.

Booklet:
• Paper 1. Gunner, John D. Basement geology of the

Beardmore Glacier region, pages 1-9.
• Paper 2. Colbert, Edwin H. Triassic vertebrates in the Trans-

antarctic Mountains, pages 11-35.
• Paper 3. Schopf, James M. Forms and facies of Vertebraria in

relation to Gondwana coal, pages 37-62.

Booklet:
• Paper 4. Hoffman, J. , A.E.M. Nairn, and D. N. Peterson. The

paleomagnetic investigation of flows and sills from the
Queen Alexandra Range, Antarctica, pages 63-74.

• Paper 5. Tasch, Paul, and Edward Leighman Gafford, Jr. Cen-
tral Transantarctic Mountains nonmarine deposits, pages
75-96.

• Paper 6. Collinson, James W. and David H. Elliot. Geology of
Coalsack Bluff, Antarctica, pages 97-102.

• Paper 7. Collinson, James W. and David H. Elliot. Triassic
stratigraphy of the Shackleton Glacier area, pages 103-117.

Booklet:
• Paper 8. Robinson, Edwin S., and John E Splettstoesscr.

Structure of the Transantarctic Mountains determined from
geophysical surveys, pages 119-162.

• Paper 9. LaPrade, Kerby E. Climate, geomorphology, and
glaciology of the Shackleton Glacier area, Queen Maud
Mountains, Transantarctic Mountains, Antarctica, pages
163-196.
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Booklet:
• Paper 10. Elliot, David H., Robert J. Fleck, and John F Sutter.

Potassium-argon age determinations of Ferrar Group rocks,
Central Transantarctic Mountains, pages 197-224.

• Paper 11. Stump, Edmund. Stratigraphy of the Ross Super-
group, Central Transantarctic Mountains, pages 225-274.

Booklet:
• Paper 12. Mayewski, Paul A., and Richard P. Goldthwait.

Glacial events in the Transantarctic Mountains: A record of
the East Antarctic ice sheet, pages 275-324.

• Paper 13. Coates, Donald A. Late Paleozoic glacial patterns in
the Central Transantarctic Mountains, Antarctica, pages
325-338.

Booklet:
• Paper 14. Barrett, P.J., David H. Elliot, and John F Lindsay.

The Beacon Supergroup (Devonian-Triassic) and Ferrar
Group (Jurassic) in the Beardmore Glacier area, Antarctica,
pages 339-428.

• Paper 15. Wade, F. Alton, and Carl A. Cathey. Geology of the
basement complex, western Queen Maud Mountains, Ant-
arctica, pages 429-453.

Plates:
• Barrett, Peter J., John F. Lindsay, and John Gunner. Recon-

naissance geologic map of the Mount Rabot quadrangle,
Transantarctic Mountains, Antarctica. U.S. Geological Survey
Antarctic Geologic Map, No. 1, 1970.

• Lindsay, John F, John Gunner, and Peter J. Barrett. Recon-
naissance geologic map of the Mount Elizabeth and Mount
Kathleen quadrangles, Transantarctic Mountains, Ant-
arctica. U.S. Geological Survey Antarctic Geologic Map, A-2,
1973.

• Barrett, Peter J., and David H. Elliot. Reconnaissance geologic
map of the Buckley Island quadrangle, Transantarctic Moun-
tains, Antarctica. U.S. Geological Survey Antarctic Geologic
Map, A-3, 1973.

• Elliot, David H., Peter J . Barrett, and Paul A. Mayewski.
Reconnaissance geologic map of the Plunket Point quad-
rangle, Transantarctic Mountains, Antarctica. U.S. Geological
Survey Antarctic Geologic Map, A-4, 1974.
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Advances in antarctic surveying and
mapping

LOWELL E. STARR and JOHN A. KELMELIS

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

The U.S. Antarctic Mapping Program directed its efforts in
two major areas of mapping during the 1986-1987 antarctic
season. These were 1:250,000-scale satellite image mapping and
1:50,000-scale topographic mapping. Other areas of emphasis
included gravity data acquisition, geodetic analysis, South Pole
activities, aerial photography, and maintenance of the Scientific
Committee on Antarctic Research (SCAR) Library for Geodesy
and Cartography.

The 1:250,000-scale Landsat Multispectral Scanner (MSS) im-
age mapping project in the McMurdo Sound region progressed
well with the original data processing taking place at the U.S.
Geological Survey (USGS) Flagstaff facility and with reprocess-
ing of the data to meet mapping specifications being done at the
EROS Data Center. Follow-on projects using Landsat Thematic
Mapper (TM) data have been scheduled and data acquisition has
begun for satellite image maps (made from Landsat to-
pographical mapping data) of the Siple Coast Ice Stream D&E
areas.

The field surveying team cartographers, James Stoner and
Kathy Covert, performed a joint geodetic and mapping control
survey with surveyors from the New Zealand Department of

Survey and Land Information (NzD5LI). The expert scientific and
technical methods of the USGS team augmented by the highly
experienced NZDSLI surveyors made this a very successful sea-
son. The control data acquired will support additional 1:50,000-
scale mapping in areas of high scientific interest immediately to
the north and south of the published 1:50,000-scale topographic
maps of the dry valley area of northern Victoria Land. The USGS

is analyzing the control data to provide the mathematical fra-
mework required for mapping. That data, together with aerial
photography acquired by the USGS in previous seasons will be
sent to New Zealand for map compilation. The USGS will then
review and publish the maps. The program is expected to
produce two maps per year with publication beginning in 1989.

The quality of the surveying will also support crustal motion
studies in some areas. A tide gauge installed at McMurdo Sta-
tion by New Zealand scientists was positioned by USGS using
doppler satellite data. During the austral field season, 11 new
stations were established by satellite doppler observations; 22
new stations were established by electronic traverse methods;
and 36 previously established stations were reoccupied. In ad-
dition, eleven stations were established by intersection. Gravity
data were obtained on 39 stations.

Geodetic analysis combining data obtained during the past
three decades from the McMurdo Sound area to the Beardmore
Glacier has been initiated. Preliminary results indicate an unad-
justed vertical closure of less than 1 meter over an 800-kilometer
distance. Classical and electronic survey data, satellite doppler
data, and the Goddard Earth Model (GEM lOb) are used in the
analysis. Additional analysis is being done to verify these re-
suits and to determine horizontal closure.

Three new 1:250,000-scale reconnaissance series maps that
provide coverage for the base of the Antarctic Peninsula are
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awaiting approval of geographic names by the Board on Geo-
graphic Names and will be published later this year.

Reconnaissance aerial photography was acquired over the
Antarctic plateau above the David Glacier. A number of wind-
produced features were identified for analysis.

The SCAR Library for Geodesy and Cartography was main-
tained to assist numerous antarctic researchers by making aerial
photographs, maps, geodetic data, satellite images, and other
data available and by providing technical staff support to aid
scientists, cartographers, authors, and others in their work.

Hybrid maps of northern Victoria Land

B.K. LUCCHITTA and J.A. BOWELL

U.S. Geological Survey
Flagstaff, Arizona 86001

F. TESSENSOHN

Bundesanstalt fur Geowissenschaften und Rohstoffe
Hanover, West Germany

J.C. BEHRENDT

U.S. Geological Survey
Denver, Colorado 80225

Hybrid maps of superposed geologic, aeromagnetic, and
physiographic data of northern Victoria Land were prepared to
correlate geologic and aeromagnetic information and thus aid
geologic interpretations. The geologic data were acquired near
the Mariner, Aviator, Campbell, and Priestley Glaciers under
the auspices of the Bundesanstalt für Geowissenschaften und
Rohstoffe (BGR) during the German Antarctic North Victoria
Land Expeditions (GANOVEX 1984-1985). For the hybrid maps,
the geologic data were generalized and digitized. The aeromag-
netic survey covered the same region as the geologic map and
an additional area on the polar plateau of east Antarctica, west
of upper Priestley Glacier. The aeromagnetic data were acquired
during the austral summer of 1984-1985 by a cooperative pro-
gram of the BGR and the U.S. Geological Survey (usGs). The land
survey was flown by fixed-wing aircraft at 4.4 x 20 kilometer
flight-line spacing, and after reduction, the aeromagnetic data
were placed on a grid of 440-meter spacing. A number of inter-
pretive maps were produced by the BGR and USGS from the
aeromagnetic data. The Landsat base mosaic is composed of five
images of multispectral scanner (Mss) band 7 (wavelength
0.8-1.1 micrometers). The scenes were computer enhanced to
emphasize detail in the snow- and ice-covered mountains and
were placed in the same projection (Lambert conformal conic)
as the aeromagnetic and geologic maps.

The generalized geologic map shows three major subdivi-
sions: (1) basement composed of crystalline rocks of the Wilson
Group, sedimentary and volcanic rocks of the Bowers Group,
and granites of the Admiralty intrusives; (2) cover composed of
the Beacon Supergroup intruded by Ferrar Dolerite and over-
lain by Kirkpatrick Basalt; and (3) Cenozoic volcanic rocks.

The gneisses, metasediments, and granites of the late Pre-
cambrian to early Paleozoic Wilson Group have broad negative

aeromagnetic anomalies showing as bland areas with little mag-
netic relief. The lack of pronounced magnetic signature is sur-
prising for an exposed fold belt, as is the absence in the magnet-
ic anomalies of a reflection of the marked northwest-southeast
strike of the basement rocks. The fossiliferous sedimentary and
locally submarine volcanic rocks of the Cambrian and Ordovi-
cian Bowers Group form a narrow tectonic zone that crosses
northern Victoria Land in a northwesterly direction. The zone is
characterized by low magnetic relief that again is surprising,
considering the presence of mafic rocks that generally have high
magnetic susceptibilities. The granite plutons of the Devonian
to Carboniferous Admiralty Intrusives are characterized by
broad, shallow, positive anomalies. The intrusive and extrusive
rocks of the Jurassic Ferrar Dolerite and the Kirkpatrick Basalt
show as clusters of small aeromagnetic highs that match the
outcrop areas; the lavas display slightly stronger anomalies than
the sills.

Cenozoic volcanic rocks form stratovolca noes, high volcanic
plateaus, scattered small plugs and cones, and small intrusions
of alkalic granites and syenites along the coast. The strat-
ovolcanoes coincide with distinct positive anomalies. Positive
anomalies similar to those of the stratovolcanoes also occur in
areas of scattered outcrops of plugs and cones and may indicate
the presence of larger igneous bodies at depth. In addition,
small outcrops of alkalic intrusives lie within very strong mag-
netic anomalies. The exposed intrusives are much too small and
have magnetic susceptibilities much too low to account for these
strong anomalies. However, some of these intrusives are associ-
ated with mafic dikes or, in one case, a mafic layered intrusive,
suggesting that the outcropping alkalic rocks may be consid-
ered differentiates of more mafic igneous bodies at depth, per-
haps even differentiates of large ultramafic bodies.

Other magnetic anomalies occur in areas of ice or ocean with
no rock exposure. Under the polar-plateau ice, a sharp magnetic
boundary coincides with aligned northwest-trending ridges
and depressions on the ice surface, which reflect subsurface
bedrock topography. The boundary may reflect a fault or
suture. A conspicuous northeast trending line of anomalies in
the Ross Sea consists of broad domes in a pattern similar to that
associated with the Cenozoic volcanic rocks. The alignment of
these Ross Sea anomalies cuts across basement-rock trends,
suggesting that the anomalies may reflect a relatively young
feature associated with Cenozoic magmatism.

This discussion is a brief synopsis of some of the correlations
among geology, aeromagnetic anomalies, and physiography
deduced from the hybrid maps. Much more detailed relations
can be recognized when different versions and additional inter-
pretive aeromagnetic maps are combined. Overall, such hybrid
maps are very useful in Antarctica, where the terrain is partly
obscured and of difficult access, and where geologic mapping at
present is at a reconnaissance level.
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Antarctic mosaic compiled from DMSP
imagery
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University of Colorado
Boulder, Colorado 80309

The National Snow and Ice Data Center has compiled an
antarctic mosaic from imagery held in its Defense Mete-
orological Satellite Program (DMSP) data collection. (See figure.)
The mosaic was compiled from images collected during five
passes of the DMSP F-7 satellite in November 1986. The visible-
band data (0.4-1.1 micrometers) were collected at near-local
noon during the austral spring to minimize lighting differences.
The minor discontinuities between the images were retouched,
as were some of the cloud systems on the periphery of the
continent. The bulk of the mosaic is untouched DMSP coverage
with a resolution of 2.7 kilometers. Photographic copies are
available in various sizes.

Antarctica, compiled from five images collected between 4 and 25
November 1986. (DMSP satellite F-7, visible-band 2.7-kilometer res-
olution, 1986, Cooperative Institute for Research in Environmental
Sciences.) Produced from U.S. Air Force Defense Meteorological
Satellite Program film transparencies archived for NOAAJNESDIS at
the University of Colorado, CIRES/National Snow and Ice Data Cen-
ter, Campus Box 449, Boulder, Colorado 80309.

Antarctic support operations
1986-1987

R.A. BECKER

ITT/Antarctic Services, Inc.
Paramus, New Jersey 07652

This was the seventh year ITT/Antarctic Services, Inc., (ANs)

provided support services to the U.S. Antarctic Program. ANS
divides its support efforts between the antarctic continent and
the Antarctic Peninsula. The primary support locations on the
continent are Williams Field, McMurdo Station, South Pole
Station, and Siple Station, while the Peninsula focus of support
is at Palmer Station and to the research vessel iJv Polar Duke.
During 1986-1987, over 500 ANS employees traveled to these
various antarctic locations. There the men and women of ANS

provided staffing for construction, communications, operations
and maintenance, civil engineering, field operations and spe-
cialized support for scientific research.

Coordination of the ANS effort is managed from the Project
Headquarters located in Paramus, New Jersey, and through
satellite offices located in Port Hueneme, California, and
Christchurch, New Zealand. Support for the RIv Polar Duke is
accomplished through coordination with Chilean Maritime Port
Servicing Agents.

McMurdo Station. In late August, the annual winter fly-in
(wINFLY) signaled the beginning of another operational season
on the continent. The WINFLY period is necessary to transport
personnel and materials to the station for de-winterization and
preparation of station for arrival of the main personnel support
group and scientists. This year, due to increased interest in
ozone depletion, the WINFLY period was host to a contingent of
12 scientists dedicated to ozone research. Apparently, studies
have shown the greatest deviations and depletions of ozone
occur here during the austral spring.

During the summer months, ANS personnel completed over
352 work requests and several large shop projects in direct
support of science. A major level of effort was extended to
enclose two newly constructed dormitories (figures 1 and 2)
and a Heavy Vehicle Maintenance Facility (HvMF) (figure 3)
before the end of the austral summer season. This allowed
interior work to continue during the winter period. The three-
story dormitories will replace several temporary structures and
will house 138 persons each. The HVMF is a 21,000-square-foot
(2,000 square-meter) one-story facility and will replace a facility
that was destroyed by fire in 1981.

In addition, work was completed on a new water distillation
plant, capable of producing 80,000 gallons (approximately
320,000 liters) of fresh water per day by distillation of sea water.
The plant utilizes waste heat from McMurdo's power plant.

The Eklund Biological Center (EBC), manned by three ANS

personnel, this year supported 11 science groups of 58 people.
During the summer, 13,000 pounds (600 kilograms) of retro-
grade ice-core samples were stored in the EBC freezers while
awaiting shipment to the continental United States. Thiel Earth
Science Laboratory (TESL) was utilized by six science groups.
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Figure 1. New dormitory construction. (Photo by Dennis Schiller.)

ALL

Figure 2. Newly constructed dormitories. (Photo by Brian Smith.)

I

Figure 3. Constructing the Heavy Vehicle Maintenance Facility. (Pho-
to by Dennis Schiller.)

McMurdo Station research facilities supported projects relating
to biology, ocean science, biochemistry, geology, glaciology,
and upper atmosphere research.

The Berg Field Center (BFc) is a major support facility in
McMurdo. The personnel at the BFC are responsible for outfit-

ting research groups and support personnel for projects at
remote field sites. In addition, the BFC, in conjunction with the
New Zealand Antarctic Research Program (NZARP), conducts
cold weather survival school classes. This austral summer, the
BFC provided support to 300 people and survival instruction to
624.

McMurdo Station commenced winter operations on 26 Febru-
ary 1987.

South Pole Station. The station opened and began austral sum-
mer operations on 31 October 1986. During the summer, work
to extend the station's useful life continued. Three significant
projects completed in this area were: (1) Raising the Clean-Air
Facility (CAF) 12 feet (3.9 meters). The CAF, built in the late 1970s,
is a structure that houses all of the atmospheric monitoring
projects at the South Pole. When originally built, the building
was 15 feet (4.3 meters) above the snow surface but over the
years, drifting snow had reached the floor of the building. (2)
Construction of a new Summer/Emergency Camp Power Plant.
The Summer/Emergency Camp is a series of structures adjacent
to the main station which is used to house summer support
personnel who cannot be accommodated in the main station.
The camp can also provide housing for personnel during the
winter period should something happen to the main station. (3)
Installation of new Diesel Fuel Arctic (DFA) fuel lines and DFA

fuel pump area. In addition, personnel supported normal sta-
tion operations and on-site science programs.

South Pole Station closed on 18 February 1987 with a winter
contingent of scientific and station personnel remaining.

Sip/c Station. Siple Station opened for the summer season on 3
November 1986. Work accomplished during the summer was
directed at preparing the station for a planned close-down at the
end of the season and upgrading the ultra-low-frequency/very-
low-frequency antenna. Heavy snow accumulation during the
winter necessitated extension and/or modification of all arch
accesses to the surface. Originally, the station was built on the
surface with all facilities enclosed within an arch structure. Over
the years, however, the arch had been completely covered by
snow and passageways to the surface were constructed to en-
compass the air exhaust/intake systems and entryways. Though
inclement weather prevailed for extended periods, 29 of the 32
projects identified prior to the field season were completed.
Personnel also provided support and camp accommodations to
British Antarctic Survey personnel.

Field Camp/D59. The camp had as its singular objective the
excavation of an LC-130 airplane designated JD321. (See figure
4.) The aircraft was abandoned 15 years earlier at the site known
as D-59 on the Antarctic Plateau. Damaged during its take-off
from the remote site in East Antarctica on 4 December 1971, the
aircraft at the time was determined a complete loss. The plane
being one of only 14 in the world had increased in value as years
passed and was now deemed economically feasible to recover. If
re-examination of the plane indicated it could not once again be
made air-worthy, salvage of usable parts would more than cover
the cost of recovery. Wind-blown snow had, in 15 years, com-
pletely buried the aircraft except for the top 3 feet (0.9 meter) of
the tail's vertical stabilizer. On 26 November, after a 4-day tra-
verse from a suitable landing site 135 miles (220 kilometers)
away at a location known as D-21 near the French Antarctic
Station of Dumont d'Urville excavation began. After working
10-12 hours a day, 7 days a week, crews towed the plane from its
33-foot (10-meter) deep excavation pit Christmas Day. Later the
engines and propellers were removed and returned to McMur-
do Station for repair. Preliminary findings by structural and
electrical engineers indicated repair of JD321 as feasible, but
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Figure 4. Excavation of JD 321.

final recovery would wait until next year because the austral
summer was about to end. D-59 closed on 21 January 1987.

Palmer Station. Located at the tip of the curving arm of the
Antarctic Peninsula and named after Nathaniel Brown Palmer, a
Connecticut sealer who sighted the Peninsula in 1820, Palmer
Station is located at 64° south and is accessible generally by ship.

The RIv Polar Duke, after cutting a channel approximately 21/2

miles (4 kilometers) long through ice up to 3 feet (1 meter) thick,
reached Palmer on 13 November opening the station and de-
ploying support and construction personnel. As the summer
progressed, many station facilities were upgraded and rehabili-
tated while a number of new construction projects and yearly
annual maintenance were completed. The station hosted a
number of port calls by private ships as well as tour ships. In
review, station operations were routine and uneventful result-

ing in a very successful season. Summer operations ended on 1
May 1987.

Ship operations. This was the first full year of operations for the
i1v Polar Duke. Ship operations were virtually trouble-free. In
November, prior to arrival at Palmer Station, the ship called at
Admiralty Bay, King George Island, where 113 meters of arctic
grade fuel and 166 drums of aviation fuel were transferred to
Marsh Base (Chilean). On successive cruises throughout the
summer, iIv Polar Duke provided not only routine support to
those science groups working on board but extensive support
as well to independent field programs working on/or at the
various islands and bases dotting the Peninsula area.

The research and efforts outlined in this article were support-
ed under National Science Foundation grant DPP 80-03801.
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U.S. Navy Antarctic Development
Squadron Six activities, 1986-1987

LIEUTENANT (JUNIOR GRADE) FRANK MENDICINO

U.S. Navy Antarctic Development Squadron Six
Point Mugu, California 93042

Antarctic Development Squadron Six (VXE-6) provides the
only regular intracontinental air logistics support for the U.S.
Antarctic Program (usAP). The squadron also supplements
other forms of air and sea support for cargo and passenger
movements between Christchurch, New Zealand, and McMur-
do Station, Antarctica.

Under Memorandum of Agreement between the Department
of Defense and the National Science Foundation, the squadron's
353 active-duty Navy personnel, made up of 60 officers (36
pilots, 17 navigators, and 7 staff support officers) and approx-
imately 290 enlisted personnel (52 aircrewmen, 38 staff support,
and 200 maintenance personnel) operate and maintain seven
LC-130 "Hercules" ski-equipped airplanes (figure 1) owned by
the National Science Foundation and six UH-1N "HUEY" twin-
engine helicopters provided by the U.S. Navy.

Following 6 months of training and preparation of aircrew
and maintenance personnel at the squadron's home base at
Naval Air Station Point Mugu, California, air operations in
support of the 1986-1987 season commenced on 13 August 1986
when four LC-130 aircraft with five aircrews and a complement
of maintenance support personnel departed California for
Christchurch, New Zealand, to commence special winter flight
operations (WINFLY).

WINFLY provides McMurdo Station with personnel and ma-
terials necessary for the opening of the austral summer season
in October. Extreme cold, high winds, and limited daylight
hours make WINFLY operations the most hazardous LC-130
flights the squadron faces.

Eight turnaround flights to McMurdo Station and back to
Christchurch were completed between 20 and 28 August trans-
porting approximately 145,000 pounds (63,500 kilograms) of
cargo and mail and 195 passengers. During these hectic opera-
tions one LC-130 experienced mechanical problems at Williams

Field, Antarctica, requiring the aircraft and crew to remain in
McMurdo Station for 5 days. Extraordinary efforts by the
squadron's maintenance personnel, enduring bitter cold
weather conditions resulted in the aircraft's repair and return to
Christchurch. The squadron returned home on 31 August com-
pleting another safe and successful WINFLY.

VXE-6 commenced its thirty-second antarctic deployment on
8 October 1986 as it departed Naval Air Station Point Mugu,
California, to begin austral summer 1986-1987 participation.
After a brief stop in Christchurch, New Zealand, to outfit per-
sonnel and aircraft for polar operations, the command shifted to
McMurdo Station on 15 October.

Helicopter aircrews, pre-positioned at McMurdo Station in
early October had already completed polar survival training,
aircraft preparations, and orientation flights. LC-130 polar train-
ing flights commenced on 17 October and despite delays due to
severe weather, flight crews were fully prepared to begin logis-
tic and scientific support operations as scheduled.

Austral summer 1986-1987 helicopter operations were the
most successful in recent memory. Excellent planning and man-
agement efforts resulted in helicopter flight hour seasonal totals
within 1 percent of the number originally planned. All heli-
copter operations were based at McMurdo Station. U.S. Coast
Guard HH-52's augmenting in January and February, flew near-
ly 100 hours in direct support of these operations.

Austral summer 1986-1987 LC-130 scientific and logistic sup-
port activity involved field party put-ins, pull-outs, photo re-
connaissance flights, and support of South Pole Station, Siple
Station, Byrd Surface Camp, D-59 and McMurdo Station.

One of the most ambitious operations in the squadron's histo-
ry was the establishment of the D-59 camp (figure 2) for the
recovery of LC-130 bureau number 148321. "321" was aban-
doned several hundred miles from McMurdo in 1971 after a
takeoff mishap. Last season saw the start of efforts to recover
that airplane. After the construction of a skiway and berthing
facilities by civilian employees who traversed the 150 miles (220
kilometers) from French camp Dumont d'Urville to the crash
site, VXE-6 began LC-130 flights to that location. A small detach-
ment of squadron maintenance personnel was established at
the site. Working in harsh, cold conditions, the crew removed
four engines and three propellers which were then flown to
McMurdo Station and eventually to the U.S. Lockheed repre-
sentatives were also flown to the site to assess the state of the

Figure 1. VXE-6 operates and maintains seven LC-130 "Hercules"
ski-equipped airplanes used in Antarctica.

Figure 2. Establishing the D-59 remote camp was one of the squad-
ron's most ambitious operations.
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aircraft and the feasibility of eventually flying "321" off the
antarctic continent.

VXE-6 provided the sole search and rescue capability for the
U.S. Antarctic Research Program during the 1986-1987 season.
On 23 November 1986 a search-and-rescue effort was initiated
for two civilian employees who had fallen into a crevasse.
Despite deteriorating visibility and weather conditions, the
UH-IN crew located the accident site and landed rescuers. An
18-hour effort by the VXE-6 search-and-rescue team recovered
two bodies. In all, 16 patients were airlifted from McMurdo
Station to Christchurch aboard LC-130s for medical treatment
during the 1986-1987 season.

McMurdo Station marked the beginning of its winter season
with the departure of the last LC-130 flight on 25 February 1987.
During the 1986-1987 season, LC-130 and UH-IN aircraft flew
4,654.4 hours, transported 8.2 million pounds (3.8 million kilo-
grams) of mail, cargo, fuel, and 7,346 passengers.

On 1 March 1987 Antarctic Development Squadron Six re-
turned to homeport, Naval Air Station, Point Mugu, California,
after a safe and successful 1986-1987 austral summer opera-
tions. The squadron had a brief standdown period and then
began the summer training schedule in preparation for the
1987-1988 season.

Ship operations, 1986-1987

JAMES C. MARTHALER, CDR, USCG

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

General. Two U.S. Coast Guard icebreakers operated in the
Antarctic this season in support of the U.S. Antarctic Program.
The icebreaker USCGC Polar Sea from Seattle, Washington, resup-
plied Palmer Station, performed the channel break-in to
McMurdo Station, provided ship escort/assist for the resupply
vessels M/V Gus W. Dame!! and M/V Green Wave into Winter
Quarters Bay at McMurdo Station, and conducted one science
cruise in the southern Ross Sea along the Ross Ice Shelf. The
icebreaker USCGC Glacier from Portland, Oregon, conducted an
extensive science support program, supporting one science
cruise in the northern Antarctic Peninsula and one in the west-
ern Ross Sea. A detachment of two HH-52A helicopters was
assigned to each icebreaker. The tank ship M/V Gus W. Dame!!,
on its maiden voyage to Antarctica, and the dry cargo vessel M/V
Green Wave, provided the fuel and supplies to McMurdo Station.

Extremely heavy ice conditions required the refueling of Polar
Sea at the fast-ice edge off McMurdo Station prior to completion
of the ice channel and delayed the arrival of the Gus W. Darnell at
McMurdo Station by 11 days. The greatest volume of shipboard
cargo on record for the U.S. Antarctic Program required addi-
tional inport days for cargo on-load at Port Hueneme and Port
Lyttelton, delaying the arrival of Green Wave at McMurdo Station
by 9 days.

Ice conditions. The overall fast-ice conditions during the ship-
ping season were much heavier than those previously experi-
enced in McMurdo Sound. With the fast-ice edge extending 50
kilometers from Hut Point at the beginning of the season, a
combination of first-year ice up to 7 feet (2.2 meters) thick and
second-year ice up to 11 feet (3.4 meters) thick over the last 6.5
kilometers, presented a very difficult task for the channel
break-in to Winter Quarters Bay. Ice thickness in Winter Quar-
ters Bay ranged from 5 to 7 feet (1.5 to 2.2 meters).

As the season progressed, the annual fast ice slowly broke
away requiring ice-channel transits of 9.7 kilometers forM/V Gus
W. Dame!! and M/V Green Wave. Only 5.6 kilometers of the
channel remained ice jammed for Darnel!'s transit into McMur-

do. By the time Green Wave transitted into McMurdo, the ice
channel was essentially ice free with only the turning basin
remaining jammed. All resupply vessel transits into and out of
Winter Quarters Bay required icebreaker assistance. At the end
of the shipping season, the fast-ice edge extended 8.9 kilo-
meters from Hut Point, with the channel and turning basin
completely ice free.

Pack ice, and the extent of the northern sea-ice limits between
Palmer and McMurdo Stations during the shipping season,
were represented by mean climatological conditions. By early
December, open water began to develop in the southwestern
Ross Sea off Ross Island and the Ross Ice Shelf. By mid-January,
open water existed from Cape Adare to Ross Island in the
western Ross Sea presenting no difficulty for resupply vessels
transitting to and from Ross Island. Light pack ice dominated
most of McMurdo Sound west of Franklin and Beaufort Islands
for the entire shipping season. Ship transits into McMurdo
were conducted from the Ross Sea to the vicinity east of Beau-
fort Island, then to the fast-ice edge near Cape Evans.

Icebreaker operations. USCGC Polar Sea arrived in Port
Hueneme, California, on 11 November 1986 and loaded 226,160
pounds (approximately 100,000 kilograms) of cargo for Palmer
Station. Cargo included general supplies, repair parts, food
stuffs, (dry, refrigerated, and frozen), and some hazardous
material. After loading was completed by local civilian ste-
vedores, Polar Sea departed for Palmer Station on 14 November
making part calls in Puerto Vallarta, Mexico; Callae, Peru; and
Valparaiso, Chile, arriving in Punta Arenas, Chile on 16 De-
cember. Polar Sea shifted berths to the Cabo Negro fueling pier
on 17 December to refuel and returned to Punta Arenas on the
18th. While in Punta Arenas, pasengers and some equipment
were embarked for passage to Palmer Station.

Polar Sea departed Punta Arenas on 19 December, changed
operational command (chopped) from COMPACAREA
COGARD to COMNAVSUPPFORANTARCTICA upon cross-
ing 60° south latitude on 21 December, and arrived at Palmer
Station on 22 December. All passengers were disembarked and
cargo operations commenced. This season, Polar Sea did not
refuel Palmer, but instead backloaded 19,400 gallons (75,000
liters) of marine diesel fuel to permit the station to clean one of
its fuel storage tanks. Shipboard personnel augmented station
personnel for shoreside cargo handling. A total of 22,400
pounds (approximately 10,000 kilograms) of retrograde cargo
were loaded on board Polar Sea for delivery to McMurdo Station.

Polar Sea departed Palmer Station on the evening of 25 De-
cember enroute to McMurdo Station. Polar Sea arrived off Cape
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Washington on 6 January 1987 and pulled out four science
personnel and equipment for transport to McMurdo. Polar Sea
arrived at the fast-ice edge early on 8 January, 50 kilometers
from Hut Point, and commenced breaking the ship channel. On
8 January, Rear Admiral Theodore J . Wojnar, USCG, Com-
mander, Thirteenth Coast Guard District; Ambassador John D.
Negroponte, Assistant Secretary of State; John Moore, Deputy
Director of the National Science Foundation; Perry Adkisson,
National Science Board member; William Merrel, Assistant Di-
rector for the Office of Management and the Budget; Captain
David Srite, USN, CNSFA, and Peter Wilkniss, Director of Polar
Programs, National Science Foundation, boarded Polar Sea to
observe icebreaking operations in conjunction with the channel
break-in.

Three-turbine engine operations were conducted until 12 Jan-
uary when excessive vibrations put the centerline turbine out of
commission for the remainder of the deployment. Two-turbine
operations were required to work the ice channel inside of 4
miles (6.5 kilometers) from Hut Point due to the extreme hard-
ness of the 11-foot (3.4-meter) second-year fast ice.

On 15 January, Vice Admiral Diego Hernandez, USN, Com-
mander Third Fleet; Roland Schmitt, Chairman, National Sci-
ence Board; Charles Hess and June Lindstedt-Siva, National
Science Board members and Peter Wilkniss, Director of Polar
Programs, National Science Foundation, boarded Polar Sea to
observe icebreaking operations.

Polar Sea moored at the ice pier on 17 January to offload Palmer
Station and Cape Washington retrograde cargo, take on lube oil,
conduct engineering maintenance and repairs, and provide
crew liberty. Polar Sea got underway again on 20 January and
continued ice channel operations. Extended turbine operations
put Polar Sea in a low fuel state requiring it to refuel from the
tanker Gus W. Darnell at the fast-ice edge near Cape Royds on 26
January prior to completing ice channel work.

Due to the severity of the fast-ice conditions, Polar Sea sus-
tained damage to its controllable pitch propellers, limiting oper-
ations to one turbine on the port shaft and main diesel engines
on the center and starboard shafts after 29 January. Due to the
extended time required to complete the ice channel into
McMurdo Station, Science Cruise I was cancelled.

The channel into Winter Quarters Bay, the turning basin, and
the approach to the ice pier were completed on 3 February. Gus
W. Darne!l was escorted into Winter Quarters Bay on 3 February
without incident, and Polar Sea continued to work at widening
the ice channel and loosening the turning basin to ease the task
of escorting the tanker out of Winter Quarters Bay. Polar Sea
escorted Gus W. Darnell to sea on 7 February without incident.

Polar Sea moored to the ice pier on 7 February to load Science
Cruise II personnel and equipment, and departed on 8 Febru-
ary to continue preparing the turning basin for Green Wave's
arrival. On 9 February Polar Sea escorted Green Wave into Winter
Quarters Bay and Departed McMurdo to commence Science
Cruise II operations in the vicinity of the Ross Ice Shelf and Terra
Nova Bay. Upon completing Science Cruise II, Polar Sea re-
turned to McMurdo on 16 February where science personnel
and cargo were offloaded by helicopter on 17 February.

The turning basin was reworked on 17 February, Green Wave
was escorted to sea on 18 February, and Polar Sea began its
transit northbound by way of the Balleny Islands to install an
automatic weather station. On 21 February, Polar Sea suc-
cessfully established one automatic weather station on Buchle
Island and continued its transit northbound. Polar Sea chopped
back to COMPACAREA COGARD on 22 February and arrived
in Sydney on the 27th. Polar Sea departed Sydney on 3 March

and commenced its return voyage, stopping in Apia, Western
Somoa, and Honolulu, Hawaii, before arriving in Seattle, Wash-
ington, on 10 April 1987.

LJSCGC Glacier arrived in Port Hueneme on 8 November 1986
and loaded an additional 37,164 pounds (approximately 17,000
kilograms) of cargo for Palmer Station and the first science
cruise scheduled for December 1986. Glacier departed on 10
November, making port calls at Puerto Vallarta, Mexico; Pun-
tarenas, Costa Rica; and Valparaiso, Chile. Glacier arrived in
Punta Arenas, Chile, on 13 December 1986 after refueling at
Cabo Negro, Chile, on 12 December. Glacier loaded science
personnel and equipment, departing Punta Arenas on 15 De-
cember enroute Smith Island and Palmer Station.

Glacier changed operational command (chopped) from
COMPACAREA COGARD to COMNAVSUPPFORANT-
ARCTICA on 17 December. Pack ice prevented the planned visit
to Smith Island and gale force weather kept Glacier from enter-
ing Arthur Harbor at Palmer Station until 19 December. Cargo
and personnel were offloaded, and Glacier's Arctic Survey Boat
was deployed with a crew of four to support local science
operations in the vicinity of Palmer Station until Glacier's return.

Glacier departed Palmer Station on 19 December to commence
Science Cruise I operations involving extensive geological sur-
vey and mammal census work in the vicinities of Seymore,
Elephant, and James Ross islands on the northern end of the
Antarctic Peninsula. On 22 December, Glacier's dive team assist-
ed in the removal of a trawling net which had fouled RIv Polar
Duke's propeller.

Glacier arrived at Palmer Station on 14 January after complet-
ing Science Cruise I where science equipment was offloaded;
14,328 pounds (approximately 7,000 kilograms) of Palmer and
science retrograde cargo and the Arctic Survey Boat were
onloaded, and passengers were embarked for transport to Pun-
ta Arenas. Onloading operations were completed, and Glacier
departed Palmer the evening of 14 January arriving in Cabo
Negro, Chile, to refuel on 18 January. After refueling, Glacier
arrived in Punta Arenas on 19 January where all personnel and
some equipment from Science Cruise I were offloaded and
engineering repairs were made in preparation for Glacier's tran-
sit to McMurdo.

Glacier departed Punta Arenas on 21 January enroute McMur-
do Station, transitting along the northern sea-ice edge to the
western Ross Sea, and then to McMurdo Sound. Glacier arrived
at the fast-ice edge off McMurdo Station on 2 February where it
assisted Polar Sea in completing the ice channel and turning
basin into Winter Quarters Bay.

On 3 February, Glacier moored to the ice pier, offloaded Pal-
mer Station retrograde and the remainder of the Science Cruise
I cargo, and onloaded Science Cruise II passengers and equip-
ment. Glacier got underway later on 3 February and continued to
work the ice channel until departing on Science Cruise II on 5
February. Science Cruise II operations were conducted along
the western Ross Sea from Cape Adare and Cape Hallett to
McMurdo Sound, involving extensive seismic survey and bot-
tom coring operations, bottom sediment collection, and snow/
ice survey measurements.

Glacier completed Science Cruise II operations in the vicinity
of McMurdo Sound, and offloaded passengers and equipment
at McMurdo on 20 February. Glacier commenced her transit
north late on 20 February enroute to Hobart, Australia,
chopped back to COMPACAREA COGARD on 25 February,
and arrived in Hobart on 1 March. Glacier departed Hobart on 6
March and commenced its return voyage, stopping in Sydney,
Australia, and Kahului (Maui), Hawaii. Glacier arrived in Port-
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land, Oregon, on 9 April 1987 having completed its twenty-
ninth and final deployment on antarctic operations. Glacier was
decommissioned in early June 1987.

U.S. Coast Guard helicopter operations. Two aviation detach-
ments (ADVET5) from the Polar Operations Division at Coast
Guard Aviation Training Center, Mobile, Alabama, were as-
signed for icebraker support during austral summer 1986-1987.
Each detachment consisted of two-HH-52A helicopters and a
complement of 4 pilots and 10 aviation crewmen.

AVDET 115 was attached to Polar Sea and flew a total of 183
flight hours while under the operational control of
COMNAVSUPPFORANTARCTICA. The AVDET moved ashore
to McMurdo Station from 10 to 26 January while Polar Sea con-
ducted channel icebreaking operations into Winter Quarters
Bay. Both helicopters operated from the VXE-6 helicopter pad
providing science, logistics, and search-and-rescue support in
the vicinity of Ross Island. While operating out of the McMurdo
area, both helicopters flew a total of 174 hours, including 113
hours of dedicated science support. One helicopter required a
transmission change-out during the ship's transit from Palmer
to McMurdo. The availability of a spare transmission on board
for this deployment ensured the full utilization of both helicop-
ters, significantly benefitting the entire Ross Island science
program.

AVDET 114 was assigned to Glacier and conducted 218 hours
of flight operations while attached to COMNAVSUPPFOR-
ANTARCTICA. From 19 December to 17 January, 159 hours
were flown in support of Science Cruise I. From 3 to 20 Febru-
ary, Glacier's AVDET provided 54 hours of helicopter support
during Science Cruise II.

Resupply ships. MIV Gus W. Darnell loaded petroleum prod-
ucts for austral summer operations at Geelong (Melbourne),
Australia, 9-17 January 1987 and departed enroute to McMurdo
Station on 18 January. Gus W. Darnell chopped to
COMNAVSUPPFORANTARCTICA on 22 January, finding
open water along its entire transit until entering the sea ice
approximately 30 miles (48 kilometers) east of Beaufort Island.
Passing to the south of Beaufort Island, Gus W. Darnell encoun-
tered 3-5 tenths concentrations of medium to large floes
through McMurdo Sound, arriving at the fast-ice edge near the
entrance to the ice channel on 26 January. Gus W. Darnell re-
fueled Polar Sea on 26 January at the channel entrance passing
797,076 gallons (3 million liters) of marine diesel fuel. Gus W.
Darnell was escorted through the ice-channel on 3 February to
McMurdo Station (figure 1) and discharged 5,417,261 gallons
(20 million liters) of petroleum products to McMurdo's storage
tanks. Upon completion of fueling operations, the tanker bal-
lasted down, was towed into the turning basin (figure 2), and
escorted to open water by the Polar Sea on 7 February. The tanker
outchopped on 11 February enroute Singapore.

M/V Green Wave moored at Port Hueneme on 27 December
1986 and commenced loading cargo for McMurdo Station on 2
January 1987. A greater quantity of containerized and break
bulk cargo than anticipated, along with unfavorable weather,
required 3 additional days to load cargo. Green Wave finally
departed for Port Lyttelton on 10 January with the greatest
volume of cargo ever shipped by any Military Sealift Command
vessel out of a U.S. West Coast port. Green Wave arrived in Port
Lyttelton on 26 January to load additional cargo for McMurdo
Station and Scott Base. The amount of cargo to be loaded in Port
Lyttelton and the fact that defective bottled gas products were
discovered during the vessel onload required 4 additional days
for loading operations. Green Wave departed for McMurdo on 1
February, but returned to Port Lyttleton on 3 February when
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Figure 1. The arrival of the fuel tanker Gus W. Dame!! to McMurdo
Station was delayed by 11 days because of extremely heavy ice
conditions.

additional gas cylinders on board were suspected to be defec-
tive. Green Wave departed Port Lyttelton on the evening of 3
February sailing in open water until entering the sea ice approx-
imately 10 miles (16 kilometers) to the east of Beaufort Island.
Green Wave transitted into McMurdo Sound to the north of
Beaufort Island encountering 2-4 tenths concentrations of sea
ice with medium to large floes. Green Wave arrived at the fast-ice
edge on 9 February and was escorted into Winter Quarters Bay
with assistance from Polar Sea (figure 3). Cargo offload and
retrograde cargo onload was accomplished by 18 February with
Green Wave delivering a total of 14,704,704 pounds (7,000 kilo-
grams) of cargo to McMurdo. A total of 3,721,760 pounds (1.4
million kilograms) of retrograde cargo was backloaded onto
Green Wave at McMurdo for movement back to Port Lyttelton
and Port Hueneme. With Polar Sea's assistance, Green Wave de-
parted McMurdo enroute to Port Lyttelton on 18 February arriv-
ing 24 February. Green Wave depated Port Lyttelton on 26 Febru-
ary and arrived in Port Hueneme on 12 March.

Other shipping. MIV Finn Polaris arrived in McMurdo Sound in
late November with an Italian expedition to construct a perma-
nent base near Gerlache Inlet in Terra Nova Bay. The Finn Polaris
departed Terra Nova Bay on 16 February enroute to Port
Lyttelton.

4

Figure 2. The Polar Sea tows the Gus W. Dame!l into the turning
basin.
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Figure 3. The Green Wave arrived at the fast-ice edge on 9 February

The ivtiv World Discoverer arrived in the vicinity of Ross Island
on 8 February, visiting Cape Crozier and Cape Royds. It briefly
transitted the open water portions of the ice channel on 10
February, then departed the area late on 10 February.

MIV Green peace arrived in the vicinity of Ross Island near
Lewis Bay on 6 January, then transitted to Cape Evans in mid-
February where a winter-over camp was constructed. Green-
peace departed the area in late February enroute to New
Zealand.

M/V Aurora departed Bay of Whales on 2 March enroute to
Port Lyttelton with the 90° south expedition.

The cargo ship operations were supported by a National
Science Foundation agreement (CA-165) with the Department
of Defense. Icebreaker operations were supported by a National
Science Foundation agreement with the U.S. Coast Guard.

Commander James G. Marthaler, U.S. Coast Guard, is the
Coast Guard Liaison to Deep Freeze and the Naval Support
Force's Ship Operations Officer.

U.S. Weather observations in
Antarctica

AGI GEORGE H. HEIDE

U.S. Naval Support Force Antarctica
Port Hueneme, California 93043

In the harsh and unforgiving environment of Antarctica,
United States weather personnel play an integral role in main-
taining the safety and effectiveness of the scientific operations.
Their detailed analyses of the rapidly changing weather pat-
terns on the antarctic continent are often the determining factor
in the decision to launch or not launch aircraft containing mate-
rial critical to operations and the survival of personnel. To that
end, they observe the weather to note changes in temperature,
wind, and pressure at selected stations from day to day, month
to month, and year to year. They transmit the collected data
from McMurdo, the biggest U.S. station on the continent, to the
meteorological services in Melbourne, Australia, and Well-
ington, New Zealand, for further dissemination to the United
States, the Soviet Union, and member nations of the World
Meteorological Organization.

During the austral summer, surface synoptic observations are
taken at 6-hour intervals at the four major U.S. stations—
McMurdo, South Pole, Byrd, and Siple—beginning at 0000Z
daily. Additional intermediate surface observations are taken in
McMurdo at 0300Z, 0900Z, 1500Z, 2100Z daily. During air oper-
ations and as early as 6 hours prior to an aircraft departure from
Christchurch, New Zealand, for McMurdo, the observer at the
Ice Runway or at the Williams Field Skiway—the two airstrips
serving McMurdo—is required to take hourly weather observa-
tions. Observations are taken more often if required by chang-
ing weather. At an outlying camp, a trained weather observer
records at least one daily surface observation and takes more
frequent observations if an aircraft arrival is expected.

The upper-air program is limited to the McMurdo and South
Pole stations. Two rawinsonde launches are regularly recorded
at 0000Z and 1200Z daily but additional rawinsondes may be
launched if required by the forecaster to define the state of the
atmosphere better and enhance the accuracy of the forecast.

The meteorologists at McMurdo write forecasts for the
Williams Field complex, South Pole, Byrd, and Siple stations at
6-hour intervals, beginning at 0300Z. All forecasts for the active
outlying camps originate at McMurdo as well. To derive their
forecasts, the meteorologists at McMurdo depend primarily on
surface observations and upper-air soundings where available.
Interpretation of satellite imagery provides critical information
for the remainder of the antarctic continent and its coastal
waters where no manned or automatic weather stations exist.

Weather observations from Siple, Byrd, and South Pole sta-
tions and the upper-air reports from the South Pole station are
passed to McMurdo via radio voice circuits. McMurdo then
radio-teletypes these 6-hour synoptic observations to New Zea-
land where they are further disseminated to the World Mete-
orological Organization. Thus, any nation linked by computer
to the world weather network can retrieve the latest weather
information from these antarctic stations. Weather observations
from the outlying camps are further compiled at McMurdo for
climatological archives before being forwarded to Asheville,
North Carolina. The importance to meteorologists of a single
weather observation becomes apparent if one realizes that on
the long trip from McMurdo to Siple station, the only synoptic
weather information enroute is that provided by the observer at
Byrd Surface Camp—a situation roughly equivalent to flying
from Los Angeles to Chicago, with the only available enroute
weather update at Denver. Although the sophisticated satellite
reception at McMurdo (figure) affords the duty forecaster a
series of pictures covering the entire antarctic continent, it is the
skill of the field observer alone that can tell what is below an
extensive area of cloudiness displayed on an infrared satellite
picture—be it lower clouds, fog, or unrestricted visibility.
Hence, every observation received at McMurdo is considered
invaluable. Therefore, the weather personnel at McMurdo en-
sure that these critical observations are sent for worldwide
dissemination in a timely manner.
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DMSP satellite imagery of Ross Island and surrounding area taken by U.S. Marine Corps Mark IV Satellite Van in December 1986.
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