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

of results for publication. The Foundation, therefore, does not assume responsibility for such
findings or their interpretation.

The Foundation welcomes proposals on behalf of all qualified scientists and engineers and
strongly encourages women, minorities, and persons with disabilities to compete fully in any of
the research and research-related programs described in this document. In accordance with
Federal statutes and regulations and NSF policies, no person on grounds of race, color, age, sex,
national origin, or physical disability shall be excluded from participation in, denied the benefits
of, or be subject to discrimination under any program or activity receiving financial assistance
from the National Science Foundation.

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

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

Cover photograph:

Scanning electron micrograph, taken by biological oceanographer Marcia M. Gowing of
the Institute of Marine Sciences at the University of California-Santa Cruz, of a Parmeles
cell from a sediment trap deployed at 200 meters in the Ross Sea in December 1995.
These siliceous algal cells are about 6 micrometers in diameter (not couting the spines)
and were also found in fecal pellets produced by microzooplankton. This work was part
of the multidisciplinary Ross Sea Bloom Dynamics Experiment (see pages 125-130) and
examined the role of microzooplankton in controlling the production and fate of carbon in
diatom vs. Phaeocystis blooms. During a month-long cruise aboard the Nathaniel B.
Palmer, other researchers focused on primary, new, and bacterial production, bacteria
and phytoplankton growth, carbon flux from the euphotic zone, and sulfur cycling.

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

The Antarctic Treaty, which provides the legal framework for the area south of 60S latitude,
reserves the region for peaceful purposes and encourages international cooperation in scientific
research. The United States cooperates with other Treaty Nations in research and logistics. By
Presidential directive, the National Science Foundation is responsible for budgeting and managing
U.S. activities in Antarctica. This effort includes the U.S. Antarctic Research Program, station and
research ship operations, Coast Guard icebreaker operations, and the U.S. Navy's Operation Deep
Freeze.
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U.S. Antarctic Program, 1995-1996

D
uring the 1995-1996 austral sum-
mer field season, 631 scientists and

other specialists conducted 133 research
projects in Antarctica. Supported by the
National Science Foundation (NSF),
these individuals worked at McMurdo
Station on Ross Island; at remote field
camps in the McMurdo Dry Valleys,
Transantarctic Mountains, or West
Antarctica; at Amundsen-Scott South
Pole Station; aboard the icebreaking
research ship Nathaniel B. Palmer; at
Palmer Station on Anvers Island; and in
southern ocean waters near the Ant-
arctic Peninsula. Studies at the remote
field camps included investigations of
the continent's geologic and glacial his-
tory, the dynamic behavior of the west
antarctic ice sheet, and the characteris-
tics and ecology of the sparse terrestrial
life inhabiting the dry valley region.
About 4 percent of these projects were
conducted in conjunction with other
national antarctic programs or support-
ed aboard commercial tour ships.

The projects described in this issue
of the Antarctic Journal represent only
part of the science effort supported by
NSF through the U.S. Antarctic Program.
Besides the science teams working in
Antarctica, researchers in the United
States continued to analyze data ac-
quired during previous austral summers.
This volume of the Antarctic Journal,
which is comprised of papers prepared
by program participants, reflects the
breadth and complexity of the U.S. pro-
gram. The articles describe field
research, data analysis, and related activ-
ities in Antarctica and the United States.
For colleagues within their specific disci-
plines, researchers have published their
detailed results and findings in peer-
reviewed scientific journals. In contrast,
the Antarctic Journal, which is not peer-
reviewed, is intended to provide an
overview of recent investigations and to
make initial reports available to investi-
gators across all scientific disciplines as
well as to the public. The assistance of all
participants who contributed material to
this issue is gratefully acknowledged.

Season research highlights-1995-1996

AMANDA. Over the past two decades,
technology has made it possible to
build a "telescope" that can image the
sky using high-energy neutrinos, one
of the most common subatomic parti-
cles in nature. Although they interact
only weakly with ordinary matter,
making them very difficult to detect,
neutrinos are so penetrating that they
help astronomers to "see" inside of
celestial objects (such as the cores of
galaxies) that are shrouded in dust,
stars, and gasses that obscure viewing
at any wavelength of electromagnetic
radiation. To detect a neutrino, unfor-
tunately, requires an enormous detec-
tor with a very good filter. At the geo-
graphic South Pole, researchers have
been testing the use of ice as a detec-
tor. The Antarctic Muon and Neutrino
Detector Array (AMANDA) uses the
glacial ice of the ice sheet at South
Pole as the world's largest particle
detector. During the 1995-1996 austral
summer, researchers successfully
installed 86 more optical modules on
four strings between 1,500 and 2,300
meters deep in the ice. Including the
four strings previously installed
between 800 and 1,000 meters, this
brought the total number of optical
modules to 166. Although the re-
searchers have found that the ice is
much clearer than anticipated from
laboratory measurements, at the shal-
lower depths (less than 1,500 meters),
residual air bubbles cause an excessive
amount of scattering, making that part
of the ice sheet less useful.
Consequently, future development is
expected to be done in deep ice.

AST/RO. The Antarctic Submillimeter
Telescope and Remote Observatory
(ASTIRO), one of several projects
operated by the Center for Astro-
physical Research in Antarctica
(CARA), completed its first winter of
operation. The project uses a 1.7-
meter-diameter telescope to conduct

surveys of atomic and molecular line
emission from interstellar gas in the
galactic plane, the galactic center, and
the Magellanic Clouds. During its first
winter of operation, it produced more
than 100,000 spectra of atomic carbon
in cool molecular clouds in the Milky
Way as well as spectra of several trace
gases in the Earth's atmosphere. The
mapping of carbon provides informa-
tion on star-forming regions not avail-
able at other wavelengths. South Pole
is the only site on Earth that can reli-
ably take spectra at this wavelength.

Southern ocean carbon cycling
research. Use of new technologies
and fortuitous timing during the
southern ocean spring bloom re-
vealed new pathways of carbon
cycling in the Ross Sea. Oceano-
graphers used a remote-controlled
underwater TV camera and sediment
traps to probe the fate of carbon fixed
during highly productive phytoplank-
ton blooms that occur every spring as
ice retreats around the Antarctica.
Immediately after the bloom when
waters were highly transparent, TV
reconnaissance revealed that a sur-
prisingly large fraction of the bloom
had settled to the bottom at 200
meters depth. Shrimplike krill were
observed there in high concentra-
tions where they fed on the bloom
debris lying on the bottom. Krill, a
key component of the southern
oceans ecosystem, are a link between
microscopic plants (phytoplankton)
and higher trophic levels. Without the
use of the small, submarine-mounted
TV camera, this pathway of photo-
synthetic carbon would not have
been so easily discovered.

Icefish antifreeze glycopeptides. Be-
cause of the high salt content, seawa-
ter surrounding the antarctic conti-
nent freezes about 2 degrees below
that of freshwater. Fish swimming in
these waters theoretically should
freeze; however, their blood and tis-
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sues contain glycopeptides that pre-
vent freezing. These compounds act
by attaching to small ice crystals and
preventing them from joining togeth-
er to form larger crystals. Currently,
researchers are attempting to clone
these glycopeptides so that these
compounds potentially could be used
to prevent ice-crystal formation in
frozen human tissue and in living
plants or as nontoxic deicing agents
for airplanes and roads.

Vostok ice-core drilling project. The
United States, Russia, and France
continued to collaborate on ice-core
drilling at Vostok Station in East
Antarctica. Recent drilling efforts
have produced the oldest ice core
ever sampled. The deepest ice (3,350
meters) is thought to extend through
several glacial/ interglacial cycles and
could be as much as 450,000 years
old. The Vostok ice core, which has
provided a wealth of information
about past climate and environmen-
tal changes in Antarctica, has allowed
scientists working on the GISP2 ice
core from Greenland to make climate
correlations between the Northern
and Southern Hemispheres. The
Vostok core has also provided one of
the most detailed records to date of
paleoatmo spheric concentration of
methane and carbon dioxide and has
helped scientists to improve their
understanding of how these green-
house gases have responded to (or
were a cause of) climate change in
the past.

Invertebrate paleontology. The
world's oldest crayfish (freshwater
lobster) body fossil, a claw, was dis-
covered in the Shackleton Glacier
region in 1995-1996, along with
numerous trace fossils of crayfish.
The oldest body fossil by 65 million
years, it pushes the evolutionary
developments back in Earth's history
by a significant amount of time.

• Seafloor bathymetry. The Earth is
dominated by ocean basins, but
despite their dominance, the ocean
floor is largely unexplored and
unmapped. Without detailed seafloor

maps, the ability of scientists to
address such basic questions as
"What happens when continents
break apart?" or "How does continen-
tal drift work?" is limited. Recent
advances in technology that uses
sound waves to measure distance in
water have provided new remote-
sensing capabilities and the potential
for creating detailed seafloor maps.
Using one of these systems (Seabeam
2112 T11) , marine geologists working
the Bransfield Straits aboard the
Nathaniel B. Palmer found lineated
pillow piles (volcanic rock formed by
underwater eruptions) interspersed
with one nearly perfect submarine
volcano and one apparently dissected
submarine volcano. The better pre-
served volcano is about 3 nautical
miles across at its rim, stands 900
meters above the bottom, but is still
600 meters below the ocean surface.
Geologists Lawrence Lawyer of the
University of Texas-Austin and Gary
Klinkhammer of Oregon State Uni-
versity observed that "lineated pillow
piles of these lengths are completely
unknown in the world's oceans.
Perhaps as more areas are surveyed
they may turn out to be more com-
mon, but so far the central Bransfield
Basin is unique." They also found two
hydrothermal vent fields whose sizes
rival the largest geothermal field on
the Mid-Atlantic Ridges and a com-
pressional ridge equal in size to the
San Bernadino Mountains of south-
ern California.

Sea-ice dynamics. Two midwinter
cruises of the Nathaniel B. Palmer to
the Pacific sector of the southern
oceans focused on the freezing of ice,
the effect of snow on the growth of
the ice pack, and the structure of
individual ice crystals. The resulting
data are the best currently available
on antarctic sea ice and snow struc-
ture. In March and April, heading into
the southern winter, antarctic sea ice
expands at a rate of 57.2 square kilo-
meters per minute until it covers an
area twice that of the United States.
In summer, it melts more slowly but
by the following February has retreat-
ed to a narrow fringe surrounding the

continent. With the relatively warm
water isolated from the atmosphere,
surface temperatures fall to values
15-30F (8-15 0 C) lower than they
would be over the open ocean. The
northward extent of the winter sea ice
also has significant climatic conse-
quences. The temperature contrast
between the ice and open ocean
helps to drive the intensity of cy-
clones that circle the continent and to
fix the preferred latitude of Southern
Hemisphere storm tracks. The year-
to-year variation in the extent of sea
ice is determined by oceanic process-
es that can bring stored heat to the
surface and prevent ice from forming
and by atmospheric processes that
can alternately drive the ice north-
ward or southward. Using satellites to
observe and track sea-ice dynamics,
scientists can use variations in the
sea-ice cover as an indicator of global
climatic change.

• Antarctic automatic weather station
network. Approximately 50 automatic
weather stations continued to pro-
duce reliable and accurate data
throughout the 1995-1996 season.
These rugged instruments, developed
for the U.S. Antarctic Program, have
performed well in some of the most
rigorous climatic conditions on Earth.
Measurements of surface tempera-
ture, pressure, wind, and humidity
are uplinked to polar orbiting satel-
lites and delivered electronically for
weather forecasting and research
purposes to users in Antarctica and in
the United States. The automatic
weather stations are the primary
direct data source for much of the
antarctic continent and represent a
valuable data set for validating satel-
lite imagery.

Policy highlights

I
n September 1995, the Senate
Appropriations Committee on Veterans

Administration, Housing, and Urban
Development, and Independent Agencies
requested that the National Science and
Technology Council (NSTC) review U.S.
antarctic policy, because the committee
was aware that the National Science
Foundation was considering redevelop-
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U.S. Antarctic	Operations &	Logistical support

ment of Amundsen-Scott South Pole
Station. The NSTC was asked to examine
U.S. antarctic policy "in the context of the
value of the science performed in
Antarctica and other U.S. interests" and,
specifically, to "address the affordability
of continued U.S. presence in Antarctica
in light of the severe budget environment
and examine options for reducing annual
logistical and operational budget needs."
(United States Antarctic Program, 1996,
Committee on Fundamental Science,
National Science and Technology
Council).

The NSTC's Committee on Funda-

mental Science completed its review and
delivered its report to Congress in April
1996. Emphasizing that the United
States should maintain an active and
influential presence in Antarctica, the
Committee concluded that

USAP is cost effective in advancing
American scientific and geopolitical
objectives, and, from a science per-
spective at the current level of invest-
ment, [the NSTC supports] the contin-
uation of three stations with year
round presence. (United States
Antarctic Program, 1996, Committee
on Fundamental Science, National
Science and Technology Council)

It also found that the science con-
ducted in Antarctica is of high quality
and of interest to a broad scientific com-
munity and that often the results of
these investigations imply consequences
for human activity beyond those usually
associated with basic research. To
explore options for sustaining the high
level of U.S. antarctic science activity
under realistically constrained funding
levels, the NSTC recommended that NSF
convene an external panel. The panel,
which was comprised of 11 members,
began its review in October 1996 and
concluded in April 1997.

For Fiscal Year 1996, the National Science Foundation
received $202.03 million for the U.S. Antarctic Program.
These funds fall into three major categories:

• U.S. Antarctic Research Program .... $29.45 million
• Operations and science support..... . $107.35 million
• Logistical support activities .............. $65.22 million

(Funds provided for Department of Defense support)

Research Program science support	activities
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Funds ($29.45 million) provided for the U.S. Antarctic
Research Program were awarded for research and related
grants in the following categories:

• Biology and medicine ........................... $7.33 million
• Geology and geophysics ...................... $5.07 million
• Ocean and climate studies ................... $4.71 million
• Aeronomy and astrophysics ................. $6.94 million
•	Glaciology ............................................. $4.06 million
•	Information program ............................. $0.66 million

U.S. Antarctic Research Program budget by science program,
Fiscal Year 1996

Biology & Geology &	Ocean &	Aeronomy & Glaciology Information

Medicine Geophysics	Climate	Astrophysics	 Program
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Marine and terrestrial geology and geophysics

Shackleton Glacier Project, 1995-1996
DAVID H. ELLIOT, Byrd Polar Research Center and Department of Geological Sciences, Ohio State University,

Columbus, Ohio 43210

G
eological investigations in the Shackleton Glacier region
(figure) under the auspices of the U.S. Antarctic Research

Program were first conducted by Texas Technological
University (Wade et al. 1965; LaPrade 1969). Building on these
investigations, a helicopter-supported research program was
carried out by geologists from Ohio State University in the
1970-1971 season (Elliot and Coates 1971). Subsequently, sur-
face-supported field projects investigated the vertebrate-bear-
ing beds in the Cumulus Hills (Collinson, Stanley, and Vavra
1978; Cosgriffet al. 1978) and basement rocks along the moun-
tain front (Stump 1975; Borg et al. 1987). Although access can
be gained to rocks along the mountain front and near
McGregor Glacier, crevassing can make travel dangerous.

The potential for further productive research in the
region led a number of investigators to submit proposals for
fieldwork to be supported for 2 months by helicopters. Pro-
posals were funded for the 1995-1996 field season, and 8
weeks of helicopter support was approved. The camp struc-
tures were brought to the Shackleton Glacier site from the
central west antarctic camp in January 1995. On 23 October
1995, a 15-member Antarctic Support Associates (ASA) con-
struction crew arrived at the site. The camp was ready ahead
of schedule, in large measure due to prestaging of the camp
structures and calm, albeit cold, weather during construction.
The helicopters, belonging to Helicopters New Zealand,
arrived on 15 November with the first geological groups arriv-
ing on 19 November. Helicopter operations terminated on 10
January, and the last science groups returned to McMurdo on
12 January. The camp was then taken apart and transported
to Siple Dome in preparation for the 1996-1997 aerogeophysi-
cal and ice-core drilling programs.

Science activities

R
esearch was concentrated on the Gondwana sequence,
the Cenozoic paleoclimate record, and the tectonic evolu-

tion of the Transantarctic Mountains. Science personnel
numbered 46, representing 12 different projects. Significant
paleontological discoveries were made, including abundant
new Lower Triassic vertebrate material from the northern
Cumulus Hills and Upper Triassic silicified plant material
from near Schroeder Hill. Detailed studies were made on
trace fossils in fine-grained Permian beds and on the sedi-
mentology of the coal-bearing Buckley Formation. A system-
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atic collection of samples from Permian and Triassic beds was
made for palynostratigraphic studies. Detailed investigations
were made of paleosols, which are locally abundant, and sig-
nificant effort was put into locating the Permo-Triassic
boundary. Systematic collections were made of the dolerite
sills for geochemical analysis and age dating, and the paleo-
volcanology of the co-magmatic breccias of the Prebble
Formation was studied in detail. Continuing studies on the
Sirius Group sediments on the Dominion Range resulted in
the discovery of peat horizons, and the collection of more
material for microfossils and plant remains. These rocks as
well as the younger moraines were sampled for exposure age
dating. The Sirius deposits were further investigated on
Roberts Massif and Bennett Platform. The basement rocks
along the mountain front were sampled for paleomagnetic
investigations and age dating and for thermochronologic
studies of the denudation history. Results of fieldwork by
individual projects are reported in the articles that follow.

Field operations

T
wo Squirrel helicopters, an A model with a payload of
about 400 kilograms (kg) and a B model with a payload of

about 700 kg (actual payloads depend on altitude and flying
distance), operated by Helicopters New Zealand, provided 8
weeks of logistic support for science. In addition, a Twin
Otter, owned and operated by Kenn Borek Air, provided 2
weeks of fixed-wing support.

In total, 682 hours of helicopter time were flown in 57
days of operations:
• 576 hours devoted to direct support of earth-science

research over a 52-day period;
• 52 hours in support of radar sounding of the Leverett

Glacier as part of the investigation of possible overland
tractor train routes to the South Pole;

• 10 hours supporting global positioning system (GPS) ground
control stations for aerial photography of the Bennett
Platform and Roberts Massif and reoccupation of two pri-
mary stations established during the 1962-1963 geodetic
and topographic survey of the Transantarctic Mountains;

• 26 hours of transit time from McMurdo to Shackleton and
return; and

• 18 hours of miscellaneous support—such as installation
and recovery of a repeater on top of Mount Rosenwald
(3,540 m).

Helicopter operations were under the direction of Ken
Tustin, who was supported by three pilots and two mechan-
ics. The 6-hour transit from McMurdo to the Shackleton
Camp and return required two refuelling stops: at Senia Point
16 kilometers south of Byrd Glacier and at Cape Maude about
56 kilometers northwest of Beardmore Glacier. Fuel caches
were placed on the Mill Glacier by LC- 130 aircraft and at vari-
ous points along the mountain front by helicopter. Only 8
days were lost entirely to weather, including a 4-day break in
mid-December and a 2-day shutdown in early January. Flying
was curtailed on other days but, except for the ramp-up at the
beginning of the season, was never less than 5 hours a day.
Excluding nonflying days, 576 hours were flown in 44 days

with an average of 13.1 hours per day and a maximum on any
1 day of just over 29 hours. Two sets of crew facilitated science
support, and not uncommonly, a day shift was followed by an
evening shift. The latter was often used for support in the
Dominion Range, which is sufficiently far from the Shackleton
Camp (about 170 kilometers to the Mill Glacier fuel depot)
that, for safety, the helicopters operated as a pair. Evening
operations also supported camp moves and cargo retrograde.

A Twin Otter was based at the camp for 6 days in late
November and for an additional 5 days in mid- to late Decem-
ber although that support was somewhat curtailed by poor
weather. The Twin Otter enabled visits to places beyond nor-
mal helicopter range: Mount Fiedler, Nilsen Plateau, Mount
Weaver, O'Brien Peak, and the Dominion Range (figure). In
addition, aerial photography of the Roberts Massif and Bennett
Platform was flown during the first week and photography of
the Dominion Range and The Cloudmaker, during the second
period. The Twin Otter also supported the meteorite collection
program conducted in the Grosvenor Mountains, near Mount
Wisting and near Graves Nunatak (figure).

Camp operations

C
amp staff personnel numbered seven: Kevin Killilea
(camp manager), two mechanics, one weather observer

and radio operator, two cooks, and a camp mountaineer who,
as a registered nurse, provided local medical support. The
camp mountaineer provided invaluable field support for one
of the science projects. The population at Shackleton reflect-
ed the number of projects that were operating out of satellite
camps and the schedule of arrival and departure from the
field. The camp population attained a maximum of 38 (ASA,
helicopter crew, Twin Otter crew, and 22 scientists) for a few
days in late December, but for most of the time, fewer than 16
scientists were in camp.

Camp facilities consisted of eight Jamesways, including a
12-section science hut, a 16-section galley, a 10-section recre-
ation/radio/washing facilities hut, a 12-section visitors' hut, a
10-section berthing hut for the helicopter crew, and three
berthing huts for ASA personnel. All science parties used tents
while at the Shackleton Camp. Two prefabricated buildings
housed generators and the mechanical workshop. Two heli-
copter pads were installed for the Squirrels, and a 76,000-liter
bladder provided fuel storage. A 2,750-meter skiway was regu-
larly groomed, raising the cargo load of the LC-130 aircraft
eventually to about 15,890 kilograms.

Support for D.H. Elliot was provided by National Science
Foundation grant OPP 94-20498 to Ohio State University. The
success of the camp was made possible by the invaluable and
enthusiastic support of the U.S. Navy VXE-6 squadron, Heli-
copters New Zealand, and ASA personnel.
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	 û)	

k I utters 0

	

man Pk	A Mt
0- -	!\Mcintyre

e-Promontory

+ N _+

176	174
+	 172

Mt Wade
A

+45

\_--4_ 85•p
Red Raider
Rampart

-1- 15

-4- 30
172*

Figure 1. Locality map for the upper Shackleton Glacier area.

	

RosenwaldMt	 1Atjt Heekin

Kitching	41 Gregor 3\2
Ridge

ollns'RAMt \Kenyoi
Halfmoon Bluff 4-

c) Ellis Bluff

A Schroeder Hill

^

	

Roberts	4- .
	..'if180*

174

0	10	20	30	40	50 km 

85*t
0

C

G-aphite Peak

15

Massi
Otwa 

CT

^	+

(1D Mt Pratt

-I-++	176	178
174

Collinson, J.W., K.O. Stanley, and C.L. Vavra. 1978. Stratigraphy and
sedimentary petrology of the Fremouw Formation (Lower
Triassic), Cumulus Hills, central Transantarctic Mountains.
Antarctic Journal of the U.S., 13(4), 21-22.

Cosgriff, J.W., W.R. Hammer, J.M. Zawiskie, and N.R. Kemp. 1978. New
Triassic vertebrates from the Fremouw Formation of the Queen
Maud Mountains. Antarctic Journal of the U.S., 13(4), 23-24.

Elliot, D.H., and D.A. Coates. 1971. Geological investigations in the
Queen Maud Mountains. Antarctic Journal of the U.S., 6(4),
114-118.

LaPrade, K.E. 1969. Geology of the Roberts Massif, Queen Maud
Range, Transantarctic Mountains, Antarctica. Antarctic Journal of
the U.S., 4(4), 135-136.

Stump, E. 1975. Geology of the Duncan Mountains. Antarctic Journal
of the U.S., 10(4), 179-180.

Wade, F.A., V.L. Yeats, J.R. Everett, D.W. Greenlee, K.E. LaPrade, and
J.0 Shenk. 1965. The geology of the central Queen Maud Range,
Transantarctic Mountains, Antarctica (Research Report Series,
Antarctic Series No. 65-1). Lubbock: Texas Technological
College.

Permian to Jurassic palynological collections in the
Shackleton Glacier area

ROSEMARY A. ASKIN, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210
TIM I. GULLY, Jackson, Wyoming 83001

D
uring the period from November 1995 to January 1996,
over 700 samples were collected for palynological study

from the Shackleton Glacier area. The focus for sample collec-
tion and stratigraphic studies is to establish a more precise
biostratigraphic framework for the Permian to Jurassic
Victoria Group of the Beacon Supergroup in the central
Transantarctic Mountains than is currently available. The fos-
sil spores and pollen recovered from these rocks also provide
information on the past vegetation and environmental history
in this high paleolatitude part of Gondwanaland.

Fieldwork was carried out with helicopter support from
a base camp at the junction of the Shackleton and McGre-
gor Glaciers (SHG on figure 1) and from camps at McIntyre
Promontory and Graphite
Peak. Thirty-eight sec-
tions were measured and
sampled, and additional
samples from other sec-
tions and sites were pro-
vided by John Isbell,
David Elliot, and Greg
Retallack.

Samples from the
Pagoda, MacKellar, and
Fairchild formations (fig-
ure 2) were collected from
sites on Sullivan Ridge on
the Ramsey Glacier, Reid
Spur, and Mount Butters
(figure 1). The Buckley For-
mation was sampled at
McIntyre Promontory, the
upper Ramsey Glacier,
Graphite Peak, Mount Fin-
ley, and various sites adja-
cent to the McGregor and

Gatlin Glaciers; the uppermost Buckley beds and the Fremouw
Formation were sampled at numerous sites at and near Half-
moon Bluff, Collinson Ridge, Shenk Peak, Ellis Bluff, Schroeder
Hill, Kitching Ridge, Mount Rosenwald, Layman Peak, Mount
Boyd, and Graphite Peak; and the Falla Formation was sam-
pled near Schroeder Hill and at Roberts Massif. Additional
samples from the Permian formations were collected from
Cape Surprise, McIntyre Promontory, Mount Heekin, and
Mount Butters by John Isbell; Permo-Triassic boundary beds
from Graphite Peak by Greg Retallack; and the Prebble Forma-
tion from Otway Massif and Mount Pratt by David Elliot.

In general, the level of thermal alteration of organic mat-
ter is relatively high for the Permian units and somewhat
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higher than experienced in much of the Beardmore area in
the Triassic /Jurassic formations. Careful laboratory treatment
and different types and amounts of oxidation treatment (as
also found by Farabee, Taylor, and Taylor 1991) are helpful in
recovering identifiable palynomorphs. Thus far, dark shale
samples from the Pagoda Formation contain only traces of
organic matter with no recognizable palynomorphs, the dark
color probably resulting from iron-titanium oxides. Addi -
tional shaly Pagoda samples, however, as well as many sam-
ples from the overlying MacKellar and Fairchild formations
are still to be processed.

The best-preserved Buckley palynomorphs obtained to
date, though black in color, corroded, and barely recogniz-
able, are from the lower part of the formation adjacent to the
upper Ramsey Glacier. They appear to be Early Permian and
include monosaccate pollen of Potonieisporites and Ph-
catipollenites, and taeniate bisaccate pollen, mainly Proto-
haploxypinus.

Triassic assemblages from high in the Fremouw Forma-
tion on Layman Peak and from the Fremouw and Falla For-
mations in the Shroeder Hill area are the best preserved from
the Shackleton area thus far. The assemblages from Layman
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Figure 2. Stratigraphic column for the Victoria Group of the central
Transantarctic Mountains.

Peak, which contain relatively common lycopsid spores of
Aratrisporites spp., including A. parvispinosus and A. wollar-
iensis (figures 3C and 3D), can be included in subzone B of the
Alisporites zone (Kyle 1977; Kyle and Schopf 1982) and corre-
lated with the eastern Australian Middle Triassic Ara-
trisporites parvispinosus zone of Helby, Morgan, and Par-
tridge (1987). These results are consistent with previous paly-
nological evidence for correlation and age of the upper Fre-
mouw Formation in the Beardmore Glacier area (e.g., Kyle
and Schopf 1982; Farabee, Taylor, and Taylor 1990). The
Shroeder Hill samples contain typical Middle-Late Triassic
assemblages, with abundant bisaccate pollen (Alisporites) and
a variety of trilete spores. One specimen of Polycingulati-
sporites crenulatus (figure 3B) was found in a sample (AE-12)
from an unnamed ridge southeast of Shroeder Hill, suggesting
correlation with antarctic subzone D and the eastern Aus-
tralian P. crenulatus zone (de Jersey 1975; Helby et al. 1987),
and a Late Triassic age for these beds. The samples from both
Layman Peak and Shroeder Hill contain common Uvaes-
porites verrucosus spores (figure 3A), and these predominate
in sample AE-12. Abundance of these spores, which have a
probable lycopsid affinity, and other common lycopsid spores
such as Aratrisporites, highlight the importance of lycopsid

Figure 3. Photomicrographs of fossil spores from the upper Fremouw
Formation, Layman Peak, and Falla Formation, Shroeder Hill area.
Magnification x 760. A. Uvaesporites verrucosus (de Jersey) Helby in
de Jersey 1971, sample AE-12/slide 5; B. Polycingulatisporites crenu-
latus Playford and Dettmann 1965, sample AE-12/slide 6; C.
Aratrisporites parvispinosus Leschik emend. Playford 1965, sample
LA-31/slide 1; D. Aratrisporites wollariensis Helby 1967, sample LA-
31/slide ml.
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plants in the vegetation of this part of Antarctica during the
Middle and Late Triassic.

Comparison is also possible with the New Zealand Muri-
hiku Supergroup, where marine invertebrate faunas provide
good age control for the palynomorph succession (de Jersey
and Raine 1990). The New Zealand Triassic, however, includes
significant hiatuses, such as most of the Ladinian (upper Mid-
dle Triassic), which complicates correlations. There are also
regional differences in palynomorph assemblages across the
eastern Australia-New Zealand-Transantarctic Mountains sec-
tor of Gondwanaland. An example noted by de Jersey and
Raine (1990) is the rarity of A. wollariensis in New Zealand
where it is restricted to one uppermost Etalian (uppermost
Anisian) sample, whereas it can be common in Australian and
antarctic Lower and Middle Triassic samples. In New Zealand,
A. parvispinosus occurs in the Kaihikuan (uppermost Ladin-
Ian) and ranges into the Otapirian (Rhaetian or top of Triassic),
appearing significantly later and disappearing slightly later
than in Australia. Initial examination of the Shackleton mater-
ial suggests possible variation in ranges of other forms, such as
some of the apiculate spores. As laboratory processing contin-
ues on the Shackleton samples, the new data may clarify
regional similarities and differences in assemblages and bios-
tratigraphic ranges across Gondwanaland.

Special thanks go to Kevin Killilea and staff at the Shack-
leton base camp for logistic support, to members of Heli-
copters New Zealand for helicopter support, and to other

geologists at the Shackleton camp for their assistance. This
research was supported by National Science Foundation
grant OPP 94-18093.
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Permian and Triassic biogenic structures, Shackleton Glacier
and Mount Weaver areas, Transantarctic Mountains

MOLLY F. MILLER and STEPHEN E. SMAlL, Department of Geology, Vanderbilt University, Nashville, Tennessee 37235

U
pper Carboniferous to Triassic stratigraphic units in the
central Transantarctic Mountains were deposited in

diverse nonmarine environments that record climate ame-
lioration from glacial to temperate conditions (table).
Biogenic structures are widespread and locally abundant
and include discrete tracks, trails, and burrows produced by
benthic animals as well as generalized sediment disruption
(bioturbation). In fossil-poor units of this sequence (e.g.,
Pagoda, Mackellar, and Fairchild Formations), biogenic
structures give crucial, if limited, information about the
biota. Where plant and vertebrate fossils are abundant
(Buckley and Fremouw Formations), the biogenic structures
provide the only record of the bottom-dwelling fauna that
played an integral role in the contemporaneous aquatic
ecosystem.

During the 1995-1996 field season, biogenic structures
were sampled and described from 11 locations in the Shackle-

ton Glacier area and observed on a brief reconnaissance trip
to Mount Weaver. Bioturbation on bedding planes was
assessed semiquantitatively using a new field technique
(Miller and Smail in press). Preliminary results highlight the
contribution of the biogenic structures both to constraining
the Early Permian salinity conditions and thus paleogeogra-
phy of the Shackleton and Mount Weaver areas and elucidat-
ing the changes in the nonmarine fauna during this pivotal
period in its evolution.

Early Permian paleogeography

T
he Mackellar Formation in the Beardmore Glacier area
previously was interpreted as recording turbidite deposi-

tion under freshwater conditions within an inland sea that
extended to the Nimrod-Byrd Glaciers area (Isbell, Seegers,
and Mackenzie 1994; Miller and Collinson 1994a, pp. 215-233).
Presence of marine trace fossils in the Ellsworth Mountains
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Figure 1. Reconstruction of Gondwanaland for 230 million years ago from Grunow, Kent, and Dalziel (1991)
modified to show study areas relative to inland sea hypothesized to have extended over entire stippled
area. (* denotes Beardmore Glacier area; x denotes Shackleton Glacier area; dot denotes Mount Weaver;
MBL, Marie Byrd Land; SNZ, South Island, New Zealand; TI, Thurston Island; EW, Ellsworth Mountain
block; Fl, Falkland Islands; AP, Antarctic Peninsula)

Mid-Upper Triassic	(upper)
(mid)Sandstone	Braided stream,
Fremouw Fm.	 floodplain

Lower Triassic	(lower)

Diamictite
Pagoda Fm.	(Tillite, shale,	Glacial

Carboniferous	 sandstone)

and intervening areas suggests that the inland sea was con-
nected to the paleo-Pacific Ocean (Collinson et al. 1994). The
Mackellar Formation in the Shackleton Glacier area lacks
marine trace fossils and contains known nonmarine trace fos-
sils (e.g., Mermia, Isopodichnus, Cochlichnus). These data indi-
cate that freshwater conditions persisted in the early Permian
inland sea from the present-
day Nimrod-Beardmore Gla-
ciers to the Shackleton Glacier
areas, implying no significant
connection to the paleo-Pa-
cific Ocean in this region (fig-
ure 1). The Mackellar equi-
valent in the Mount Weaver
area contains densely packed
specimens of small Skolithos,
more typical of marine condi-
tions. Its presence at Mount
Weaver provides some sug-
gestion of marine influence
and connection to the paleo-
Pacific Ocean (figure 2).

Evolution of nonmarine
fauna

B
iogenic structures in
Permian formations are

small (<0.5 centimeters) and
restricted to fine-grained
facies. We found no evidence
that higher energy fluvial
and turbidite channel envi-

ronments were inhabited by benthic infaunal ani-
mals.

Worms and arthropods are inferred to have pro-
duced the trace fossils. Possible arthropod producers
include notostracans, conchostracans, and a variety
of insect nymphs. Hypothesized producers of the
common trace fossils Mermia, Helminthopsis, and
Cochlichnus include nematomorphs and dipteran
larvae. Nonmarine aquatic faunas expanded during
the late Paleozoic with aquatic insects appearing in
the Permian. Holometabolous insects (including
diptera) probably were not present prior to the Juras-
sic (Gray 1988). The abundance of several types of
arthropod and worm-produced trace fossils, how-
ever, underscores the importance of benthic animals
in aquatic ecosystems by the Early Permian.

Permian biogenic structures in the Shackleton
Glacier area are confined to thin layers. Shallow pen-
etration is typical of late Paleozoic aquatic biogenic
structures and is consistent with the inferred domi-
nation of the benthic fauna by. surface grazers and
shallow burrowers.

Triassic (Fremouw Formation) biogenic struc-
tures differ from their Permian counterparts in size,
depth of penetration, and facies distribution. Biogenic

structures are abundant in the channel-fill sandstones of the
Fremouw Formation (Collinson and Elliot 1984), although
they are absent from equivalent Permian facies. Up to 30 per-
cent of samples on sandstone bedding planes (each sample
equals 0.0625 per square meter) are disrupted by bioturbation.
The most common trace fossils are large (>1 centimeter), mor-

INDIA

Carboniferous, Permian, and Triassic stratigraphic units, rock types,
and depositional environments, central Transantarctic Mountains.
(From Elliot 1975, PP . 493-536; Isbell 1991, PP. 215-217; Miller and
Collinson 1994a; Collinson et al. 1994.)

Upper Permian	Buckley Fm.	Sandstone,	Braided stream,
shale, coal	floodplain

Fairchild Fm.	Sandstone	Braided stream

Lower Permian	Mackellar Fm. Sandstone,	Lacustrine
shale	turbidite systems
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Figure 2. Large oblique burrow interpreted as crayfish burrow, flood-
plain deposits, lower Fremouw Formation, Kitching Ridge, Shackleton
Glacier area. Note light-colored, pelleted burrow walls. 15-centimeter
ruler for scale.

phologically variable burrows produced by an unknown
arthropod that moved deeply within the sediment (Miller and
Collinson 1994b).

Large and complex burrows occurring in floodplain
deposits (lower Fremouw Formation) are interpreted as pro-
duced by crayfish based on close resemblance to crayfish bur-
rows (figure 2), which predate the previous published first
occurrence of crayfish burrows (Hasiotis 1993) and provide evi-
dence of pre-Cenozoic crayfish in the Southern Hemisphere.

Summary

L
ate Carboniferous to Permian biogenic structures from the
Shackleton Glacier area were produced by shallow bur-

rowing arthropods and worms in quiet-water settings within
diverse nonmarine environments. Limited data do not pre-
clude higher salinities in the Early Permian inland sea in the
Mount Weaver area. By the early Triassic, channel sands were
inhabited by vigorously burrowing arthropods. Crayfish bur-
rowed deeply into the channel margins and adjacent flood-
plains, demonstrating behaviors similar to those of their
modern counterparts.

This research was supported by National Science Founda-
tion grant OPP 94-17978. Fieldwork was done with R.A. Askin,
J.W. Collinson, S. Giller, J.L. Isbell, J. Roberts, and G. Seeger.
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Preliminary analysis of Triassic vertebrates from the
Shackleton Glacier region

WILLIAM R. HAMMER and WILLIAM J. HICKERSON, Department of Geology, Augustana College, Rock Island, Illinois 61201
JAMES W. COWNSON, Byrd Polar Research Institute, Ohio State University, Columbus, Ohio 43210

D
uring the 1995-1996 austral summer, exposures of the
Fremouw and Falla Formations near the Shackleton

Glacier were searched for fossil vertebrates. Initially, heli -
copter aerial reconnaissance was used to determine the best
potential sites. Localities selected for field study included
Collinson Ridge, Shenk Peak, and Halfmoon Bluff in the
Cumulus Hills at the junction of the Shackleton and
McGregor Glaciers; Schroeder Hill and Ellis Bluff farther up
the Shackleton Glacier; and Kitching Ridge and Layman Peak
on the opposite side of the Shackleton.

Only the lower portion of the Fremouw Formation (Early
Triassic) produced vertebrates at any of the localities. In total,
120 specimens were collected from a number of places; how-
ever, the most productive site by far was Collinson Ridge.
Numerous specimens were also collected at Halfmoon Bluff,
and fewer came from Kitching Ridge and Shenk Peak. Only a
single specimen was found at Layman Peak. Exposures at
Schroeder Hill and Ellis Bluff were both stratigraphically higher
than the other sites. Field analysis indicated that only the upper
part of the Fremouw Formation and the lowest part of the Falla
Formation were present in these sections. Although both
Schroeder Hill and Ellis Bluff had an abundance of carbonized
plant material, no vertebrates were found. The upper part of
the Falla Formation that had produced Early Jurassic dinosaur
material near the Beard-
more Glacier (Hammer
and Hickerson 1994; Ham-
mer, Hickerson, and
Slaughter 1994) was not
found at any site near the
Shackieton Glacier. Appar-
ently sediments that young
occur only on the highest
peaks in the southern por-
tion of the Transantarctic
Mountains, which are all
closer to the Beardmore
area.

Although preparation
of the vertebrates has just
begun, preliminary analy-
sis indicates the presence
of both carnivorous and
herbivorous therapsids.
Small skulls and skeletons
of diapsids (possibly eo-
suchians) as well as anap-
sids (including at least one

type of procolophonid) have also been recognized. Finally,
several taxa of small temnospondyl amphibians occur, includ-
ing at least one lydekkerinid and a brachyopid (see table).

Collections made in previous years from the antarctic
Fremouw Formation have included the therapsids
Lystrosa u rus, Myosa u rus, Ericio lacerta, Pedaeosa u rus,
Rhigosaurus and Thrinaxodon, the eosuchian Prolacerta, the
anapsid Procolophon, the lydekkerinid Cryobatrachus, the
brachyopid Austrobrachyops, indeterminant rhytidosteid
temnospondyls, and an indeterminant thecodont (Colbert
1982, pp. 11-35; Cosgriff and Hammer 1984; Hammer 1990,
pp. 42-50). Whereas some specimens collected this past sea-
son appear to belong to these previously described taxa (par-
ticularly Lystrosaurus) , others appear to represent new genera
and/or genera not previously reported from Antarctica. In
particular, the abundant amount of small anapsid, diapsid,
and temnospondyl material includes specimens that do not
belong to known antarctic genera.

As the table illustrates, the vertebrates were collected
from more than one stratigraphic horizon at Kitching Ridge,
Collinson Ridge, and Halfmoon Bluff. Although previous field
seasons have shown vertebrates also occur in several horizons
at Shenk Peak (Cosgriff and Hammer 1982), an unusually
large portion of that section was under snow cover this past

X  x
X
X

X	x	x
X

X
X	x	 x

X
xxx	X 	x

Lystrosaurus
Myosaurus
Thilnaxodon
Cynodont genus indeterminant
Procolophon

?Procolophonid indeterminant
?Eosuchiari/diapsid genus

indeterminant (2)
Lydekkerinid genus indeterminant
Brachyopid genus indeterminant
Temnospondlys indeterminant (2+)

Fossil taxa collected from various FremouwFormation localities near the Shackleton Glacier. (Numbers
Indicate relative position in the section; H-i lowest horizon etc.)

a l-1-1, green siltstone; H-2, fine-grained sandstone
bHl conglomerate; H-2, green siltstone; H-3, laminated siltstone
cH .. 1 laminated siltstone; H-2, conglomerate
dConglomerate
eGreen siltstone
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season, and the snow restricted collecting to a single horizon.
The table also shows that the vertebrates occur in different
facies. This study will include a faunal analysis of each hori-
zon to determine if certain depositional settings preferentially
preserve certain taxa, and/or if the distribution of some taxa
are related to climate.

This research was supported by National Science Foun-
dation grants OPP 93-15830 and OPP 93-15826 and by the
Augustana Research Foundation. We wish to thank Rob
Andress and Jason McKirahan for their help in the field.
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New observations on the Triassic stratigraphy of the
Shackleton Glacier region

JAMES W. COLLINSON, Byrd Polar Research Center and Department of Geological Sciences, Ohio State University,
Columbus, Ohio 43210

WILLIAM R. HAMMER, Department of Geology, Augustana College, Rock Island, Illinois 61201

D
uring the 1995-1996 field season, we measured and
described stratigraphic sections, collected paleocurrent

data, and searched for vertebrate fossils at the eight Triassic
localities listed in the table and located in figure 1. Several
localities in the Cumulus Hills where we had worked in 1970
and 1977, including Mount Kenyon and Shenk Peak, were
inaccessible because of heavy December snows.

The most interesting stratigraphic sections are in the lower
Fremouw Formation on Collinson Ridge and Kitching Ridge on

Triassic stratigraphic sections

opposite sides of the Shackleton Glacier (see figure 2). A major
dolerite sill follows the basal contact of the Fremouw Formation
throughout the region and only thin sequences of highly baked
Permian Buckley Formation are locally preserved in contact with
the Triassic. Permian rocks can be identified by their carbona-
ceous nature and by impressions of Glossopteris leaves. The base
of the Triassic is typically a prominent channel-form sandstone.

As noted by Hammer, Hickerson, and Collinson (Antarc-
tic Journal, in this issue), vertebrate fossils occur at several

Shackleton Glacier
Collinson Ridge
Half moon Bluff
Ridge on east side of

Mount Rosenwald
Schroeder Hill
Unnamed ridge south-

east of Schroeder Hill
(85°24S 174°50W)

Ellis Bluff

Ramsey Glacier
Layman Peak
Unnamed ridge east of

Layman Peak
(84°49.5S 179°49.5'W)

Lower Fremouw90 m
Lower to Middle Fremouw	180 m

Middle to Upper Fremouw	140 m
Upper Fremouw	 140 m

Upper Fremouw-Falla	97 m

Falla	 83 m

Lower Fremouw	 100 m+

Lower to Middle to Upper	469 m
Fremouw
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Figure 1. Map of the Shackleton Glacier region. Triassic sections measured during the 1970, 1977, and
1995 field seasons are indicated by heavy dots. SHG indicates location of 1995-1996 camp.

horizons in lower Fremouw sections (figure 2). At Kitching
Ridge and Collinson Ridge, the lowest occurrences are water-
worn bone fragments at the base of stream channel deposits.
The bones were probably eroded out of surrounding flood-
plain deposits and redeposited along with mudrock and
quartz clasts downstream. Higher vertebrate horizons contain
partial skeletons at the tops of major channel sandstones and
within the basal part of the overlying mudrock sequences.
The upper parts of the same mudrock sequences contain
abundant vertical traces of roots and other paleosol indica-
tors. The animals appear to have been buried during major
floods after stream avulsion. Relatively rapid burial by flood-
plain sediments, probably over weeks or days, accounts for
the excellent preservation. Skeletal material is typically scat-
tered over a small area, possibly owing to scavenging by ani-
mals before burial.

Silicified logs and upright tree stumps occur in the lower
part of the sequence at Collinson Ridge. One log is 6.3 meters
(m) long and gradually tapers from a diameter of 10 centime-
ters (cm) to 12 cm and abruptly flares to 40 cm in diameter at
the base. Logs have suffered little compression from burial,
suggesting early replacement by silica. Stumps are up to 0.8 in
in diameter and have the thick growth rings characteristic of
Permo-Triassic wood in Antarctica (Taylor and Taylor 1993).
Stumps and logs that have the basal flare preserved have
roots that extend laterally into the surrounding sandstone
matrix, suggesting shallow root systems. In one case, a quartz
clast, 4.5 cm in diameter, is imbedded in the roots of an over-
turned stump. Scattered quartz pebbles are common in this
part of the sequence and may have been transported by
uprooted trees. The sandstone, which is fine- to medium-
grained and cross-bedded, represents channel bars in a

braided stream sequence (Collinson, Stanley, and Vavra
1981). If the stumps are in place, the trees grew on submerged
bars in the stream. Alternatively, upright stumps and logs
were transported a short distance during floods.

On Collinson Ridge, a lens of silicified peat, 6 in
and 0.6 in occurs within the fossil wood-bearing
sequence. Cross-sections of fossil plants including a frag-
ment of a Dicroidium frond were observed within this
deposit. Other partly silicified coaly lenses occur in the
mudrock above the wood-bearing sequence. The silicified
peat, the first of its kind reported from the Lower Triassic, is
being studied by Edith L. and Thomas N. Taylor at the Uni-
versity of Kansas.

Fossil wood and leaves are rare in rocks of Early Triassic
age in Antarctica. Root traces are ubiquitous, however, in
fine-grained, greenish-gray mudrock of this age, suggesting
that the occurrence of fossil wood is more a problem of
preservation than original tree distribution.

Vertical and horizontal trace fossils of the type described
by Miller and Collinson (1994) occur in many of the sand-
stones (figure 3). Larger burrows near the top of the Kitching
Ridge section are described by Miller and Smail (Antarctic
Journal, in this issue). Most of these burrows are attributed to
crustaceans, but at least one is large enough to have accom-
modated a small vertebrate.

In a previous Triassic study of this region, Collinson and
Elliot (1984) conjectured a southwesterly paleoslope for the
Fremouw Formation on the basis of a few readings at a few
localities. In this study, the paleoslope direction was con-
firmed by more than 400 paleocurrent readings from several
localities, most of which were toward the southwest quadrant.
Readings (83) from the Upper Triassic Falla Formation were
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Figure 2. Lower Fremouw stratigraphic sections at Kitching Ridge and Collinson Ridge.

much less consistent and were bimodal toward the north and
the south.

This research was supported by National Science Foun-
dation grants OPP 93-15830 and OPP 93-15826 to Augustana
College. Fieldwork was dependent on the logistic support of
U.S. Navy squadron VXE-6 and Helicopters New Zealand. We
thank Rob Andress for help in measuring sections.
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The Late Cenozoic Sirius Group of the upper Shackleton
Glacier region, Transantarctic Mountains
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E
xamination of Late Cenozoic (Sirius Group) glacigene geol-
ogy undertaken in the Beardmore Glacier region in

1985-1986 and 1990-1991 was extended to the adjacent
Shackleton Glacier region during the 1995-1996 season. Our
work in the latter area followed the investigations of McGregor
(1965), Claridge and Campbell (1968), Mayewski (1975), and
Mayewski and Goldthwait (1985) and emphasized the geo-
graphic distribution, stratigraphy, sedimentology, and structur-
al relationships of the Sirius Group. Fieldwork was concentrat-
ed in two areas:
• the northern, or lower, Shackleton Glacier and coastal

Queen Maud Mountains area, and
• the southern, or Roberts Massif-Bennett Platform area to

the west and east of the upper Shackleton Glacier.
No outcrops of Sirius Group sediments were identified as a result
of Twin Otter and helicopter surveys of the northern and coastal
area. It had been hoped that low-elevation localities on the
northern side of the Queen Maud Mountains between
Shackleton and Liv Glaciers might provide glaciomarine Sirius

Group successions similar to' those recovered in the lower
Beardmore Valley below The Cloudmaker (Webb et al. 1994,
1996a). Mayewski (1975) reported a Sirius Group locality at
Mount Roth, but the outcrop was not located. Outcrops reported
by previous workers at Roberts Massif and Bennett Platform
were examined in detail. Minor deposits of the Sirius Group at
Dismal Buttress and Half Century Nunatak were visited briefly.
New localities were located at Matador Mountain, and at
Schroeder Hill and Landry Bluff (Cumulus Hills). An area of
approximately 1,750 square kilometers was examined in our sur-
vey of Sirius Group strata in the upper Shackleton Glacier region.

Summary of results

The Sirius Group has been known from this area for 30
years. Our fieldwork demonstrated that its distribution is
more extensive and its stratigraphy more complex than
previously reported.
The Sirius Group of the upper Shackleton Valley is interpret-
ed mostly as the subglacial deposits of an ice stream or major
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trunk glacier. Fabrics from clasts in diamictites and direc-
tions from alignment of grooves, striations, and gouge marks
on the underlying dolerite trend south-north. This orienta-
tion is subparallel to the modern Shackleton Glacier trunk
valley (Webb et al., Antarctic Journal, in this issue, 1996b).
Stratigraphic analyses indicate that deposition entailed
numerous discrete events and included both ice-contact
and subaqueous modes of sedimentation.
Glacigene successions crop out within high-relief glacial
paleo-valleys on the southern or inland ice plateau side of
Roberts Massif, suggesting that the Sirius Group extends
much further southward beneath the present east antarc-
tic ice sheet. This assumption gains credence from the
recovery of Sirius Group sediments from inland nunataks
at Mount Wisting, Mount Block, and Otway Massif
(Mayewski 1975; Elliot personal communication).
Sirius Group strata of the upper Shackleton paleovalley were
originally both thicker and much more extensive, filling
much of the floor of the Shackleton paleodrainage system.
Large volumes of sediment were removed, probably by lat-
est Neogene glacial processes, to expose a pre-Sirius glacial
topography. The rift basins of the Ross Sea are the likely
repositories of these retransported Sirius Group sediments.
Pre-Sirius topography (the sub-Sirius Group erosion sur-
face of Webb et al., Antarctic Journal, in this issue, 1996b)
was relatively subdued and located at a lower elevation
than today. This terrain appears to have undergone post-
Jurassic-pre-Sirius fault dislocation, an episode probably
associated with the early horst-graben style uplift of the
Transantarctic Mountains in this region. Remobilized
Sirius Group sediments were later injected as clastic dykes
into fault joints in Paleozoic-Mesozoic Beacon Supergroup
and Ferrar Dolerite rocks.
Two lithostratigraphic units (formations 1 and 2 of Webb
et al., Antarctic Journal, in this issue, 1996c) were recog-
nized in a series of sections that crop out at Roberts Massif
and Bennett Platform. In terms of the investigations of
Mayewski (1975) and Mayewski and Goldthwait (1985), the
sub-Sirius Group erosion surface and formations 1 and 2
are an integral part of their Queen Maud Glaciation. The
lower part of our formation 1 is equivalent to their till
member; the upper part of formation 1 and all of forma-
tion 2, to their stratified member.
A major episode of post-Sirius Group structural deforma-
tion is recognized at Roberts Massif, where formerly con-
tiguous sub-Sirius Group erosion surfaces and overlying
Sirius Group sediments are separated by normal faults,
which in some instances exhibit vertical dislocations of up
to about 300 meters (Webb et al., Antarctic Journal, in this
issue, 1996b).
Mayewski and Goldthwait (1985) recognized a post-Sirius
event, the Gallup Interglacial. Features associated with this
event included fluvial channels and potholes cut into the
surface of the Sirius Group strata at Bennett Platform and at
other localities in the Transantarctic Mountains (including
Mount Feather in the western Quartermain Mountains).

They interpreted the Gallup Interglacial as a period of cli-
mate amelioration, surficial weathering, and abundant sur-
face water. The surficial ferruginous weathering, rudimen-
tary paleosols, salt layers, surface aqueous transport, ero-
sion, and pedestal development we observed in the upper-
most sediments of formation 2 at Bennett Platform are
probably associated with the Gallup Interglacial.
The youngest episode of structural deformation we
observed occurs at Bennett Platform where Sirius Group
successions near the edge of the platform are broken into a
number of blocks or slivers and downfaulted toward
Shackleton Glacier. Mayewski and Goldthwait (1985)
explained deep fissures at the foot of fault scarps as fluvial
channels.
Volcanism is not associated with the pre-, syn-, or post-
Sirius Group tectonic episodes recognized in the Shackle-
ton Valley area.

Samples collected during the field season will be exam-
ined for wood, seeds, and microfossil material, notably paly-
nomorphs, diatoms, silicoflagellates, foraminifera, insects,
and vertebrate fossil debris. Pending these laboratory studies,
the age of Sirius Group sediments in this area is regarded as
late Cenozoic.

This work was supported by National Science Founda-
tion grants OPP 94-19056 (Peter Webb) and OPP 91-58075
(David Harwood). We thank Derek Fabel and John de Vries for
assistance during our field activities.
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The sub-Sirius Group erosion surface at Roberts Massif, upper
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T
he sub-Sirius Group erosion surface is well developed and
exposed on nunataks in the upper Shackleton Glacier

region where a terrain of Beacon Supergroup and Ferrar
Dolerite rocks have been deeply dissected prior to deposition
of Sirius Group strata (Webb et al., Antarctic Journal, in this
issue, 1996b,c). Roberts Massif provides one of the best exam -
ples of this relict landscape known from the Transantarctic
Mountains and so was examined in detail during the
1995-1996 field season.

Roberts Massif

Rs
berts Massif, approximately 20 kilometers (km) by 20 km,
 a deeply dissected and largely ice-free nunatak bordered

by the inland ice plateau to the south and by the Zanneveld
and Shackleton Glaciers to the east and west, respectively.
Total topographic relief is a little over 700 meters (m), and
Misery Peak is the highest point at about 2,723 meters. The
nunatak consists of extensively faulted Beacon Supergroup
and Ferrar Dolerite; the former is well exposed in the walls of
deeply dissected glacial valleys, and the latter makes up exten-
sive upland plateaus (about 2,400 m) and lowland valley floor
platforms (about 2,000 m). Sirius Group sediments overlie
these older rocks via a rugged disconformity, which displays
buttress unconformity relationships where successions abut
near-vertical paleovalley walls. Where Sirius successions occu-
py paleovalley floor settings, however, the disconformity sur-
face exhibits a gently undulating relief. A pale green coloration
or staining of Beacon Supergroup and Ferrar Dolerite cliff sur-
faces is apparent in the central region of Roberts Massif, indi-
cating that Sirius Group strata once abutted these surfaces.
These glaciated valley walls are also part of the sub-Sirius ero-
sion surface. Deeply weathered surfaces, joints, and cracks in
these older rocks have been infiltrated by remobilized Sirius
Group diamictite matrices. Thick Sirius Group successions for-
merly blanketed much of this high-relief terrain.

A significant geomorphic feature exposed in the northern
lowland region of Roberts Massif is a widespread sub-Sirius
abraded pavement with an area of at least 25 square kilome-
ters, developed on gently dipping dolerite sills. This erosion
surface is one of the most extensive glacial paleosurfaces yet
reported in Antarctica. The most striking aspect of the
abraded pavement at Roberts Massif is the extensive develop-
ment of ridges and grooves. On a scale of a few kilometers,
they trend northward from near the foot of the steep scarp

that stands above the northern lowland. The ridges and
grooves do not appear to be controlled by either the bedrock
structure or composition because the joint pattern in the
dolerite is irregular and few joints are parallel to the grooves.
In cross section, the pavement comprises open concave
depressions and convex ridges with amplitudes of 2-3 in
wavelengths of 5-10 m. Ridges and grooves are continuous for
50-100 m, then either die out or bifurcate. The smooth
abraded surface of these forms is disrupted by joints and frac-
tures where angular blocks have become detached. Whereas
vertical joint cracks measure up to several centimeters across
and their interior rock walls are weathered, the later-devel-
oped sub-Sirius Group erosion surface is fresh and polished.
We suggest that a phase of deep weathering preceded glacial
erosion and deposition of the Sirius Group.

Sets of striations are well preserved on the ridge and
groove pavement where it is protected beneath the Sirius
Group strata. The main set of striations are aligned parallel to
the grooves and are consistent in orientation to within 20°,
i.e., north. A northerly paleoice movement direction is indi-
cated by rare crescentic gouges and friction cracks on the
ridge forms. In a few places, sets of striations with transverse
orientation intersect the northerly set. These do not appear to
extend beneath the Sirius Group sediments. Because a set of
crescentic friction cracks was also observed on top of a thin
overlying remnant of the Sirius diamictite, it is inferred that
the transverse striations were produced by younger Pleis-
tocene ice, which moved across the northern lowland during
expansion of a pre-cursor of the Zanneveld and other glaciers.

What was the relationship between the Sirius Group
diamictite and the underlying grooved pavement? Two-dimen-
sional clast fabrics were measured in sediments occurring
within 10 centimeters of the contact. The fabric derived is typi-
cal of a lodgement till, having a northerly preferred orientation,
within 10° of that of the grooves. This finding possibly suggests
that the deposition of the diamictite took place soon after the
pavement was formed. Mayewski (1975) and Mayewski and
Goldthwait (1985) coupled the formation of the basal erosion
surface and the deposition of the overlying Sirius Group as part
of a single major event, their Queen Maud Glaciation. Tempo-
ral relationships between the erosion surface and the diamic-
tite, however, cannot be ascertained at this time.

The present lowland topography does not appear to be
compatible with the ice-flow patterns derived from grooves
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and fabrics. One would normally expect such irregular topog-
raphy to result in local variations of ice-flow directions, but
this is not the case. Additionally, the pavement occurs at dif-
ferent levels across Roberts Massif, suggesting that the land-
scape was disrupted by faulting after its formation. This argu-
ment is supported by stratigraphic displacements within the
Sirius Group itself. We consider that the topography during
the erosion of the pavement and deposition of the Sirius
Group was subdued and that the present-day high-relief ter-
rain developed subsequently.

As defined by Sugden and John (1976, p. 194), heavily
grooved surfaces of consistent orientation are generally asso-
ciated with regions of areal scouring. The sub-Sirius Group
erosion surface exposed at Roberts Massif is similar to the
megagroove glacial topography at Kelleys Island in western
Lake Erie, a feature ascribed to the passage of ice streams in a
state of compressional flow (Goldthwait 1979). The orienta-
tion of grooves and fabrics described above suggests that
ancestral Roberts Massif was overridden by a glacier or large
ice stream flowing from the south. This ice movement does
not necessarily indicate that the protoantarctic ice sheet was
thicker than that of today, but rather that the Transantarctic
Mountains in this area were probably less of a barrier to ice
flow than is presently the case. Subsequent uplift and glacial
downcutting led to the present glacial valley entrenchment of
major outlet glaciers, such as the Shackleton and Beardmore.

Summary comments

The landscape represented by the sub-Sirius Group ero-
sion surface was developed at lower elevations and con-
sisted of a relatively low-relief terrain of major drainage
valley channels and highlands (Webb 1994). Post-Sirius
Group horst-graben style normal faulting associated with
Transantarctic Mountain development accentuated topo-
graphic relief and fragmented the continuity of the erosion
surface datum.

•Meaningful Neogene glacial history interpretations,
including ice-sheet modeling and determination of pale-
odrainage patterns, requires restoration of this paleoland-
scape to its pre-deformation configurations (Webb 1994;
Webb et al. 1996a).

This work was supported by National Science Founda-
tion grants OPP 94-19056 (Peter Webb) and OPP 91-58075
(David Harwood). We thank Derek Fabel and John de Vries for
assistance during our field activities.
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Stratigraphy of the Sirius Group

O
ur observations of Sirius Group stratigraphy and paleo -
geographic settings in the upper Shackleton Glacier

region are based on outcrops in two largely ice-free areas on
the western (Dismal Buttress-Bennett Platform-Matador
Mountain; 250 square kilometers) and eastern (Roberts
Massif; 250 square kilometers) sides of the Shackleton Glacier
(Webb et al., Antarctic Journal, in this issue-a, -b).

The Sirius Group crops out in the northern half of Roberts
Massif, at its southern margins with the inland ice plateau, and
at its western margin along the Shackelton Glacier. Outcrops
also occur at three localities on the western margin of the
Shackleton Glacier, at Dismal Buttress, Bennett Platform, and
Matador Mountain. The 3-kilometer (km) long cliffs fronting
Bennett Platform provide the most complete stratigraphy of
the Sirius Group observed in the upper Shackleton Glacier
area. The relationship between the sub-Sirius erosion surface
and basal Sirius Group sediments is best exposed at Roberts
Massif (Webb et al., Antarctic Journal, in this issue-b),
although this erosion surface is also well preserved at all locali-
ties along the western margins of the Shackleton Glacier. At
Roberts Massif, this contact was observed between about
2,000 meters (m) and about 2,500 m, whereas 25 km north at
Bennett Platform the contact at the base of measured sections
is slightly lower at about 1,800 to about 2,000 m. Structural
relationships across the 6- to 10-km-wide Shackleton Glacier
have not been resolved and elevation differences for the base
of Sirius Group successions might result from natural topo-
graphic contrasts, differential faulting on separate structural
blocks, or some combination of the two factors.

Two distinctive glacigene stratigraphic units are recog-
nized. We refer to these informally as formations 1 and 2. An
assemblage of rocks, which may also be part of the Sirius
Group, is also noted here. These are found only as erratic
boulders between 1,800 and 2,000 m on the surface of Quater-
nary moraines around the northern flanks of Roberts Massif
and along the foot of the Bennett Platform cliffs, all within a
kilometer or two of the Shackleton Glacier. The boulders are
up to 4 m in diameter and consist of well to moderately lithi-
fled diamictite, sandstone, and conglomerate. Bedding planes
are discernible in some sandstone and conglomerate boul-
ders. One boulder from the moraine field below Bennett Plat-
form contained abundant wood stems and striated clasts.

Clasts of these lithologies occur in formations 1 and 2 and so
are older. Similar lithologies occur as large boulders on the
surface of Meyer Desert in the Dominion Range. We tenta-
tively assign these rocks to the Sirius Group. They have not
been seen in situ anywhere in the nunataks that border the
inland ice plateau and are presumed to have been derived
from sub-ice-sheet regions to the south of Shackleton and
Beardmore Glaciers.

Formations 1 and  (Bennett Platform)

F
ormations 1 and 2 are well exposed in cliffs below Bennett
Platform. A lower unit (formation 1), which is at least 100

m thick, rests unconformably on a striated erosion surface of
Ferrar Dolerite and makes up the greater part of the cliff expo-
sure at Bennett Platform. Formation 1 includes at least eight
members. Individual lithofacies present in these members
include the following: massive diamictite; massive diamictites
with stratified conglomerate and breccia, some of which is
slumped; weakly stratified diamictites and conglomerate;
stratified conglomerate and dropstone laminite; and stratified
and massive diamictite, conglomerate, and laminite with com-
mon slump structures. Modes of deposition interpreted for
formation 1 include the following: lodgement till, glacigenic
debris flows, subaqueous bottom current reworking, glacioflu-
vial sedimentation, and proximal and distal glaciolacustrine
deposition associated with ice-rafting and laminite sedimenta -
tion. Disruption of internal stratigraphy is also evident, espe-
cially where facies are mixed, indicating remobilization by
subaqueous gravity flows. Disruption of some sequences by
brittle failure is probably related to synsedimentary and/or
post-Sirius Group tectonic movements.

Formation 1 and overlying formation 2 are separated by a
gently sloping disconformity. Formation 2 thickens from 6 to
46 m north to south along the Bennett Platform cliff front expo-
sures and cuts into underlying formation 1. Formation 2 con-
tains two members, a lower massive diamictite and an overly-
ing more friable unit of diamictite and conglomerate. This for-
mation is not as lithifled as the underlying cliff-forming forma-
tion 1 and is capped by a lag or deflation surface of dolerite
boulders along the upper surface of the platform. Deep weath-
ering, rudimentary paleosols, salt lenses, ice-wedge pseudo-
morphs, and rock pedestal horizons are characteristic of the
upper few meters of formation 2; all phenomena were probably
produced by post-Sirius Group climatic events (Webb et al.,
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Antarctic Journal, in this issue-a). It is likely that the original
thickness of this unit exceeded the 46 m measured at Bennett
Platform. Ten kilometers to the north of Bennett Platform, near
Matador Mountain, a poorly exposed succession approxi-
mately 90 m thick, is located just above glacier level and is
thought to be equivalent to formation 2 at Bennett Platform.
This succession suggests that relief on the intra-Sirius erosion
surface between formations 1 and 2 is at least 400 m. Some part
of this figure might also be ascribed to subsequent fault dislo-
cation. The succession at Dismal Buttress is also tentatively
correlated with formation 2 at Bennett Platform.

Stratigraphic correlation over the approximately 25 km sep-
arating sections at Bennett Platform and Roberts Massif cannot
be made with confidence at this time. Many of the lithofacies
encountered in formation 1 at Bennett Platform, including
deformed and undeformed massive diamictites and laminites,
are also present at several localities on Roberts Massif. At the
latter locality, some diamictite successions near the base of the
Sirius Group exhibit a co-occurrence of severe deformation with
infra-Sirius clastic dike injection and local fault and sheared-
clast zones. Formation 2 is not known at Roberts Massif.

Summary comments

• Stratigraphic analyses indicate that deposition entailed
numerous discrete events and included both ice-contact
and subaqueous modes of sedimentation.

• In terms of the investigations of Mayewski (1975) and
Mayewski and Goldthwait (1985), the sub-Sirius Group
erosion surface and our formations 1 and 2 are an integral
part of their Queen Maud Glaciation. The lower part of our
formation 1 is equivalent to their till member; whereas the
upper part of formation 1 and all of formation 2 correlate
with their stratified member.

• A careful search of the glaciofluvial and glaciolacustrine facies
of formation 1, which closely resembles facies in the Meyer
Desert Formation, 150 km west at Dominion Range, failed to
produce plant material such as Nothofagus leaves and wood
(Carlquist 1987; Webb and Harwood 1987, 1991, 1993, and
Webb et al. 1987; McKelvey et al. 1991; Hill and Truswell 1993;
Hill, Harwood, and Webb 1996; Francis and Hill in press).

This work was supported by National Science Founda-
tion grants OPP 94-19056 (Peter Webb) and OPP 91-58075
(David Harwood). We thank Derek Fabel and John de Vries for
assistance during our field activities.
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New geologic constraints on basement rocks from the
Shackleton Glacier region

ANNE GRUNOW, JOHN ENCARNACION, and TIM PAULSEN, Byrd Polar Research Center, Ohio State University,
Columbus, Ohio 43210

A.J. ROWELL, Museum of Invertebrate Paleontology and Department of Geology, University of Kansas, Lawrence, Kansas 66045

D
uring austral summer 1995-1996, Grunow, Encarnacion,
and Paulsen, plus Mike Roberts, were put-in by LC-130

on 20 November to a field camp just north of Cape Surprise
(figure 1, camp 1). The objective of our field programs was to
collect paleomagnetic, geochronologic, paleontologic, and
structural samples from basement granitoids, sedimentary,
and volcanic rocks to improve understanding of the Early
Paleozoic tectonic evolution of the Transantarctic Mountains.
We established a Ski-doo route between Cape Surprise and
the Bravo Hills for our second base camp in early December
(figure 1). We encountered many large sastrugi and crevasses
in the Gabbro and Bravo Hills areas making Ski-doo travel
quite slow. From 9 December, our fieldwork was done by heli-

copter from the MacGregor camp where Bert Rowell joined us
for the remainder of our season. The weather was excellent
until 10 December whereafter, on most days, cloud cover
obscured many of the basement exposures between Lubbock
Ridge and the Ross Ice Shelf. The localities visited by Ski-doo,
Twin Otter, or helicopter are shown on figure 1.

Prior knowledge of the age of basement rocks in the
Shackleton Glacier area did not allow good geologic correla-
tion with events elsewhere in Antarctica. In the field area, a
thick succession of silicic volcaniclastic rocks, lava flows, and
some limestones forms the Taylor Formation. It is widely cor-
related with the Fairweather Formation of Liv Glacier region
to the east. The Henson marble forms the Fairweather Forma-
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Figure 1. Sample locations and camps during the field season.
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tion's upper member and was commonly regarded as the
equivalent of the limestones in the Taylor Formation (Wade
1974). On lithological grounds, Wade (1974) correlated the
Henson Marble with the Lower Cambrian Shackleton Lime-
stone. One of our samples from the Henson Marble at Mount
Fairweather contains what appears to be recrystallized soli-
tary, cone-shaped, double-walled archaeocyath (figure 2).

Well-preserved trilobites from the upper part of the suc-
cession of the Taylor Formation at Taylor Nunatak reveal that
the limestones containing them are late Middle Cambrian
and much younger than the Henson Marble. Seemingly, the
Taylor Formation is not correlative with the Fairweather For-
mation. The trilobites include Am photon sp. cf. A. oatesi
Palmer and Gatehouse (1972) (figure 3) and Nelsonia sp., cf.
N. schesis Palmer and Gatehouse, which can be tied to Middle
Cambrian successions. Nelsonia is endemic to Antarctica, but
N. schesis has been reported from northern Victoria Land
(Cooper and Shergold 1991, pp. 20-62), where it occurs with
cosmopolitan late Middle Cambrian trilobites. This age is
compatible with a 515±6-million-year uranium-lead zircon
date from Taylor Formation metarhyolites on Lubbock Ridge
(Van Schmus et al. in press) and suggests that the enigmatic
Cloudina? tubes from Taylor Nunatak (see Stump 1995) may
have limited stratigraphic value.

Structurally, the Lower Cambrian? Fairweather Forma-
tion is tightly folded, foliated, and metamorphosed to green-
schist/lower amphibolite facies, whereas the late Middle
Cambrian Taylor Formation is relatively unmetamorphosed
and largely only tilted with no penetrative deformation. Sev-
eral north-south trending subvertical shear zones, including
mylonites, cut probable correlatives of the Taylor Formation
along the Shackleton Glacier. These shear zones have
downdip stretching lineations and may be associated with
tilting of the Taylor Formation. We believe that the structural
differences between the Taylor and Fairweather formations
reflect structural level such that both formations were
deformed during a single event. It is possible, however, that a
late Early to early Middle Cambrian deformation event may
have caused tight folding of the Fairweather Formation, and a
second deformation event in post-late Middle Cambrian time
resulted in ductile shearing and tilting of the Taylor Forma-
tion. At O'Brien Peak, a granite that intrudes deformed mar-
bles and clastics has an S-C fabric indicating sinistral shear
parallel to the mountain front. High-grade metamorphic
rocks were observed at the small Sage Nunatak, Bravo Hills,
Mount Woodall, and Fallone Nunataks. Most of the granitoids
between the Shackleton and Liv Glaciers are undeformed
except at their margins. Approximately 500 paleomagnetic
drill cores and approximately 40 samples for isotopic dating
were collected at the locations shown on figure 1.

We thank Mike Roberts for his excellent mountaineering
assistance and A.R. Palmer for confirming the trilobite identi-
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Figure 2. Photograph of unprepared surface of Henson Marble mem-
ber showing oblique section through a probable archaeocyath speci-
men, x 1. Member is from Mount Fairweather.

Figure 3. Amphoton sp., cf. A. oatesi Palmer and Gatehouse. (Left) A
cranidium, x 3. (Right) An incomplete pygidium, x 8. Both specimens
are from Taylor Formation, Taylor Nunatak.

fications. This work was supported by National Science Foun-
dation grant OPP 93-17673 to Grunow; paleontological analy-
ses were supported from grant OPP 91-17444 to Rowell.
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Geologic and thermochronologic studies along the front of the
Transantarctic Mountains near the Shackleton and
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S
ince the earliest geological work in the Transantarctic
Mountains (e.g., Gould 1935), it has been suggested that

the Transantarctic Mountains are divided into a number of
fault blocks separated by transverse structural features. Major
outlet glaciers of the east antarctic ice sheet often occupy
these structural features, which may represent transfer faults
or accommodation zones.

The objective of this project is to study the thermal his-
tory of the Transantarctic Mountains in the Shackleton-Liv
Glacier region using the fission track and argon-40/argon-39
(40Ar/ 39Ar) techniques. The thermal history is used to con-
strain the timing, amount, and rate of rock uplift and denuda-
tion. Results will be used to map the variation of these para-
meters across the range, between the Shackleton and Liv
Glaciers, across these major outlet glaciers, and then in con-
junction with other studies, map the variation along the
length of the Transantarctic Mountains.

The resulting data, in conjunction with field observa-
tions, will also be used to determine the structure of the
Transantarctic Mountains Front and to test the hypothesis
that the mountains are segmented and that different seg-
ments have different tectonomorphological histories. It is
important for constraining rift flank uplift models that not
only are different denudation events in the Transantarctic
Mountains identified but also that patterns of denudation
across the mountains are delineated. Although the dominant
uplift and denudation event that has shaped the present form
of the Transantarctic Mountains began in the early Cenozoic
(e.g., Gleadow and Fitzgerald 1987; Fitzgerald and Gleadow
1988; Fitzgerald 1992), the record of Cretaceous denudation
events is more subtle and variable. Episodes of denudation
have been recorded in the early, mid, and late Cretaceous
(e.g., Stump and Fitzgerald 1992; Fitzgerald 1994, 1996, p. 35).
A better understanding of Cretaceous events within the
Transantarctic Mountains is critical given that most of the
extension within the Ross embayment is Cretaceous in age
(e.g., Lawyer and Gahagan 1994) and most denudation in the
Ellsworth-Whitmore Mountains crustal block is Cretaceous
(Fitzgerald and Stump 1992, pp. 331-340). The little evidence
we have on mid-Cretaceous denudation patterns within the
Transantarctic Mountains (Fitzgerald 1994, 1995, p. 133) indi-
cates greater denudation along the inland flank of the
Transantarctic Mountains, suggesting that the subglacial
basins inland of the Transantarctic Mountains are Cretaceous

in age (Fitzgerald 1996, p. 35). Our sampling strategy was
designed to address these questions.

Six weeks were spent in the area between the Shackleton
and Liv Glaciers (figure 1), operating first out of tent camps
near Cape Surprise and Mount Daniel, and then using heli-
copter close support from the Shackleton Glacier deep field
camp (85°05.62'S 175°22.93'W). Cape Surprise is an important
locality because of the unique presence of Beacon Super-
group sedimentary strata downfaulted to coastal levels (Bar-
rett 1965). Our work at Cape Surprise (see Miller et al., Antarc-
tic Journal, in this issue) suggests that downfaulting along the
Transantarctic Mountains Front is accommodated via multi-
ple faults rather than a single fault and that a significant com-
ponent of dextral strike-slip movement as well as dip-slip
movement occurred along the faults. Except for Cape Sur-
prise, where Beacon strata and Ferrar dolerite have been
downfaulted, fault location and offset, as well as the overall
structure of the range, are difficult to document within the
predominantly granitic basement. A series of "vertical" sam-
pling profiles across the range (figure 2) were collected to
reveal information on the denudation history, as well as the
structure. Vertical profiles were collected from Mount Mun-
son [84°48'S 174°23.3'W; 1,500 meters (m) vertical profile],
Mount Olds (84°40.2'S 174°40.9'W, 900 in Pyramid
Peak (informal name, 84 034.3'S 174 0 58.6'W, 500 in
spot-height 700 (84 031'S 174°55'W, 500 in 	and spot-
height 950 (84°33S 4 0 15'W, 550 in and individual
samples were collected in between these profiles at strategic
locations as well as from granite near Cape Surprise (see figure
in Miller et al., Antarctic Journal, in this issue). Samples were
also collected in a transect from the Sage Nunataks inland
along the 011iver Peak ridge system.

On the west side of the Shackleton Glacier, we collected
vertical profiles at Mount Speed (84°29.8'S 176°37'W, 825 in
vertical profile), Mount Wasko (84°34.1'S 176°56.3'W, 800 in
vertical profile), Mount Franke (84 037'S 177W, 1,250 in

 and Mount Butters (84°53.5'S 177 0W, 550 in We
anticipate this series of profiles along the Shackleton Glacier
will reveal the most information related to variations in Ceno-
zoic versus Cretaceous patterns of denudation. The Kukri
Peneplain at Mount Butters, on the west side of the Shackle-
ton Glacier, dips inland (i.e., south) at approximately 17°
compared to the dip of the peneplain at Mount Munson and
Mount Wade where it is approximately 2-3 0 to the south.
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These contrasting dips indicate that a transfer fault (or
accommodation zone) transects the range along the Shackle-
ton Glacier. The overall structure of the range appears to be a
series of large blocks tilted south (dipping variably) both west
and east of the Shackleton Glacier (figure 1).

On the west side of the Liv Glacier, we collected limited
vertical profiles from Mount Daniel (84 054'S 170°W, 1,150 m
vertical profile) and Mount Koob (84 048'S 174 020'W, 300 m
profile) and also samples on a north-south transect along the
Mount Dryfoose spur. In this area, the Kukri Peneplain can be
traced from the dramatic frontal escarpment of the Prince
Olav Mountains to the summit of Mount Daniel, almost
halfway across the Transantarctic Mountains Front. This loca-
tion for the peneplain suggests that the frontal escarpment of
the mountains in this area has formed by scarp retreat rather
than faulting, implying that the mountains and the frontal
scarp are relatively old features, rather than having formed by
relatively young tectonic uplift and faulting. Furthermore, it
indicates that the Transantarctic Mountains Front occupies
only the outer half of the area between the frontal escarpment
and the coast.

On the east side of the Liv Glacier, we collected an
approximately 800-m vertical profile by helicopter between
Mount Schevill (85°5'S 167°18'W) and Mount Blood (85°1'S
167028'W) and also a north-south transect between Duncan
Mountains and the Kukri erosion surface under spot-height
2070 (85 0 12'S 16765W). The uniform attitude of the Kukri
Peneplain on either side of the Liv Glacier does not indicate
the presence of a structural feature there, although the pres-
ence of such a large glacier outlet does suggest a transverse
structural feature may exist.

We thank the National Science Foundation, Antarctic
Support Associates, the Antarctic Development Squadron 6
(VXE-6), the Air National Guard, Ken Borek Air, Helicopters
New Zealand, and the staff at the Shackleton Glacier camp for
support during the season. This research was supported by
National Science Foundation grant OPP 93-16720.

References

Barrett, P.J. 1965. Geology of the area between the Axel Heiberg and
Shackleton Glaciers, Queen Maud Mountains, Antarctica. New
Zealand Journal of Geology and Geophysics, 8(2), 344-370.

Fitzgerald, P.G. 1992. The Transantarctic Mountains of southern
Victoria Land: The application of apatite fission track analysis to a
rift shoulder uplift. Tectonics, 11(3), 634-662.

Fitzgerald, P.G. 1994. Therinochronologic constraints on post-
Paleozoic tectonic evolution of the central Transantarctic
Mountains, Antarctica. Tectonics, 13(4), 818-836.

Fitzgerald, P.G. 1995. Cretaceous and Cenozoic exhumation of the
Transantarctic Mountains: Evidence for the Kukri Hills of south-
ern Victoria Land compared to fission track data from gneiss at
DSDP site 270. Seventh International Symposium on Antarctic
Earth Sciences, Siena, Italy, 10-15 September 1995.

Fitzgerald, P.G. 1996. See-saw denudation in the Kukri Hills of south-
ern Victoria Land: A case study demonstrating the use of vertical
sampling profiles for apatite fission track thermochronology.
Eighth International Workshop on Fission Track Thermo-
chronology, Gent, Belgium, August, 1996.

Fitzgerald, P.G., and A.J.W. Gleadow. 1988. Fission track geochronolo-
gy, tectonics and structure of the Transantarctic Mountains in
northern Victoria Land, Antarctica. Isotope Geoscience, 73, 169-198.

Fitzgerald, PG., and E. Stump. 1992. Early Cretaceous uplift in the
southern Sentinel Range, Ellsworth Mountains, West Antarctica.
In Y. Yoshida, K. Kaminuma, and K. Shiraishi (Eds.), Recent
progress in antarctic earth science. Tokyo: Terra Scientific.

Gleadow, A.J.W., and P.G. Fitzgerald. 1987. Uplift history and struc-
ture of the Transantarctic Mountains: New evidence from fission
track dating of basement apatites in the Dry Valleys area, southern
Victoria Land. Earth and Planetary Science Letters, 82, 1-14.

Gould, L.M. 1935. Structure of the Queen Maud Mountains,
Antarctica. Geological Society ofAmerica Bulletin, 46, 973-984.

Lawyer, L.A., and L.M. Gahagan. 1994. Constraints on the timing of
extension in the Ross Sea region. Terra Antartica, 1(3), 545-552.

McGregor, V.R., and F.A. Wade. 1969. Geology of the western Queen
Maud Mountains. American Geographical Society Map Folio
Series, Folio 12, XV. New York: American Geographical Society.

Miller, S.M., P.G. Fitzgerald, S.L. Baldwin, and G. Dingle. 1996.
Geologic and structural observations at Cape Surprise, Shackleton
Glacier area. Antarctic Journal of the U.S., 31(2).

Stump, E., and P.G. Fitzgerald. 1992. Episodic uplift of the
Transantarctic Mountains, Geology, 20(2), 161-164.

ANTARCTIC JOURNAL - REVIEW 1996
22



Cape
Surprise

Jikm

Ferrar Dolerite, Jurassic

Buckley Fm. 

t Permian
Beacon Supergroup,

Fairchild Fm. 

Queen Maud Batholith, Cambro-Ordovician	..

I
0	 5

km

Iw sample site

bedding or contact

sedimentary or igneous contact

fault (slickenlines given with their rakes)

Q., -, alteration and fracture zone

Structural and geomorphological observations at Cape
Surprise, Shackleton Glacier area

SCOTT R. MILLER, PAUL G. FITZGERALD*, and SUZANNE L. BALDwIN, Department of Geosciences, University ofArizona,
Tucson, Arizona 85721

GRAEME DINGLE, Mail Centre, Leigh, R.D. Warkworth, New Zealand

*present address: Antarctica New Zealand, Christchurch, New Zealand.

N
early 3 weeks were spent in the Cape Surprise (84°30.27'S
176°23.3'W) region of the central Transantarctic

Mountains to extend its mapped coverage farther south, to
review the previously mapped geology, and to sample grani-
toids in a transect perpendicular to the range front for apatite
fission-track thermochronology (see Fitzgerald et al., Antarctic
Journal, in this issue). Cape Surprise (figure)
was named by the Southern Party of the New
Zealand Geological Survey Antarctic
Expedition (1963-1964) because the strata of
the Beacon Supergroup and sills of Ferrar
Dolerite they found there were completely
unexpected. Along the 3,500-kilometer (km)
length of the Transantarctic Mountains, this
is the only occurrence of Beacon units
exposed at the coast. The closest exposure of

directly—the other is in southern Victoria Land—and the only
place where all associated range-front offset has been pro-
posed along a single fault (Barrett 1965), it is an important
locality for models of mountain uplift that require a large
range-front normal fault (e.g., McGregor 1965; Stern and ten
Brink 1989).

Cape Surprise

azD,:

similar Beacon strata to those at Cape
Surprise is in the range's steep frontal escarp-
ment, 2,500 meters (m) higher in elevation
and approximately 35 km to the south.

In the continuing study of the geological
evolution of the Transantarctic Mountains,
Cape Surprise is important because it pro-
vides constraints on the structural geometry
of the range and the boundary of the west
antarctic rift system. Models for the forma-
tion of the present-day Transantarctic Moun-
tains describe a relatively simple rift-flank
architecture with essentially range-parallel
normal faults along the coast (e.g., Fitzgerald
et al. 1986; Stern and ten Brink 1989). More
recent work (Fitzgerald 1992; Sutherland
1995; Wilson 1995; Fitzgerald and Stump in
press), however, suggests a more complex,
dextral oblique Cretaceous and Cenozoic rift
margin. Because Cape Surprise is one of only
two places along the Transantarctic Moun-
tains Front (Fitzgerald 1992) where post-
Jurassic normal faulting has been observed

Geologic sketch map of the Cape Surprise region
(modified from Barrett 1965) showing sample loca-
tions for fission track samples. (TAM denotes
Transantarctic Mountains.)

U •.•
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Cape Surprise comprises Permian strata of the Beacon
Supergroup (Fairchild and Buckley Formations), Jurassic sills
of Ferrar Dolerite, and Cambro -Ordovician granitoid of the
Queen Maud Batholith (Barrett 1965; Stump 1995; Barrett
personal communication). The contact between Beacon
strata and granitoid on the south side of Cape Surprise was
previously interpreted as a nonconformity, the Ordovician-
Devonian Kukri Peneplain, by Barrett (1965) and subse-
quently by La Prade (1969). By extending the gently (approxi-
mately 51 southwest-dipping Beacon beds atop Mount Wade
north to the position of the cape, Barrett (1965) calculated a
throw of 3,100 to 5,200 m that must have occurred to displace
the units down to their present position at Cape Surprise.
Without any structural data between Mount Wade and the
cape, save for the presence of granitoid on Garden Spur, Bar-
rett inferred that this offset took place across a single fault
between Cape Surprise and Garden Spur, later named the
"North Boundary fault" by La Prade (1969).

Our observations in the region around Cape Surprise
included the following:
• The contact between Beacon strata and the granitoid

southwest of Facet Peak (informal name, 84°31.2'S
174°26.8'W) is a normal fault, indicating that the Kukri
Peneplain is not exposed near Cape Surprise. The well-
exposed fault surface (N55°W 60°NE) (this study) is at an
angle to bedding (N20°W 40°NE) (Barrett 1965). Slicken-
lines (raking 75°E) are present on the planar face (few
square meters) of the granitoid that marks the contact,
adjacent to which the sedimentary rock is brittley deformed
into an approximately 20-m-wide crush zone of poorly cal-
cite-cemented fault breccia.

• A number of other faults dissect the Cape Surprise area.
Barrett (1965) inferred three: the North Boundary fault,
trending west-northwest and two trending roughly north-
south, cutting the western spur of the cape. In this study,
west- northwest-to-northwest striking (dominantly normal
dip slip) and north-to-northeast striking (including com-
ponents of strike slip and rotational slip) sets of faults were
observed north of Facet Peak, below spot-height 950, in
the col between Facet Peak and spot-height 950, and near
spot-height 700. Joints were measured in granitoid on
Garden Spur, and these are divisible into similarly oriented
sets.
Fracture zones with evidence for intense hydrothermal
alteration were observed, including those that cut a low
spur northeast of spot-height 950 and the col between
Facet Peak and spot-height 950. These zones, several cen-
timeters to 40 m wide, often contain faults as shown by the
presence of slickensides, fault breccia, gouge, offset strata,
and drag folds. The trends of these zones (north-northeast
and west-northwest) parallel those of other known faults in
the area. Similar alteration zones have been documented
by Wilson (1995) in southern Victoria Land. Craw and
Findlay (1984) conclude that the hydrothermal alteration is
probably the result of Jurassic Ferrar magmatism. These
fracture zones have, therefore, existed with or without fault
movement at least since that time.

• Ferrar Dolerite sills (approximately 80 m thick) and thin-
ner dikes were found intruding the granitoid on Garden
Spur and spot-height 950, both south of the inferred
North Boundary fault. The presence of dolerite sills at
these locations indicates that minimal displacement
occurs between the two and that the major displacement
across the North Boundary fault occurred between spot-
height 950 and Facet Peak, contrary to the mapped inter-
pretation of La Prade (1969). The basement sill must be at
least 760 m below the Kukri Peneplain because granite
above the sill at Garden Spur has 760 m relief. Assuming
that the basement sill is no more than approximately
1,200 m below the Kukri Peneplain, as in southern Victoria
Land (Hamilton et al. 1965), a revised estimate of throw
across the North Boundary fault can be made: 2.4-3.1 km
at its western end and 1.4-1.8 km at its eastern end. These
estimates suggest that 1.3-3.8 km of throw is accommo-
dated by normal faulting between Garden Spur and
Mount Wade. To elucidate the structure of the Trans-
antarctic Mountains on a transect between Cape Surprise
and Mount Munson, we plan to apply apatite fission-track
thermochronology to samples collected in systematic, ver-
tical profiles (see Fitzgerald et al., Antarctic Journal, this
issue, figure 2).

• Asymmetrical drainage patterns in the Cape Surprise area
may be the result of westward fault-block tilting (see figure
and Fitzgerald et al., Antarctic Journal, this issue, figure 1).
Such drainage patterns are common indications of this
style of deformation (Cox 1994; Keller and Pinter 1996). An
angle between the strike of Beacon bedding and the
inferred strike of the North Boundary fault (estimated by
fault surface data and valley morphology) agrees with
westward tilting, which may partially explain the east-west
variance in offsets on the North Boundary fault. Block tilt-
ing at Cape Surprise and elsewhere between the
Shackleton and Liv Glaciers may have been accommodat-
ed by north-south to north-east striking, east dipping nor-
mal faults underlying glaciers such as the Massam, Barrett,
Gough, Le Couteur, and Morris. This west-directed
drainage pattern is less distinct inland toward the
Transantarctic Mountains frontal escarpment, and faults
do not appear to offset Beacon strata in that face. We pro-
pose that activity on range-forming normal faults, such as
the North Boundary fault, preceded block tiling along
north-south to north-east striking faults and that the two
episodes were separated by significant erosion and scarp
retreat. Given the angles of both sets of faults to the gener-
al orientation of the range, both episodes appear related to
dextral transtension in the west antarctic rift system.

We thank the National Science Foundation, Antarctic
Support Associates, the Antarctic Development Squadron 6
(VXE-6), the Air National Guard, Ken Borek Air, Helicopters
New Zealand, and the staff at the Shackleton Glacier camp
for support during the season. This research was supported
by National Science Foundation Grant OPP 93-16720. Scott
R. Miller is also grateful for discussions with Robert Casa-
vant.
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Lakes in dry valleys at 85°S near Mount Heekin,
Shackleton Glacier

DAVID H. ELLIOT and JAMES W. COLLINSON, Byrd Polar Research Center and Department of Geological Sciences, Ohio State
University, Columbus, Ohio 43210

WILLIAM J. GREEN, School of Interdisciplinary Studies, Miami University, Oxford, Ohio 45056

T
hree interconnected lakes lie in a dry valley just west of
Mount Heekin, which is adjacent to the middle reaches of

the Shackleton Glacier (figure 1, site A). At a little more than
85°S and at an elevation of about 945 meters (m), this may be
the highest and most southerly occurrence of lakes in "dry
valleys" on the antarctic continent; these lakes are at a signifi-
cantly higher elevation than those of southern Victoria Land.
On the Mount Goodale 1:250,000 topographic map quadran-
gle, lakes are indicated on moraines in Moraine Canyon and
at a latitude marginally to the south of those near Mount
Heekin. Aerial photos suggest that these "ponds" lack stream
inflow from glaciers and hence are not comparable with the
Mount Heekin locality.

The uppermost lake, about 30 m across, abuts the front
of an ice tongue trending northeast off the Baldwin Glacier
(figure 2); when water levels are sufficiently high, this lake
drains into a second lake, measuring about 150 by 65 m; the
second lake drains into a third, which is about 150 m in
diameter. All three lakes are ice-covered except for small
moats, 1-3 m in width. The moats were open on the first visit

to the valley but covered by a veneer of ice on the second
visit. The ice cover on each lake is domed slightly, suggesting
that the ice is frozen to the bottom. Each lake is bordered by
a shoreline (visible in figure 2) rising to about 50 centimeters
(cm) above lake levels at the time of observation; across these
shorelines, the loose rocks at the surface are covered with
dried-out algal mud, suggesting higher lake levels earlier in
the season. The mud forms mats that curl as they dry out.
The rocks in the moats also are covered by algal mud.
Thresholds for surface flow of water from the upper to the
middle lake and from the middle to the lower lake are,
respectively, about 50 cm and about 90 cm high. The differ-
ences in elevation of the water levels in the moats are about
1.5 m between the upper two and about 2.5 m between the
lower two. Adjacent to the shoreline of the uppermost lake is
a pronounced narrow zone with gypsum efflorescence. The
floor of the valley appears to consist of a coarse lag resting on
a light-colored, sandy, poorly consolidated till displaying
polygons as much as 10 m across and outlined by surface
fractures 20-30 cm deep.
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Figure 1. Sketch map to show the geographic location of the dry val-
leys and ice-covered lakes in the region of Mount Heekin. Areas of
rock outcrop are indicated by a light dot pattern and glacial moraines
by a heavy dot pattern. The three lakes occur at the site labeled A; an
enclosed basin free of ice and snow is labeled B; and a third valley
with a completely frozen lake is labeled C.

Unfiltered waters from the three lakes have been ana-
lyzed for major ions and nutrients (table). In general, the
nitrogen chemistry is markedly different from that in the dry
valleys of southern Victoria Land. Nitrate, nitrite, and ammo-
nia are all high; the strikingly high nitrate concentrations
might suggest an unusually high atmospheric input. The
marked reduction, from the uppermost lake to the lowermost
lake, in nitrate, nitrite, and phosphate suggests biological
activity, which is, of course, supported by the occurrence of
algal mats. Low calcium-to-sodium ratios suggest the possi-
bility of relatively high input of sodium from marine sources
compared to that from chemical weathering.

In the same dry valley, a slightly sinuous stream course
and small gravel fan (figure 3) indicate the former presence of
another lake, which lies at a lower elevation than the third ice-
covered lake. The stream course connects to a small snowfield
that may be the remnant of another ice tongue, which is
inferred from the presence of a lobe off the Baldwin Glacier.
The snowfield is too small to provide enough meltwater to
maintain a lake. Drilling of this small, former lake floor might

Figure 2. Photograph showing the three lakes and the dry lake bed
(indicated by an arrow) near Mount Heekin (figure 1, site A). The dry
lake bed is at a lower elevation than the lowest lake. View from the
northwest.

reveal an interesting history of climate changes since
deglaciation.

An adjacent valley to the west (figure 1, site B) is com-
pletely dry, and no signs of former lakes or stream courses
were noted. Both that dry valley and the one with the lakes are
closed depressions passing northeastward and northward,
respectively, into a single bowl at a higher elevation; the
northwestern flank of the bowl has low, wind-blown sand
ridges oriented across valley.

A completely frozen lake measuring about 220 m by 65 m
occurs in the next valley to the northwest (figure 1, site C), at
an altitude of 1,294 m. The surface is flat, unlike the other

Selected major ion analyses for lake waters from near Mount
Heekin, and for waters from the front of Wright Lower Glacier
and the Onyx River, both in southern Victoria Land. All concen-
trations are in pM (micromolar).

Sodium	591	223	278	17.8	169
Potassium	8.95	6.14	8.70	12.0	29.4
Magnesium	100.4	16.0	31.3	9.46	45.5
Calcium	247	31.2	70.3	32.7	119
Calcium!

sodium	0.42	0.14	0.25	1.84	0.70

Ammonia	4.21	4.13	19.61	<0.15	<0.15
Nitrate	139.9	39.5	11.6	1.91	0.20
Nitrite	3.80	0.35	0.84	<0.1	<0.1
Phosphate	0.75	0.03	0.16	0.19	0.10
Dissolved

inorganic
carbon	257	108	336	136	313

aAverage values for 12 samples collected during January 1996 at
the weir 1 km from Lake Vanda.

ANTARCTIC JOURNAL - REVIEW 1996

26



lakes, but does have a series of irregular vertical cracks on the
northwest flank. The ice in these cracks shows small vertically
oriented columns suggestive of lake freezing. No evidence
was noted of former shorelines. No glacier drains into the val-
ley today, although a small tongue of the Baldwin Glacier
probably did so in the past. Presumably the frozen lake is
maintained, first, by annual snowfall and melting within the
valley and, second, because the valley is narrow and, there-
fore, its floor is shielded from the Sun's heat by adjacent
topography. Permafrost is very close to the surface upslope
from the northeast end of the lake. The valley is closed off at
its northeast end by a moraine with meter-size boulders.

These lakes are not obvious on air photos because of
their small size, which may explain why, apparently, they
were not seen and investigated on previous expeditions in the
region.

Investigation of these lakes was dependent on the logistic
support of U.S. Navy squadron VXE-6 and Helicopters New
Zealand. Analytical data were obtained at the Crary Science
and Engineering Laboratory by Dave Mikesell for anions and
dissolved inorganic carbon and by Kathy Welch for cations.
The x-ray determination of the gypsum salt effloresecence
was made by Jeff Nicoll at Ohio State University. National Sci-
ence Foundation grant OPP 94-20498 to Ohio State University
provided support for David H. Elliot.

Figure 3. Photograph showing the stream course and dry lake bed indi-
cated by the arrow in figure 2. The dry stream course is indicated by a
series of arrows and the dry lake bed by an arrow labeled LB. View from
the northeast.

Seed fern reproductive organs from the
Shackleton Glacier area

EDITH L. TAYLOR and THOMAS N. TAYLOR, Department of Botany and Natural History Museum, University of Kansas,
Lawrence, Kansas 66045

N. RUBEN CUNEO and ANA ARCHANGELSKY, Museo Paleontologico Egidio Feruglio, 9100 Trelew, Chubut, Argentina
HANS KERP, Abteilung Paläobotanik, Westfalische Wilhelms Universität—Münster, D-48143 Münster, Germany

Q
ne of the most fascinating groups of fossil plants are the
so-called Mesozoic seed ferns, a loose collection of prin-

cipally impression/ compression remains characterized by
seeds produced in cupules. Although some of the vegetative
and reproductive organs of each of the four orders
(Caytoniales, Peltaspermales, Corystospermales, and
Petriellales) are reasonably well documented, there is little
agreement as to the origin(s) of the group and even less con-
sensus as to their evolutionary relationships with modern
seed plants. Since the initial description of the group by

Thomas (1925), numerous authors have offered various inter-
pretations regarding the nature of the reproductive organs,
especially the cupule. This organ has been the focal point in
most discussions that relate the Mesozoic seed fern groups
with the flowering plants, because it has been variously inter-
preted as the precursor or homologue of the angiosperm
carpel (e.g., Rothwell and Serbert 1994 and references there-
in). Even within the Petriellales, a group based on permineral-
ized cupules from the Triassic of Antarctica (Taylor, Del
Fueyo, and Taylor 1994), little evidence suggests a relation-
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ship between the cupule and carpel because the cupules of
Petriellaea demonstrate a folding pattern that is different
from the conduplicately folded carpel of flowering plants. In
addition to differing opinions as to the nature of the seed-
bearing reproductive organs, even less information is avail-
able about how and where these structures were borne and
the overall habitat of the plant.

Fieldwork during the 1995-1996 season in the Shackleton
Glacier region uncovered an exceptional outcrop of the
Upper Fremouw-Falla Formation containing well-preserved
impression/ compression plant remains and a few fragments
of silicified peat. The section is approximately 42 meters thick
and includes six plant levels of late middle to early late Trias-
sic age (figure 1). The site occurs on "Alfie's elbow," an
unnamed ridge southeast of Schroeder Hill at approximately
85 023'717"S 174°49'916"W. The rocks at this locality represent
fluvial deposits that include several cycles of channel, levee,
floodplain, crevasse splay, and swamp facies. A few paleosols
present are associated with the floodplain facies. It appears
that the fluvial system at this site was dominated by low-
energy braided streams, allowing for the preservation of fine-
grained siltstones and shales that contain well-preserved
plant remains, including delicate reproductive organs
attached to the axes that bore them.

Of particular significance is the specimen illustrated in
figures 2 and 3. It consists of a stem approximately 1.5 cen-
timeters in diameter from which arise evenly spaced, short
lateral axes up to 3 centimeters long. On the surface of these
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Figure 1. Section at "Alfie's elbow" locality showing plant levels.
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Figure 2. Stern hearing truncated axes (arrows) each of wliiui ter-
minates in several reproductive organs. A.M.
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coniferlike seed cone Telemachus. We speculate that
Heidiphyllum leaves may have been produced by the
seed fern that bore the cupulate organs described
above. We are unaware, however, of any Mesozoic
seed fern cupulate structures that are attached to
delicate petiolelike axes like those from the Shackle-
ton site. Morphologically, these reproductive axes
appear similar to the short or spur shoots of some
ginkgophytes, a group that was well represented by
Triassic time. We are hopeful that the Shackleton
specimens will reveal sufficient detail so that the
affinities of this interesting fossil can be determined.

This research was supported by National Science
Foundation grant OPP 93-15353 to the University of
Kansas. Fieldwork was made possible by the logistic
support of Helicopters New Zealand and U.S. Navy
squadron VXE-6. We are especially appreciative of the
excellent field support provided by David Buchanan.
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Permian and Triassic paleosols and paleoenvironments of the
central Transantarctic Mountains, Antarctica

GREGORY J. RETALLACK, EVELYN S. KRULL, and Scorr E. ROBINSON, Department of Geological Sciences, University of Oregon,
Eugene, Oregon 97403

W
e embarked upon our study of paleosols as guides to
Permian and Triassic paleoenvironments around the

Beardmore and Shackleton Glaciers of the central
Transantarctic Mountains with some trepidation because
few fossil soils had been reported there (Homer and Krissek
1991). It was pleasing to discover abundant paleosols (341 of
16 different kinds) in a stratigraphic section of 568 meters
(m) spanning the Permian-Triassic boundary on a low
northwestern spur of Graphite Peak (figures 1 and 2;
85 0 2.99'S 172 0 21.65'E) and also 34 of 6 kinds within 40 m
measured in the natural amphitheater low on the northeast

face of Mount Rosenwald (figure 3; 85°3.09S 178°29.52'E).
Each pedotype was named after antarctic geologists: Alton
Wade, Kerby LaPrade, James Morton Schopf, James Wailer
Collinson, David H. Elliot, William Roy Hammer, Julia
Miller, and Molly Miller. Other names were carried through
from paleosols in southern Victoria Land (Retallack, Krull,
and Robinson 1996). Each pedotype represents a unique
ancient ecosystem.

Coals are the most obvious paleosol horizons of the
Late Permian, Buckley Formation. Two kinds of paleosols
bear coal: the James pedotype has impure coal and subhori-
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Figure 1. Rock and soil (black) and locations of Graphite Peak and Mount Rosenwald in the central Transantarctic Mountains, Antarctica. (km
denotes kilometer.)

zontal Vertebraria roots in the underciay, but the Evelyn
pedotype has bright coal and Vertebraria penetrating
deeply [more than 5 centimeters (cm) and up to 92 cm].
Chambered roots as well as fossil stumps and leaves of
Glossopteris are evidence that James and Evelyn pedotypes
supported swamp woodlands. Their differences reflect
reduced sediment supply and an initially deeper water table
in Evelyn compared with James paleosols. Cherty tuffa-
ceous siltstones and claystones include two kinds of very
weakly developed paleosols. Morton pedotypes have blue
hue, Glossopteris, thin Vertebraria, and rare burrows, but
Molly pedotypes have green hue, Paracalamites, thin
unchambered roots, and locally common burrows. Both
represent communities early in ecological succession from
disturbance. Other colonizing communities are represented
by sandstones with relict bedding and root traces, such as
the Sandy (gray with carbonaceous root traces) and Kerby
pedotypes (greenish gray with clayey root traces). Finally,
the Waller pedotype is siltstone with abundant burrows and
nonchambered, gymnospermous root traces. Sandy, Kerby,
and Wailer pedotypes supported woody gymnospermous
vegetation but lacked identifiable fossil plants. The abun-
dance of cherty and coaly pedotypes in the Buckley Forma-
tion at Graphite Peak is remarkably similar to paleosols of
the Late Permian, Newcastle Coal Measures in southeastern
Australia.

Paleosols of the Early to Middle Triassic Fremouw For-
mation are of entirely different pedotypes. They also are

more even in their development and distribution than Per-
mian paleosols (figure 2), indicating a marked paleoenviron-
mental change across the Permian-Triassic boundary. Some
Early Triassic paleosols of the lower Fremouw Formation are
identical to those in the Feather Conglomerate and Lashly
Formation of southern Victoria Land. These include John
(gray and thick with subsurface accumulation of clay),
Dolores (gray and thin with subsurface nodules of berthier-
me), Michael (lithic sandstone with stout white root traces),
and Edwin (quartz sandstone with burrows and root traces)
pedotypes. These can be interpreted, respectively, as soils of
lowland forest, swale woodland, streamside colonizing
woodland, and channel bar herbaceous vegetation (Retal-
lack et al. 1996). Also found were William (carbonaceous
shaley weakly bedded surface) and Alton pedotypes (densely
rooted carbonaceous surface horizon over light-colored
subsurface). Both supported lowland seasonally waterlogged
woodlands that were colonizing and well established,
respectively. These noncalcareous paleosols indicate humid
climate persisting into the early Triassic, like similar pale-
osols of the lower Narrabeen Group of the Sydney Basin,
Australia.

Red paleosols are a distinctive feature of the Fremouw
Formation in the Shackleton and Beardmore Glacier area. At
Graphite Peak (figures 1 and 2), they are 50-112 m above the
base of the formation. Red paleosols were also found at a
comparable stratigraphic level at Mount Rosenwald (figure
3), on the 2,870-rn peak near Mount Layman (84°48.70'S
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Figure 2. A measured section of paleosols on Graphite Peak. Hue is from a Munsell color chart. Calcareousness is by reaction with acid. Degree
of development is from relative destruction of bedding.

179°78.18W) and on Mount Boyd (84 0 48.83'S 179°68'W).	Narrabeen Group of the Sydney Basin, Australia (Retallack
The red paleosols included Roy (shaley with scattered red	1977a).
mottles), Julia (sandy with red subsurface), and David pedo-	Also as in the Sydney Basin, paleosols higher in the Fre-
types (with red clayey subsurface). All have abundant stout	mouw Formation associated with Middle Triassic floras
drab-haloed root traces and are comparable to humid, cool-	(Retallack 1977b) are gray and green. These Middle Triassic
temperate, forested paleosols of the middle to upper	paleosols include Shaun (shale with root traces), Michael
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(sandstone with root traces), and Norman pedotypes (green
claystone with white root traces), identical to paleosols of the
Lashly Formation in southern Victoria Land. They represent
seasonally waterlogged, subhumid, cold-temperate wood-
lands and early successional streamside vegetation (Retallack
et al. 1996).

We thank Shaun Norman for field assistance, and in
Shackleton base camp of 1995-1996, we appreciated the orga-
nization of David Elliot, Kevin Killilea, and the pilots of Heli-
copters New Zealand. Work was funded by National Science
Foundation grant OPP 93-15228.
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Paleo environment of the Triassic therapsid Lystrosaurus in the
central Transantarctic Mountains, Antarctica

GREGORY J. RETALLACK, Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403
W.R. HAMMER, Department of Geology, Augustana College, Rock Island, Illinois 61201

G
raphite Peak was the first place in Antarctica where
Triassic fossil vertebrates were discovered. In 1967, Peter

Barrett found a fragment (Barrett, Baillie, and Colbert 1968)
that was later identified as the labyrinthodont Austro-
brachyopsjenseni (Colbert and Cosgriff 1974). Since then,
Graphite Peak has yielded other fossil vertebrates of the Early
Triassic Lystrosaurus fauna, including the herbivorous tusked
therapsid Lystrosaurus murrayi, the small carnivorous therap-
sid Thrinaxodon liorhinus, and the eosuchian Prolacerta
broomi (Colbert 1974; Colbert and Kitching 1977; Hammer
1989, 1990). Lystrosaurus was the dominant taxon of a cos-
mopolitan fauna of low diversity that survived the great
extinctions at the end of the Permian (Cosgriff, Hammer, and
Ryan 1982; Retallack 1995).

The habitats of Lystrosaurus in Antarctica have remained
enigmatic because the majority of these fossils were collected
from gravelly portions of ancient stream sandstones, where
the bones had been transported some distance from where
the animals lived (Colbert 1974). Also transported were skele-
tons of Thrinaxodon liorhinus in the flaggy upper portion of a
paleochannel on Thrinaxodon cot near the confluence of the
Shackleton and McGregor Glaciers (locality described by
Collinson and Elliot 1984; and visited by us). In contrast, dis-
covery of a skeleton of Lystrosaurus on the buried soil on
which it died allows a clearer idea

Feather Conglomerate of southern Victoria Land, where it has
been called the Dolores pedotype (Retallack, Krull, and Robin-
son 1995). Its drab color with berthierine nodules is evidence
of a lowland seasonally waterlogged environment, and its
weak development indicates soil formation for only a few hun-
dred to a few thousand years. Fossil horsetails have been

Figure 1. Skeleton of Lystrosaurus murrayi in the lower Fremouw
Formation at Graphite Peak, central Transantarctic Mountains,
Antarctica.

of the paleoenvironment of this
ancient reptile. These remains are
in the saddle between two promi-
nent sandstone bluffs on a low
northwestern spur of Graphite
Peak (85°2.99'S 172°21.65'E).
Much of the skeleton is spread out
over about a meter of the bedding
plane (figures 1 and 2).

The skeleton is not articulated
as an animal overwhelmed by cata-
strophic burial in a stream would
be (figures 1 and 2). Instead, the
bones are scattered and weathered,
as if the corpse rotted on a soil and
then fell apart. The bones were
preserved partly in a hard green
nodule that forms the lower hori-
zon of an overlying soil similar to
the one on which the skeleton lies.
This kind of paleosol is common in
the lower Fremouw Formation at
Graphite Peak (figure 3) and in the
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Figure 2. Scale drawing of skeleton of Lystrosaurus murrayi in the lower Fremouw Formation at
Graphite Peak, central Transantarctic Mountains, Antarctica. (cm denotes centimeter.)
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Figure 3. Location of the skeleton of Lystrosaurus and other vertebrate fossils in a measured section of paleosols on Graphite Peak. Hue is from a
Munsell color chart. Calcareousness is from reaction with acid. Development is from relative destruction of bedding.

found in similar paleosols in southern Victoria Land (Retallack	These observations dispel a persistent notion that
et al. 1995), but these would have been an understory to trees	Lystrosaurus was strictly aquatic or amphibious. They support
represented by common woody root traces. Dolores paleosols	instead indications from functional morphology (King and
probably supported lowland colonizing woodland among	Cluver 1991), that Lystrosaurus was fully terrestrial and capa-
forests represented by other pedotypes (figure 3).	 ble of burrowing. A nonaquatic lifestyle for Lystrosaurus is
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also supported by the absence of webbing between the toes
on all plausible footprints (Watson 1960; MacDonald, Isbell,
and Hammer 1991; Retallack in press). Paleosols can now be
added as evidence for the habitats of Lystrosaurus.

Shaun Norman, Evelyn Krull, and Scott Robinson
assisted in the field. The organizational efforts of David Elliot
and Kevin Killilea and the skilled pilots of Helicopters New
Zealand in the Shackleton base camp of 1995-1996 were also
appreciated. Work was funded by National Science Founda-
tion grant OPP 93-15228.
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Late Triassic hummocky coals near Schroeder Hill, central
Transantarctic Mountains, Antarctica

EVELYN S. KRULL, Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403

H
ummocky and cracked coal seams can be useful paleo-
climatic indicators for cool climates (Krull and Retallack

1995). This paper discusses a coal seam with marked thick-
ness variation, 10 kilometers southeast of Schroeder Hill, cen-
tral Transantarctic Mountains (85'23.741'S 174'50.208'W).
These strata are in the Falla Formation (Collinson and Elliot
1984), which has been dated by pollen and spores in the
Beardmore Glacier region as Late Triassic (Farabee, Taylor,
and Taylor 1989).

One coal seam was studied in detail over a distance of 10
meters. The studied sequence consists of a basal silty layer, a
thin carbonaceous underclay overlain by the coal, and an
uppermost fine- to medium-grained sandstone with shaly
lenses (figure 1). The coal seam shows a distinct hummocky
topography (figure 2). These hummocks are localized accu-
mulations of permineralized, thin (3-6-centimeter) com-
pressed logs alternating with coalified horizons. None of the
logs was found in growth position, and no distinct rooting
horizon was observed. Depressions have few permineralized
logs or woody debris and are mainly coal.

Because highly decomposed peat compacts more than
dense, woody particles do, differential compaction after burial
might have enhanced the observed relief, but it cannot com-

pletely account for the ridge-and-swale structures. The overly-
ing sandstones thicken in depressions and thin above the
mounds, indicating that this microrelief predated deposition of
the cover sequence. Fine, organic-rich clayey layers are
restricted to areas above depressions, as if fine sediment settled
preferably in lower lying areas. Erosion can also be discounted
as a relief-former because individual peat layers can be traced
laterally without interruption, and cut-and-fill structures are
not associated with development of the ridges and swales.
Absence of sand or gravel in association with logs and woody
debris rule out transport and deposition within a fluvial system.
The process responsible for the recurring scheme of alternating
logs and peat layers within distinct hummocks must have taken
place in a relatively stable environment because time for for-
mation for these deposits was at least 6,000 to 10,000 years,
using normal rates of peat accumulation (Retallack 1990).
Therefore, distinct ecological conditions were the primary
relief-forming mechanism for development of these structures.

Today, forested fens or bogs constitute the margins of
minerotrophic mires (Talus 1983). Mire-fringes are often
invaded by trees that form on elevated, drier tops of tussocks
(Tallis 1983). As the weight of the tree increases, the tussocks
become unstable and eventually sink or roll over, killing the
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Figure 1. Lateral section of coal seam and enclosing strata, 10 kilometers southeast of Schroeder Hill, central Transantarctic Mountains, Antarctica.

trees. This zone is also exposed to high winds. Young, shallow-
rooted trees at the mire margin are more susceptible to wind-
throw and are easily uprooted before maturing (Allen 1992;
Ehrenfeld 1995). Thus, this zone is characterized by many
young dead or dying trees on depressed waterlogged tussocks.
These logs from windthrow or drowning provide suitable
regeneration sites because of the elevated microtopography
(Ehrenfeld 1995) and the increased nutrient availability
(Agnew, Wilson, and Sykes 1993). Growth of mosses on the
fallen tree in the primarily waterlogged environment forms a

' new peat-layer. At these sites
of greater nutrient availabil-
ity and drier conditions, veg-
etation growth is favored
(Ehrenfeld 1995). As the mi-

	

t .Q	
1 tial microrelief increases, fib-

	

-.-	 ras less-adapted to waterlog-

	

.'	."	ging colonize the site as the
3 ! hummock rises above the

-: * Z 'I PJ water table. Continuous peat
accumulation on fallen logs,
preferred growth of young

4 trees on elevated sites, and
episodic windthrow and
drowning lead to the forma-
tion of hummocks with
alternating peat and wood
layers.

-	Today, similar ecotones
• ,	of forested peatland and

mires outside the zone of4fr
.	continuous or discontinuous

permafrost occur at latitudes
of 400 to 550 in humid, cool,
temperate climate zones.

During the late Triassic, Schroeder Hill was situated at compa-
rable latitudes of 570 to 55°S (Scotese 1994), indicating that
paleoclimate belts in the midlatitudes of the late Triassic were
similar to today's climate zones.

I thank Shaun Norman for assistance in the field and
Greg Retallack for helpful comments. Especially appreciated
were the skilled pilots of Helicopters New Zealand and the
organizational efforts of David Elliot and Kevin Killilea in the
Shackleton base camp of 1995-1996. This work was supported
by National Science Foundation grant OPP 93-15228.

Figure 2. Hummocky topography of a coal seam near ScIlloedel Hill, central lransarrtarctic Mountains, show-
ing domes on left-hand side of figure 1.
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Geologic studies on rocks of the Jurassic Ferrar Group
DAVID H. ELLIOT, THOMAS H. FLEMING, and CHRISTOPHER M. GERO, Byrd Polar Research Center and Department of Geological

Sciences, Ohio State University, Columbus, Ohio 43210

s part of the helicopter-supported research in the
hackleton Glacier region, geologic studies were conduct-

ed on Jurassic extrusive and intrusive rocks (Ferrar Group)
and, to a limited extent, on underlying Permian and Triassic
strata (Beacon Supergroup).

Work on the Ferrar rocks had two principal aims: first,
the collection of Ferrar Dolerite sills for geochemical analysis
and radiometric dating and, second, the examination and col-
lection of rocks from the Prebble Formation, a pyroclastic
sequence underlying the Jurassic Kirkpatrick Basalt, in order
to understand its paleovolcanology and tectonic setting.
Dolerite sills were collected at sites from Cape Surprise to
Otway Massif (figure) to provide as complete a stratigraphic
coverage of their occurrence as possible. Sites ranged from
the basement granite to the Prebble Formation, thus encom-
passing the whole of the Beacon sequence. In addition, a spe-
cial effort was made to collect sills from the Nilsen Plateau
that have been reported to carry significant amounts of
olivine and, thus, possibly to be more mafic than any other
known occurrence of Ferrar tholeiites. In the course of work
on the Otway Massif, a subvolcanic system was discovered.
This system shows subsurface interactions related to the for-
mation of the pyroclastic rocks of the Prebble Formation.

The pyroclastic rocks of the Prebble Formation were
examined at Mount Pratt and Otway Massif where as much as
360 meters (m) of stratigraphic section are present (Elliot and
Larsen 1993). New sections were measured, and previously
measured sections were re-examined; evidence was found for
water-magma interactions, and these interactions support a
phreatomagmatic origin for these deposits, like that advo-

cated for the Prebble Formation rocks in the Marshall Moun-
tains north of the Beardmore Glacier (Hanson and Elliot 1994,
in press). Based on regional relationships, the contact with
the Triassic Falla Formation appears to have significant topo-
graphic relief. The Falla Formation shows considerable tilting
and folding, both of which are attributed to the emplacement
of Ferrar magmas at shallow depths. Intrusion breccias with
compositions somewhat similar to the breccias of the Prebble
Formation occur in a number of places as thin dikes and
small bodies. At two localities, the contact with the overlying
basalts is marked by a paleosol. In the course of work on the
Beacon rocks, an additional area of deformed Falla Formation
strata was discovered near Schroeder Hill and again is attrib-
uted to emplacement of Ferrar magmas at shallow depth;
although intrusion breccias were not found, dikes with irregu-
lar and contorted forms cut the Falla rocks.

Coarse-grained channel sandstones were collected from
the Upper Permian part of the Buckley Formation and from
the Triassic Fremouw and Falla Formations for provenance
studies on zircons and thermal history from apatites. The for-
mer will be used to investigate evidence for an active mag-
matic arc as well as crustal ages in the source regions and the
latter, for estimates of the possible original stratigraphic
thickness of the lavas as well as timing of any postdeposi-
tional heating.

Field checking of the geology of the Shackleton and Ram-
sey Glaciers region was carried out so that, with the aid of
existing maps and information supplied by other project par-
ticipants at the Shackleton Glacier camp, three 1:250,000 geo-
logic quadrangle maps can be completed.

ANTARCTIC JOURNAL - REVIEW 1996
37



km	 40

175'W	 170'W
I	 I	 t86S	 I / J
Location and simplified geologic map of the Shackleton Glacier region. Ferrar Dolerite sills are co-
extensive with both the Permian-Triassic Beacon Supergroup rocks and the Middle Jurassic volcani-
clastic rocks of the Prebble Formation. Solid triangle indicates the location of the Shackleton camp.

180

Cape Surprise
-	84'30S

VIA IJ-
\(nn ,,Hoek

A Shackleton Camp

)	cr	r
(N. Cumulus

Hills
Schroeder

Hill

Roberts

t

8530S

Mas
'7

.Q)

CO
(D

Pratt

Upper Cenozoic
surticial deposits

[1 Middle Jurassic
basalt lavas

Middle JurassicLI i volcanclasjc rocks

Devonian-Triassic
Beacon Supergroup

E_IJ basement

riw

Otway
Massif

0.

Mt. Bumstead

^1 5E1 70F

iI

LV

After completion of the work
in the Shacldeton Glacier region,
further fieldwork was conducted
at the Coombs Hills in southern
Victoria Land where pyroclastic
rocks of the Mawson Formation,
equivalent to the Prebble Forma-
tion, are extensively exposed
(Grapes, Reid, and McPherson
1974; Bradshaw 1987). The Maw-
son rocks show similarities to the
Prebble Formation breccias and
again are the products of major
phreatomagmatic eruptive events
that involved explosive interaction
between magma and ground-
waters held in the Beacon sedi-
mentary rocks. Clastic dikes,
made up of varying proportions of
sedimentary and volcanic mater-
ial, are common, as are intrusion
breccias and small plugs and dikes
of basalt. The great thicknesses of
breccia and the widespread occur-
rence of dikes and sills in the
Mawson Formation suggest that
the region was a major eruptive
center during the Jurassic.

Particular thanks are given
for the logistic support provided
by U.S. Navy VXE-6 squadron and
Helicopters New Zealand. David
Buchanan and Robert Andress
provided invaluable assistance in
the field. This field research was
supported by National Science
Foundation grant number OPP
94-20498 to Ohio State University.
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Three-dimensional magmatic filling of Basement sill revealed
by unusual crystal concentrations

B.D. MARSH and J.R. PHILJPP, The Morton K Blaustein Department of Earth and Planetary Sciences, Johns Hopkins University,
Baltimore, Maryland 21218-2681

W
en magma moves from great depth to the upper reach-
s of Earth, the vigor and nature of its motion can some-

times be traced through the entrainment and distribution of
unusually large crystals. Called phenocrysts, these crystals and
their distribution are nowhere better exhibited than in the
Basement sill, a thick [350-meter (m)] layer of magmatic rock,
exposed throughout the McMurdo Dry Valleys region. What is
even more noteworthy is the great abundance and three-
dimensional distribution of these phenocrysts. This distribu-
tion promises to reveal both the initial magmatic injection
point as well as the lateral flow field over an area of thousands
of square kilometers. Dis-
cerning and understanding this
flow field, an unprecedented
achievement, give fundamental
insight into the essential link
between volcanism and mag-
matism and the dynamics of
magma beneath ocean ridges
the world over. After giving a
brief background on the nature
of crystal entrainment and sort-
ing in ascending magma, we
present the results of detailed
sampling and chemical analysis
from seven sections of the
Basement sill covering much of
the McMurdo Dry Valleys.

Heavy solid particles in flu-
ids coursing through pipes and
slots tend to migrate away from
the walls and form high con-
centration sluglike flows in
channel centers. The behavior
of fatty globules in blood and
paper pulp paste particles in
aqueous solutions are common
examples of this process. Simi-

Figure 1. A schematic depiction of
the process of crystal entrainment
and sorting in an ascending body of
magma. The sequential process of
emplacement of the magma as a hor-
izontal sheet or sill of magma is also
shown along with possible variations
in magnesium concentration due to
sorting of the entrained crystals dur-
ing flow.

larly, magma ascending sufficiently fast through packed beds
entrains crystals, if it moves fast enough, carrying them
upward. These crystals are almost always heavy, and they
migrate away from the walls to the flow center, but they also
sink en mass, relative to the rising magma. The net result is a
rising column of magma led by essentially crystal-free magma
and followed by a crystal-rich tongue of increasingly coarse
crystals. The flow sorts the crystals vertically and laterally
such that the distribution of crystals reveals the flow field; the
longer the magma carries the crystals, the better the sorting
(see figure 1).
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This phenomenon is well known in fluid mechanics (e.g.,
Segre and Silberberg 1962; Lael 1980) and has been nicely
modeled as a magmatic process by Bhattacharji and Smith
(1964), who have also noted its importance in forming the
Muskox intrusion in northern Canada. Simkin (1967, pp.
64-69) and Upton and Wadsworth (1967) have shown the
prevalence of this style of sorting or flow differentiation in,
respectively, dikes in Scotland and a small sill on Reunion
Island. Gibb (1976; see also Marsh 1996) has drawn attention
to the possibility that this kind of magma may go to form
large, well-sorted magmatic bodies that have been routinely
attributed to in situ crystallization, but until now direct evi-
dence has been lacking. The critical evidence is preserved
over great expanses of the Basement sill.

The presence of unusual concentrations of large crystals
of orthopyroxene (opx) in the Basement sill was first reported
by Gunn (e.g., 1966). He noted the curious complete absence
of opx along the upper and lower margins even when a rela-
tively thick (30-m) layer of large opx crystals forms the sill
center at Solitary Rocks. Realizing the possible opportunity
presented by this opx, we have begun mapping out this con-
centration in three dimensions by studying and collecting
samples at (so far) eight locations. The vertical variation of
magnesium oxide (MgO) (weight percent, wt.%), which is a
direct reflection of opx content, through the Basement sill at
seven of these locations is shown by figure 2.

Over a distance of about 15 kilometers (km) in the north-
east wall of Wright Valley, the sill pinches out from a thickness
of over 350 m near Bull Pass to a thickness of 5 centimeters

(cm) at the north lower Wright Valley section. This captures
the leading edge of the invading magma, and this eastern-
most section contains no sign of opx; MgO is constant at the
background level of about 7 percent. Several kilometers west,
approaching Bull Pass, the concentration steadily increases to
over 10 percent MgO in the sill center (see Mount Peleus sec-
tion), to over 15 percent at east Bull Pass, and to 20 percent
MgO at west Bull Pass. The opx tongue fills about 75-80 per-
cent of the sill and individual crystals reach lengths of 8-10
millimeters (mm), whereas at the leading eastern edge the
tongue is thin and opx size is 1-3 mm. Twelve kilometers far-
ther east from Bull Pass in the Dais section, although incom-
plete due to debris cover, the sill resembles the west Bull Pass
section if allowance is made for a confused zone at the upper
contact. Ten kilometers north (Victoria Valley section) and 30
km south (northwest Kukri Hills section) from west Bull Pass
the opx tongue is still prominent, although it is, especially in
the Kukri Hills, less strong (see figure 2).

These data suggest that somewhere, perhaps near present
Lake Vanda, the Basement sill began filling and magma spread
laterally in all directions while progressively lifting the overly-
ing 4 km of crust. The vigor of emplacement was strong enough
to entrain a considerable mass of large orthopyroxene crystals
whose distribution intimately records this event. Although it is
still premature to draw more conclusions, judging from the
internal structure of the tongue, filling may have been pulsative
as in volcanism, and filling may have been stronger along than
transverse to the Transantarctic Mountains (i.e., north-south),
which is similar to the style of magmatism at ocean ridges.
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10	20
M90 ( Wt .%)

MgO(wt.%)

boll om

East Bull pass jeus

>

Figure 2. The variation of MgO (wt.
%) concentration through seven
vertical sections of the Basement
sill in the McMurdo Dry Valleys
region. The location of each section
is as labeled and the series of sec-
tions is depicted in relative geo-
graphic position north-south, east-
west. The few points in the Victoria
Valley section falling well behind the
curve reflect merely local concen-
trations of other minerals, mostly
plagioclase, due to internal sorting
within the opx tongue.
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Digital recording of the seismicity of Mount Erebus volcano,
November 1994 to June 1996

R.L. KNIGHT* , R.C. ASTER, P.R. KYLE, andA.K. AMEKO, Department of Earth and Environmental Science,
New Mexico Institute of Mining and Technology, Socorro, New Mexico 87801

R.R. DIBBLE, Department of Geology, Victoria University, Wellington, New Zealand

*present address: University of Memphis, Center for Earthquake Research and Information, Memphis, Tennessee 38152

T
he Mount Erebus Volcano Observatory project was estab-
lished in 1992 to provide digital monitoring and recording

of seismic activity associated with the volcanism of Mount
Erebus. The volcano is the central feature of Ross Island, with
the summit crater located approximately 35 kilometers (km)
from McMurdo Station. A permanent convecting crater lake of
anorthoclase phonolite magma produces frequent small
strombolian eruptions (Kyle 1994). Data from the radioteleme-
tered seismic network (figure 1) are digitized and recorded at
100 samples per second using an event-triggered PC-based
detection and recording system at McMurdo Station. Data are
compressed and automatically transferred daily over the
Internet to New Mexico Institute of Mining and Technology
and Victoria University for analysis (Skov, Kyle, and Aster 1994).
During the study period (November 1994 through June 1996),
over 3,000 digitally recorded events were recorded and exam-
ined. Continuous analog helicorders are also operated at
McMurdo, and a count of events recorded during 1995 was
used to examine digital data acquisition efficiency (figure 2).
Analog records indicate that, although many seismic events
currently occurring on Erebus are of insufficient size to trigger
the digital acquisition system, the larger events which trigger
the system do provide a representative sample of the frequency
and style of the overall seismic activity. At least four categories

of seismic events are recognized: long-period (LP) events, vol-
cano-tectonic (VT) events (Chouet 1996), explosive (E) events
(Dibble, O'Brien, and Rowe 1994), and long-period tremor
(Chouet 1985). The system also records near-regional, regional,
and teleseismic signals originating far outside of the array.

Locations

p
reliminary locations for the three principal seismic event
types (figure 3) were obtained using a gradient- over- a-

half-space velocity model estimated from refraction data by

ABZ

HELZ
BOMZ

HOOZ1....MACZ

CONZ

Figure 1. Seismic stations in the current Mount Erebus Seismic Network.
Eight of these stations are located at elevations ranging from 1,789 meters to
3,708 meters and one (OBSZ) is installed near McMurdo Station at an eleva-
tion of 30 m. SISZ was upgraded to three components during the 1995-1996
field season; all other stations have vertical-component, 1-Hz seismometers.
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Figure 2. Daily histogram of recorded
events for 1995 and 1996, including both
analog and digital counts for part of 1995. 1
indicates an approximately 15-minute-long
period of high-amplitude, continuous tremor
on 31 January 1995. 1-5 indicates 5 suc-
cessively bigger swarms of shallow earth-
quakes (possible ice-quakes) which
occurred during austral autumn of 1995. El
indicates a swarm of 150 digitally recorded
summit Strombolian explosion events. Note
that there is some bias in counting statistics
imposed by the digital system, which is
more sensitive to swarms containing larger
events that are more likely to carry the net-
work (e.g., IS compared to El). 16,7 indicate
two shallow swarms in early 1996, and LP1 -
3 mark swarms of both shallow and LP
events. E2,3 indicate two swarms of explo-
sion events which occurred one week apart
in April of 1996.
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Rowe (1988). The events plotted met the following require-
ments.
• Seven or more stations clearly recorded the event.
• First arrivals are sufficiently impulsive to estimate phase

arrival times with a 1-sigma uncertainty of less than 0.2
seconds.

• The hypocenter solution is well-modeled (a root mean
square residual value not greater than 0.2 seconds).

• The hypocenter estimate is within approximately twice the
network aperture and within the volcano.

VT events

VT events are indicative of the faulting of brittle rock
due to perturbations caused by the intrusion or with-

drawal of fluids superimposed on the regional stress field.
Because they originate in abrupt shear motion along faults,
VT events exhibit sharp arrivals for both compressional-wave
and shear-wave phases at multiple stations. Only 87 out of the
more than 3,000 events examined show clear VT characteris-
tics. We estimate the relative sizes of seismic sources using a
simple scale based on the duration of the seismic signal. The
mean duration magnitude of located VT events is 1.04 and the
majority occur 1 km or more below the summit (figure 3, top).
VT events do not occur in temporal swarms, arguing for
steady-state stress conditions in the lower volcano.

LP events

LP events are related to magmatic source processes and
are  characterized by emergent first arrivals, relatively

long-period sources [typically below approximately 2 hertz
(Hz)], and a general deficit of identifiable shear-wave
arrivals. LP events make up the largest percentage of the total
data set (approximately 65 percent). Over 500 LP events
occurred during seismic swarms, accounting for more than
one-quarter of the total number of LP events. LP events are
commonly difficult to locate accurately due to highly emer-
gent onsets. Additional complications arise in locating events
from LP swarms due to the interleaving of arrivals from mul-
tiple events, and swarm location estimates are thus not
presently included in the location catalog. LP event locations
are scattered and are predominantly distributed throughout
the upper 1 km of the mountain (figure 3, middle), suggesting
that the upper mountain is criss-crossed with numerous
small pathways and conduits for movement of magma. The
mean duration magnitude of located LP events is 1.97.

E events

E events are directly attributable to volcanic explosions at
or beneath the surface of the lava lake. Low-frequency

precursors frequently accompany E events and may be
caused by oscillations of exsolved gas bubbles prior to the
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Two especially notable swarms of E events occurred dur-
ing the study period. On 14 April 1996 (julian day 105; figure
2) a swarm of 100 triggered E events occurred near the active
crater. A second swarm of 165 triggered E events began on 20
April 1996 (julian day 111; figure 2). Earthquake occurrence
rate versus magnitude statistics for these two swarms indi-
cates that a relatively large number of small events occur dur-
ing E swarms compared to most types of seismic activity, a
feature previously noted by Dibble et al. (1984).

Long-period tremor

A
n episode of long-period harmonic tremor was recorded
on 30 January 1995. The dominant frequency of the

tremor changed during the 5 minutes that the tremor was
recorded from approximately 5 Hz at the start of the record to
approximately 1.5-2 Hz after several minutes. This change
could be due to a widening conduit or to changing flow con-
ditions. The dominant interpretation of such tremor episodes
(e.g., Chouet 1985) is that they result from the superposed res-
onant responses of a volcanic conduit to numerous individual
pressure pulses during periods of magmatic transport. Thus,
it is possible that this episode represents a significant
upwelling of magma from depth. The observation that the
tremor was clearly recorded even at the McMurdo seismic
station, located 35 km from the summit, indicates a deep
focus and large-amplitude source.
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Global positioning system static sites along the Victoria Land
coast of Antarctica

PAUL ARTHUR BERKMAN, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210
CLYDE M. GOAD and JAY HYOUN KWON, Department of Geodetic Sciences, Ohio State University, Columbus, Ohio 43210

T
he Victoria Land coast of Antarctica has raised beaches
with fossil deposits that reflect eustatic sea-level and

west-antarctic-ice-sheet changes since the last glacial maxi-
mum. During the 1994-1995 austral summer, these raised
marine features were investigated from McMurdo Sound
(approximately 78°S) to Terra Nova Bay (approximately
74°S) by
• collecting fossils for subsequent geochemical analysis,
• analyzing the stratigraphy of the fossil deposits,
• assessing the surrounding glacial geomorphology, and
• surveying the fossil locations with Trimble 4000 SSE dual-

frequency global positioning system (GPS) receivers.
Permanent GPS site markers were installed by embed-

ding "Bevis" pins into bedrock to create static sites for local
kinematic surveys along the Victoria Land coast (figure).
Dual-frequency phase data from these static sites were col-
lected for 8-hour periods with 15-second epochs and post-
processed in the World Geodetic System 1984 (WGS84) refer-
ence frame. An orbit determination model produced by the
Department of Geodetic Sciences at Ohio State University,
GPS Orbit Determination Including Various Adjustments
(GODIVA), was used for calculating the static-site positions
(table). These static-site position determinations had the
same level of precision (standard deviations in the table) as
has been reported for the continuously recorded Interna-
tional GPS Service for Geodynamics (IGS) site at McMurdo
Station, which ran through 1994 (Hothem personal commu-
nication).

Geodectic comparisons between the static sites at
McMurdo Station and Explorers Cove, which was anchored
into the cement casing surrounding the drill-core stem from
holes 8-10 of the Dry Valley Drilling Project (McKelvey 1985,
pp. 63-94), were made to assess the reliability of orthometric
heights which were calculated from modeled geoid heights
and measured ellipsoid heights (Heiskanen and Moritz 1987;
equation).

(h 1- h2)- (N1 - N2)= (H1- H2)	 (1)

where
h is the height above the reference ellipsoid as deter-

mined from the GPS surveys;
His the calculated orthometric height above the geoid;

and
Nis the modeled geoid undulation for sites 1 and 2

derived from OSU91a (Rapp 1992).
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Map of the Victoria Land coast in the Ross Sea, Antarctica,
showing the general locations of the GPS static sites that are ref-
erenced in the table.

The agreement between the measured and calculated
orthometric heights (table) provides support for the geoid
model (OSU91a) in the Ross Sea region of Antarctica.

The static sites in the table were used for kinematic surveys
of the positions and elevations of more than 100 marine-fossil
sites that were identified in Explorers Cove and Marble Point,
raised-beach strandlines and fossiliferous marine terraces in
Marble Point and other coastal regions, and various glacial geo-
morphological features from McMurdo Sound to Terra Nova
Bay. In the future, these static sites along the Victoria Land coast
may prove useful for interpreting crustal motion responses to
changes in the west antarctic ice sheet after the last glacial maxi-
mum (Elliot, Strange, and Whillans 1991; James and Ivins 1995).

We would like to thank Brett Baker, Olafur IngOlfsson,
Skip Van Bloem, Mike Prentice, and Kazuomi Hirakawa for
their assistance in the field. This research was supported by a
grant from the National Science Foundation (OPP 92-21784)
to P.A. Berkman.
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Static site coordinates along the Victoria Land coast, Antarctica'1

McMurdo Station	775055.127	16604031.135	-1.0553±0.0249	-54.581	53.526	53.22	6
(McMu)	 ±0.3493E-03"	±0.1555E02

Explorers Cove	7703321.083	16303118.337	-39.9256±0.0377	-55.217	15.291	-	2
Rock (VCE943)	±0.6461 E03	±0.2085E-03

Explorers Cove	77034'38.448'	163°315.530	-51.7300±0.0306	-55.193	3.463	2.89	4
drill stem	±0.2271 E-03	±0.6525E-03
(VCE944)

Marble Point	7702556.947'	163049'15.082	-22.4758±0	-55.339	32.863	-	1
(WALT)	 ±011 ±0

South Stream	770273.237	163044'46.385'	-42.6855±0.0722	-55.320	12.635	-	3
(VCE946)	±0.8258E-03"	±0.3160E-02"

Gneiss Point	7702511.295'	163044'12.846	-46.4402±0.0226	-55.375	8.935	-	2
(VCE948)	±0.6459E-03"	±0.2323E-02'

Evans Cove	7405245.349	16305529.889"	-34.2381±0.0724	-60.682	26.444	-	4
(VCE949)	±0.3028E-03	±0.2741 E-02

Adélie Cove	7404519.275'	16305923.540	263.1833±0.0172	-60.323	323.506	-	3
(VCE941 0)	±0.2050E-03"	±0.1330E-02"

Terra Nova Bay	74°4138.949	1640649.758	-41.0303±0.0426	-60.193	19.163	-	3
Station (NOVA)	±0.4423E-03	±0.1286E-02

aThe GPS dual-frequency phase data and the metadata for the dMeasurements available only for McMurdo Station and Explorers
above static sites are archived at the University NAVSTAR Consor- Cove static sites.
tium (UNAVCO) facility, which is supported by the National Science eMinimum 8-hour continuous record each day.
Foundation, in Colorado.	 Measurement from Hothem (personal communication).
b DMS denotes arc degrees, minutes, and seconds.	 gMeasurement from McKelvey (1985, pp. 63-94).
CBased on geoid undulation model OSU91a (Rapp 1992).
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Re-evaluation of the structure and stratigraphy of the
Heritage Range, Ellsworth Mountains

ERNEST M. DUEBENDORFER, Department of Geology, Northern Arizona University, Flagstaff Arizona 86011
MARGARET N. REES, Department of Geoscience, University of Nevada, Las Vegas, Nevada 89154

T
he Ellsworth Mountains are part of a geologically and geo-
physically defined terrane that lies between the

Transantarctic Mountains and West Antarctica. The approxi-
mately 13,000-meter-thick succession of Cambrian through
Permian strata exposed in the Heritage
Range has paleogeographic and paleobio- 
geographic affinities to the margin of
Gondwanaland (Webers, Craddock, and
Splettstoesser 1992), but the Early Paleo-
zoic depositional and tectonic history of
the terrane is equivocal (Thorstenson,
Duebendorfer, and Rees 1994; Curtis 1995;
Rees et al. 1995). Establishing the geologi-
cal history of the range is critical for assess-
in g plate tectonic models of the paleo-
Pacific-facing margin of Gondwanaland.

Our fieldwork during the 1995-1996 sea-
son was concentrated in the northern Her-
itage Range of the Ellsworth Mountains (fig-
ure). Our field party consisted of Ernest M.
Duebendorfer (structural geologist), Mar-
garet N. Rees (stratigrapher), Eugene Smith
(volcanologist), and Lucylle J. Smith (moun-
taineer). On 24 November 1995, an LC-130
aircraft with a VXE-6 crew airdropped four
55-gallon drums of motor-gas on the Balish
Glacier during our reconnaissance flight, and
on 29 November, they put our party into the
field near the drop (79°32'14"S 84°25'11"W).
Using four snowmobiles and four Nansen
sledges, we traversed the area and estab-
lished temporary camps. Our party, fuel	10 km
drums, gear, and rock samples were pulled
out of the field on 3 January 1996.

Our geological mapping documents at
least three deformational events in the 00. 1
northern Heritage Range, not just the sin-
gle Mesozoic contractional event recog-
nized by other workers. Furthermore, our
recognition of structures not previously
mapped calls into question the strati-
graphic order, ages, and depositional rela-
tionships of several map units.

The earliest documented deforma-
tional event (D 1 ) is manifested by refolded
folds and crosscutting cleavages in the
Middle Cambrian Springer Peak Forma-
tion. D 1 structures are nearly completely

overprinted by the dominant fabric of the range. A minimum
age for D 1 may be constrained by the angular unconformity
between the Late Cambrian Minaret Formation and the over-
lying Crashsite Group in the Webers Peaks area. The contact
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Generalized map of the northern Heritage Range, Ellsworth Mountains, Antarctica. Solid
black denotes exposed rock; black outline denotes glacier-rock interface; F denotes fuel
depot; L denotes landing site; dotted line denotes path of field party.
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previously was described as conformable by Webers et al.
(1992) and disconformable by Goldstrand et al. (1994). The
unconformity is bracketed between post-early Late Cambrian
and pre-Devonian based on fauna that we collected immedi-
ately above and below the contact (Rees et al. 1995). Thus,
deformation of Cambrian succession may predate or have
been coeval with the development of this unconformity. The
D 1 event and the unconformity may be related to either the
Ross Orogeny, activity along the Mozambique suture, or other
movements along the paleo-Pacific margin of Gondwanaland.

The dominant structures in the Heritage Range are
north-northwest-striking folds associated with the Triassic
Ellsworth/Gondwanide Orogeny (D 2). Our work and that of
Curtis (1995) suggest that structures attributed to this event
record not only northeast-southwest shortening but also
involve a significant component of dextral shear deformation.

In the Soholt Peak-Edson Hills region of the northern Her-
itage Range (figure), we documented a series of east-vergent
thrust sheets associated with D 2 . Several contacts between for-
mations that were originally interpreted as depositional are
major thrust-sense, cataclastic shear zones that dip 40_600
west. Kinematic indicators record dextral, top-to-the-east tec-
tonic transport. The structurally lowest of these thrust sheets
places the lower Middle Cambrian Drake Icefall Formation
over the undated Union Glacier and Hyde Glacier Formations
along the Drake Icefa!l shear zone. The structurally intermedi-
ate-level Conglomerate Ridge shear zone places the Conglom-
erate Ridge Formation in the hanging wall over the Drake Ice-
fall thrust plate. The structurally highest shear zone places
rocks originally mapped as Springer Peak Formation against
the Conglomerate Ridge Formation.

An additional structure in the Soholt Peaks area is an
inferred cross fault that strikes northeast from Mount Bursik
(figure). This structure is inferred on the basis of right-lateral
separation of formation contacts and of right-lateral displace-
ment of a regional anticline. If this interpretation is correct,
then the cross fault has a minimum of 5 kilometers of right-
slip displacement.

A third, possibly late- or post-Gondwanide deformational
event is suggested by the orientation of F2 folds. F2 fold hinges
show a strong bimodal distribution suggesting that they have
been refolded about subhorizontal, northeast-trending fold

axes (F3). In addition, a set of northeast-striking, subvertical
joints is developed throughout the northern Heritage Range.
The mean orientation for these joints is similar to the orienta-
tions of the inferred F 3 fold axes. This joint set may therefore
represent axial planar tension joints associated with the
northeast-trending F3 fold axes.

This research was supported by National Science Foun-
dation grant OPP 93-12040.
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Land-ice studies and glacial geology

Variations of the west antarctic ice streams associated with
sea-level and climatic changes during the Late Pleistocene

MIKHAIL VERBITSKY and BARRY SALTZMAN, Department of Geology and Geophysics, Yale University, New Haven, Connecticut 06520

U
ntil now, the most comprehensive model-
ing studies of the antarctic ice sheet con-

sidered large-scale and mesoscale behavior as
separate problems because the thermal fea-
tures of coastal ice streams cannot be resolved
in a large-scale model. It is not unlikely that the
artificial horizontal diffusion inherent in
numerical solutions of the three-dimensional
(3-13) equations forces modelers to sacrifice
mesoscale effects in favor of numerical stabili-
ty. Nevertheless, our ultimate objective is to
simulate the ice sheets with a 3-D model from
which we can produce ice streams internally
without prescribing them. With this goal, we
have formulated an ice-sheet model using a
simple formula for the basal temperature that
is free from an artificial horizontal diffusivity.
We have demonstrated that by applying our
model to the late Pleistocene, ice streams
switch to active or stagnant modes as a part of a
single solution responding to external forcing.

The dynamics of the model are governed by
an equation representing a mass balance of the
nonlinear ice flow (Verbitsky and Saltzman
1995), and the above-mentioned simple formula
(Verbitsky and Saltzman in press) has been used
for the basal temperature. Solving the model
equations on a high-resolution [40x40 kilometer
(km)] grid for values of the climatic temperature,
bedrock topography, and snowfall rate adopted
from Huybrechts (1992), we find that the ice-
sheet model reproduces reasonably well the ice
topography and velocity distribution of the pre-
sent-day antarctic ice sheet. The basal tempera-
ture also compares well with the shape and
extent of the areas of melting and freezing tem-
perature obtained by Huybrechts (1992) as a
solution of the full 3-D thermodynamical equa-
tion (figure 1). This suggests that our simplified

Figure 1. "Present-day," equilibrium, regime of the
antarctic ice sheet: (A) the calculated basal tempera-
ture; (B) the same from Huybrechts (1992). White areas
are at the pressure-melting point.
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formula can represent the relevant thermodynamics. Our
approach allowed us to simulate the fine temperature structure
in coastal zones. For example, at the west antarctic Siple Coast,
areas at the pressure-melting-point are separated by strips of
frozen-to-bed ice, suggestive of ice streams A—E. Thus,
• ice streams A and B unite to form a single flow down-

stream,
• a structure similar to A and B is formed by streams D and

E, and
• a narrow ice stream C occupies the central part of the

coast.
Not only are the shapes of these structures similar to the ice
streams found on the Siple Coast, but their behavior is also
similar in the sense that their horizontal flow is dominated by
the basal sliding and is much faster than the flow of the neigh-
boring ice.

We next forced our model with the late Pleistocene tem-
perature and the sea-level changes, invoking the Vostok tem-

perature and the SPECMAP isotopic oxygen-18 (6180)
records, respectively. The snow accumulation rate is taken as
the sum of its present-day value and forced departures,
assumed to be proportional to the temperature variations at
the southern ocean core MD88-770 (supposing that these
variations might be a good proxy for the moisture availability
over the Antarctic).

The streamlike structure of the Siple Coast found in the
steady-state solution appears to be robust, being observed dur-
ing the whole glacial cycle under the wide range of external
forcing conditions (figure 2). Interestingly, ice stream C switch-
es to a slow mode during the penultimate interglacial 128,000
years ago when snowfall rates were high. We found that ice
stream C is more vulnerable to increased snowfall rates
because in the model it has the coldest "background" tempera-
ture (that is, values of temperature advected from the top of the
ice sheet) and a low value of internal friction, both of which
give ice stream C the weakest possibility to counteract the

Figure 2. Calculated basal temperature at 128,000 (A), 50,000 (B), 10,000 (C), and 0 (D) years ago. White areas are at the pressure-melting point.
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advective cooling. The differences between ice streams disap-
pear when the real bedrock topography, and the shape of the
coastline of the Siple Coast, are replaced by a flat plane and a
straightline coast, respectively. We may conjecture, therefore,
that peculiarities of local topography may create a situation in
which an ice stream develops at a local divide and consequent-
ly has a lower surface temperature and reduced shear stresses
and internal friction. It is possible that this situation is charac-
teristic of ice stream C, a conclusion we regard as tentative
because only the simplest form of a sliding law was used, and
also, a higher resolution may be necessary to make definitive
conclusions. We also excluded from consideration the transi-
tion zone between an ice sheet and ice shelf. Consequently, our
study is not intended to challenge existing hypotheses con-
cerning ice stream C stagnation, but we do suggest that some

distinctive features of the ice-stream structure found at the
Siple Coast may have roots in its large-scale topography.

This work has been supported by National Science
Foundation grant OPP 93-19674 and by National Aeronautics
and Space Administration grant NAGW-4 197.
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Ice-core glaciochemical reconnaissance in inland
West Antarctica

KARL J. KREUTZ, PAUL A. MAYEWSKI, MARK S. TWICKLER, and SALLIE I. WHITLOW, Climate Change Research Center,
Institute for the Study of Earth, Oceans, and Space and Department of Earth Sciences, University of New Hampshire,

Durham, New Hampshire 03824

T
o date, the highest resolution ice cores have come from
Greenland [the U.S. Greenland Ice Sheet Project 2 (GISP2)

and European Greenland Ice Core Project (GRIP)]. The ability
to determine annual layering in these cores over at least the
past 50,000 years has allowed the reconstruction of a detailed
environmental history covering major glacial and interglacial
climatic events (e.g., Mayewski et al. 1994; O'Brien et al. 1995).
Although these cores have significantly advanced our under-
standing of paleoclimatic change in the Northern Hemisphere,
questions remain as to whether the two hemispheres have
responded synchronously to climate forcing through time.
Determining the existence, similarity, and phasing of climatic
change in the Southern Hemisphere is crucial to understand-
ing the importance of various climate-forcing factors.

Two sites in West Antarctica (Siple Dome and inland
West Antarctica) have been identified by the U.S. ice-core
community as potential deep-drilling locations where records
similar in quality to the Greenland cores may be recovered.
Siple Dome (Mayewski, Twickler, and Whitlow 1995) is an
ideal location for deep ice-core drilling, because of the homo-
geneous spatial variability of surface snow chemistry and
well-preserved annual signals in chemical species and physi-
cal properties. In this article, we describe the initial results of
work done at the second location in inland West Antarctica.

The 1995 field season involved drilling three ice cores and
collecting snowpit samples along a 158-kilometer (km) tra-
verse trending 26° (relative to true north) from Byrd Surface
Camp (figure 1). Visual stratigraphy revealed numerous depth

hoar and wind crust layers throughout the cores, but identify-
ing distinct and consistent annual layering proved to be diffi-
cult. As a test, annual layer counting estimates were com-
pared to the accumulation rate calculated from a beta profile.
The prominent peak in radioactivity at 14.5 meters (m), corre-
sponding to the height of bomb testing in 1964, suggests an

• Site A
77'44'S 116'20'W
150 m core
2 m snowpit

Site B
7927.66'S 118'02.68'W
60 m core
2 m snowpit

Site C
60 in core
2 m snowpit

Byrd Surface	AWS
Camp

8000.85'S 11933.73'W
Elevation 1575m

Figure 1. Location map. (AWS denotes automatic weather station.)
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accumulation rate of 28.8 centimeters (cm) of ice per year at
site A (Dibb personal communication; figure 2). An accumu-
lation rate estimate based on annual layer counting is signifi-
cantly lower (20 cm of ice per year), suggesting that more than
one depth hoar layer forms during a year.

Glaciochemical concentrations of major anions, cations,
and methanesulfonic acid (MSA) have been performed on
snowpit samples. The most distinct annual signals are present
in sulfate (SO4 ) and MSA profiles (figure 3). There appears to
be more than one depth hoar layer corresponding to each sum-
mer peak in SO 4 and MSA. Average values for all seasalt
species are significantly lower than those found at more coastal
sites and Siple Dome, suggesting that marine influence is great-
ly reduced on the west antarctic polar plateau (Mulvaney and

Figure 2. Radioactive bomb fallout peaks at site A. (kg denotes kilo-
gram.)

150	 bIWA	
60

100	 40

50	 20

Wolff 1994). Species with gaseous precursors [nitrate (NO311
SO4 , and ammonium (NH 4 )] have concentrations consistent
with those found in other antarctic locations, suggesting that
elevation and distance from the coast have little influence on
their concentration (Mulvaney and Wolff 1994).

Snowpit data from the three sites in this study display sig-
nificant spatial variability (figure 3). One possible explanation
for this difference would be the existence of an ice divide
between sites A and B. Atmospheric circulation in the area
may be significantly altered by the presence of such a divide,
thereby causing the observed changes in chemical concentra-
tions. The spatial variability displayed in the snowpit data
suggests that the region has complex atmospheric circulation
patterns and highlights the need for increased sampling in
West Antarctica.

From the cores collected in this study, we plan to develop
an approximately 1,000-year ice core record for inland West
Antarctica. We are examining the 1,150-year Siple Dome
record for information on several aspects of the climate sys-
tem in West Antarctica, including marine cyclogenesis,
marine biogenic productivity, stratospheric denitrification,
and mass balance. New continuous, high-resolution multi-
variate ice-core records from inland West Antarctica are
expected to provide insight into these same climate parame-
ters. Ice-core records from Siple Dome and inland West
Antarctica will be correlated with other cores within the Ross
Ice Drainage System, one of the most climatologically and
glaciologically dynamic areas of Antarctica. These cores are
expected to be of the same quality as the Summit, Greenland,
cores, allowing additional bipolar climate correlations to be
attempted (Mayewski et al. 1996).

We thank Jeff Thomas and David Giles of the Polar Ice
Coring Office and Geoffrey Hargreaves of the National Ice Core
Laboratory for their work in recovering the three cores, and we
appreciate the help we received from Antarctic Support
Associates and Navy Squadron VXE-6. This work is supported
by National Science Foundation grant OPP 93-16564.
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Preliminary velocity field in the onset region of ice stream D,
West Antarctica

ROBERT A. BINDSCHADLER, Laboratory for Hydrospheric Processes, National Aeronautics and Space Administration,
Goddard Space Flight Center, Greenbelt, Maryland 20771

XIN CHEN and PATRICIA L. VORNBERGER, General Sciences Corporation, Laurel, Maryland 20727-2929

A
the  heads of the west antarctic ice streams, the ice expe-
iences a transition from slow inland flow [typically a few

meters per year (m/a)] where internal deformation is most
important to speeds of over 100 rn/a where basal sliding dom-
inates. Although the reasons for this transition are not yet
understood, being able to model this behavior from first prin-
ciples is critical to modeling the temporal behavior of the west
antarctic ice sheet.

The first step in researching this transition is to locate it.
To that end, we established a large strain grid in the onset
area of ice stream D during the 1995-1996 season (figure 1).
The initial size and orientation of the grid was based on an
interpretation of Landsat imagery. Refinements were made
following the coregistration of this imagery with a grid of
basal elevations based on radar-sounding flights conducted
in the 1970s (Drewry 1983). These data show that ice stream
D's course through this onset area is controlled by the bed
topography (Bamber and Bindschadler in preparation).

The grid has a regular spacing of 5 kilometers (km) and
stretches for 160 km from just upstream of Byrd Station near
the north corner to just upstream of the first crevasses on the
ice stream at the downstream end (figure 2). The width varies
from 50 km to 30 km in accordance with the flow conver-
gence in the area inferred from flowbands in the imagery.
Previously determined velocities of 13 m/a at Byrd Station
(Whillans 1979) and 130 rn/a at the first crevasse just down-

Figure 1. Map showing location of grid.

Figure 2. Gridpoint locations superimposed on Landsat thematic mapper
imagery. Arrows indicate measured velocities. Velocity scale in lower right.
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stream of the grid (Bindschadler and Vornberger, unpub-
lished data) confirmed that the grid spanned the desired
flow-transition area.

The initial survey consisted of setting a steel survey pole
at each gridpoint and determining its position with Ashtech
Z- 12 global positioning system receivers. A base station, oper-
ated continuously for 1 month at Byrd Station by the Support
Office for Aerogeophysical Research (SOAR), was intended to
provide a tie to the global reference frame. Meanwhile, 11
sequential local surveys were conducted within the grid. Each
local survey was performed in rapid-static mode; a local base
station ran continuously for approximately 48 hours while
roving receivers were transported via snowmobile to each
gridpoint within a roughly 25 km x 25 km area. Occupation
time at each gridpoint varied from 20 to 60 minutes depend-
ing on the baseline length. Data were checked at the end of
each day to ensure baseline precisions of a few centimeters.
Approximately 20 percent of the stations had to be resurveyed
because of poor data quality.

The regional strain rate, based on the two velocities men-
tioned above is roughly iO per year. The desired noise level
of 1 percent requires us to wait 1 year before the resurvey;
however, we have discovered that the absolute position deter-
minations, using fiducial orbits prepared at the Jet Propulsion
Laboratory, permit the extraction of meaningful velocity data
over our nominal survey period of 48 hours. The sites where
this is possible are Byrd Station, the 11 local base stations,
and the gridpoints around the perimeter of each survey block.

Data from each base station were descretized to 6-hour
segments and independent absolute positions were deter-
mined using GIPSY software. Figure 3 shows that these posi-
tions give an accurate determination of velocity. Velocities for
the perimeter gridpoints were determined by differential
positions calculated from two independent base stations.
Figure 2 shows the results of this preliminary velocity field. It
clearly illustrates the convergence and acceleration of the ice
as the ice stream develops.

The longer data set for Byrd Station allows us to make a
particularly precise velocity measurement there. Our result of
11.6+0.1 rn/a at an azimuth of 220.8 degrees true differs
somewhat from the velocity (13 rn/a at 209 degrees true) mea-
sured by optical survey from 1963 to 1967 (data from

1	 1.5	 2	 2.5

DAYS SINCE DECEMBER 12. 1995

Figure 3. Motion of local base station C145 measured during approxi-
mately 2.5 days. Positions correspond to independent observation
periods of approximately 6 hours each. Linear fit to positions yields
velocity of 88.0±2.1 rn/a. (mm denotes millimeter.)

Whillans, personal communication). This older survey lacked
any fixed reference, relying instead on an assumed 0 horizon-
tal velocity at the ice divide. We feel our velocity is more accu-
rate and are not certain of the significance of the difference in
azimuth of motion. To identify any possible changes in the
strain field over this 30-year period, as might be associated
with a change in the dynamics at the head of ice stream D, we
have reestablished and intend to resurvey the lower 20 km of
the Byrd Station Strain Network. A comparison of strain rates
will be more meaningful because it is not dependent on the
availability of a fixed reference.

This research was supported by National Science
Foundation grant OPP 93-17627.
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Internal stratigraphy from ground-based radar studies at
Siple Dome summit

ROBERT W. JACOBEL, ANDREW J. FISHER, and NANCY M. SUNDELL, Department of Physics, St. Olaf College,
Northfield, Minnesota 55057

T
oday, the summit region of Siple Dome is a source area of
slow-moving ice that contributes little to the mass flux

into the Ross Ice Shelf. In the past, however, portions of the
dome appear to have been overridden by inland ice draining
the west antarctic ice sheet. Evidence in support of a relict ice
stream traversing the flank of Siple Dome has resulted from a
collaborative study of Siple Dome by St. Olaf College, the
University of Washington, and the University of Colorado
(Raymond et al. 1995; Jacobel et al. 1996).

In addition to our work on the relict ice stream, we car-
ried out field studies in a region centered on the Siple Dome
summit to characterize the ice dynamics and history of the
area where a high-resolution climate core will be drilled.
During the 1994-1995 field season, over 100 kilometers (km)
of ground-based radar traverses were made in a 10-km-
square grid centered on the topographic summit. Surface ele-
vations were obtained for 45 points in the summit grid using
stop-and-go kinematic global positioning system (GPS) and
optical surveying. These data were augmented with continu-
ous elevation measurements along the radar profiles obtained
with a pressure transducer.

Ice thickness has been calculated from two-way travel
times of the radar echoes, and together with the surface sur-
vey data, has been used to make a map of the bed topography
(Fisher et al. 1995). Figure 1 shows that the bed beneath the
summit region is generally smooth and slightly concave
upward beneath approximately 1 km of overlying ice. Ele-
vations in figure 1 are given with respect to the WGS-84 ellip-
soid, and thus the bed is some 300 meters below mean sea
level. The surface at the summit is largely two-dimensional,
more of a ridge than a dome, with the ridge axis running
approximately east-west. The greatest ice thickness is slightly
south of this ridge, which has shallow surface slopes of 0.003
to 0.004.

Clear internal echoes down to approximately 60 percent
of the ice thickness have also been measured from the radar
profiles. Because they represent isocrones, they have the
potential to reveal important information about ice history
and dynamics. Figure 2 shows the topography of the ice sur-
face and two of the more prominent internal layers at eleva-
tions of approximately 240 and 340 meters above the WGS-84
ellipsoid. The overall smooth variation in the internal layers
shows that Siple Dome has been an area of generally stable
accumulation throughout their history of deposition, about
10,000 years (Nereson et al. in press).

In addition to their general shape and smoothness, the
internal layers also have two other common features:

•Although the current surface exhibits only slight asymme-
try, dipping more steeply to the south, both internal layers
dip substantially more toward the north.

• Both also show a slight "pinching" effect where the layers
warp upward at the summit.

The latter may be understood as a consequence of iceflow at a
stable, or nearly stable, ice divide (Raymond 1983). Mass
deposited directly on the divide has no component of strain
to either side, thus increasing the effective viscosity and creat-
ing the slight upwarp.

To quantify the slope information for the surface and
internal layers, we have made least-squares fits with a first-
order polynomial to the radar surface and internal echo-
depth data. Fits were obtained for the surface and the two
internal layers of each half of the five north-south profiles, 30
fits in all. Slopes from these fits were then averaged along the
east-west dimension for the five profiles, and the results,
together with standard deviations, are shown in the table. The

Figure 1. Siple Dome surface and bed topography obtained from over
100 km of surface-based radar traverses in a 10-km-square grid cen-
tered over the summit. Elevations are in meters with respect to the
WGS-84 ellipsoid.
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Figure 2. Comparison of the topography of the Siple Dome summit surface and two promi-
nent internal layers. Elevations are in meters above the WGS-84 ellipsoid. Although iceflow
near the summit has not changed dramatically throughout the history depicted by the layers
(approximately 10,000 years), the difference in slope patterns of the surface and the internal
layers requires some degree of non-steady-state behavior.

Siple dome summit grid slopes. (Units
are rise/run times 1 Th5.)

Surface	399±06	348±16
Layer 1	378±45	1,281±43
Layer 	316±19	1,053±27

table shows that both internal layers have
slope patterns that differ substantially from
the modern surface, quantifying what is
depicted in figure 2. Also, although both
internal layers have similar slopes, signifi-
cant differences are evident.

Our analysis of the surface slopes and
internal layers appears to rule out large
changes in flow dynamics during the past
10,000 years, but some time-dependent
behavior seems to be required to explain the
pattern. Modeling work at the University of
Washington is currently underway to test
various mechanisms, such as ridge-migra-
tion and spatial accumulation rate gradients,
which might account for the observations
(Nereson and Raymond 1995; Nereson and
Raymond, Antarctic Journal, in this issue).

We would like to acknowledge the efforts
of our collaborators in the fieldwork: H.
Conway, T. Gades, N. Nereson, C. Raymond,
and T. Scambos. This work was supported by
National Science Foundation grant OPP 93-
16338 to St. Olaf College.
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Annual dust cycles measured in a short ice core from Siple
Dome, West Antarctica

MICHAEL RAM and MICHAEL R. ST0I..z, Department of Physics, State University of New York, Buffalo, New York 14260-1500

e have used laser-light scattering from ice meltwater to
study variations in dust concentration along sections of an

approximately 150-meter ice core retrieved by Paul Mayewski
and Mark Twickler at Siple Dome, West Antarctica (81.65°S
148.81°W, 600 meters above sea level). The apparatus used for
the measurements was the one Ram and Thing (1994) developed
for measuring variations in dust concentration along the
Greenland Ice Sheet Project 2 ice core from central Greenland.

We measured a total of 13.5 meters of ice from the Siple
Dome ice core from depths of approximately 60 meters, approx-
imately 105 meters, and approximately 140 meters. All sections
measured exhibited distinct dust peaks, which we interpreted as
corresponding to annual dust maxima (Hamilton and Langway
1967; Thompson 1977, pp. 351-364). The figure shows the
results of two representative sets of measurements. The Xs indi-
cate the positions of our dust maxima picks. The thickness of
the annual dust layers measured were all in the range 9.5-10.5
centimeters, a range consistent with the measurements of
Mayewski and Twickler (personal communication).

We would like to thank Paul Mayewski for making the
Siple Dome ice available to us.
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Laser-light scattering measurements on two sections of the Siple
Dome ice core. The Xs indicate the locations of the annual dust maxi-
ma. The markings on the horizontal axis show the positions and
extent of core breaks.
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Recent migration of Siple Dome divide determined from
1994 radio-echo sounding measurements

NADINE A. NERESON and CHARLES F. RAYMOND, Geophysics Program, University of Washington, Seattle, Washington 98195-1650

R
adio-echo sounding measurements made in 1994 across
the divide of Siple Dome, West Antarctica (Raymond et al.

1995; Scambos and Nereson 1995), reveal internal reflecting
horizons to about 70 percent of total depth [1,009±6 meters
(m) at the summit]. These layers are asymmetric about the
divide; layers to the north are deeper than layers to the south.
Within 2 kilometers (km) of the divide, the internal layers are
warped convex up along the divide with maximum displace-
ment of about 50 in The variation in the shape of
these layers along the divide ridge is minimal, so that the layer
shapes are largely two-dimensional (Jacobel, Fisher, and
Sundell, Antarctic Journal, in this issue). Examination of these
layers shows that the axis of maximum warping is not vertical
but tilted to the north toward ice stream D by about 60 0 (fig-
ure).

The warped layers beneath the divide may arise from a
local low in accumulation over the divide and/or the special
ice-flow field associated with the presence of a divide
(Raymond 1983; Hvidberg 1996). Regardless of what causes
layer warping observed at Siple Dome, it is likely an effect
associated with the presence of the divide, and therefore, the
tilted axis of the up-warping is suggestive of recent divide
migration northward toward ice stream D.

We have used a two-dimensional finite element model
(FEM) (Raymond 1983) to predict the shapes of isochrones
under steady-state conditions at Siple Dome. The model
assumes
• a nonlinear flow rheology (n=3),
• a frozen bed,
• a constant accumulation rate of 10 centimeters per year

(cm a-') ice-equivalent, and
• a steady-state temperature profile following Firestone,

Waddington, and Cunningham (1990) (see Nereson et al.
1996).

We find that the predicted warping of isochrones by the FEM
is larger than the observed warping by a maximum of 50 m.
We suspect that this difference is at least partially due to
migration of the divide zone.

To simulate the effect of divide migration on isochrone
layer shapes, we construct a kinematic flow model from the
FEM flow field and move this flow field through a grid of ice
particles in time. We track the path of these particles as they
flow through the migrating flow field and map the shape of
the resulting isochrones. We also simulate the effect of spatial
accumulation gradients by assuming constant ice thickness
and by scaling the FEM flow field to the surface accumulation
rates, so that continuity is satisfied.

To compare the predicted layer shapes to the observed
layer shapes, we define a mismatch parameter, J:

wj(m,-d,)2	
(1)

N-i	a2

where Nis the number of points,
m i are the depth positions of points along the mod-

eled layers and
di are depth positions of points along the observed

layers,
ai is the expected combined error from the model

and the data, and
(oi is a weighting factor that depends on depth.

We define a set of parameters to represent divide migra-
tion and a simple spatial accumulation rate pattern, and find
the set of parameters that minimize J. We consider two cases:
• case 1 includes the special flow field associated with an ice

divide so that the isochrone warping is caused by a combi-
nation of this flow field and a local spatial accumulation
pattern and

• case 2 assumes no special divide flow field so that the
warped layers are caused solely by accumulation scouring
on the divide with redeposition to the north.

For the first case, we assume a linear accumulation gradi-
ent on either side of the divide defined by two slopes. The
spatial pattern looks like a hinge, centered at the divide. This
pattern is divide-specific and moves as the divide migrates.
We find the combination of three parameters, migration rate,
and the two accumulation rate slopes, which minimizes J.
This minimization gives a migration rate of 3±1 times the ref-
erence accumulation rate, or about 30 cm a-1.

For the second case, we define the accumulation scour-
ing and redeposition as one cycle of a sinusoid superimposed
on the "hinge" pattern given by the above minimization. We
position the low of the sinusoid over the divide (scouring)
with the rest of the cycle north of the divide (deposition). In
this case, the migration rate, the amplitude of the sinusoid,
and its wavelength are adjusted. The resulting minimization
gives a migration rate of 2±1 times the reference accumula-
tion rate, or about 20 cm a-1.

In both cases, the modeled layers match the observed
layers to within 0.10 of the amplitude of the up-warping. It
appears as though the migration rate inferred from this mini-
mization scheme is only slightly sensitive to the prescribed
cause of isochrone warping. Based on the regularity of the
layer shapes, we expect that the divide has been migrating
toward ice stream D for at least the past 5,000 years.
Migration of the divide is important to the selection of the
deep ice core at Siple Dome. It indicates effects from non-
steady processes possibly including changing activity of ice
streams C and D and evolution of the accumulation pattern.
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A 5-megahertz radio-echo sounding profile extending 4 km across the Siple Dome summit. This profile is along the same line shown in figure 2 of
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Continuing investigations with the aid of new radio-echo
sounding data from the south flank of Siple Dome to be col-
lected in 1996 aim to place constraints on the time evolution
of the spatial accumulation pattern, divide migration, and
adjacent ice stream activity.

This work was supported by a National Science
Foundation grant OPP 93-16807. We also gratefully acknowl-
edge other members of the 1994 field team: H. Conway, A.
Gades, R. Jacobel, and T. Scambos.
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Analysis of ground-based geophysical fieldwork in
West Antarctica

C.R. BENTLEY, T.S. CLARKE, C. Liu, N.E. LORD, and S. SHABTAJE, Geophysical and Polar Research Center, University of
Wisconsin, Madison, Wisconsin 53706-1692

	

I
n this article, we summarize recent analyses of data collect-	ly with the Fishhook. It is likely that this bottom crevasse is

	

ed from surface experiments carried out during previous	the cause of the slight topographic irregularity that produces
field seasons.

Seismic crustal studies

densely recorded crustal-scale seismic refraction /wide-
ngle-reflection profile 235 kilometers (km) long was

completed near the southern edge of the Byrd Subglacial
Basin during the 1994-1995 field season (Clarke 1996; Clarke
et al. in press). Recent work on the data has shown that the
bottom third of the crust (22-30 km) contains many reflecting
horizons. Clearly identified forward and reverse refractions
through the mantle indicate a true wave speed of about 8.0
km per second. The relative thinness of the crust and the
reflective character of the lower crust together strongly sug-
gest crustal extension, although the normal wave speed in the
mantle implies that extension is not currently active, at least
in the area of the profile.

Abandoned shear margin

S
POT satellite imagery of the ridge of nearly stationary ice
between ice streams Bi and B2, known as the Unicorn,

shows a curving lineation on the surface of the ice sheet of
uncertain origin (Merry and Whillans 1993), which we refer
to as the "Fishhook" (Bentley et al. 1994) (figure 1). A survey
of a large section of the Unicorn with an 80-megahertz (MHz)
impulse radar system during the 1993-1994 field season
(Bentley et al. 1994; Clarke and Bentley 1995) showed that the
Fishhook is associated with a likely abandoned shear mar-
gin—buried crevasses that characterize most of the Unicorn
end abruptly along a boundary that is parallel to the
Fishhook but 2.5 km grid northeast of it. Between that
boundary and ice stream BI, the ice is essentially undis-
turbed. Detailed measurements revealed buried marginal
crevasses that trend about grid N80 0E where the boundary
trends grid S50°E, which strongly suggests left-lateral shear,
as at present in the B2 margin (the "Dragon"; figure 1).
Calculations based on the local accumulation rates (Whillans
personal communication) and the depths of crevasse burial
imply that the shear margin abandoned its position about
180 years ago and migrated toward the Dragon at a rate of
about 100 m per year.

Bottom crevasse

p
rofiling with a 50-MHz radar system on the Unicorn
(Bentley et al. 1994) produced evidence for a bottom

crevasse extending upward to 200-300 m above the bed and
at least 20 km long (figure 2), closely associated geographical-

the Fishhook.

Ice-stream anisotropy

S
everal grids near the Upstream B camp on ice stream B
were profiled during the 1991-1992 field season with the

50-MHz sounding radar system (Bentley et al. 1992). The
combined histogram of differences in calculated ice thickness
at 328 crossover points (value from the longitudinal profile
minus value from the transverse profile) on three grids (figure
3) shows an approximately Gaussian distribution with a mean
value of 2.8 m and a standard deviation of 0.9 m; all the differ-
ences are positive. We interpret this difference as due to
anisotropy of the electromagnetic-wave speed; it accords
quantitatively with calculations for a model in which ice-crys-
tal c axes are randomly distributed in the plane perpendicular
to the ice flow. These results support earlier conclusions
based on radar-polarization studies (Liu, Bentley, and Lord
1994), seismic soundings (Blankenship 1989), and theoretical
analysis (Alley 1988).

Figure 1. Sketch map of portions of ice streams Bi and B2 and the
Unicorn. The dashed lines indicate radar-profiling tracks; the darker
line marks the section of figure 2. The marginal shear zones (Dragon
and Heffalump) of active ice streams Bi and B2 (Shabtaie and
Bentley 1987) are heavily shaded. The light shading shows the
Fishhook, as revealed by satellite imagery (Merry and Whillans 1993).
The triangles mark crossings of the bottom crevasse shown in figure
2. The coordinates give distances on a grid centered on the South
Pole with grid north toward Greenwich. True north is toward the
lower left.
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Electrical conductivity of polar ice	
-4 To Dragon
	 Fishhook ToHefa!ump

0---	 -.0- 0 m

T
he high conductivity of polar
polycrystalline ice is due to the

presence of ionic impurities, but the	-
location of these impurities in the ice	§	. :Aw I'll

is largely unknown. We have com-
pared in situ conductivity measure-  
ments with chemical data from ice
cores at several arctic and antarctic • 10

field locations. Although we find no
Ca

correlation between the measured
conductivities and sea salts, the con-	15
ductivities do show a close linear
dependence on the concentrations of
the three major acids: sulfuric
(H2SO4), nitric (HNO 3), and hydro-	20

chloric MCI). Several theoretical
models based on dielectric theory
and the electrical and thermal prop-
erties of the acids show, when compared with the data, that
• the linear conductivity-acidity relationship is associated

with the polycrystalline nature of polar ice;
• acid impurities are distributed in shells surrounding the

ice grains, not just at the three-grain boundaries;
• a small fraction of the acid is present as isolated droplets

within the polar ice and does not contribute to the electri-
cal transport; and

• another small fraction of the acid lies within the ice-crystal
lattice.

This is contribution number 572 of the Geophysical and
Polar Research Center. This work was supported by National
Science Foundation grants OPP 92-22092, OPP 92-20678, and
OPP 90-18530.
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Airborne radar sounding over west antarctic ice streams
CHARLES R. BENTLEY, CHEN Liu, and NEAL E. LORD, Geophysical and Polar Research Center, University of Wisconsin,

Madison, Wisconsin 53 706-1 692

I
n this article, we report on two aspects of our airborne radar
sounding work: recent flights over the upstream end of ice

stream D and recent analysis of older work over the down-
stream ends of ice streams B and C.

Ice stream D

D
uring January 1996, the Support Office for
Aerogeophysical Research (SOAR) collected airborne-

radar, laser-altimeter, barometric-pressure, dual-frequency
global positioning system (GPS), and inertial-navigation data
over the upstream section of ice stream D in support of a
University of Wisconsin project to study the ice stream. Each
of the 26 Twin Otter flights made over the University of
Wisconsin research area typically included four flight lines
142 kilometers (km) long. Flight lines were spaced 5.3 km
apart both across and along the ice-flow direction. The field
data were delivered to us in June 1996.
• Kinematic GPS. Kinematic GPS receivers on the aircraft and

at the base station were used for positioning the aircraft.
Positions on all flights will be recoverable, despite a few
GPS failures, because the Twin Otter had two GPS systems.
The accuracy of the GPS positioning, after postprocessing is
complete, is expected to be about ±0.5 meters (m).

• Laser altimetry. The laser altimeter gives the distance
between the aircraft and the ice surface with a typical preci-
sion of 10-20 centimeters. Clouds were the main source of
interference. Six flights had cloud-caused "dropouts" that
obscured the surface over less than 10 km; four flights had
"dropouts" over larger regions. In those places, the surface
height will be determined from the radar surface reflections.
The radar reflection times should be accurate to about 10
nanoseconds, equivalent to 1.5-2.0 in surface height.

• Radar sounding. The SOAR 60-megahertz (MHz) sounding
radar was used to map the ice thickness. Penetration to the
bed was not a problem except for places with a high density
of crevasses, which produce the long-lasting, incoherent
returns known as "clutter." On the interstream ridges, where
clutter was limited, the bottom echo was mostly strong, but
it was obliterated by clutter over the ice-stream margins and
weak compared to the clutter over the ice stream.

In figure 1, we show the radar-sounding data along the
transverse profiles farthest upstream and farthest down-
stream within the University of Wisconsin area; the loca-
tions of the profiles are shown on a satellite-image map.
Strong clutter clearly shows the location of the ice stream
and its margins. The radargrams contain no evidence for
the more northerly mapped branch of ice stream D,
whereas the agreement between the radar evidence and
the location of the more southerly branch of the ice stream

is excellent. This accords with the work of Rose (1979),
whose first delineation of ice stream D, also based on clut-
ter, showed the more northerly branch only west of around
138°W, i.e., only outside the area of figure 1.
Calibrator. The University of Wisconsin designed and built
a 60-MHz radar calibrator to test quickly and accurately
the amplitude response of the radar system from the pre-
amplifier to the digital converter. The University of
Wisconsin calibrator has the advantage over manual cali-
brations in that a 120-decibel (dB) range of input values is
taken in 1-dB rather than 10-dB steps; calibrations can be
done without operator intervention. The calibration shows
that the radar has a 70-dB usable input range and that the
clipping point of the receiver is very abrupt.

Ice streams B and C

D
uring the 1987-1988 field season, the University of
Wisconsin 50-MHz radar system, mounted in a Twin

Otter, was flown over the downstream ends of ice streams B
and C (Bentley, Blankenship, and Moline 1988). Grids with
equal spacings in both directions were flown in both areas—
the spacing was 5 km over ice stream B and 10 km over ice
stream C. The largest source of navigational error was the drift
of the inertial navigation system; residual errors after closure
corrections are on the order of 1 km.
• Ice thickness. The detailed map of ice thickness that results

from these high-density surveys (figure 2) is remarkably
similar to the reconnaissance map previously produced
(Shabtaie and Bentley 1988). Our analysis so far has not
revealed any significant differences between the two.

• Basal-reflection strength. Basal reflection strengths correct-
ed for propagation losses, mapped in figure 3, are deter-
mined principally by the reflection coefficient of the bed
and by scattering from crevasses within the ice. Bands with
losses greater than 30 dB are closely associated with the
margin of ice stream B. Surprisingly, there is not nearly as
close an association of weak reflections with the margins of
ice stream C. The fact that reflections are at least 10 dB
weaker on crevasse-free Ridge BC than on ice streams B
and C suggests that the ice on the ridge is frozen to its bed.
Ice stream C exhibits substantially stronger basal reflec-
tions than ice stream B. Although this is probably due in
part to less scattering by buried crevasses on ice stream C
than on ice stream B, it nevertheless implies that the bed of
ice stream C is everywhere unfrozen and wet. Apparently,
the cause of its stagnancy is not a lack of water at its bed.

This is contribution number 573 of the Geophysical and
Polar Research Center. This work was supported by National
Science Foundation grants OPP 93-19043 and OPP 90-18530.
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Figure 1. A. Composite of "Glaciological Features," taken from the USGS satellite image maps of the Ross ice streams (U.S. Geological Survey
1992). The ice-stream labeling is from those maps. AN and BB' indicate the locations of the radargrams shown in B and C; each section is 110
km long. True north is toward the top; ice flow in the ice stream is approximately from right to left. Box AABB marks the boundaries of our sur-
vey. The lateral boundaries of the map are along 127 030W and 135°W; the north and south boundaries are approximately along 80(1 20S and

81 030S, respectively. B-C. Radargrams along line AN and BB , respectively. In each, the surface appears at about 8 microseconds and the bed
between 20 and 30 microseconds. Scattering from near-surface crevasses produces "clutter," the incoherent signal that in places extends down-
ward from the surface reflection and mostly obscures the bottom reflection.
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Figure 2. Map of ice thickness beneath the downstream
portions of ice streams B and C. The heavy line marks
the grounding line as mapped by Shabtaie and Bentley
(1987). The contour interval is 50 m.
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Figure 3. Map of basal-reflection strength (in dB—see scale) beneath the downstream portions
of ice streams B and C. The heavy line marks the grounding line as mapped by Shabtaie and
Bentley (1987).

Monitoring of basal seismicity rates of ice stream C, West
Antarctica: Preliminary results of the Antarctic

Microearthquake Project, 1994-1995 and 1995-1996
SRIDHAR ANANDAKRISHNAN, Earth System Science Center and Department of Geosciences, Pennsylvania State University,

University Park, Pennsylvania 16802-2711

B
ecause of their large ice flux, the ice streams of the Siple
Coast have been and continue to be the focus of much

research. One of them, ice stream C, largely stagnated about
two centuries ago (Rose 1979; Retzlaff and Bentley 1993).
Understanding the reasons for this shutdown is crucial to
understanding the dynamics of the west antarctic ice sheet and
its response to climate change. The speed of ice-streaming
appears to be inversely related to the rates of basal seismicity
(Anandakrishnan and Bentley 1993), and to quantify this rela-
tionship, an intensive program of seismic monitoring was initi-
ated on ice stream C. Alley et al. (1994) hypothesized that ongo-
ing drawdown of the ice sheet caused ice stream C to migrate
into a region that caused a diversion of basal water from the
lower parts of ice stream C. The Antarctic Microearthquake

Project (AMP) was designed to test that hypothesis because one
consequence of the lack of basal water is high seismicity (under
the right conditions; see Anandakrishnan and Alley [1994]).

Over the past two field seasons a series of seismic arrays has
been deployed along the length of the ice stream from the
grounding line to the head of the ice stream at a nominal spacing
of 75 kilometers. The arrays consisted of four or five short-period
seismometers deployed in a diamond pattern 6 kilometers wide
by 8 kilometers long. During the first season (1994-1995), CWA,
SH, and CC sites were occupied. During the second season
(1995-1996), STC, WB, EF, and BC were occupied, and SH and
CC re-occupied (see table). In addition to the seismic work, we
surveyed the position of a steel pole at the center of each array at
the beginning of the austral summer and then resurveyed the
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sites at the end of the summer when we retrieved the instru-
ments. We have determined iceflow velocities for each site.
Because of the short time between occupations, our measure-
ments of the velocities are not precise, but we hope to return to
the sites and resurvey them at a later time.

The work was mainly carried out from a base camp at
CWA during 1994-1995 and a base camp at STC during
1995-1996. The instruments were successfully installed at all
the sites, and most (40 out of 44) ran for the whole period. The
seismometers were configured to begin recording when an
event was detected. Most triggers were due to earthquakes;
very few wind-noise, crevassing, or firnquake events were
recorded. The arrival times of the events were picked, and
their hypocenters were located.

Preliminary analysis shows that most are basal events
and the rates of those events (in number per day) are listed in
the table. The pattern along ice stream C is one of low seis-
micity at the sites that have relatively high velocity and vice-
versa. The ice stream is divided into two regions and the
boundary between the high- and low-seismicity and between
the low- and high-velocity regions is centered on site CC,
about 350 kilometers from the grounding line. This boundary
corresponds closely with a basal-water diversion zone (Alley
et al. 1994; Anandakrishnan and Alley 1994) that was hypothe-
sized to have caused the stagnation of ice stream C. We con-
firm that the data are consistent
with that hypothesis.

Ice stream C has stagnated in
its lower part because of the loss of
basal lubricating water, and this ']fl:i [.j:

	

stagnation has had two conse-	 from
 the ice has coupled to	Site	grounding (i

	

localized hard spots at the bed,	 line (in

	

causing microearthquakes, and has	kilometers)

 to less than 10 meters per

	

year because of the friction from	BC	10

	

those "sticky spots. ,, The region	EF	86

between the sticky spots is relative-
ly soft and deformable and sup-

	

ports little of the basal shear stress	SH	432
	resulting in a concentration of the	CWA	482

shear stress on the sticky spots. Ice

stream C stagnated because of an accident of topography
which has withdrawn water from the lower part of ice stream C
and has probably increased the water supply to ice stream B.

I thank the members of my field team, Peter Burkholder,
Paul Friberg, Anton Wopereis, and John Witzel, for their dedi-
cation and hard work. I thank Bjorn Johns, Antarctic Support
Associates, and VXE-6 for their professional and efficient sup-
port. I thank the Incorporated Research Institutions for
Seismology and University Navstar Consortium (UNAVCO)
for their equipment support.
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Surface exposure dating of glacial landscapes and deposits in
the Transantarctic Mountains using in situ induced

cosmogenic helium-3 and neon-21
L.A. BRUNO, H. BAUR, P. SIGNER, and R. WIELER, Isotope Geology, ETH-Zentrum, Zurich, Switzerland

C. SCHLUCHTER, Institute of Geology, University of Bern, Bern, Switzerland

I
n this study, tillites and glaciated surfaces in the
Transantarctic Mountains were dated by cosmic-ray-pro-

duced noble gas nuclides, with a goal of improving knowledge
on the Pliocene stability of the east antarctic ice sheet. These
glacial surfaces and the tillites of the Sirius Group have appar-
ently been formed during a maximum extension of the east
antarctic ice sheet.

Cosmogenic nuclides are produced within the upper-
most decimeters of an exposed rock surface as a result of cos-
mic-ray bombardment. The concentrations of nuclides such
as helium-3 (3He) and neon-21 (21 Ne) can be used to deter-
mine the age of the geological surface on timescales of thou-
sands to millions of years. Therefore, exposure dating now
offers a direct method of determining the time of exposures of
geomorphological features such as glacial polish or clasts in a
moraine. Such exposure ages are usually minimum ages for
the formation or deposition of these features. The construc-
tion of an absolute timescale for terrestrial ice-age deposits
has been hindered both by limitations in the dating methods
and by a lack of datable material.

The samples dated in this study were quartz and clinopy-
roxene fractions separated from granites, dolerites, and sand-
stones collected at Table Mountain and Mount Fleming in the
western dry valleys region of the Transantarctic Mountains. In
addition, whole-rock samples have been analyzed from some
dolerites from these sites. Until now, few or no age determi-
nations have been based on cosmogenic noble gases in
pyroxene and whole-rock samples of dolerite. All 53 samples
analyzed in our study revealed mixtures of cosmogenic and
atmospheric noble gases, without detectable amounts of
other trapped components and also with at most minor con-
tributions from nucleogenic noble gases. The pyroxenes show
identical 3He and 21Ne ages, indicating complete retention of
both these nuclides. Quartz ages are based on the cosmogenic
21 Ne content only, because 3He is incompletely retained in
quartz. Loss of 3He and even partial loss of 21Ne occurred
from plagioclase in the dolerites. The cosmogenic 21Ne-based
dolerite ages are thus minimum values.

Calculated exposure ages of our samples range from 0.2
to 7.0 million years. Some of these values are the oldest ages
measured so far in any terrestrial samples. An age of 7.0 mil-
lion years was determined for a dolerite clast on the Sirius
tillite at Mount Fleming. This value affords a minimum age
for the formation of this Sirius tillite deposit and perhaps oth-
ers like it in the Transantarctic Mountains. An age of 6.1 mil-
lion years at Table Mountain has been measured on a sample
from the bedrock plateau surface just slightly higher in eleva -

tion than the nearby Sirius deposit. In comparison, an age of
only 2.6 million years was determined for the surface of the
Sirius tillite at Table Mountain. The relatively young age indi-
cated for this tillite is probably due to erosion.

Constraints on the uplift rates of the Transantarctic
Mountains have been estimated from the concentrations of
cosmogenic nuclides in our samples from Mount Fleming and
Table Mountain. If it is postulated that the samples were locat-
ed at sea level at the beginning of exposure and were subse-
quently uplifted at a constant rate, then the maximum uplift
for Mount Fleming is 160 meters per million years and for
Table Mountain, 180 meters per million years. Different uplift
rates would affect the altitude correction of the production
rates and thus the exposure ages. For example, uplift of 100
meters per million years as reported by some authors would
change the minimum ages for the deposition of the Mount
Fleming tillite from more than 7 million years to more than 11
million years and the minimum age for the cutting of the Table
Mountain plateau from 6 million years to prior to 8 million
years. Uplift rates of 300 meters per million years or even 1,000
meters per million years suggested by other workers seem to
be very unlikely, even if they occurred episodically.

The data presented here imply a stable behavior of the
east antarctic ice sheet since exposure of the sampled Sirius
tillite at Mount Fleming. The exposure ages of 6.1 and more
than 7.0 million years for glacial surfaces and deposits,
respectively, contradict the postulate of Pliocene ice sheet
overriding of Transantarctic Mountains between 2.5 and 3.1
million years. The age difference between the Table Mountain
and the Mount Fleming tillites is most likely due to partial
erosion of the Table Mountain deposit. If the key samples
were eroded since they were exposed to cosmic rays, the lim-
iting ages for the maximum extension of antarctic ice sheet
would be even older, and the maximum uplift rates would
have been smaller than those reported here.

This research was supported by the National Science
Foundation grant OPP 90-20975, ETH-Zürich research grant
0-20-624-92, and Swiss National Science Foundation grant
2118-28971.90.
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Basal processes at subfreezing temperatures:
Meserve Glacier revisited

H. CoNwAY, K. CUFFEY, A.M. GADES, B. HALLET, C.F. RAYMOND and R. SLErFEN, Geophysics Program and Department of
Geological Sciences, University of Washington, Seattle, Washington 98195

B
asal layers whose composition and mechanical properties
differ markedly from that of overlying ice exist beneath

many cold-based ice sheets and glaciers. Such layers have
been observed at the bottom of deep ice cores from the Arctic
and Antarctic (Herron and Langway 1982; Fischer and
Koerner 1986; Dahl-Jensen and Gundestrup 1987; Gow,
Epstein, and Sheehy 1979; Souchez et al. 1995; Gow and
Meese 1996) and at the margins and in tunnels beneath polar
and subpolar glaciers (Holdsworth 1974; Echelmeyer and
Zhongxiang 1987; Sugden et al. 1987; Knight 1989).

The origin and rheological properties of these basal layers
are poorly understood, yet accurate ice-sheet flow modeling
requires knowledge of the viscosity and spatial extent of these
layers because deformations are strongest near the bed where
shear stresses are highest. Further, understanding the origins
of these layers could help in extracting paleoclimate records
from ice cores (Gow, Meese, and Alley 1993). For example,
entrainment processes are thought to be slow or nonexistent
at subfreezing temperatures, and it is not clear how a debris-
rich basal layer can form under these conditions. Formation of
this basal layer raises the possibility that the layers form by
regelation or freeze-on under temperate conditions, a process
that implies radically different conditions at the bed in the
past. Alternatively, if basal processes are active at subfreezing
temperatures, this activity would place a limit on how close to
the bed one could obtain an undisturbed stratigraphic
sequence for paleoclimate analyses.

Analyses of basal layers revealed by ice cores are hin-
dered by the small size of the sample—a cylinder never more
than 20 centimeters in diameter—which reveals little infor-
mation about spatial variability or spatial relationships and
provides little material for analyses of composition and crys-
tal fabric. One way to avoid this limitation is to tunnel
through the basal layers inward from the margin (Holdsworth
1974; Echelmeyer and Zhongxiang 1987). We have just begun
a study of basal processes at Meserve Glacier, one of the
alpine glaciers in Wright Valley, using this approach.

Meserve Glacier has a silt-rich basal layer, which has a
distinctive amber color (Holdsworth 1974). The basal tem-
perature is approximately -17°C. During the 1995-1996 field
season, we excavated a 20-meter (m) long tunnel into the
tongue of the lower glacier. The tunnel floor followed the
ice/rock interface, and we mapped and sampled ice to
obtain measurements of spatial variations of properties such
as stable isotopes, ice texture and fabric, particle stratigra-
phy, and ionic chemistry. Inside the tunnel, we are measur-
ing ice deformation at two strain grids, and also motion at
the bed.

Although not a perfect analog for conditions under a
large ice sheet, the Meserve basal layer provides an excellent
natural laboratory for examining processes at subfreezing
temperatures. For example, here we can examine how chemi-
cal impurities, solid impurities, and crystal fabrics together
affect ice rheology. We can test theoretical predictions for
glacier sliding at subfreezing temperatures. We hope to use
measurements of ice chemical and particle composition, and
their spatial variations, to understand the physical processes
and environments responsible for the formation and diagene-
sis of the basal layer. A crucial part of our investigation is the
analysis of stable isotope composition, which constitutes a
powerful tool for investigating basal processes and establish-
ing the origin of basal layers (Souchez and de Groote 1985;
Souchez and Jouzel 1984).

Preliminary observations and measurements indicate
the glacier is sliding (at least locally) at the bed. The exis-
tence of cavities in the lee of boulders suggests sliding is
occurring. Further, some of the ice in the cavity roofs is stri-
ated and the wavelength of the striations appears to be relat-
ed to the roughness of the surface of the boulder. Most con-
vincingly, we measured sliding directly using linear dis-
placement transducers and displacement markers and
found the slip rate to be approximately 0.5 centimeter per
year. This rate of sliding is considerably faster than that pre-
dicted by current sliding theory for ice at -17°C (Shreve
1984; Dash 1989).

Measurements from the two strain grids installed in the
tunnel walls show that the shear strain rate varies with height
above the bed. Variations appear to be at least partly correlat-
ed with ice impurity content. The shear strain rate increases
sharply from near zero to approximately 0.4 per year at a dis-
tance of 0.5 m above the bed. At one site, the increase occurs
at a discontinuity in the (visual) particle distribution, but this
is not the case at the other site. In addition, the shear strain
rate increases significantly about 1.5 m above the bed, and
this increase does not appear to correlate with impurity con-
tent. The strain rate may be more closely correlated with the
strength of crystal fabrics. Analyses of ice composition and
crystal fabric are currently in progress.

We also measured the ice thickness by radar along sever-
al transects on the lower glacier tongue and in the upper
accumulation basin. In addition to providing an important
constraint on ice-flow calculations, the ice-thickness mea-
surements revealed an interesting bed morphology: the mid-
dle portion of the glacier rests in a U-shaped trough. This sug-
gests that glacial erosion has played a significant role in modi-
fying the bed of this cold-based glacier.
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Glacial/interglacial variations in the flux of atmospherically
transported diatoms in Taylor Dome ice core

DAVIDA E. KELLOGG and THOMAS B. KELLOGG, Institute for Quaternary Studies and Department of Geological Sciences,
University of Maine, Orono, Maine 04469

After finding eolian- deposited diatoms in an ice core
i-ldrilled at South Pole (Kellogg and Kellogg 1996), we were
anxious to determine whether wind-blown diatoms are rou-
tinely incorporated into ice at other remote antarctic loca-
tions. Specifically, we were interested in determining how
widespread these diatoms are, how diatom assemblages and
abundance patterns differ between the east and west antarc-
tic ice sheets, and how diatom flux varies down long ice cores,
especially across glacial/ interglacial transitions. We hope to
use this information as input into climate models to recon-
struct past storm tracks over Antarctica and determine how
atmospheric circulation changes across climatic transitions.

The availability of material from the 554-meter (m) Polar
Ice Coring Office ice core drilled at the Taylor Dome
(77 047.7'S 158 0 43.1'E, elevation 2,400±20 m) during the
1993-1994 field season (Grootes, Steig, and Stuiver 1994) per-
mitted us to address some of these questions. All samples
were taken below the firn-to-glacial-ice transition, which
occurs between 70 and 80 m. Ages given here are interpolated
ages of the midpoint of each sample based on an age model
derived from the isotopic oxygen-18 (180) data by Steig

(1996). The core spans approximately the last 155,000 years.
Sample intervals vary because our material was mostly rem-
nants from other studies. Melted samples, ranging in volume
from 250 to 2,000 milliliters, were filtered through a Millipore
system with 1.2-micron perforated "MF Nuclepore" filters at
the National Ice Core Laboratory (NICL) in Denver, Colorado.
Sections of dried filters were placed on glass cover slips, made
transparent with acetic acid, and mounted on standard glass
slides. Each slide was examined in its entirety at 1,000x. Some
workers may wonder whether our samples are contaminated
and therefore unreliable indicators of atmospheric diatom
transport. If contamination occurred at NICL or in our labora-
tory, we would expect to see a significant extra-antarctic com-
ponent in the diatom assemblage. Because our samples are all
dominated by typical antarctic species, we conclude that our
samples were not contaminated after collection.

Diatoms are a small and sporadic constituent of snow
falling at Taylor Dome, in a patchy pattern through both
space and time (figure). Six marine and 45 nonmarine taxa
were recorded. Abundances range from nil to over 660 speci-
mens in individual samples. Of the 78 samples, 26 (33.3 per-
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cent) contain more than 75 percent marine specimens, 16
(20.5 percent) are more than 75 percent nonmarine, 15 (19.2
percent) have intermediate mixtures of marine and nonma-
rifle taxa, and the remaining 21 (26.9 percent) are barren.
Lowest abundances occur during glacial intervals (isotope
stages 3-5), and higher abundances occur during interstadials
(isotope stages 5b, 5d, and 6). Highest values occur at 256.2 m
(5,615 years ago: 497.25 specimens per liter, which seems
anomalously high) and 542 m (approximately 142,000 years
ago: 33.75 specimens per liter). Most species reported were
also present in the South Pole ice core and have also been
reported by us and/or other workers from a variety of other
antarctic sites (Kellogg and Kellogg 1996). No uniquely extra-
antarctic taxa were recorded.

The antarctic surface wind field is dominated by katabatic
flow, outward and down from the domes of East and West
Antarctica toward the sea (Parish and Bromwich 1987). Storms
tend to track around the continent. Occasionally, large storms
break through the circumpolar flow and penetrate to the
South Pole (Bromwich and Robasky 1993). Taylor Dome
diatoms were probably deposited by these episodic events,
which occur today a few times annually. Specific provenances
for our diatoms cannot be identified because the individual
species have been reported from a number of antarctic loca-
tions (Kellogg and Kellogg 1996). Marine diatom-bearing sedi-
ments are widespread in the dry valleys area, especially where
Late Wisconsin Ross Sea Drift (Stuiver et al., 1981, pp. 319-436;
Denton et al. 1989) is exposed. The marine taxa reported here
are present in most samples of this drift that we have exam-
ined; similar diatomaceous sediments probably exist else-
where around Antarctica. That most marine specimens have
been reworked from subaerially exposed sediments is further
suggested by the high degree of dissolution and breakage
exhibited by the marine specimens. Nonmarine diatoms are
also widespread in the dry valleys, in subaerially exposed
deposits, and in most lakes, ponds, and seasonal meltpools.
Many of these water bodies are ephemeral or display fluctuat-
ing water levels. Complete or partial desiccation exposes fossil
material for transport by winds as described above.

The Taylor Dome diatom distribution pattern suggests
that aeolian diatom transport depends on conditions in the

source region(s). During glacials, with an expanded west
antarctic ice sheet covering most of the Ross Sea continental
shelf (Stuiver et al. 1981, pp. 319-436; Kellogg, Hughes, and
Kellogg 1996), the nearest open water source for marine
diatoms would be far offshore. Extent of ice-free areas in the
dry valleys also would have been limited by lobes of grounded
ice pushing into the valleys from the sea and by large ice-cov-
ered lakes (e.g., Glacial Lake Washburn in Taylor Valley:
Stuiver et al. 1981, pp. 319-436), greatly reducing possible
sources for reworked marine diatoms.

We thank Eric Steig, Pieter Grootes, Ken Taylor, Joan
Fitzpatrick, Ellen Moseley-Thompson, Jeff Hargreaves, and
Todd Hinckley for assistance in ice core sampling. Eric Steig
filtered some of the samples and provided the oxygen isotope
data. Ben Carter of Corning-Costar supplied modified
Nuclepore filters. Financial support was provided by National
Science Foundation grant OPP 93-16306.
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Acquisition of borehole temperature measurements from
Taylor Dome and the dry valleys for paleoclimate

reconstruction
GARY D. GLOW, Climate History Program, U.S. Geological Survey, Denver, Colorado 80225

EDWIN D. WADDINGTON, Geophysics Program, University of Washington, Seattle, Washington 98195

S
ubsurface temperature transients resulting from past cli-
matic changes are often still present at depth within ice

sheets and permafrost. Once measured in deep boreholes,
these temperature transients can be used to reconstruct past
climatic changes using geophysical inverse methods. This
paleoclimate reconstruction technique, known as "borehole
paleothermometry," can provide the most accurate estimates
of past temperatures on the Earth's surface. Borehole temper-
ature (BT) data can also be used to calibrate the isotopic oxy-
gen-18 (6 1 80) proxy-temperature method for an ice core site
as was recently done by Cuffey et al. (1995) for the Greenland
Ice Sheet Project 2 (GISP2).

Borehole temperatures

D
uring the 1994-1995 and 1995-1996 field seasons, we
acquired high-precision temperature measurements in

the 554-meter (m) deep borehole (TD-D) recently drilled
through the ice at Taylor Dome (77°50'S 159 100'E). This work
is one component of the multifaceted Taylor Dome Ice Core
project (see Grootes, Steig, and Stuiver 1994; Waddington,
Morse, and Clow 1994). The BT data will be used to recon-
struct paleoclimate through borehole paleothermometry and
calibrate the 6180 paleothermometer for this site. During the
last two field seasons, we also measured temperatures in bore-
holes on the Taylor Glacier and in Taylor Valley. The Taylor
Dome/Taylor Valley transect lies in the climatic transition
between the cold polar plateau and the maritime Ross Sea.

Temperatures below the firn/ice transition (74 m) were
successfully measured in the TD-D borehole both before and
after the installation of a "convective-damping" system; this
system reduced the thermal noise associated with convective
eddies in the borehole fluid to less than our system's sensitivity,
0.14 millikelvins (mK). To obtain temperatures in the firn layer,
we monitored temperatures at selected depths in the 130-m
dry corehole (ID-C) located 50 m from TD-D. While monitor-
ing at each depth, small temperature fluctuations (<30 mK)
were detected that correlate very well with atmospheric pres-
sure changes recorded on the surface (figure 1; Glow, Saltus,
and Waddington in press). Since the TD-C corehole had been
carefully sealed from air intrusion at the surface, the observed
temperature fluctuations are due to the influence of atmos-
pheric pressure variations on the firn layer. Temperature fluc-
tuations in the 100-m corehole (TD-B) on the Taylor Glacier
(77038'S 159 039'E) are much smaller than at TD-C due to the
reduced firn permeability at TD-B. The BT data indicate the
present mean-annual surface temperature is -41.23'C at Taylor
Dome and -36.37°C on the Taylor Glacier at TD-B.

During the early 1970s, several deep boreholes were
drilled in the McMurdo Dry Valleys under the Dry Valleys
Drilling Project (DVDP). Unfortunately, only one of the D\TDP
boreholes (11, near the Commonwealth Glacier) remains
open below 75 m at this time. A comparison of our DVDP 11
temperature measurements with those obtained 20 years ago
by Decker and Bucher (1977) shows that mean-annual tem-
peratures in lower Taylor Valley have increased about 1 K over
the last several decades (figure 2). This is consistent with the
increase in summer temperatures suggested by rising lake
levels in the McMurdo Dry Valleys (Wharton et al. 1992).

Vertical strain rates at Taylor Dome

T
o interpret the BT data from Taylor Dome accurately in
terms of past climatic changes, it is essential to understand

the local ice dynamics. To measure the vertical component of
the ice flow, metal bands were emplaced at 5-m intervals
along the TD-C corehole. A down-hole video camera was then
used to determine the position of the bands during January
1995 and January 1996. Vertical velocities and strain rates have
been determined from the change in band positions during
the intervening 12 months.

Microclimate zones at Taylor Dome

T
he primary goal of the BT logging program is to determine
past temperatures on the surface of Taylor Dome. Mean-

annual surface temperatures presently vary by at least 5 K
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Figure 1. Temperatures recorded at 26 m while incrementally logging
the 130-m To-c corehole at Taylor Dome, Antarctica (lower curve).
Atmospheric pressure changes (upper curve) were simultaneously
recorded 10 centimeters below the surface of the snow adjacent to the
borehole. The temperature fluctuations observed in the borehole cor-
relate well with atmospheric pressure changes. (Pa denotes pascals).
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DVDP11 - Taylor Valley peratures at several levels. Preliminary data indicate that the
temperature microclimates are associated with winter-time
differences in the near-surface thermal inversion layer. We
plan to examine advanced very-high-resolution radiometer
(AVHRR) thermal infrared imagery to learn more about these
microclimates and their possible impact on paleoclimate
interpretations.

We thank many individuals in the U.S. Antarctic Program
and also our invaluable field assistants, Jason Bailey, Susan
Douglass, and Bob Hawley. This research was supported by
National Science Foundation grant OPP 92-21261 and by the
U.S. Geological Survey's Climate History Program.
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Figure 2. Temperatures recorded in the DVDP 11 borehole (Taylor
Valley) during 1977 by Decker and Bucher (dots) and during
December 1995 (solid line). The temperature increase in the upper 70
m of the hole since 1977 indicates mean-annual temperatures have
increased about 1 K in lower Taylor Valley over the last several
decades.

near Taylor Dome, however, because of microclimatic effects
(Waddington and Morse 1994). This occurs between sites dif-
fering in elevation by only 65 m. Since 5 K represents 30 per-
cent of the accepted ice-age/interglacial temperature change,
it is essential to understand whether these microclimate
zones are stable or whether they move over time. If the micro-
climate zones drift with time, they would leave a "trail" in the
temperatures recorded in the boreholes, even though the
shifts might not represent real shifts in regional climate.

We currently have four automatic weather stations
recording wind speed, wind direction, and air and snow tem-
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Relation of ice face melting structures to oceanic characters
using remotely operated vehicle observations,

Mackay Glacier Tongue, Granite Harbor
JuNYu Liu and Ross D. POWELL, Department of Geology, Northern Illinois University, DeKaib, Illinois 60115

T
he processes occurring between the base of ice shelves
and the underlying ocean seem to play an important role

in the formation of Antarctic Bottom Water and in the mass
balance of large ice shelves in Antarctica (MacAyeal 1984;
Jacobs et al. 1992). In an effort to help understand these
processes, fieldwork was conducted at Mackay Glacier
Tongue, Granite Harbor (76058'S 162024'E), during the austral
summers of 1991, 1993, and 1994 using a submersible
remotely operated vehicle (ROy) (figure 1).

Mackay Glacier Tongue is an outlet glacier that drains
from the east antarctic ice sheet into the Ross Sea. Among the

instruments aboard the ROV are black-and-white and color
video cameras and a conductivity-temperature-depth profil-
er. Oceanographic data were continuously measured and
recorded every 5 seconds. Dives were conducted in the aus-
tral summers of 1991, 1993, and 1994, and this article reports
our data from the 1991 and 1994 seasons.

Oceanographic data at all diving sites show an increasing
trend in salinity and temperature with depth except site 1 of
1994 (figure 2), but some data collection in 1991 dives was
unsuccessful. Temperature and salinity values define the
water mass around Mackay Glacier Tongue as a deep core of
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Figure 1. Location of Mackay Glacier Tongue and dive sites.

Ice Shelf Water (cf., Jacobs, Fairbanks, and Horibe 1985, pp.
59-85). Ice Shelf Water is the result of the formation of High
Salinity Shelf Water during winter months and the subse-
quent significant melting of an ice shelf caused by the inflow
of High Salinity Shelf Water under the ice shelf penetrating to
the grounding line area (MacAyeal 1984; Jacobs et al. 1992).
The melting water plume rises and incorporates ambient sea
water gradually to form Ice Shelf Water. During the process, it
may reach its freezing point and precipitate frazil ice. Frazil
ice is visually observed at Mackay Glacier Tongue, and on

many dives, the upper part of the tem-
perature profile has an inflection point

\ above which temperature decreases
when depth increases but below which
temperature increases with depth (figure
2). This inflection point is explained by
the heat release due to frazil ice precipi-
tation. The depth of the colder node
often coincides with the base of the frazil
ice layer, which at Mackay Glacier
Tongue varies from 20 to 40 meters.

Fine water-stratification features in
the water column near Mackay Glacier

77°00	Tongue were also present where steplikepp-
structures were observed on many tem-
perature and salinity profiles of 1994
dives at Mackay Glacier Tongue (figure

oMurdo	2). Their thickness ranges from 10 to 50
tallon meters, which is comparable to that

found at Erebus Glacier Tongue (Jacobs
et al. 1981). The magnitude of tempera-
ture and salinity changes that define the
fine structures, however, are much lower
than at Erebus Glacier Tongue. At Erebus

•/	Glacier Tongue, most of the significant

1 7T`30 ;j	fine structures occurred above a depth at

1oss ]	which the in situ temperature is above

t LWOII the surface sea-water freezing point.
Almost all dives at Mackay Glacier
Tongue, however, have temperatures

Erebus	 less than that (figure 2). Fine structures
ad	 were not observed in 1991 dives.

ougue	 Recent study of the melting behavior
of ice in sea water shows that such fine
steplike structures are produced in tem-
perature and/or salinity profiles depicted
by a local sea-water stratification (Jacobs
et al. 1981). In this study, we have ob-
served ice basal melting structures asso-
ciated with these water column struc-
tures (figure 3). They vary in orientation
and size, and most have well-rounded
forms. Scalloped surfaces are the most
common feature. Others include vertical
runnels and horizontal ledges. Relief on
scalloped surfaces can reach about 1
meter but usually is several centimeters

to 30 centimeters. Diameters of the scallops range from less
than 10 centimeters to more than 1 meter. Runnels are better
developed in deeper water tending to form in groups parallel
to each other. They are usually a few to tens of meters long
with a depth of several centimeters to tens of centimeters;
wavelengths vary but usually are less than 50 centimeters.
Ledges have greater relief than scalloped surfaces and runnels.
They may extend out several meters from the vertical ice wall
above them. Melting structures seen during 1991 dives were
better developed than those of 1994. In some 1991 dives, with
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increasing water depth, the
dominant melting structures	0.000
changed from scalloped sur-
faces to runnels and ridges.
Conversely, scalloped surfaces
were the main feature in 1994
dives, and they appeared to be
smaller and their relief was less
than their counterparts of 1991.

The observation of the melt
structures on the ice face and
fine structures in the water col-
umn at Mackay Glacier Tongue
support the idea that the local
oceanographic characteristics
influence the melting behavior
of glacier ice, and the ice melt-
ing, in turn, alters the details of
water column stratification.
Quantitative anal	 250.000ysis is contin-	

34.6000
uing, and we hope it will pro-

salinity, P33-78 EPSU]	34.7000

vide a better understanding of Figure 2. Temperature and salinity profiles of dive 7 at site 2, 1994. (IPTS-68 denotes International

the interactive relation between	Practical Temperature Scale, 1968. PSS-78 denotes Practical Salinity Scale, 1978. PSU denotes practical
salinity units.)

glacier ice and the ocean.
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Figure 1. SAR (JERS-1) image of the tongue of the Mertz Glacier. Note the par-
ticular cellular structure on the glacier surface. North is 32 0 to the right.

On the Mertz and Ninnis Glaciers, eastern Antarctica
GERD WENDLER, KRISTINA AHLNAS, and CRAIG LINGLE, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775

In
1995, we participated in the cruise (USCGC Polar Star)

from Australia to McMurdo, during which the coastal auto-
matic weather stations were serviced in Adélie and King George
Land. The main topic of our study is the katabatic wind and its
interaction with sea ice. Wendler et al. (in preparation) report-
ed on the winds in the coastal area; Wendler, Gilmore, and
Curtis (in preparation) described their interaction with sea ice
and the formation of coastal polynyas; and Hauser et al. (in
preparation) discussed the surface energy budget of sea ice as
function of meteorological parameters. Hence, instead of
reporting in detail on one of the above topics, we concentrate
here on two large glacier tongues that extend substantially
across the coastline of King George Land. We were able to study
these by remote sensing [synthetic aperture radar (SAR), JERS-
11. The tongue of the Mertz Glacier (figure 1) is in the state of
advance, whereas the Ninnis Glacier tongue is retreating. Both
glaciers display distinctive surface structure and the form of the
glacier tongues indicates that they are floating.

The Mertz and Ninnis Glaciers are prominent fea-
tures; the tongue of the Mertz Glacier, presently the
larger of the two, extends some 95 kilometers (km) into
the ocean and has an average width of about 40 km.

This area of Antarctica was first explored by Sir
Douglas Mawson during his heroic trip between 1911
and 1914. Mawson established his main camp at Cape
Denison (67.02°S 142.68 0E) in Commonwealth Bay.
Mawson's crew were also able to map the coastline and
the outline of these two glaciers.

An Australian map (SQ55-56) of this area, issued
in 1971, was based on aerial photography of 1961-1962
and again depicted the outline of these two glacier
tongues.

In 1993, SAR imagery was obtained for the first
time because, in contrast to ERS-1, JERS-1 has limited
onboard tape-recording capabilities. Observations
were carried out over eastern Antarctica, and the data
were downloaded at the Geophysical Institute at the
University of Alaska, Fairbanks. JERS-1 measures in
the L-band, has a swath width of 75 km, and a pixel
spacing of 12.5 meters in full resolution. Compared to
more conventional satellite imagery, radar images are
unaffected by weather and lighting conditions.

In figure 2, the outlines of the glacier tongues from
these three sources were combined to obtain long-term
changes in their aerial extent. The table lists the values
found by measuring the size of the glacier tongues that
extend out from the coastline.

The tongue of the Mertz Glacier has increased
substantially in this century. It more than doubled its
size, from about 3,830 km2 in 1913 to about 8,100 km2
presently. For the earlier part of the century, the glaci-

er tongue mostly broadened, but since 1962 the glacier
tongue has advanced some 37 km as well.

The behavior of the Mertz Glacier tongue is in sharp con-
trast to the Ninnis Glacier tongue. Here, we observe an extra-
ordinary retreat since 1913; during the 80-year period, the
glacier tongue retreated 110 km, and its area was reduced to
about one third of its original size. Most of the retreat was
observed in the earlier part of the century. From 1913 to 1962,
it retreated some 90 km, but even since then its size has been
reduced substantially. Large decreases in size can be under-
stood if a glacier tongue is freely floating, and large icebergs
separate from it.

The sum of the area of the two glaciers (table) indicates
that few losses or gains have occurred since 1913; the
observed 3.6 percent increase in aerial extent is within the
accuracy of the measurements. The behavior of these two
glaciers, lying next to each other in the same climatic zone,
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Figure 2. The position of the Mertz and Ninnis Glacier tongues in
1912-1913,1962, and 1993.

shows again how difficult it is to relate the behavior of
advances or retreats of floating glacier tongues to climatic
change. A second SAR image of the Mertz glacier tongue some
18 months later enabled us to determine the velocity of the
glacier tongue by electronically subtracting the two images
from each other. The annual movement was determined as

SizelZ of the Mertz and Ninnis Glacier tongues

Mertz	3,830 100.0	5,920 154.6	8,100 211.3
Ninnis	6,060 100.0	3,970	65.5	2,150	35.4
Both	9,890 100.0	9,890 100.0	10,250 103.6

aln square kilometers.

about 1.2 km. This is very close to the value of the advance of
the tip of the tongue since 1963.

For more details, refer to Wendler, Ahlnäs, and Lingle (in
press).
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A dark line on the McMurdo Ice Shelf
IAN M. WHILLANS and GORDON S. HAMILTON, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210-1002

SPOT satellite image of the McMurdo region acquired in
J. ecember 1994 reveals a dark line of the McMurdo Ice
Shelf parallel to the calving front (figure).

A first thought was that this line is the trace of a crevasse
and a precursor of a major calving event. The dark line does
not appear on earlier images or photographs. The operational
importance of the line arises because it crosses the road that
connects McMurdo Station and Scott Base with Williams
Field Skiway. A calving event along the line would make
access to and from the skiway considerably more difficult.

An alternative explanation is that the line may be a step
in surface elevation due to a collapse of firn seaward of the
line caused by brine infiltration (Kovacs et al. 1982). These
types of fronts have been observed up to 15 kilometers (km)
from the outer edge of the ice shelf (Morse and Waddington
1994). Perhaps the snow surface seaward of the dark line has

collapsed because of the weight of brine or because of weak-
ening of the firn structure by percolating sea water.

Neither hypothesis can be tested from the imagery alone.
A field program was undertaken in October and November
1995 to determine if a crevasse is opening at the site.

Field procedure

S
train grids were installed across the dark line and surveyed
twice using global positioning system (GPS) methods. If

the dark line is due to a sagging crevasse bridge, large strain
rates are expected across the line. The dark line should be in
the same position with respect to the ice edge as it appears in
the image. Moreover, surface elevation profiles should show a
depression. If the line is caused by infiltrating brine, surface
elevations will show a step rather than a depression; horizon-
tal strain rates will not be especially large at the line; and the
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Annotated SPOT panchromatic image (ground resolution 10 meters) acquired 1 December 1994.
The mysterious feature investigated is the dark line parallel to the ice shelf front.

position of the line will likely have migrated since the time of
the image.

Results

Unresolved by this study is the
cause of the bright line just seaward of
the dark line observed on the image.
This bright line was interpreted to be
the far side of a sagging crevasse bridge,
but elevation surveys show only a very
minor reverse slope, which cannot
account for the bright line on the
image. We suggest that the reverse
slope present in December 1994 is a
transient feature that was no longer
present in October 1995.

A new discovery is that major
mechanical control on the ice shelf is
compression originating at Dailey
Islands. These islands lie some 40 km
west of the study area. The ice shelf is
losing contact with the islands; only
two of the original six Dailey Islands
now contribute to drag (Gow and
Govoni 1994). The islands interact most
directly with ice from Koettlitz Glacier,
which in turn blocks the McMurdo Ice
Shelf. It is important to continue to
monitor the interaction of the ice shelf
with Dailey Islands. Loss of contact
with the islands could have major con-
sequences to the skiway.

Fieldwork was conducted by
Gordon Hamilton, Erik Venteris, and
Ian Whillans, who received support
from National Science Foundation
grant OPP 95-28608.
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Deglacial chronology of the western Ross Sea
BRENDA L. HALL, Department of Geological Sciences, University of Maine, Orono, Maine 04469-5711

GEORGE H. DENTON, Department of Geological Sciences and Institute for Quaternary Studies, University of Maine,
Orono, Maine 04469-5711

D
uring the last glacial maximum, a grounded ice sheet
extended to (or close to) the edge of the continental shelf

in the Ross Sea embayment (Stuiver et al. 1981; Anderson et
al. 1992). Here we present several independent lines of geo-
logic evidence suggesting that recession of the ice sheet from
the western Ross Sea did not occur until 6,600-7,944 years ago
as determined by carbon-14 (C) dating.

A flow line of the ice sheet grounded on the Ross Sea floor
extended westward around the northern tip of Ross Island and
across McMurdo Sound (figure 1). This ice plugged the mouth
of Taylor Valley, damming Glacial Lake Washburn. Blue-green
algae that once lived in the lake are now preserved within
moraines and deltas that formed
in Glacial Lake Washburn. From
radiocarbon dates of such algae,
we have determined that thick
grounded ice blocked the mouth
of Taylor Valley between 8,340
and 23,800 14C years ago. Kenyte
erratics in Taylor Valley drift
dated at 9,300 14C years ago con-
firm the late existence of the flow
line crossing McMurdo Sound
from Ross Island.

During the last glaciation,
extensive closed-basin lakes
also existed in Wright and
Victoria Valleys (figure 1). We
argue that these lakes, along
with Glacial Lake Washburn,
owe their existence to a ground-
ed ice sheet in the Ross Sea, not
only because it physically
dammed some lakes but also
because its presence is linked to
increased meltwater production
in the dry valleys. Glacial melt-
water production in the dry val-
leys is sensitive to local radia-
tion, which is highest during
clear weather. Beneath a thin
ice layer on the surface of the
glaciers, solar radiation causes
melting along intercrystalline
boundaries to a depth of up to 1
meter (Hendy et al. in prepara-
tion). A network of drainage
channels fed by the intercrys-

just below the glacier surface. This melt process accelerates
with long stretches of clear weather because the intercrys-
talline meltwater does not freeze completely every evening
(Hendy et al. in preparation). Today, open water in the adja-
cent Ross Sea is conducive to the formation of clouds, fog,
and snow, which penetrate the dry valleys. Such conditions
restrict meltwater production by reducing the length of clear,
snowless weather, as well as by covering the glacier snouts
with snow that shuts off the melt mechanism. For example,
one heavy snowstorm in October 1977 terminated meltwater
flow to Lake Vanda for an entire summer (Chinn 1981). The
presence of grounded ice in the western Ross Sea would elim-
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mate this local moisture source and thereby
increase the length and frequency of clear,
snowless weather in the dry valleys. In turn,
this would boost radiation-induced meltwa-
ter production and, hence, raise lake levels. In
this fashion, the high lake levels of late
Wisconsin and early Holocene time imply
increased aridity and radiative meltwater pro-
duction tied to an extensive grounded ice
sheet in the Ross Sea embayment. High lake
levels were sustained 8,340-23,800 14C years
ago in Taylor Valley; 7,944-25,697 14C years
ago in Wright Valley; and 8,990-18,900 14C

years ago in Victoria Valley. In Wright Valley,
lake level dropped rapidly after 7,944 'C
years ago, probably as a response to deglacia-
tion in the western Ross Sea and the conse-
quent penetration of moisture-bearing clouds
into the dry valleys. Lakes in the dry valleys
have fluctuated since 7,944 14C years ago, but
they never have come close to attaining the
high levels of late Wisconsin-early Holocene
time.

Radiocarbon dates of marine shells, as
well as of seal remains, afford close minimum
ages for deglaciation of grounded ice in the
western Ross Sea. The oldest individual shells
and barnacles from McMurdo Sound date to
6,550-6,600 14C years ago (Stuiver et al. 1981;
Kellogg, Kellogg, and Stuiver 1990; Gordon
and Harkness 1992; Licht et al. 1996; all dates
of marine material are corrected for an esti-
mated 1,200-year marine reservoir effect). In
addition, dates of shells from raised beaches
and marine deposits along the Scott Coast are
no older than 5,580 14C years ago (figure 2;
Stuiver et al. 1981, pp. 319-436; Hall and
Denton in preparation). Our preliminary rela-
tive sea-level curve indicates that recession of
grounded ice occurred along the Scott Coast
south of Cape Ross shortly before 6,400 14C

years ago (Hall and Denton in preparation;
figure 3). The oldest date of an in situ shell in
raised marine sediments at Terra Nova Bay
(350 kilometers north of McMurdo Sound) is
6,305 14C years old (Baroni and Orombelli
1991) and affords a minimum age for
deglaciation of grounded ice.

In conclusion, we list independent lines
of geological evidence from marine and ter-
restrial data that both suggest deglaciation of
the western Ross Sea at 6,600-7,944 14C years
ago. One implication of such late deglaciation
is that the grounded ice sheet in the Ross Sea
embayment was relatively impervious to
most (76-88 percent) of the 105-121 meters of
sea-level rise that accompanied the last
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30

35 Figure 3. Preliminary relative sea-level curve for the Scott Coast. This curve
is based on nine radiocarbon dates of Adamussium colbecki shells, seal
skin, and elephant seal remains buried within raised beaches at Marble
Point, Cape Roberts, Dunlop Island, and near South Stream. Sample 3 (ele-
phant seal remains) was obtained by Nichols (1968), but the rest are from
new localities. Dates in brackets are corrected for a 1,200-year marine
reservoir effect. Samples: (1) AA-1 4039: 6,550±97 (5,350) 14C years ago; (2)
AA-1 4040: 5,864±96 (4,664) 14C years ago; (3) L-627: 5,650±1 50 (4,450) 14C
years ago; (4) AA-17345: 5,649±59 (4,449) 14C years ago; (5) AA-18215:
4,569±57 (3,369) 14C years ago; (6) AA-18212: 2,820±56 (1,620) 14C years
ago; (7) AA-1 8213: 2,704±65 (1,504) 14C years ago; (8) M-18214: 2,487±51
(1,287) 14C years ago; (9) AA-18912: 6,780±56 (5,580) 14C years ago. (B.P.
denotes before present; a.s.I. denotes above sea level.)
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glacial/ interglacial transition (Fairbanks 1989; Peltier 1994).
By our chronology, only the final pulse of sea-level rise in
early Holocene time could have triggered ice retreat from the
western Ross Sea. In this case, ice recession to the Siple Coast
grounding line may have been due largely to dynamic
processes internal to the ice sheet because deglacial sea-level
rise was essentially accomplished by mid-Holocene time.

This work was supported by National Science Foundation
grant OPP 91-18678. T. Cruikshank and B. Overturf assisted in
the field. D. Kelly drafted the figures.
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I
ce flowing on a continuous, soft-sediment layer achieves
high velocities despite low basal shear stress (e.g.,

Blankenship et al. 1987) through deformation of that sedi-
ment layer. Water-lubricated sliding over the substrate occurs
whether or not that substrate is deforming; hence, bed defor-
mation produces higher flow velocities than does sliding by
itself. The Siple Coast ice streams of West Antarctica and the
ice streams or lobes of the southern margin of the Laurentide
ice sheet achieved high velocities with low basal shear stress-
es through the effects of soft subglacial sediments (e.g.,
Jenson et al. 1995). Ice streaming is possible although slowed
if the soft sediment is locally discontinuous provided the
bedrock "sticky spots" are water-lubricated (Rooney et al.
1987; Anandakrishnan and Alley 1994), but loss of that water
may stop the rapid motion (Alley et al. 1994).

Continuous or nearly continuous soft-sediment glacier
beds are most likely if ice advances over unconsolidated or
poorly consolidated sediments. First, sediment generation
clearly is easier from softer materials. The difference in abra-
sion rates between hard and soft materials may be two orders
of magnitude (Cuffey and Alley 1996).

In addition, a thickening till layer on bedrock causes
slowed abrasion but enhanced till export through deforma-
tion. If ice must act through intervening till on the clasts that
abrade the bedrock, the abrading clasts can roll part of the
time and abrasion is reduced by roughly an order of magni-
tude (Cuffey and Alley 1996). If a thickened till layer reduces
or eliminates sliding of till over its substrate, a further
order(s)-of-magnitude reduction in abrasion will result
(Cuffey and Alley 1996). In general, abrasion rates beneath
till are unlikely to produce till faster than 0.1 millimeter per
year except on very soft or unconsolidated rocks (Cuffey and
Alley 1996).

Several processes compete to remove subglacial sedi-
ment. Beneath warm glaciers with surface melt fed to the bed
through moulins, subglacial stream transport can be excep-
tionally rapid because glaciers concentrate runoff in time and
space and provide steep head gradients compared to subaeri-
al streams, and sediment transport increases with head gradi-
ent and with runoff (see review by Alley et al. in press).
Moulin-fed streams rising out of overdeepenings also can
cause rapid sediment entrainment to the ice by freeze-on in
response to the decreasing pressure-melting point along flow
(Lawson et al. 1996; Strasser et al. 1996). These processes are
unlikely to be significant, however, for most of the Antarctic
unless storage and release of water in subglacial floods are
important because in the absence of surface melt, not enough
water is present to transport more than very fine sediment
(e.g., Alley 1989).

Several other processes may remove sediment from
beneath the antarctic ice sheet and other glaciers (reviewed
by Alley et al. in press). One especially, regelation of ice into
subglacial sediments, is important based on laboratory and
model studies (Iverson and Semmens 1995). Entrainment
rates are modeled to depend on basal water pressures, melt
rates, and sediment grain size (Iverson and Semmens 1995).
Export of sediment produced at a rate of 0.1-1.0 millimeters
per year or even higher is likely, provided the sediments are
not finer than fine silt (Alley et al. in press).

Thus, it is likely that material eroded from well-lithified
bedrock will be entrained by the ice and transported away,
rather than accumulating under the ice to form a thick, con-
tinuous deformable layer. In contrast, soft sediments can be
eroded sufficiently rapidly to produce continuous or nearly
continuous deforming layers. We thus expect to see a reason-
ably close correlation between ice streaming and the pres-
ence of sedimentary basins, as is observed (e.g. Rooney et al.
1991, pp. 261-265).

The general increase in continuity of subglacial soft sedi-
ment toward the ice margin may be involved in thermal surg-
ing, such that cooling may produce surges. Consider the com-
mon case of an ice sheet with a moderate surface slope over a
thawed internal region, a steep surface slope in a marginal
region frozen to bedrock (Weertman 1961), and a thick
proglacial sediment accumulation. A cooling may trigger ice
advance through sea-level fall or decreased marginal ablation
or calving. As the ice thickens over the former margin, the bed
there will warm and may thaw from the bedrock. At the same
time, the advancing margin may tend to freeze to material
over which it flows, maintaining the thawed-interior/frozen-
margin pattern. In such a situation, the frozen margin will
maintain a steep surface slope and high basal shear stress
only if it freezes to bedrock. Otherwise, the sediment pile can
deform below the freezing front, yielding the low surface
slope of an ice stream.

A cooling-induced ice advance thus may cause a shift
from a steep margin and moderate-slope interior to a low-
slope margin and moderate-slope interior. This transition can
cause mass loss from the ice sheet as a whole and might occur
quite rapidly and appear surgelike. It is at least possible that
this has relevance to former ice-sheet behavior, including the
great discharges of debris in icebergs from the Laurentide ice
sheet during Heinrich events, which appear to have occurred
following oceanic coolings (Bond et al. 1992).

The coupled behavior of a deforming but slightly discon-
tinuous subglacial till and of a water layer that lubricates slid-
ing over the till and any sticky spots may be quite complex.
Iverson et al. (1995) documented that a transient increase in
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water pressure forced by moulin drainage through
Storgiaciaren, Sweden, a glacier with a discontinuous deform-
ing bed, caused a transient decrease in the rate of bed defor-
mation. Presumably, the water caused enhanced separation
between ice and till and so faster sliding. The decreased defor-
mation of the till then is explainable as a decreased basal shear
stress on it, with force-balance for the glacier maintained by
increased side drag or increased drag on sticky spots. Because
of differences in roughness characteristics between till and
bedrock, sliding over till may be more sensitive to water pres-
sure than is sliding over bedrock (Alley 1989).

It has been hypothesized that ice stream C, West
Antarctica, stopped recently because its basal meitwater was
diverted to ice stream B (Anandakrishnan and Alley 1994; Alley
et at. 1994). If so, and if the Iverson et al. (1995) observations are
relevant to the longer times and larger size of the ice-stream sit-
uation, then ice stream B now has faster sliding between ice
and subglacial till than before the meltwater diversion. The
basal shear stress on the till beneath ice stream B then would
be less today than before the water diversion because the high-
er ice velocity will have increased the drag from the ice-stream
sides, may have increased the drag from subglacial sticky spots,
and may have caused thinning or reduced surface slope and
thus reduced driving stress for ice flow. If this decrease in basal
shear stress on the till is more important than the softening of
the till caused by the increased water supply, as on
Storgiaciaren, then the deforming layer beneath ice stream B is
thinner or deforms more slowly and transports less sediment
now than before the water diversion.

This research was supported by National Science
Foundation grant number OPP 93-18677.

References

Alley, R.B. 1989. Water-pressure coupling of sliding and bed deforma-
tion: I. Water system. Journal of Glaciology, 35(119), 108-118.

Alley, R.B., S. Anandakrishnan, C.R. Bentley, and N. Lord. 1994. A
water-piracy hypothesis for the stagnation of ice stream C. Annals
of Glaciology, 20, 187-194.

Alley, R.B., K.M. Cuffey, E.B. Evenson, J.C. Strasser, D.E. Lawson,
and G.J. Larson. In press. How glaciers entrain and transport
basal sediment: Physical constraints. Quaternary Science
Reviews.

Anandakrishnan, S., and R.B. Alley. 1994. Ice stream C sticky spots
detected by microearthquake monitoring. Annals of Glaciology,
20,183-186.

Blankenship, D.D., C.R. Bentley, S.T. Rooney, and R.B. Alley. 1987. Till
beneath ice stream B. 1. Properties derived from seismic travel
times. Journal of Geophysical Research, 92(B9), 8903-8911.

Bond, G., H. Heinrich, W. Broecker, L. Labeyrie, I. McManus, J.
Andrews, S. Huon, R. Jantschik, S. Clasen, C. Simet, K. Tedesco, M.
Kias, G. Bonani, and S. Ivy. 1992. Evidence for massive discharges
of icebergs into the North Atlantic ocean during the last glacial
period. Nature, 360, 245-249.

Cuffey, K.M., and R.B. Alley. 1996. Erosion by deforming subglacial
sediments: Is it significant? (Toward till continuity). Annals of
Glaciology, 22, 17-24.

Iverson, N.R., B. Hanson, R. LeB. Hooke, and P. Jansson. 1995. Flow
mechanism of glaciers on soft beds. Science, 267, 80-81.

Iverson, N.R., and D.J. Semmens. 1995. Intrusion of ice into porous
media by regelation: A mechanism of sediment entrainment by
glaciers. Journal of Geophysical Research, 100(B7), 10219-10230.

Jenson, J.W., P.U. Clark, D.R. MacAyeal, C. Ho, and J.C. Vela. 1995.
Numerical modeling of advective transport of saturated deform-
ing sediment beneath the Lake Michigan Lobe, Laurentide Ice
Sheet. Geomorphology, 14,157-166.

Lawson, D.E., E.B. Evenson, J.C. Strasser, R.B. Alley, and G.J. Larson.
1996. Subglacial supercooling, ice accretion, and sediment
entrainment at the Matanuska Glacier, Alaska. Abstracts with pro-
grams (Vol. 28). Boulder, Colorado: Geological Society of America.
[Abstract]

Rooney, S.T., D.D. Blankenship, R.B. Alley, and C.R. Bentley. 1987. Till
beneath ice stream B. 2. Structure and continuity. Journal of
Geophysical Research, 92B (139), 8913-8920.

Rooney, S.T., D.D. Blankenship, R.B. Alley, and C.R. Bentley. 1991.
Seismic reflection profiling of a sediment-filled graben beneath
ice stream B, West Antarctica. In M.R.A. Thomson, J.A. Crame, and
J.W. Thompson (Eds.), Geological evolution of Antarctica.
Cambridge: Cambridge University Press.

Strasser, J.C., D.E. Lawson, G.J. Larson, E.B. Evenson, and R.B. Alley.
1996. Preliminary results of tritium analyses in basal ice,
Matanuska Glacier, Alaska, U.S.A.: Evidence for subglacial ice
accretion. Annals of Glaciology, 22, 126-133.

Weertman, J. 1961. Mechanism for the formation of inner moraines
found near the edge of cold ice caps and ice sheets. Journal of
Glaciology, 3(30), 965-978.

ANTARCTIC JOURNAL - REVIEW 1996

82



Coring for microbial records of antarctic climate
GARY S. WILSON, PETER BRADDOCK, and STEVEN L. FORMAN*, Byrd Polar Research Center, Ohio State University,

Columbus, Ohio 43210
E. IMRE FRIEDMANN and ELISAVETA M. RIVKINA, Polar Desert Research Center and Department of Biological Sciences,

Florida State University, Tallahassee, Florida 32306
JEFFREY P. CHANTON, Department of Oceanography, Florida State University, Tallahassee, Florida 32306

DAVID A. GILICHINSKY, DMITRY G. FYODOROV-DAVIDOV, VLADIMIR E. OSTROUMOV, and VICTOR SOROKOVIKOV,

Institute for Soil Science and Photosynthesis, Russian Academy of Sciences, Pushchino, Moscow Region, Russia
MICHAEL C. WIZEVICH, Department of Earth and Environmental Studies, Montclair State University,

Upper Montclair, New Jersey 07043

*Present address: Department of Geological Sciences, University of Illinois, Chicago, Illinois 60670

S
cientific understanding of the Cenozoic terrestrial glacial
and climatic record of East Antarctica is limited by the near

absence of Cenozoic strata cropping out on the antarctic cra-
ton (Wilson 1995). Because of this fact, much of the historical
development of the antarctic cryosphere has been inferred
from interpretations of proxy records in deep-sea sediments
(e.g., Shackleton and Kennett 1975; Kennett 1977; and Kennett
1982). Although these proxy records afford certain constraints
on the history of antarctic ice volume and paleoclimate, they
are often ambiguous and interpretations depend on assump-
tions of certain geography, climate, and ice-sheet relationships
(e.g., Wise et al. 1989; Kennett and Hodell 1993).

A decade ago, Webb et al. (1984) challenged the estab-
lished interpretation of a progressive climatic deterioration of
the Antarctic and a stable ice sheet, similar in form to that of
the present day, blanketing and dominating the climate of the
craton since middle Miocene times (Shackleton and Kennett
1975; Kennett 1977). From the presence of fossil marine floras
and faunas reworked into the Sirius Group deposits high in
the Transantarctic Mountains, Webb et al. (1984) deduced
that the interior of the craton was episodically free of ice and
flooded by marine seas, the latest ice sheet amelioration and
marine incursion having occurred during the Pliocene. Long-
standing work investigating the geomorphic development of
the dry valleys region combined with new dating possibilities
from in situ and reworked volcanic ashes appears to contra-
dict the dynamic model and lends credence to the concept of
ice sheet and particularly climatic stability of the region
(Denton et al. 1984; Sugden, Marchant, and Denton 1993;
Marchant et al. 1996). Apart from limited occurrences of
Nothofagus remains within Sirius Group strata (Webb and
Harwood 1993), however, neither method of investigation has
provided a direct record of terrestrial climate variation
throughout the Late Neogene (10-2 million years ago).

In the 1995-1996 antarctic field season, we carried out an
independent pilot program to determine the feasibility of
recovering and using ancient but viable terrestrial microbes to
determine past climatic conditions in the McMurdo Dry
Valleys. It was known from earlier investigations in the
McMurdo Dry Valleys region that cryptoendolithic microor-
ganisms colonize sandstone and granitic bedrock surfaces

(Nienow and Friedmann 1993). Friedmann, Druk, and McKay
(1994) defined a climatic gradient, which delineated the
degree of viability, versus fossilization of endolithic microbial
communities, which indicated the retreat of colonization due
to climatic deterioration. A by-product of bacterial coloniza-
tion of bedrock is biogenic weathering and exfoliation of the
rock surfaces they colonize. Because of the prevailing low tem-
peratures, biologic processes in the rock are extremely slow, so
that geological and biological timescales overlap. Our premise
is that these climatically sensitive microbial communities can
provide useful indications of past climates from the terrestrial
realm, indications that are not directly available from other
geologic or geomorphic records available in Antarctica.
Ultimately, we hope to provide a direct record of Late Neogene
and Pleistocene (10-0 million years ago) climatic evolution of
the McMurdo Sound and wider antarctic regions.

It is well established that ancient Siberian and North
American permafrost contain viable bacteria (Gilichinsky et al.
1992; Gilichinsky and Wagener 1994), but except for a short
unconfirmed report (Cameron and Morelli 1974), little was
known of the much colder antarctic permafrost. The studies of
Nienow and Friedmann (1993) described the special condi-
tions necessary for microbial life, and hence, we expected
microbial occurrences to be very limited in their distribution.
We expected, however, biogenously exfoliated particles to be
transported and incorporated into local sedimentary basins
carrying with them viable organisms. Thus, microorganisms
would be introduced to sediment accumulations that are
quickly frozen even if their growth was not favorable in the
upper surface of the sedimentary pile. Their occurrences, both
volumetrically and by species proportionality, should be rep-
resentative of the favorability of climatic conditions through
the time of colonization, erosion, and deposition in the sedi-
mentary basin. Once accumulated in the sedimentary basin,
their occurrences are part of the stratigraphic record, which
can also yield environmental and chronologic information as
well as allowing for correlation to other stratigraphic records.

To investigate this phenomenon, we transported a
portable permafrost coring system from Russia to various local-
ities in the dry valleys. The coring system was developed at the
Institute of Soil Science and Photosynthesis of the Russian
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Academy of Sciences, specifically for biologic studies of per-
mafrost (figure 1A). The device uses no drilling fluid and relies
on maintaining the frozen condition of the core for stratigraph-
ic integrity and to prevent downhole contamination of the bio-
genic and sedimentologic characteristics of the core. Coring
was carried out at a slow rate [approximately 3-5 meters (m)
per day] to ensure integrity of the core. All core was lifted to the
surface by hand and described, and samples were taken for ini-
tial microbial and ice-content studies. The core and subse-
quent samples were then sealed in sterilized plastic tubing for
transportation to McMurdo Station and, from there, to the
United States and Russia for laboratory studies. While in the
field and during shipment, core and samples were kept at a
constant -20°C to prevent renewed microbial activity in uncon-
trolled settings. In the field and during shipment to McMurdo
Station, -20°C temperature was maintained by a solar pow-
ered, Peltier-effect freezer unit designed and built at Ohio State
University (figure 1B). The freezer unit was operated by battery
power or a gasoline generator during transportation and when
climatic conditions prevented the use of solar energy.

During a 6-week field season, we established drilling
camps at three locations in the dry valleys (figure 2). The first
site was located toward the mouth of Taylor Valley, 3.2 kilo-
meters from the Commonwealth Glacier face (77°35'18.7'S
163°24'27.5"E; elevation, 50 rn). The second site was located
on the delta prograding into the western edge of Lake Miers in
the Miers Valley (78°05'49.4"S 163 048'44.8"E; elevation, 190
m). The third site was on the northeastern flank of Mount
Feather above the head of Beacon Valley (77'55'55.7"S
160°26'05.3"E; elevation, 2,570 m). In the Taylor Valley, we

recovered three cores from the same site, the deepest (COM-
RAC-3) penetrating to a depth of 17.30 m (downhole tempera-
ture, -18°C). It comprised alternating fluvial and eolian sedi-
ments that were coarse- to medium-grained, moderate- to
well-sorted quartzofeldspathic sands and fine gravels with
occasional small mudstone clasts often marking muddier
horizons in the core. The sediment was ice cemented, and
occasional subhorizontal-to-inclined ice lenses were
observed. In the Miers Valley, coring penetrated to a maxi-
mum depth of 6.15 m (COMRAC-4; downhole temperature,
-17°C) and recovered well-sorted coarse to medium-coarse
ice-cemented quartzofeldspathic gravels and coarse sands,
mostly of eolian and fluvial origin. From depth of 4.98 m to
the base of the hole, we encountered ice that was clear and
free of sediment (figure 3A).

On Mount Feather, we drilled four holes penetrating to a
maximum depth of 3.20 rn (COMRAC-8; downhole tempera-
ture, -27°C) into the Sirius Group till that infilled a depression
beneath the Mount Feather peak. Coring encountered poorly
sorted admixtures of quartzofeldspathic gravel, sand, and
mud with abundant well-rounded, 5-15-centimeter-diameter
quartz pebbles. At 0.66 m depth in COMRAC-8, we encoun-
tered a 0.5- to 1-rn thick ice horizon that contained less than
20 percent sediment (figure 3B). Above this ice band, ice con-
tent was high (30-50 percent), and sediment coherency was
maintained by ice cementation. Below the ice band, ice con-
tent was much lower (less than 10-20 percent), and sediment
coherency was maintained by compaction.

Initial laboratory studies of core material have yielded the
following results.

Limited examination of the microbial content of the cores
yielded results that were of substantial interest and that
justified our expectations. Each core contained viable bac-
teria. The number of bacteria varied, up to 102-103 per
gram by plate counts and to 105 per gram by fluorescence.
These numbers are comparable to, although somewhat
less than, what were found previously in Siberian per-
mafrost (Ting et al. in press). Most samples contained

1 
11-10

-

Figure 1. A. The portable permafrost coring system from the Institute for Soil Science and Photosynthesis of the Russian Academy of Sciences;
pictured on the Sirius Group deposit, Mount Fleming, operated by David Gilichinsky (right) and Victor Sorokovikov (left). B. The solar-powered
Peltier-effect freezer unit used to maintain core at 20°C in the field and during transportation.
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Figure 2. Map of the dry valleys area showing locations of the three sites where cores were recov-
ered; only the deepest drill-hole at each site is labeled.

methane in quantities up to 2,000
parts per million. From the Miers
Valley sites, we determined, based
on its isotopic composition (A'3C
= 54.8%o), that this methane is of
biological origin, presumably from
bacteria. We also found methane
of mixed biological and abiologi-
cal origin, as well as ethane and
propane. Enzyme activity, also a
sign of biological activity, was pre-
sent in most samples.
Preliminary chronostratigraphic
studies demonstrate that sedi-
ments and bacteria recovered by
coring in Taylor Valley are up to
150,000 years old, by correlation
with the magneto stratigraphically
dated D\TDP-11 core from nearby (Elston and Bressler
1981). A new thermoluminescence age from 2.9 m depth in
the COMRAC-4 core (20,500±2,500 years) in the Miers
Valley suggests an average sedimentation rate of 1.4
meters per thousand years. Sediments, microorganisms,
and methane recovered from 4.9 m depth (immediately
above the basal ice in the drillhole) are possibly older than
30,000 years and were deposited during the last interglacial
cycle. Coring at Mount Feather recovered glacigene Sirius
Group sediments, and viable bacteria, of at least 2 million
years in age (Webb and Harwood 1991) and possibly as old
as 15 million years (Marchant et al. 1996).

We are currently analyzing additional samples to refine
our chronology (using radiocarbon, thermoluminescence,
and cosmogenic dating methods) and to define further the
microbial content of the antarctic permafrost in the
McMurdo Dry Valleys.

The permafrost has the potential to hold an older and
more complete record of paleoclimate than other geologic
reservoirs on several counts.
• Cameron and Morelli (1974) reported viable bacteria from a

depth of 86 m in the DVDP-8 core (approximately 2.1 mil-
lion years old, also from lower Taylor Valley), although
unfortunately DVDP coring used a drilling fluid and, hence,
contamination cannot be ruled out. If the report was cor-
rect, however, it should be possible to recover a complete
Plio -Pleistocene (5-0-million-year) bacterial record from
the permafrost infilling the floors of the dry valleys.

• The paleoclimate record is deduced from bacterial paleoe-
cology, which is more direct than previous approaches.

• The permafrost is more long-lived and stable than the ice
sheet itself, affording a more continuous record that con-
tinues back in geologic time and records both glaciated
and deglaciated periods in the past. The coastal permafrost

Figure 3. A. Ice core recovered from 5.67-5.80 m depth in the COMRAC-4 core, from the lacustrine delta of Lake Miers. B. A thin section of ice
and sediment from 0.5-0.52 m depth in the COMRAC-8 core, from the Sirius Group deposit on Mount Feather.
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record is also well placed to provide a vital link between
ice-core records of recent paleoclimate and marine
records responding to these climate changes.
This research was supported by National Science

Foundation grants OPP 94-20227 (to E. Imre Friedmann) and
OPP 94-20260 (to Gary S. Wilson). Field personnel during the
1995-1996 field season were Gary Wilson, David Gilichinsky,
Peter Braddock, Dmitry Fyodorov-Davidov, Vladimir
Ostroumov, Victor Sorokovikov, and Michael Wizevich. We
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Global positioning system measurements of ice-sheet mass
balance using the "coffee-can" method

GORDON S. HAMILTON and IAN M. WHILLANS, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210-1002

T
he mass balances of the antarctic ice sheets are poorly
known. The reason for this lack of measurements has

been the considerable difficulty involved in obtaining them.
Traditionally, the work involves large, intensive field pro-
grams (e.g., Whillans and Bindschadler 1988). Recent devel-
opments in global positioning system (GPS) technology and
processing offer the possibility of making precise determina-
tions of local rates of ice-sheet thickening or thinning, with-
out the need for intensive field campaigns. During the
1995-1996 field season, we carried out GPS measurements for
mass balance at four sites in Antarctica (figure 1).

The method entails comparing measurements of the ver-
tical component of velocity of the near-surface of the ice
sheet and the long-term accumulation rate (Hulbe and
Whillans 1994a).

Vertical velocities are obtained from repeat GPS surveys
of suites of markers anchored in the firn [typically 10-20
meters (m) deep]. Prototype markers were coffee cans. Now,
smaller steel rods are used.

Accumulation rate is from firn cores. Where the accumu-
lation rate is not otherwise available, we collect cores for gross
beta measurements. Horizons of gross beta-radioactivity cor-
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responding to atmospheric
nuclear tests carried out in the
mid-1950s and mid-1960s are
detected in samples from known
depths and of measured densi-
ties. These markers give 30- and
40-year average accumulation
rates.

Minor adjustments need to
be made for motion arising
from firn densification and
down-slope flow. Depth-density
profiles enable firn densification
below the markers to be quanti-
fied, and markers placed at dif-
ferent depths allow this to be
checked. The contribution of
down-slope flow is obtained
from the local surface slope and
horizontal velocity. Topo-
graphic maps are produced for
an approximately 5-kilometer
(km) by 5-km box around each
site by conducting continuous
kinematic GPS surveys from a
snowmobile.

South Pole
Figure 1. Location of "coffee-can" sites in Antarctica. (UpB denotes Upstream B camp.)

M
easurements are being
conducted at three sites at South Pole (figure 2). One

site, called the "farfield site," approximately 8 km from the
dome, was installed during the 1991-1992 field season.
Another marker, called "dome," was installed in a 90-rn-deep
hole under the station dome in December 1993. Its position is
tied to the permanent GPS tracker located on top of the
Skylab building by optical leveling. Both existing sites were
resurveyed this season. Two new markers were installed this
season in holes 120 in 	130 in 	approximately 2 km
from the dome. These holes were drilled by the Polar Ice
Coring Office for T. Sowers and M. Bender to recover cores
during the 1994-1995 season. The advantage of using deeper
holes, such as these, is that the markers are anchored to ice
rather than firn. Their vertical velocity will not need to be cor-
rected for firn compaction. Results from these three sites will
allow the assessment of short-scale spatial variations in ice-
sheet mass balance.

Results from relative surveys of the "dome" marker show
that Skylab is sinking into the firn, at a rate of about 20 cen-
timeters per year (cm a-'). Problems with data quality from
the permanent GPS tracker at south pole have so far preclud-
ed the calculation of absolute velocities.

Figure 2. Topographic map of the region around Amundsen-Scott South
Pole Station (SP) showing the location of marker sites (SB and FF) and the
skiway. GPS data are from 1993 (dots) and 1995 (continuous tracks).
Datum for elevation is defined to be zero at MapX. Contour interval is 2 m.
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Figure 3. Topographic map of Byrd Surface Camp vicinity obtained
from GPS data in 1993 (dots) and 1995 (continuous tracks). The skiway
is outlined next to camp (triangle). Center of long radial tracks is "near-
by" site where datum for elevation is defined to be 1,500 m. "Farfield"
marker site is in the lower portion of the map. Contour interval is 2 m.

Byrd Surface Camp

B
yrd Station lies just within the latitudinal limits of space-
borne altimeters. Coffee-can results will be compared

with results from repeat satellite altimetry, which also mea-
sures changes in surface elevation. The new results can also
be compared with earlier mass-balance estimates; for exam-
ple, Whillans (1977) calculated that the ice sheet is thinning at
0.03 in

Two marker sites are near Byrd Station (figure 3). One
site, "nearby," 2 km true east of the station buildings, has
been operational since November 1993. A second site,
"farfield," was established during the 1995-1996 season, 3 km
southeast of the original site. This second site provides a
check for spatial consistency in results.

Dragon

siteis located on an interstream ridge approximately 1
Purn outboard from the Dragon, the southern shear margin
to ice stream B. This site has two epochs of remeasurement
(December 1992 and December 1993). These measurements
indicated a thinning rate of 0.07 in with an uncertainty of
0.05 m a- 1 . The new measurements will be used to confirm
the accuracy of this result and reduce the uncertainty.

Upstream B

A
new suite of markers was installed at the relocated
Upstream B camp on ice stream B. It is located at coordi-

nates (km 2, km -8) of the strain grid of Hulbe and Whilians
(1994b). Results from this site will be used to test whether the
changes observed at the Dragon are also occurring in the
trunk of the ice stream.

The work was undertaken by G.S. Hamilton, E.R.
Venteris, and I.M. Whillans, who were supported by National
Science Foundation grant OPP 94-19396.
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Figure 1. Map of the Ross Sea showing sediment core locations.

Ocean sciences

Initial results from marine sediment cores from the
east-central Ross Sea

KATHY J. LIGHT and DENIS DuRAN, Department of Geological Sciences and Institute for Arctic and Alpine Research,
University of Colorado, Boulder, Colorado 80309

W
e are currently analyzing marine sediment cores collect-
ed aboard the Nathaniel B. Palmer in the Ross Sea dur-

ing the 1994 and 1995 field seasons. These cores were collected
to help fulfill the goal of understanding the past behavior of
the west antarctic ice sheet set forward by the West Antarctic
Ice Sheet Initiative (Bindshadler 1995). Previous research on
western Ross Sea cores (collected on Eltanin and Deep Freeze
cruises) has been used to show that the ice did not advance to
the continental shelf edge during marine isotope stage 2 (Licht
1995; Licht et aL in press) and provided carbon-14 ( 14C) dates
that constrain the timing of ice retreat across the continental
shelf (Licht et al. 1996). In addition to these results, a bathy-
metric high has been rec-
ncyni7 pd in tIi wtern	 170

two glacial marine diamictons of different ages from the west-
ern Ross Sea and then relate cores from the east-central Ross
Sea to them. Although the east-central Ross Sea sediments are
being dated, the results are not yet available.

Core NBP9501-39, from the western Ross Sea (figure 1),
contains a 2-meter (m) thick diatomaceous mud unit under-
lain by a last-glacial-maximum-age massive diamicton inter-
preted as glacial marine. The core site is located 2-3 kilome-
ters north of a bathymetric high interpreted as a grounding
line deposit (Shipp and Anderson 1994). The diamicton unit
from NBP9501-39 has been identified in the 3.5-kilohertz
(kHz) seismic record and is 6-8 m thick; only the upper 0.5 m

180	 -170

Ross Sea based on seismic
data and is interpreted as a
grounding-line feature
(Shipp and Anderson
1994); this feature probably
represents the last-glacial-
maximum grounding-line
position.

Our objective is to
determine the maximum
grounded ice extent and
ice retreat rate for the east-
central Ross Sea by com-
pleting sedimentological
analyses and by radiocar-
bon dating sediments that
mark the transition from
glacial to postglacial con-
ditions. Presently, few data
constrain the chronology
of ice retreat and the
extent of glacial ice during
marine isotope stage 2 in
the east-central Ross Sea.
We are reporting prelimi-
nary results in which we
present characteristics of

ANTARCTIC JOURNAL - REVIEW 1996

89



of the acoustic unit was sam-NBP94-1-22 piston core

pled by core 39. This acoustic	 total organic carbon	blogenic silica	 total carbonate	volume magnetic
unit can be traced northward	 I	 ___________	 I	 susceptibility

to piston core NBP9501-42
(figure 1), which is primarily	 2525	 25

composed of a massive dia-	F
micton containing abundant	diatomaceous mud

foraminifera that are last	 75 -	 75 -	 75	 75 -

glacial maximum in age. A	 ioo	 150

radiocarbon date on foramin-	stratified diamicton ?II

125 125	 25	 125ifera from the massive dia-
micton in core 39 is last	dlatomaceou mud	 130 ISO	 3O	 iso
glacial maximum in age;	layer <5cm thick

175 175therefore, the upper part of
the 6-8-rn thick acoustic unit	 200 200

200

was deposited during the	
225	 225early part of marine isotope

stage 2. The last-glacial-maxi-	 250
250250	 250

mum-age glacial marine	
275	

I	275	 275	
275diarnictons from the western	 280 1ai.t.	

0.2 0.3 0.4 0.5 0.6	10 15 20 25 30	0.6 0.8 I 1.2 1.4	0 25 50 75 100 125
Ross Sea outer continental	 %toc	 %sillca	 %carbonate	 MS(xlO-5S()
shelf identified in previous
studies (Licht 1995; Licht et al.

NBP9501.17 piston core1996) are probably equivalent
to this acoustic unit identified	 total organic carbon	total carbonate	

volume magnetic
susceptibility

in the 3.5-kHz data.	 o	 0	'	 0	 O_

Core NBP94-1-22 is also	 13	 20located slightly beyond the	 25	 25

grounding line in the western	cleat supported	 40
diamicton 50

Ross Sea (figure 1) and is a 
massive diarnicton that grades
upward into a Holocene-age	 1 75

so

stratified diamicton contain-	faintly stratified	 100	 00'	 100'
matrix supported camlcton

ing 1-5-centimeter (cm) thick	vertical fabric below 125
20'

	

125	 (25'layers of pebble-rich diatorna-
ceous mud (figure 2). The	

150'	 150	
140

diatomaceous mud layers	 160

resulted from periods of sea-	 175	 '"'
180sonally ice-free waters or

upwelling, nutrient-rich water	 2151	 200'	i	I	 250	1	 200'

at this site. Radiocarbon dates	
0.2 0.3 0.4 0.5	1 2 3 4 5 6	0 20 40 60 80 100

	

%toc	 % carbonate	 MS (x10-5 SI)on bulk organic carbon range
from 7.5 to 8.5 14C in the Figure 2. Sedimentological analyses from two Ross Sea piston cores. NBP94-1-22 is located in the western

upper 85 cm of the core Ross Sea and core NBP9501 -17 is located in the east-central Ross Sea.

(table). Sedimentation rates
range from 8 cm per 100 years
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interval. The high rates of sed-	I
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Figure 3. Stereographic projection of anisotropy of magnetic sus-
ceptibility data showing that the long axes of fine-grained sediment
in a massive diamicton are oriented vertically below 125 cm in core
NBP9501 -12.

the west antarctic ice sheet because the westernmost Ross Sea,
at least to Drygalski Ice Tongue (ice stream trough A), was free
of grounded glacial ice by 10,000 to 11,000 years ago (Domack,
Shipp, and Jacobson 1996; Licht et al. 1996).

East-central Ross Sea piston cores generally contain a
massive diamicton as the basal unit overlain by a stratified
diamicton. Approximately 50 percent of the massive basal
diamictons have a vertical pebble and fine-grained sediment
fabric that is evident in x-radiographs and anisotropy of sus-
ceptibility data (figure 3). In the upper diamicton, 70 percent
of the cores have slight to strong stratification. Radiocarbon
ages of these stratified diamictons are pending and sedimen-
tological analyses of both units are underway (figure 2). These
preliminary results allow us to speculate on the relationship
between the western Ross Sea cores and the east-central Ross
Sea cores.

We propose two possible scenarios to relate the stratified
diamictons from the east-central Ross Sea to those from the
western Ross Sea:
• if the east-central Ross Sea stratified diamictons are of last-

glacial-maximum age, then the sediment would be equiva-
lent to the glacial marine diamicton in the base of
NBP9501-39 and would indicate that grounded ice did not
reach the continental shelf edge in the east-central Ross
Sea during the last glacial maximum, or

• if the age of the base of the stratified diamictons is
Holocene (or postglacial), it will provide the timing of ice
retreat across the continental shelf, and the sediment
would be equivalent to the rapidly deposited stratified
diamicton in NBP94-1-22.
This research was supported by National Science

Foundation grant OPP 91-17958. We are grateful to the
Florida State Antarctic Research Facility for their assistance.
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Hydrothermal and hydrographic surveys of the Bransfield
Strait: Results from cruise NBP95-07

GARY P. KLINKHAMMER, CAROL S. CHIN, and CARA WILSON, College of Oceanic and Atmospheric Sciences, Oregon State
University, Corvallis, Oregon 97331-5503

LAWRENCE A. LAWyER, Institute for Geophysics, University of Texas atAustin, Austin, Texas 78759-8397

T
he Bransfield Strait is a narrow marginal basin separating
the South Shetland Islands from the Antarctic Peninsula.

It consists of three subbasins: the Eastern, Central, and
Western Bransfield Basins (figure 1). The strait was formed by
the rifting of a volcanic arc.

In November 1995, we surveyed 340 kilometers (km) of
the Bransfield Strait for hydrothermal activity, using a station
spacing of approximately 20 km. We conducted 32 deploy-
ments of the ZAPS (Zero-Angle Photon Spectrometer;
Klinkhammer 1994) sled instrument package. We also carried
out an additional 12 conductivity-temperature-depth (CTD)
rosette casts to collect larger volumes of sea water. The Central

Basin (figure 1) was the focus of most of the detailed work, but
seven operations were carried out in the Eastern Basin.

Data collection

T
he most cost-effective and efficient method of searching
for hydrothermal sources on the seafloor is the detection

of hydrothermal plumes in the water column. This approach
not only identifies individual vent fields but also places the
hydrothermal activity in a regional hydrographic context.
Characterization of the water column is important because
knowledge of the background stratification is critical to inter-
preting plume data.
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Figure 1. Location map showing the Bransfield Strait between the Antarctic Peninsula and the South Shetland Islands. The circles denote the
locations of sled deployments, and the diamonds indicate the locations of rosette casts. Depths greater than 500 m are shaded; degrees of shad-
ing change at 1,000 m and 2,000 m.
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The ZAPS instrument package consists of the following:
• a SeaBird 9/11 plus CTD,
• a rosette fitted with six 1.2-liter Niskins,
• a SeaTech transmissometer,
• a Chelsea nephelometer,
• a SeaTech light scattering sensor,
• a Sea Point turbidity sensor, and
• the ZAPS probe which measures dissolved manganese in

situ.
Water samples for onshore analysis were collected using this
package as well as the ship's CTD/rosette.

A three-step approach was used in surveying the strait,
looking at increasingly smaller areas to pinpoint the sources
of the hydrothermal plumes observed. This survey approach
located three major venting areas in the Central Basin.
Because of time constraints, only the first phase of this survey
strategy was completed in the Eastern Basin. Although
hydrothermal activity was indicated by some of the signals we
observed in this basin, the plume sources were not identified.

Laboratory analyses

Manganese analyses. Manganese determinations with the
ZAPS fiber optic spectrometer were calibrated by running
standard solutions onshore before the field operations.
These calibrations were adjusted after the cruise by com-
paring the field data to the manganese concentrations in
samples collected from the sled's rosette. These samples
were analyzed for dissolved manganese and total dissolv-
able manganese (Klinkhammer, Weiss, and Bender 1977)
using a Fisons VG PlasmaQuad II Plus ICPMS interfaced to
a Dionex Chelation Concentration Module.
Helium analyses. Over 100 water samples were collected
for helium isotopic analysis. D. Graham and I. Lupton con-
ducted these analyses at the National Oceanic and
Atmospheric Adminis-
tration facility in Newport,
Oregon.	 600

Figure 2. Vertical section of
nephels (FTU, formazine turbidity
units) from southwest to northeast
along Hook Ridge, southwest of
Bridgeman Island. Darker shading
indicates higher concentrations of
hydrothermally derived particles.
Hydrothermal manganese and heli-
um-3 anomalies were also ob-
served in this area (see text). The
sawtooth line is the path of the
instrument package as it was
towed from along the ridge.

Hyd rothermal activity

E
very major volcanic structure in both the Central and
Eastern Basins was surveyed, and evidence of hydrother-

mal activity was found in both basins. The strongest signals
were observed in the Central Basin (figure 1) along Hook Ridge
(SL24), the Middle Ridge of the Three Sisters (SL26), and the
Little Volcano (5L27). Anomalously high manganese concen-
trations [up to 13 nanomolar (nM), background of 4 nM] and

3He of 38 percent (background of 2 percent) were observed
over Hook Ridge, where strong particle anomalies were also
detected (figure 2). In addition, temperature anomalies
between 0.010 and 0.025°C were measured in these areas.

Hydrothermal activity occurs along a linear but discontinu-
ous neovolcanic ridge that runs between Deception Island and
Bridgemari Island in the Central Basin and continues northeast
of Bridgeman Island in the Eastern Basin. The rise heights of the
plumes [200-300 meters (m)] and the abundance of hydrother-
mally derived particles indicate that the vents' fluids are high
temperature and iron rich. We also found evidence of
hydrothermal discharge from the mouth of Deception Island, a
submerged caldera. The injection of this plume of turbid and
probably metal- and nutrient-rich water into the surface waters
of the western Central Basin has biogeochemical implications
for productivity in this region of high biological activity.

Hydrography

secondary objective of this work was to produce a detailed
ydrographic cross-section of water in the Bransfield

Strait. The unique hydrography of the Bransfield Strait has
been of interest to oceanographers since the turn of the centu-
ry (Clowes 1934). The Central and Eastern Basins are isolated
below 500 m (see figure 1), and the deep water within the strait
is considerably colder and fresher than water at similar depths
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outside the strait in the Weddell
Sea or the Drake Passage
(Clowes 1934; Gordon and
Nowlin 1978). As seen in figure 3,
the deep water in the Eastern
Basin is warmer than the shal-
lower bottom water within the
Central Basin, indicating that
multiple processes are at work in
the deep-water formation of the
strait. Results from NBP95-07
have shown that the Eastern
Basin has a much more complex
hydrography than the Central
Basin. One of the factors con-
tributing to the structure of the
deep Eastern Basin water is the
overspilling of Central Basin
water, evident on figure 3 as the
cold pool of water at 56.50W.

Conclusions

W
e discovered three active
hydrothermal sites in the

Bransfield Strait, all of which
appear to contain high-temper-
ature, black smoker type vents that produce iron-rich fluids.
We also found evidence of active vent sites in the Eastern
Basin though we did not locate the vents.

Because of the relative isolation of the Bransfield Strait
from another hydrothermal area or the global mid-ocean
ridge system, its discovery raises many questions for future
research ranging from the biogeographical distribution of
vent fauna to the relationship between spreading rate, crustal
production, and hydrothermal activity.

We acknowledge the support of Captain Joe Borkowski
and crew of the Nathaniel B. Palmer as well as Jim Holik, the
Marine Project Coordinator, and the rest of the Antarctic
Support Associates personnel. In addition, this work benefit-
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ed from the assistance of the other scientists on NPB95-07.
This research was funded by National Science Foundation
grant OPP 93-17361 to G.P. Klinkhammer.
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Figure 3. Potential temperature section through the Central and Eastern Basins. The 1,000-rn sill near
Bridgeman Island separates the two basins, and midwaters from the Central Basin occasionally spill over
to the Eastern Basin, as seen from the cold (below -1.2°C) pool of water at 56.50W.

Analysis of laminated antarctic marine sediments
AMY LEVENTER and LoRA STEVENS, Limnologi cal Research Center, University of Minnesota, Minneapolis, Minnesota 55455

nalysis of varved lacustrine sediments has been instru-
ental in the development of high-resolution paleocli-

mate records from terrestrial sites. The preservation of sedi-
ment layers, which record seasonal and annual events,
occurs in a limited number of settings, and far fewer marine
records have been analyzed to date. Reports of laminated
sediments from the Antarctic date back to the 1970s, but

detailed analysis of the laminae and an assessment of the
processes that form the layers have not been done. The pri-
mary objective of this project was to examine microscopical-
ly all antarctic downcore sediments that previously have
been described as laminated in the "Sediment Description"
books compiled by the Antarctic Marine Geology Research
Facility at Florida State University. Our goal was to determine
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whether any of the laminations could be varves, representing
annual deposition.

So far, 46 sections of 19 cores have been examined
(table). Sediment samples were collected from the cores in
rectangular aluminum boxes, which protected them during
transport. Prior to embedding, the samples were removed
from these boxes and arranged in sets of seven in Rubber-
maid® food-storage trays. Each tray was then photographed
with 35-mm film for archival purposes and x-rayed.
Embedding was done following the technique of Card (1994).
The samples were braced with packing foam to reduce ero-
sion of the sample edges and dehydrated by liquid-acetone
exchange. Exchanges were made every 12 hours until the
water content of the sediment was less than 0.5 percent. The
number of exchanges necessary varied according to sedi-
ment type; diatomaceous ooze took less time than clay-rich
hemipelagic sediment. Once the samples were dehydrated,
the foam was removed and the sediment was covered with
Spurr's® epoxy, which has a refractive index of 1.54. Because
excess acetone prevents the epoxy from setting properly, 10
epoxy exchanges at 12-hour intervals were made to ensure
complete removal of the acetone. After the final exchange,
the trays were filled to the level of the sample tops and
allowed to harden for 2 weeks at room temperature. The
trays were then cured in a drying oven at 50°C for 3 days. The
samples were cut from the epoxy blocks and trimmed to the
dimensions of standard petrographic thin-section using a
diamond-blade trim saw. They were also notched to indicate
stratigraphic up. Finally, covered thin sections were made.

In many cases, what had been described as laminated
was seen in thin section as a single discrete layer, most likely
indicating a single event. In general, these layers were com-
posed of nearly monospecific diatom assemblages. Genera
and species present include Rhizosolenia spp., Chaetoceros
spp., and Corethron criophilum, all previously noted in layers
from both the Ross Sea and Antarctic Peninsula (Jordan et al.
1991; Leventer et al. 1993, in press). Similar morphologic fea-
tures of these groups (slender structures, long setae or
spines) suggest a physical mechanism for aggregation and
mass sedimentation, resulting in the presence of a fairly uni-
form layer in the sediments.

Two other types of laminations were observed, however.
In sediments from the continental slope off the George V
Coast, alternating layers of subrounded quartz, most likely of
aeolian origin, and organic debris were observed (figure 1).
The laminae are of millimeter scale in thickness, and the
quartz grains range from approximately 20 to 50 microns
(gm) in diameter. In general, the quartz grains are not a mix-
ture but are size-sorted, and laminae contain either larger or
smaller grains. These layers may represent a seasonal succes-
sion of lithogenic and biogenic flux. At the time of initial sea-
ice breakout, ice-rafted debris (originally of aeolian origin)
may be released to the water column. Following ice break-
out, open-water primary production results in the delivery of
organic material to the ocean. The organic layers in the sedi-
ment may be the degraded products of phytoplankton
blooms.

The second type of layering observed was from sediments
of the Palmer Deep, a basin approximately 20 kilometers south

Thin sections from antarctic marine sediments
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Figure 1. Sedimentary layers from core DF79-56, from the George V Coast. Note the distinct lay-
ers: quartz grains on either side of dark, amorphous organic debris. For scale, the photo is 310
pm across.

Corethron criophilum, Coscinodiscus
bouvet, Thalassiothrix sp?, and
Chaetoceros spp. (figure 2). In many
cases, layers dominated by Chaetoceros
vegetative cells alternate with those
dominated by Chaetoceros resting
spores. This sequence suggests a sea-
sonal succession of vegetative cells
which undergo spore formation in the
late stages of a phytoplankton bloom
(Leventer 1991). More detailed laminae
counts and laminae thickness mea-
surements must be done to determine
the full history of high-productivity
periods, which have periodically char-
acterized this region.

This research was supported by
National Science Foundation grant
OPP 89-17200 and National Oceanic
and Atmospheric Administration grant
NA 36GP0817.
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Figure 2. Sedimentary layers from core PD92-30, from the Palmer Deep. Note the band of
Chaetoceros resting spores in the center of the photograph. To the left, the assemblage is domi-
nated by Chaetoceros vegetative cells. To the right are specimens of the open water species
Thaiassiosira. Scale is 310 gm across.
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Porewater chemistry of Ross Sea diamictons: A till or not a till?
TODD W. RAYNE and EUGENE W. DOMACK, Department of Geology, Hamilton College, Clinton, New York 13323

Asest
part of our investigation into the glacial history of the

 antarctic ice sheet, we collected a number of piston
cores in February 1995 using the R/V Nathaniel B. Palmer.
Many of these cores recovered a structureless diamicton (a
poorly sorted sediment). This unit has since proved to be the
basal interval in a complex suite of sediment layers.
Traditional interpretations of this diamicton have held it to be
a till deposited beneath the once expanded west antarctic ice
sheet. The water content (20-30 percent) and textural proper-
ties are suggestive of such an origin. To test this hypothesis
for the genesis of the diamicton, we extracted pore waters
from the sediment onboard the ship and later analyzed the
water for its chemistry. This article outlines our methods and
assumptions regarding the porewater evolution of the sedi-
ment. Briefly, if the diamicton were indeed deposited as a
lodgement till beneath the west antarctic ice sheet, then it
should (theoretically) retain a meltwater signature consistent
with a subglacial origin. If on the other hand the sediment
was deposited in a subaqueous marine setting, the diamicton
should retain waters of marine origin.

We squeezed 33 samples of diamicton from 15 separate
diamicton cores using a modified Reeburgh device (figure 1;
Reeburgh 1967). Water was collected in small glass vials and
procedures were followed to prevent and assess evaporation
of water after collection. We carved sections of diamicton
approximately 10 centimeters (cm) long from freshly cut
cores and removed surface sediment, which was in contact
with the core liner. Squeeze times ranged from 3 to 8 hours
for some samples because of the impermeable nature and low
water content of the sediment. Water samples were transport-
ed to Hamilton College. Several months after collection, the
water samples were analyzed for the chloride ion concentra-
tion (CI-) using ion chromatography at Oneida Research

Figure 1. Photograph of undergraduate studeri viurtin Hilfinger
aboard the RN Nathaniel B. Palmer using sediment pore water
device to extract water from diamicton samples.

Services, Inc. Analyses were conducted using a Dionex 4000i
series ion chromatography system. A calibration curve was
generated using standards that ranged from 10 to 500 parts
per million. Samples were therefore diluted by 50:1 to keep
the results within the calibration curve. Results ranged from
17.6 to 23.4 parts per thousand (ppt). The mean Cl-was 20.54
ppt with a low standard deviation of 0.085. Results versus core
depth are illustrated in figure 2.

Because Cl-is not adsorbed by solid phases in the sedi-
ment, and because it diffuses very slowly in an impermeable
sediment, it traces the movement of sea water over time with-
in sediments that would have originated with fresh pore
water, such as tills observed at Upstream B (Kamb personal
communication). If a lodgement till was deposited from
marine-based ice, then upon glacial recession and exposure
at or near the seafloor, the till should slowly equilibrate with
respect to its Cl- concentration and sea water. Because diffu-
sion processes are time dependent, such migration of C1
should also serve as a chronometer for the age of marine
incursion if the diffusion coefficient is well known.

The movement of dissolved substances in the direction of
their concentration gradient is called "diffusion." The mass of
a diffusing substance is proportional to the concentration
gradient and is known as Fick's first law. Fick's first law and
the equation of continuity can be combined to yield Fick's
second law, which relates the concentration of the substance
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Figure 2. Plot of chloride ion concentration versus depth in a number
of diamicton cores collected in the Ross Sea during cruise NBP95-1.
Symbols represent different cores. (C/Co denotes carbon/cobalt.)
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to space and time. In one dimension, the analytical solution
to Fick's second law is (Crank 1956):

C1 (x,t) = C0erfc[x/2V j ]	 ( 1)
where C is concentration, x is distance, t is time, D* is the
apparent diffusion coefficient for porous media, and erfc is
the complimentary error function.

The apparent diffusion coefficient is the product of the
aqueous diffusion coefficient and an empirical coefficient,
less than 1, that is related to tortuosity. Aqueous diffusion
coefficients are well known for electrolytes in aqueous solu-
tions. For example, the aqueous diffusion coefficient for Cl-in
water at 25°C is 20.3x10-6 square centimeters per second (Li
and Gregory 1974). The tortuosity coefficient is a function of
the grain size, shape, and sorting of the porous medium.
Freeze and Cherry (1979) report a range of values from 0.01 to
0.5 from laboratory studies. Higher values are associated with
less tortuous pathways.

This study used equation 1 to simulate the one-dimen-
sional movement of chloride ions through diamicton.
Different values of the tortuosity coefficient were used to
examine the amount of time for chloride to diffuse through a
2-meter thickness of diamicton. Boundary values were 19 ppt
and 0 ppt. (See figure 3.)

Results of simulations demonstrate that diffusion is a
very slow process. Using the highest tortuosity coefficient,
concentrations at the outlet boundary did not reach 19 ppt
until nearly 50,000 years. Using lower tortuosity coefficients
that are more realistic for the poorly sorted diamicton, con-
centrations at the outlet boundary don't reach 19 ppt after
100,000 years.

These results demonstrate that the diamictons are glacial
marine sediments or are
lodgement tills that are in
excess of 100,000 years old.
Hence, if recent lodgement
tills exist on the floor of the
Ross Sea, then they must lie
at depths greater than those
penetrated by our cores. It
should be noted that the
morphology of the Ross Sea
bottom and seismic reflec-
tion data all suggest a
glaciated substrate. Chlor-
ide ion concentrations have
not been systematically
studied within glaciated
continental margins. Data
from Prydz Bay (Chambers
1991, pp. 375-392) suggest
some penetration of mete-
oric waters at near-coastal
sites but otherwise indicate
normal marine salinities for

the thick glacial and glacial marine diamictons recovered on
this shelf. Sampling was very limited, however, because of
poor recovery and most samples were obtained at depths
greater than 100 meters below the seafloor (Chambers 1991,
pp. 375-392). Our results show marine salinities very close to
the seafloor. Hence, the lodgement tills, if they exist on the
Ross Sea continental shelf, may lie at depths greater than 10
meters. The other possibility is that depositional processes
across the shelf during glacial maximum are dominated by
complete reworking of marine sediments with little addition of
fresh (glacial) water during redeposition; a process different
from that observed at Upstream B today.

This work was supported by National Science
Foundation grant OPP 91-18462 to Hamilton College. We
thank the crew of the R/V Nathaniel B. Palmer and support
personnel from Antarctic Support Associates for all their help
during cruise 95-1. Martin Hilfinger assisted with shipboard
sampling for this project and his help was greatly appreciated.
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Bulk salinity characteristics of first-year sea ice in the Pacific
sector of the southern oceans

TED MAIsYrvI and M.O. JEFFRIES, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775-7320

T
he salinity characteristics of antarctic sea ice are deter-
mined by a complex interaction of factors, including ther-

modynamic growth rates, sea-water salinity, deformational
events, bottom ablation, and surface flooding and snow-ice
formation. Regional variations in the nature and timing of
these events can be manifested in regional variability of sea-
ice bulk salinity.

As part of four sea-ice research cruises aboard the RIV
Nathaniel B. Palmer in the austral winters of 1993, 1994,
and 1995, salinity profiles were determined for a total of 342
ice cores from the Ross, Amundsen, and Bellingshausen
Seas. The ice floe sampling sites are shown in figure 1 for
each cruise. The salinity profiles were generally S-shaped
(Eicken 1992), having a high surface salinity, averaging 10.3
parts per thousand (ppt) in the top 5 centimeters (cm), and
dropping to about 6 ppt in the lower parts of the ice sheet.
The high surface salinity can be attributed to flooding of the
ice surface with sea water and the subsequent formation of
snow ice (Eicken 1992), as evidenced by the high proportion
of snow ice identified in the cores (Jeffries unpublished
data).

Figure 2 shows bulk ice salinity versus core length for
each of the four cruises. Although these values are in general
agreement with values for the Arctic, the data show consider-
able scatter, particularly for the early winter 1995 cruise. This
scatter is likely due to the variety of processes that affect sea-
ice salinity in this region, in contrast to the less complicated
growth regime predominant in the Arctic.

Of note, however, is that for core lengths between about 40
and 100 cm, the bulk salinity values for the 93-5, 94-5, and 95-5
cruises are generally lower than for samples of similar thickness
in the Arctic, despite high surface salinities and higher sea-
water salinities, and contrary to what has been previously
thought for antarctic ice (Doronin and Kheisin 1975). A possi-
ble explanation is that the relatively warm ice in this region
allows for freer movement of the brine and, thus, more efficient
desalination of the ice. Because the lower layers of the thicker
ice were generally near the freezing point of sea water, the
brine salinity would be quite close to that of the underlying sea
water, and so gravity drainage would no longer be effective.
This ice may then have reached its minimum salinity and so
does not show any further decrease of bulk salinity with
increasing core length. The thinner ice was generally young
cold ice and consequently may have undergone less vigorous
desalination than the thicker ice. Cruise 95-3 was early in the
growth season, so many of the cores were taken from younger
ice than the late winter cores. The younger ice formed under
cold conditions and should show salinities more in line with
those for arctic ice.

To examine temporal and spatial variations, cores were
selected from two regions for which data had been collected
from two separate cruises: the Ross Sea, and the Amundsen
and Bellingshausen Seas, as indicated in figure 1. Figure 3A
shows bulk salinity versus core length for the same region of
the Ross Sea in early and late winter 1995. Despite the scatter,
salinities are similar to those expected for arctic ice. The only
clear difference between the two data sets is the significantly
greater core lengths of the late winter data, as one would
expect. Figure 3C shows data from late winter 1993 and 1995
in the Amundsen and Bellingshausen Seas. A clear trend is
evident because these data exhibit significantly less scatter.
Both years of data have very similar characteristics; it is pos-
tulated that ice growth and desalination conditions remain
quite similar from year to year in this region. In contrast to
the Ross Sea region, ice of moderate thickness (40 to 100 cm)
clearly shows low salinities as compared to arctic values. Most
of these samples were very warm and, as noted above, have
probably undergone marked desalination.

Figures 3B and 3D show normalized probability density
functions of bulk salinity and give a clearer picture of the
salinity distribution. The two data sets for the Amundsen and
Bellingshausen Seas show very similar characteristics and
have a large narrow peak at a salinity of about 5 ppt. This
peak is lower than in the Ross Sea, where salinity peaks at
about 6 ppt in late winter, compared to the much broader
peak at about 6.5 ppt in early winter. The broadness of the
latter peak can be attributed to a large contribution from
younger saline ice rapidly forming in cold conditions in the
more northern regions of the Ross Sea. Older ice, either in

I • N8P94-5'U.I Ross SeaI 0 NBP 95-3 I	,	• Amundsen Sea• N8P95-5'
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Figure 1. Map of the Pacific sector of the southern oceans showing
ice floe sampling sites for each of the four cruises. Typically, 3-5
cores were obtained at each floe site. Cruise NBP95-3 was in May
and June. The other cruises were in August, September, and
October. The two boxed regions show the areas for which a regional
comparison has been made.
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the southern sector or in late winter, show lower salinities
with a narrower distribution.

These data suggest that despite high surface salinities
that probably result from snow ice formation, first-year sea
ice of moderate thickness in the Pacific sector of the southern
oceans shows comparatively low bulk salinity due to efficient
desalination.

This research was supported by National Science
Foundation grants OPP 91-17721 and OPP 93-16767. We
would like to thank the many individuals of the science

teams, Antarctic Support Associates, and Edison Chouest
Offshore who contributed to the collection of the data.
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Bottom water distribution in the Weddell Sea
ARNOLD L. GORDON, Lamont-Doherty Earth Observatory, Palisades, New York 10964-8000

As we collect more observational data, it is becoming
ncreasingly evident that the ocean varies both spatially

and temporally far more energetically than previously
thought. Such is the case in the Weddell Sea, where detailed
observations within its western rim from the Ice Station
Weddell (ISW Group 1993) exposed the co-existence of two
types of bottom water, one relatively fresh, the other more
saline. Often these two types are observed within a single sta-
tion, forming a highly stratified benthic layer (Gordon et al.
1993). Using the ISW data and other recent data in the
Weddell Sea, a more detailed map of bottom potential tem-
perature and salinity is constructed (figures 1 and 2).

Within the deeper central part of the Weddell Sea, the
bottom potential temperature pattern (figure 1) reveals the
presence of relatively warm bottom water, above -0.8°C. This
broad feature forms as water warmer than -0.8°C shifts
toward the deeper center of the basin upon encountering the
outflow of very cold and dense Ice Shelf Water from the
Weddell Sea Shelf, channeled within the Filchner Depression
(Foldvik, Gammelsrod, and Torresen 1985, pp. 5-20). The
warm bottom water approaching from the east at depths
below the mouth of the Filchner Depression [between 600 to
650 meters (m); map 567 from the AWl bathymetry series
19961 is pushed toward the central basin, while the warmer
bottom water of the upper slope, first undercut by the colder
water, reappears along the upper slope to the west of the
cold-water plume, which drops to deeper levels while advect-
ing westward.

A major export cold shelf water appears to occur just west
of General Belgrano Bank (72.5° to 73.5 0S and 47 0 to 50°W).
From that point, the areal extent of the seafloor deeper than
1,000 m covered with cold bottom water (below-1.0°C) grows
progressively larger along the general flow path of the
Weddell Gyre toward the west and north (Muench and
Gordon 1995). Most of the ISW bottom temperatures in the
western Weddell Sea at depths of 2,500 to 3,000 m, south of

67°S is well below -1.2°C. North of 67 0 S, the width of the cold-
er than -1.4°C bottom layer abruptly narrows, an effect that
may be a product of increased vertical mixing with slightly
warmer overlying water (Gordon et al. 1993). In the north-
western Weddell Sea, cold bottom water turns toward the east
as water colder than -1.0°C near 64 0S and continues eastward
as water colder than -0.9°C between 640 and 660S.

The bottom salinity distribution (figure 2) in the western
Weddell Sea reveals the spatial distribution of the two types of
bottom waters. A plume of less than 34.62 bottom water
emanates from just west of General Beigrano Bank, winding
itself along a path of 700 kilometers toward the north, ending
near 650S and 500W. The saline shelf water of the western
Weddell Sea (Western Shelf Water, Foldvik et al. 1985, pp.
5-20), migrates northward, escaping from the shelf near 69°S,
forming a saline plume just landward of the less than 34.62
plume. The ISW stations (Gordon et al. 1993) show that this
salty bottom water lifts the lower salinity bottom water off the
seafloor, inducing a very stratified double-layer slope plume.
It is suspected that slope canyon near 70 0S directs the saline
shelf water into the deep ocean.

Seaward of the elongated less than 34.62 plume, there is a
suggestion of a plume of greater than 34.65 water. It is expect-
ed that the Filchner Depression outflow of Ice Shelf Water
entrains some of the older more saline bottom water advected
in from the east. This mixture is still colder than the -0.8°C
water of the central Weddell Basin.

In summary, bottom water characteristics reveal major
export of low-salinity shelf water near 72°S 51°W immediately
west of General Beigrano Bank. It is joined downstream by
high-salinity bottom water just north of 70°S. The low-salinity
bottom water is expected to be derived from Ice Shelf Water,
similar to the export from Filchner Depression; the high-
salinity bottom water is derived from the mass of Western
Shelf Water, a product of sea-ice formation. Only in the west-
ern Weddell Sea do these two types of bottom waters stratify
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to occupy the same water column. One wonders if the ratio of
low- to high-salinity bottom water changes with time, per-
haps in response to sea-ice changes.

The ISW research is supported by National Science
Foundation grant OPP 93-13700.
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Profiling the South Pacific antarctic continental shelf
C. GIULIVI and S. JACOBS, Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964

F
ield support of a biogeochemical study in the Ross Sea
polynya continued on Nathaniel B. Palmer cruise 9508,

with 150 conductivity-temperature-depth (CTD) stations
taken during December 1995 and January 1996 in the south-
west Ross Sea (figure 1). Three long sections were reoccupied
along 76.5 0 S, as were three short transects along 165 0 E and
172 0 E, and several casts were made directly north of Ross
Island (approximately 77.50S 1680E). Eighty-six of the stations
reached within a few meters of the seafloor, thereby accessing

a bottom boundary layer that often displays higher turbidity
and salinity (Jacobs 1989). Equipment and water-sampling
procedures were as described in Jacobs et al. (1995), and the
data from Nathaniel B. Palmer cruise 9406 appear in Giulivi et
al. (1995). The sea surface was sampled for oxygen isotopes
while the ship was enroute to the Ross Sea from Lyttleton,
New Zealand.

Work also continued on other southern ocean data
obtained on the Palmer and USCGC Polar Sea. Representative

0.

k

-12O

Figure 1. The locations of CTD stations occupied on Nathaniel B. Palmer cruise 9508 (dots) and selected stations from Palmer 9402 and Polar
Sea 94 (crosses), near the southern limit of the Pacific Ocean. The edge of the antarctic ice sheet (shaded) and the 1,000-rn bathymetric contour
roughly define the limits of the open continental shelf from 70 0 to 800S and 70°W to 1600E.
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coastal stations from those cruises (figure 1) reveal a tempera-
ture field that varies substantially from the Antarctic
Peninsula to the Ross Sea (figure 2). Relatively warm
Circumpolar Deep Water and its derivatives flood the deeper
parts of the continental shelf in the Bellingshausen and
Amundsen Seas. Colder shelf water west of the central
Amundsen Sea is caused by more rapid sea-ice removal and
greater surface freezing in the Ross Sea polynya and in small-
er but similar coastal features. Typically, perennial and snow-
covered sea ice over the continental shelf in the Amundsen
and Bellingshausen Seas is believed to result, in part, from
more onshore winds in that sector. Sea-ice extents in this
region reached record lows during the late 1980s and early
1990s (Jacobs and Comiso in press) but returned to the two-
decade mean extent by the first half of 1996.

The warmer Circumpolar Deep Water at depth in the
eastern region of figure 2 leads to much higher melt rates of
the small floating ice shelves and many icebergs in that sec-
tor. The colder but lighter deep water/meltwater mixture
upwells into the near-surface layers and may contribute to
shoaling of the —1.5°C isotherm in the Amundsen Sea.
Oceanic melting at the base of Pine Island Glacier, near sta-
tion 92, averages more than 10 meters per year, roughly
equivalent to its iceberg calving rate (Jacobs, Hellmer, and
Jenkins 1996; Jenkins et a). in press). A numerical model of the
sub-ice circulation suggests local melt rates in excess of 20
meters per year, and chemical analyses of the outflow indi-
cate that precipitation on the glacier catchment basin will

have an oxygen-18 ratio of approximately —29% (Heilmer,
Jacobs, and Jenkins in press).

The shipboard support on Palmer 9508 was carried out
by J. Ardai and S. O'Hara. CTD data reduction and analysis is
supported by National Science Foundation grant OPP 94-
18151; sub-ice shelf modeling by Department of Energy grant
DE FG02 93ER61716; sea-ice research by National Aero-
nautics and Space Administration grant NAGW 3362.
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Figure 2. Temperature field near the antarctic coastline in February and March 1994, as defined by CTD stations at the crosses in figure 1. [The
easternmost station (152) was in Marguerite Bay (approximately 68.5 0S 68.50W), off the upper left of figure 1.1 Temperatures are in degrees
Celsius; distances (in kilometers) are along great circles between CTD casts.
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Light-saturated primary production in antarctic coastal waters
MARK A. MOLINE, Institute of Marine and Coastal Sciences, Rutgers University, New Brunswick, New Jersey 08903-0231
BARBARA B. PREZELIN, Marine Primary Productivity Group, Department of Biological Sciences, University of California,

Santa Barbara, California 93106
HERVE CLAUSTRE, Laboratoire de Physique et Chimie Marines, Villefranche-sur-mer, France

D
uring the austral spring and summer seasons from 1991
to 1994, 756 discrete water samples were collected at the

Palmer Long-Term Ecological Research (LTER) program sta-
tions B and E (Moline and Prézelin 1997a). For each discrete
sample, photosynthesis-irradiance (P-I) relationships (n=25)
were determined. Photosynthetic parameters Pma. (the light
saturated photosynthetic potential), a (the light-limited pho-
tosynthetic efficiency), 'k maxhZ an estimate of the mini-
mum irradiance required for the onset of light-saturated pho-
tosynthesis), 0 (the efficiency of photoinhibition), and I (the
irradiance threshold for the onset of photoinhibition) were
derived from the P-I relationships and then used to calculate
primary production for each discrete sample. The diel pat-
terns of each parameter were also measured weekly and
incorporated into the production calculations to produce
daily rates of primary production throughout the water col-
umn over the 3-year sampling period. Qpar [400-700 nanome-
ters (nm)] irradiance values for the productivity calculations
were obtained by integrating surface/in-water irradiance
measurements taken while sampling and incident irradiance
recorded continuously every 5 minutes at Palmer Station over
the three sampling seasons. Primary production estimates
were also calculated using theoretical clear-sky Qpar irradi-
ance, calculated from Morel (1991) and Antoine (personal
communication) using an atmospheric correction (350 dob-
son units for ozone content and 2 centimeters precipitable
water content). Light-saturated primary production was
quantified as the fraction of production operating at 'max at
an irradiance greater than the measured value of 'k Further
details of sample collection and analyses are described else-
where (Claustre, Moline, and Prézelin in press; Moline and
Prézelin 1997a,b).

Primary production for the nearshore LTER stations
showed significant variability with each season and between
years (figure 1A). Much of the seasonal variability was the
result of fluctuations in biomass as a result of advective
processes and vertical mixing within the water column
(Moline and Prézelin 1997b). The temporal changes in the
taxonomic structure of the water column also significantly
affected the measured rates of carbon uptake (Claustre et al.
in press). High interannual variability resulted from differ-
ences in the stability and durations of low wind speeds
between years. Significantly higher production was measured
during a large diatom bloom in December 1991 (figure 1A).
The percentage of primary production that was light-saturat-
ed over the three spring and summer periods averaged 47±17
(figure 1B). A seasonal trend was evident; peak saturation
occurred during the peak solar irradiance and a generally

lower percentage of saturation occurred earlier and later in
the year. During the 1991-1992 bloom, light-saturated pro-
duction was lower and may have been a result of light limita-
tion by self-shading (Moline et al. 1997, pp. 67-72; Moline and
Prézelin 1997a).

Cloud cover significantly decreased the incident surface
irradiance by an average of 37±24 percent from clear sky con-
ditions and was consistent between years (figure 2A). On
occasions, measured irradiance was higher than modeled
clear-sky irradiance, probably resulting from light reflectance
off surrounding snow cover and glaciers in this coastal envi-
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Figure 1. (A) Average daily depth-integrated primary production mea-
sured at stations B and E and (B) the percent of light-saturated prima-
ry production for three austral springs and summers between 1991
and 1994. Hatched bars indicate the presence of sea ice during the
1993-1994 season. (gC m 2 d- 1 denotes grams of carbon per square
meter per day.)
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ronment. The decrease in surface irradiance from cloud cover
was estimated to decrease water column primary production
by as much as 73 percent (November 1994) with an average of
20±17 percent for all three seasons (figure 2B).

Light-saturated primary production was also calculated
using modeled clear-sky irradiance. When the effect of cloud
cover was removed, the percent light saturation increased by
8.4±9.8 percent (figure 2C). No seasonal trends were evident;
however, the percentage of change in the light-saturated pri-
mary production during the 1991-1992 season was not as
great as the following two seasons. This smaller change may
have been a result of the high in situ light attenuation due to
high biomass during the bloom (December 1991 to January
1992) and toward the end of the sampling season in February
1992 (figure 1A).

The relatively small increase in the light-saturated pro-
duction compared to the increase in irradiance when cloud

80
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Figure 2. (A) Daily surface 0par irradiance measured at Palmer Station
during the austral springs and summers of 1991-1994. Also included
is the modeled daily surface Qpar irradiance calculated for clear-sky
conditions (thick solid line). (B) The percentage of change in primary
production resulting from the presence of cloud cover over the 3
years. (C) The percentage of change in light-saturated production
when the effect of cloud cover on surface irradiance is removed.
Hatched bars indicate the presence of sea ice during the 1993-1994
season. (E m-2 d-1 denotes einsteins per square meter per day.)

cover was removed shows that the majority of production in
these coastal waters was light-saturated over the season and
also that light saturation was at a maximum. This finding is
further illustrated by comparing the percentage of light satu-
ration (calculated using the measured irradiance values) to
the measured daily irradiance for all sampling days over the
3-year period (figure 3). For samples collected in open water,
the maximum percentage of light-saturated production
increased with increasing light. The percent saturation itself,
however, saturated (at approximately 70-75 percent) at irradi-
ances greater than 20-25 einsteins per square meter per sec-
ond CE m-2 s- 1). These irradiance levels indicate that these
phytoplankton have the potential of being light-saturated
from the end of September to the middle of March, nearly the
full growing season in these polar waters. This long growing
season may result from both the value of 'k (and depth within
the water column where the irradiance is equal to 'k) and the
fact that for a portion of the day, light is not saturating.
Therefore, approximately 25-30 percent of water column pri-
mary production occurs below the depth where 'kQpar
and/or in the early and late hours of the daily solar cycle.
Samples taken when the region was ice covered did not begin
to show light saturation until daily irradiance values were
above approximately 50 E m-2

Results from this highly resolved temporal study quantify
light-saturated primary production in this coastal region and
show that these phytoplankton are generally light-saturated
during most of the growing season from September to March.
These results also argue against light-limitation being a major
factor limiting primary production in the southern oceans.

Special thanks go to S. Roll, K. Seydel, and K. Scheppe for
assistance in the field. H.A. Matlick provided technical assis-
tance. This work was supported by National Science
Foundation grant OPP 90-11927 awarded to Barbara B.
Prézelin. This is Palmer LTER contribution 110.
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Figure 3. The percentage of light-saturation as a function of daily sur-
face 0par irradiance for all sampling days during the austral springs
and summers of 1991-1994. (E m-2 d 1 denotes einsteins per square
meter per day.)
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Radium-226/barium ratios for dating biogenic carbonates in
the southern oceans: Preliminary evidence from coastal

mollusk shells
PAUL ARTHUR BERKMAN, Byrd Polar Research Center, Ohio State University, Columbus, Ohio 43210-1002

TEH-LUNG Ku, Department of Geological Sciences, University of Southern California, Los Angeles, California 90089-0740

T
he purpose of this preliminary study was to assess the via-
bility of radium-226/barium (226Ra/Ba) as an alternative

to carbon-14/carbon-12 ( 1 C/ 12C) for dating marine fossils
that have circumpolar distributions in raised beaches and
reflect environmental events around Antarctica during the
Holocene (Berkman 1992). The similarity in the water column
marine geochemistry between 226Ra and Ba is such that bari-
um can be treated as a stable "isotope" of 226Ra for dating
materials in the same manner as 14C/ 12C ratios (Broecker and
Peng 1982). The stimulus for this study was the uncertainty,
which may be hundreds of years, in correcting the radiocar-
bon reservoir for dating biogenic materials in the southern
oceans (Berkman and Forman 1996).

Radium-226 (half-life, 1,620 years) enters the ocean
mostly via diffusion across the sediment-water interface
where a large concentration gradient of 226Ra exists because
of the deposition of its radioactive precursor, the particle-
borne 230Th (Ku and Luo 1994). Because of the relatively
intense vertical mixing in the circumantarctic region, sur-
face-water 226Ra concentrations are within 30 percent of the
deep-water values (Ku et al. 1970; Ku and Lin 1976). This
contrasts with situations in the low-latitude oligotrophic
oceans, where the surface and deep concentrations may dif-
fer by a factor as large as six. Radium/calcium (Ra/Ca) ratios
for marine mollusk shells can vary directly with sea-water
Ra/Ca ratios but are strongly influenced by the species and
their carbonate mineralogy (Blanchard and Oakes 1965).
Around Antarctica, the scallop (Adam ussium colbecki) is
among the most common coastal marine mollusks having
extant assemblages that can serve as experimental analogs
for interpreting the geochemistry of adjacent fossils in raised
beaches.

Calcitic shells of living Adamussium have unit-cell dimen-
sions that are larger than those in pure calcite crystals
(Berkman et al. 1992). These unit-cell data reflect isomorphic
substitutions in the carbonate matrix by divalent cations that
have larger ionic radii than calcium: namely, barium, stron-
tium, or radium. Primarily for this reason, preliminary 226Ra/Ba
analyses were conducted with Adamussium shells that were
collected alive using scuba gear in Explorers Cove (77035'S
1630401), Antarctica, during the 1986-1987 austral summer.

Similar size Adamussium shells (79.7±4.8 millimeters in
height) were analyzed for 226Ra to eliminate any geochemical
variations that may be associated with their ontogeny.
Because the Adamussium shells are wafer thin [3-4 grams (g)
each], several shells were combined to obtain the 25-35-g
batches of carbonate for the 226Ra measurements by alpha-
scintillation counting with the Rn-emanation method at the
University of Southern California (Ku et al. 1970). The shells
were either cleaned with distilled water or dilute acid before
being roasted at 500°C. Complementary analyses of calcium
and barium were conducted by inductively coupled plasma
spectrometry at the University of Michigan on 12 acid-
cleaned shells from Berkman (1994, pp. 11-33). The results
are listed in the table.

The concentration of 226 Ra can be predicted in the
Adamussium shells in relation to calcium, which has a sea-
water concentration of approximately 400 milligrams per kilo-
gram (mg kg-'). The 226Ra concentration in antarctic surface
(0-100 meters) sea water is 0.18 disintegrations per minute
per kilogram (dpm kg- 1 ; GEOSECS station 287 at 69°18'S
173°30'W; Ostlund et a]. 1987). If 226Ra and Ca were incorpo-
rated from sea water into the Adam ussium shells without
fractionation, then 1 g of shell (400 mg calcium + 120 mg car-
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Radium, calcium, and barium concentrations in modern antarctic scallop
(Adamussium colbecki) shells

Acid cleaning	32.1g	Rn-emanation	0.035±0.002
(two trials)	0.040±0.002

Acid cleaning	25.7 g	Rn-emanation	0.039±0.002
(fraction 2a)

No-acid cleaning 24.3 g	Rn-emanation	0.041±0.002
(fraction 2b)

Acid cleaning	N=1 2a
	

Inductively	 396.92±0.47	2.28±0.40
coupled plasma

aLess than 100-mg aliquots of shell powder from each of the 12 individual Adamussium
shells from Berkman (1994) were analyzed.

with scientists from Lamont-Doherty
Earth Observatory (W.S. Broecker, G.
Henderson, and S. Peacock) and Open
University in England (A.S. Cohen) who
are analyzing the 226Ra and Ba in indi-
vidual Adamussium shells by thermal
ionization mass spectrometry (Cohen
and O'Nions 1991).

This study was supported by a
grant from the National Science
Foundation (OPP 92-21784) to P.A.
Berkman. We also would like to thank
Yuhong Tang for his assistance with the
226Ra analyses.
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Marine biology

Development in juvenile Weddell seals: Diving, physiology,
nutritional status, and survivorship

J.M. BURNS, M.A. CASTELLINI, K.K. HASTINGS, and T. ZENTENO-SAVIN, Institute of Marine Science, University ofAlaska
Fairbanks, Fairbanks, Alaska 99775

T
his project examined the physiological development of
Weddell seal pups relative to changes in diving ability,

nutritional status, and survivorship. In the austral summer of
1994, the study consisted of three main parts:
• an intensive study of the regulation of blood metabolites

and heart rate during diving, sleep apnea, and eupnea in
pre- and postweaned pups;

• further monitoring of morphometrics and blood chemistry
profiles related to health and nutritional status in a subsec-
tion of the pup population; and

• a continuation of the population parameter studies of the
Weddell seals in Erebus Bay.

Diving physiology

I
t has been shown previously that Weddell seal pups begin
to dive within 2 weeks of birth, are accomplished divers by 6

weeks of age, and continue to develop their diving abilities
over several years (Burns and Testa in press). Little is known,
however, about their physiological development during the
same period. To improve understanding of the limitations
faced by Weddell seal pups during the critical period around
weaning, an in-depth study was conducted using the isolated
hole dive protocol first developed by Kooyman (1968, pp.
227-261). Two main hypotheses were tested:
• that the ability of pups to regulate their blood chemistry

and heart rate during apnea (breath holding), eupnea
(breathing), and diving would develop with age and

• that the development of the physiological control neces-
sary for diving would occur in concert with their behav-
ioral development.

To test these hypotheses, four pups (37-50 days old) were
taken from the colony at Big Razorback Island in McMurdo
Sound, Antarctica (166.48 0E 77.684°S) to a remote site where
they were catheterized and equipped with heart rate monitor-
ing leads. The experimental protocol allowed the pattern of
change in hematocrit, plasma lactate, glucose, heart rate, and
vasoactive hormones to be studied during diving and recov-
ery, sleep apnea, and eupnea. In each pup, the apneic heart
rate was lower than the eupneic rate, and postdive levels of
hematocrit, glucose, and lactate were correlated with the
length of the dive; however, although the preweaned pup was

unable to regulate its apneic heart rate consistently and
showed little pattern in postdive hematocrit or lactate levels,
the weaned pup regulated both heart rate and blood chem-
istry in a fashion similar to that of adults. This change in con-
trol ability was also reflected by a dramatic increase in the
pups' aerobic dive limit during the period around weaning
(Castellini 1995; Burns and Castellini in press).

In the young Weddell seal pups, as in other mammals, res-
piration was associated with higher heart rate, angiotensin II
and arginine vasopressin levels, and lower atrial natriuretic pep-
tide levels. Changes in the circulating concentrations of these
vasoactive hormones were clearly linked to heart rate variability
during bouts of eupnea and apnea. These results suggest that in
Weddell seal pups, the ability to regulate the cardiovascular sys-
tem develops early and that the vasoactive hormones maintain
cardiovascular integrity differently during apnea and eupnea
(Zenteno-Savin and Castellini in preparation). Overall, these
findings support the hypotheses that Weddell seal diving physi-
ology and behavior develops rapidly and that by the time the
pups need to forage on their own, they have both the behavioral
and physiological maturity necessary to survive.

Health and juvenile survivorship

A
s in the previous season, a large subset (32 percent) of the
pup population was captured once near weaning so that

pup health (blood metabolites) and body condition (mass,
standard length, and axillary girth) could be assessed. The
long-term goal of this study is to correlate information on the
health and condition of pups at weaning with later survivor-
ship. Understanding this relationship, however, will require
another 5 to 6 years of census data before survivorship rates
can be accurately estimated.

Although juvenile survivorship has not yet been linked
with condition at weaning, the effects of birth year, age, and
sex on survivorship have been tested for using the mark-
recapture data from 1973 to 1994. Juvenile survivorship esti-
mates average 45 percent from birth to age 1, 65 percent from
age 1 to 2, and 80 percent from age 2 to 6. In most seasons,
pup sex, weaning weight, and survivorship were influenced by
maternal characteristics. In years of poor adult female repro-
ductive success, the birth and survival rate to age 1 was lower
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for male, but not for female, pups. In addition, pups born to
younger and/or smaller mothers had lower weaning weights
and lower pre- and postweaning survivorship (Hastings 1996).

Population dynamics study

T
o monitor the Weddell seal population in Erebus Bay, six
weekly censuses were conducted during the summer.

Mark-recapture estimates indicated a total (nonpup) popula-
tion size of 213±16 (standard error) adult males and 564±13
adult females. Adult tag proportions were maintained at 50
percent for males and 58 percent for females. All pups (377)
were tagged near birth. The total number of pups born in
1994 was similar to the number of births the previous two sea-
sons (349 in 1992 and 417 in 1993), and there was no indica-
tion of a significant change in total population size.

Three trips were made to White Island to tag and take
blood samples from all newborn pups and untagged adults in
the small Weddell seal population there. Mark-recapture
analysis methods estimate the White Island population to be
fewer than 25 adult animals, but genetic analyses have not
revealed significant inbreeding depression (Fleischer, Perry,
and Testa 1995). Paternity analysis is ongoing.

This research was supported by National Science
Foundation grant OPP 91-19885 to M.A. Castellini and J.W.
Testa. In addition to the authors, the field team consisted of
Lorrie Rea, Tom Gelatt, Rob Jensen, and Kenneth Storey.

References

Burns, J.M., and M.A. Castellini. In press. Physiological and behav-
ioral determinants of the aerobic dive limit in Weddell seal
(Leptonychotes weddellii) pups. Journal of Comparative Phys-
iology B.

Burns, J.M., and J.W. Testa. In press. Developmental changes and
diurnal and seasonal influences on the diving behavior of Weddell
seal (Leptonychotes weddellii) pups. In B. Battaglia, J. Valencia,
and D.W.H. Walton (Eds.), Antarctic communities. Cambridge:
Cambridge University Press.

Castellini, M.A. 1995. Development of cardio -respiratory control nec-
essary for diving in seal pups. Eleventh Biennial Conference on
the Biology of Marine Mammals, Orlando, Florida. [Abstract]

Fleischer, R.C., E.A. Perry, and J.W. Testa. 1995. Do low genetic varia-
tion and inbreeding relate to low fecundity in a small, isolated
population of antarctic Weddell seals? Eleventh Biennial
Conference on the Biology of Marine Mammals, Orlando, Florida.
[Abstract]

Hastings, K.K. 1996. Juvenile survivorship of Weddell seal pups in
McMurdo Sound, Antarctica. (M.S. Thesis, University of Alaska,
Fairbanks.)

Kooyman, G.L. 1968. An analysis of some behavioral and physiologi-
cal characteristics related to diving in the Weddell seal. In G.A.
Llano and W.L. Schmitt (Eds.), Biology in the antarctic seas III
(Antarctic Research Series, Vol. 11). Washington, D.C.: American
Geophysical Union.

Zenteno-Savin, T., and M.A. Castellini. In preparation. Integration of
endocrine and cardiorespiratory function, a lesson from seals.
Journal of Endocrinology.

Antarctic seabird ecology and demography in Admiralty Bay,
King George Island, Antarctica

T.R. MADER, P. CIAPUTA, E. G0ETzE, N.J. KARNOVSKY, W.Z. TRWELPIECE, and S.G. TRWELPIECE, Department of Biology,
Montana State University, Bozeman, Montana 59717

O
ur field team arrived at the Copacabana Field Station in
Admiralty Bay, King George Island, on 6 October 1995, to

continue the long-term ecological and demographic studies
of the region's penguin and flying bird populations. Brash ice
lined the beach and fast ice filled the inlets, while the center
of the bay was ice free. Polish scientists at nearby Arctowski
Station reported that pack ice had covered the bay all winter
and had moved out only a few days before our arrival (mem-
bers of XX Polish Expedition personal communication). The
snow had melted from the penguin breeding areas and both
Adélie and gentoo penguins were attending pebble nests.

Our research had four main objectives:
• to monitor the reproductive success and demography of

Adélie (Pygoscelis adeliae), gentoo (P. papua), and chin-
strap (P. antarctica) penguins; south polar (Catharacta
maccormicki) and brown skuas (C. lonnbergi); southern
giant petrels (Macronectes giganteus); kelp gulls (Larus
dominicanus); and American sheathbills (Chionis alba);

• to sample diets of the three Pygocselis penguin species dur-
ing the chick-rearing phase;

• to monitor weight fluctuations in Adélie penguins
throughout the breeding season; and

• to monitor leopard seal presence and behavior at the
Copacabana colony.

We monitored penguin reproductive success and demog-
raphy by following all known-aged birds plus a random sam-
ple of 150 nests each of Adélie and gentoo penguins through-
out the breeding season. For the reproductive study, 100 pen-
guins of each study species were banded, and the remaining
50 pairs served as a study control. Daily observations indicat-
ed that both the Adélie and gentoo penguins began egg laying
in the third week of October. Egg-laying synchroneity was
high for both species and peak egg laying occurred between
27 and 31 October. In comparison to 1994, these peak dates
were a week earlier for Adélie penguins and two weeks earlier
for gentoo penguins. The advanced, highly synchronous egg-
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laying dates were most likely prompted by the early availabili-
ty of snow-free nesting ground. Adélie penguin first incuba-
tion shifts averaged 11 days for males and 8 days for females,
similar to previous years' data. Breeding success was high,
with both species fledging more than one chick per pair.
Population censuses indicated that the number of Adélie pen-
guins breeding at the Copacabana colony increased slightly,
whereas gentoo and chinstrap penguin numbers declined
slightly from 1994. The large number of banded, known-age
Adélie penguins sighted throughout the season indicated that
recruitment of young Adélie penguins was high.

Chinstrap penguins arrived late in October, and egg lay-
ing occurred in the third week of November, consistent with
previous years. Chinstrap penguins also fledged approximate-
ly one chick per pair, indicating that the 1995-1996 season
was a productive breeding year for all three Pygoscelis species.

Brown skuas arrived and began setting up territories in
early November, followed by south polar skuas approximately
2 weeks later. Reproductive success was slightly higher for
brown skuas than for south polar skuas, though they both
averaged one fledged chick per pair. South polar skua diets
were sampled through guano collection at their nesting terri-
tories. Analysis of fish otoliths in the guano during courtship,
egg laying, and chick rearing stages indicates that Elect rona
antarctica and Pleurogramma antarcticum were the domi-
nant fish prey. Krill (Euphausia superba) was the other domi-
nant prey item. We also monitored the reproductive success
and demography of southern giant petrels, kelp gulls, and
American sheathbills. No American sheathbills bred success-
fully near the field site this season; however, kelp gull and
southern giant petrel nest numbers remained consistent with
1994. Kelp gulls fledged less than two chicks per pair and
giant petrel reproductive success remained high, averaging
0.75 chicks fledged per pair.

Our second study objective was to quantify the diets of the
three Pygoscelis penguin species, during the chick-rearing
stage, using the water off-loading technique (Wilson 1984).
Independent samples of five penguins per species per week
were lavaged over 6 weeks to determine the weights and con-
tents of the stomachs. Only penguins with active nest sites con-
taining chicks were sampled. E. superba was the dominant prey
item found in all three of the penguin diets. A random sample
of 50 E. superba from each stomach were measured and sexed.
A length-frequency analysis of E. superba size depicted a bino-
mial distribution of both smaller/younger (16-30-millimeter)
and larger/older (46-65-millimeter) animals. These data indi-
cate the abundance of both young and old cohorts in the pen-
guin diets and support the krill super cohort hypothesis
(Trivelpiece and Trivelpiece in press) predicted for 1995-1996.

Our third objective at Copacabana Field Station was to
continue the Adélie penguin weight study by monitoring
weight fluctuations in breeding Adélie penguins throughout

the season. The penguins used were those that had been
banded and followed for the previous year's reproduction
study. Each penguin was monitored daily to record dates and
weights for arrival; egg laying; incubation shifts; chick hatch-
ing; and first, second, and third week of chick rearing. This
study provides data on arrival weights, weight gain/loss, and
incubation shifts that can be used to index foraging success
and food availability throughout the season and over the
years.

Our final objective was to monitor leopard seal behavior
and predation events at the Copacabana penguin colony. We
wanted to identify both biotic and physical variables that
might influence leopard seal presence, activity, and foraging
success. Observations were made from a blind 15 meters
above Admiralty Bay, 50 meters from the beach. Leopard seal
and penguin activity was recorded during 3-hour observation
periods that rotated sequentially from dawn till dusk through-
out the austral summer. Atmospheric and oceanic conditions
were measured and continuous searches were made for leop-
ard seals and penguin predation events. The number of leop-
ard seal sightings and predation events were low during the
1995-1996 summer. Preliminary analysis indicates that leop-
ard seal activity was more strongly correlated to the presence
of pack ice in Admiralty Bay than to penguin activity at the
Copacabana colony.

Whale sightings collected opportunistically throughout
the season indicated that the numbers of whales sighted in
Admiralty Bay were below the 10-year mean for orca (Orcinus
orca), humpback (Balaenoptera novaeangliae), and minke
(Balaenoptera acutorostrata) whales. Weddell (Leptonychotes
weddellii) and crabeater (Lobodon carcinophagus) seals were
present throughout the season, though not abundant. Fur
seals (Arctocephalus gazella), which typically arrive around
mid-January in large numbers, were delayed until early
February. A number of flying bird vagrants also occurred in
Admiralty Bay this season including yellow-billed pintail
(Anas georgica), white-rumped sandpiper (Calidris fuscicol-
lis), pectoral sandpiper (C. melanotos), and black-necked
swan (Cignus melancoiyphus).

We would like to express special appreciation to the crew
of the R/V Polar Duke and the U.S. Antarctic Program for
logistical support and the members of the XIX and XX Polish
Antarctic Expeditions. This study was funded by National
Science Foundation grant OPP 91-21952.
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Growth and development in antarctic fulmarine petrels
PETER J. HODUM, KAREN L. GERHART, and WESLEY W. WEATHERS, Department ofAvian Sciences, University of California,

Davis, California 95616

A s part of a 3-year comparative study of the foraging ecolo-
flgy and reproductive energetics of four species of antarctic
fulmarine petrels, we have been investigating chick growth
and development. The overall aim of the study is to develop a
better understanding of the population-level energetics in
Prydz Bay through an investigation of adult foraging strate-
gies, parental reproductive effort, and nestling energy
requirements and how environmental variation affects repro-
ductive performance. This research is providing us with
insights into predator-prey dynamics in the antarctic marine
ecosystem and the role and impact of fulmarine petrels as
top-level predators.

Nestling growth rate is thought to reflect variations in
rate and quality of food delivered (Croxall 1984, pp. 533-616).
This, in turn, is assumed to be correlated with food availabili-
ty. Deviations in nestling growth rate from allometric predic-
tions should correspond to interspecific differences in food
availability, parental effort, and/or nestling energy demand.

The primary field site is Hop Island (68 053'S 77 050'E) in
the Rauer Island group, approximately 40 kilometers south-
southwest of Australia's Davis Station. We arrived on station
on 22 October 1995 and began the field season on the island
on 29 October. We departed the island on 31 March 1996.
During the 1995-1996 season, we studied diet composition,
chick energetics and growth, adult energetics, and breeding
success in populations of snow petrel (Pagodroma nivea),
cape petrel (Daption capense), antarctic petrel (Thalassoica
antarctica), and antarctic fulmar (Fulmarus glacialoides). The
extended nature of the field season allowed us to follow all
four species through the entire breeding season, from pre-
breeding attendance through to fledging.

Known-age chicks were measured every 3 days through-
out the nestling period from the day of hatching. These mea-
surements continued until the chicks fledged. Logistic growth
curves were fitted to the growth data for each species. The
four petrel species studied grew markedly more rapidly than
was predicted for petrels and albatrosses by an allometric
equation derived by Croxall and Gaston (1988) (figure 1).
Growth rate, in grams per day, was 169 percent of predicted
for cape petrels, 125 percent of predicted for snow petrels, 165
percent of predicted for antarctic petrels, and 180 percent of
predicted for antarctic fulmars. Mean adult masses are 469
grams (g) for cape petrels, 258 g for snow petrels, 687 g for
antarctic petrels, and 859 g for antarctic fulmars. The nestling
periods for cape petrels, snow petrels, antarctic petrels, and
antarctic fulmars were 51 percent, 58 percent, 48 percent, and
48 percent, respectively, of the predicted time to fledge based
on the predictive equation of Warham (1990).

We used open-circuit respirometry to determine resting
metabolic rates of adults and chicks of all four species and to

assess chick thermoregulatory capacity. The oxygen con-
sumption of chicks was determined at six ages (3, 8, 15, 28, 35,
and 42 days). Figure 2 presents data for 3-day-old and 8-day-
old antarctic petrel chicks and illustrates the typical pattern
with resting metabolic rate (RMR) increasing as chicks grew
and with the thermoneutral zone shifting to lower tempera-
tures. The lower critical temperature (Tie) of chicks of cape
petrel, southern fulmar, and antarctic petrel was initially near
20°C but fell to near 0°C by 28 days age. Snow petrel chicks
were less tolerant of low temperatures with Ties about 10°C or
higher at all ages. Our data permit us to characterize fully the
resting metabolic rates of fulmarine petrel chicks throughout
the nestling phase.

Growth and respirometry research was augmented by
doubly labeled water (DLW) measurements of field metabolic
rate (FMR) on nestlings of all four species. We measured FMR
of chicks at seven intervals throughout the nestling period.
Adult FMR was determined on incubating snow and cape
petrels and on snow, cape, and antarctic petrel adults during
the chick-rearing period.

Diet samples were collected using the water off-loading
technique (Wilson 1984). All four species were sampled at two
intervals during the chick period. Preliminary analysis of the
samples indicates that diet was similar to the preceding two
seasons and was composed of fish (almost exclusively
Pleuragramma antarcticum) and krill (Euphausia superba
and E. crystallorophias). Snow petrels fed predominantly on
fish (approximately 83 percent fish by mass), cape petrels fed
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Figure 1. Relation of growth rate of four species of antarctic
fulmarine petrels (boxes) to regression line derived from allo-
metric equation in Croxall and Gaston (1988) as follows:
y=0.1 1 8x° 76 where x=adult body mass in grams and ygrowth
rate in grams per day.
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primarily on krill (70 percent krill by mass), and antarctic ful-
mars and antarctic petrels were intermediate in their prey
preference (63 percent krill by mass and 40 percent krill by
mass, respectively).

Diet was also quantified using stable isotope analysis
[delta carbon-13 ( 13C) and delta nitrogen-15 ( 15N)] of fecal
samples, blood samples, eggshell fragments, and feathers.
This technique relies on differential incorporation of isotopes
in organisms foraging at different trophic levels. We are inves-
tigating the utility of the technique for long-term, minimally
invasive dietary monitoring programs.

Different patterns of growth between fulmarine and non-
fulmarine procellariiforms reflect different ecological con-
straints on breeding. Time available for breeding appears to be
the primary constraint for antarctic breeding species whereas
food is often cited as the primary constraint in more temper-
ate regions. Nestling growth rates are relatively rapid for
antarctic fulmarine petrels, suggesting abundant resources
and possibly the constraint of a short season in which environ-
mental conditions appropriate for breeding are limited.

We are particularly grateful for the invaluable assistance
that Jane Wilson and Catherine Bone provided Peter Hodum
in the field. Furthermore, we would like to express our appre-
ciation for the enthusiastic support and assistance provided
by the expeditioners at Davis Station.

This work is supported by National Science Foundation
grant OPP 92-18536.
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Figure 2. Relation of resting metabolic rate (RMR) of 3-day-old (dots)
and 8-day-old (diamonds) antarctic petrel chicks to ambient tempera-
ture. (MJ denotes millijoule.)
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Phenotypic plasticity in the nototheniid fish Trematomus
newnesi from McMurdo Sound, Antarctica

JOSEPH T. EASTMAN, Department of Biological Sciences, Ohio University, Athens, Ohio 45701

T
he common nototheniid fish Trematomus newnesi has a
circumantarctic distribution in cold, shallow shelf waters

of the continent and adjacent islands (DeWitt, Heemstra, and
Gon 1990, pp. 279-331). Although known from ice-covered
McMurdo Sound since early in the century, T. newnesi has
been infrequently collected from ice holes over deep water.
During the 1991-1995 field seasons, however, fishing in water
about 20 meters deep near McMurdo Station yielded a large
sample of this species. Although conforming to the taxonomic
description of T. newnesi, 19 of 67 specimens (28 percent)
were separable as a distinct form: a large-mouth/broad-head-
ed morph. This is the first report of phenotypic plasticity in
any marine fish, and it provides insight into the nature of
antarctic fish diversity at the intraspecific or population level.

The large-mouth morph was distinct and separable by
eye over the full size range of the sample. [Large-mouth
morphs were 116-239 millimeters (mm) standard length;
27-258 grams.] All specimens could be designated as either

the large-mouth or typical morph by inspection of head shape
and relative width and by size and position of the mouth (fig-
ures 1 and 2). The head was U-shaped, and the upper and
lower jaws were larger and heavier in the large-mouth morph.
In addition, the gape angle of the closed mouth was at a
greater angle from the horizontal in the large-mouth morph
than in the typical morph (figure 1). The large-mouth morph
was significantly longer (total length) and heavier than the
typical morph. Furthermore, nine of 14 morphometric mea-
surements were significantly greater in the large-mouth
morph. The large-mouth morph had a longer, deeper, and
wider head; larger gape and upper jaw; longer pelvic fins; and
a deeper caudal peduncle. These differences were also reflect-
ed in proportions relative to head and standard lengths, with
significant differences in jaw and snout length and body
depth and a nearly significant difference in caudal peduncle
depth. Dissection of a number of other trophic, sensory, and
osteological structures showed no differences between the
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Figure 1. Morphological comparison of lateral aspect of similarly sized morphs of Trematomus newnesi from McMurdo Sound. Large-
mouth/broad-headed morph on top and typical morph on bottom. Blunt snout, size and angle of the mouth, and position of upper jaw relative to
eye are shown. The large-mouth morph is a male measuring 162 mm standard length and weighing 42.7 grams. Typical morph is a female mea-
suring 164 mm standard length and weighing 47.5 grams. (x 1.4)

two morphs. The background color of the large-mouth morph
was darker and had more uniform pigmentation and less
mottling than the typical morph. This was especially marked
along the ventral margin of the body (figure 2).

The large-mouth/broad-head morphology could have a
developmental basis because the large-mouth morph

-

becomes more distinctive with increasing body size. Study of
small specimens will be necessary to determine whether allo-
metric growth is involved in producing the large-mouth
morph and at what stage of development this morphology
becomes evident. Heterochronic processes involving changes
in the timing of developmental events are suspected to have

played a role in the diver-
gence of some nototheniid

'Ø.	

species (Balushkin 1984),
sometimes beginning in lar-
val life (Klingenberg and
Ekau 1996). Whether the
morphological differences
between the morphs of T.
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newnesi reflect underlying
genetic differences is also
unknown.

Proportional measure-
ments and coloration suggest
that the large-mouth morph
leads a more benthic exis-
tence than the typical semi-
pelagic morph. Having a
blunt head and less stream-
lined body, the large-mouth
morph possesses characteris-
tics typically associated with

A
Figure 2. Dorsal (A) and ventral (B) views of same specimens shown in figure 1, with large-mouth morph on
top. Broad U-shaped head of large-mouth morph is clearly shown. Head of typical morph is more tapered.
Darker pigmentation pattern in large-mouth morph is also evident in ventral view. (x 1.1)



benthic morphs in other polymorphic fish (SkUlason and Smith
1995). In shallow areas free of anchor ice, the large-mouth
morph of T. newnesi may live on the bottom as an ambush
predator on both benthic and water column organisms. The
large mouth and head allow the consumption of larger prey as
well as a wider variety of prey. The typical morph of T. newnesi
schools and feeds predominantly in the water column.

Distinct intraspecific morphs have appeared within a
number of lineages of freshwater fishes, especially in low-
diversity boreal lakes. At first glance, lakes appear to share few
biological characteristics with the polar marine environment.
Reduced competition associated with a low-diversity fish
fauna, however, may be a common factor in the origin of
intraspecific morphs in both lacustrine fishes and in T. new-
nesi. Trophic and morphological diversification predominates
in species-poor fish communities, suggesting that the
absence of competition allows niche expansion (Robinson
and Wilson 1994).

Antarctic notothenioids are unusual among marine fishes
in their ecological and morphological diversity and in their
dominance of shelf and upper slope habitats within their
range. The suborder Notothenioidei and the family
Nototheniidae are adaptive radiations of about 120 and 50
species, respectively (Eastman 1993). The appearance of a
large-mouth morph within T. newnesi is an additional small-
scale radiation, and its discovery extends the bounds of the
adaptive radiation of nototheniids to the intraspecific level.
This finding suggests ecological and evolutionary parallels

between the low-diversity ichthyofaunas of Arctic, boreal, and
temperate lakes and of inshore waters of the high antarctic
shelf. It implies that inshore antarctic waters are underused
by fishes and a possible site of ongoing speciation.

I thank Art DeVries, Jocelyn Turnbull, and Mike Kuiper
for their efforts in collecting fish and Erik Eastman for assis-
tance in the lab. This research was supported by National
Science Foundation grant OPP 94-16870.
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Temperature compensation of enzymatic activities in brain of
antarctic fishes: Evidence for metabolic cold adaptation

HELENA G. KAWALL, Department of Marine Science, University of South Florida, St. Petersburg, Florida 33701
GEORGE N. SOMERO, Hopkins Marine Station, Stanford University, Pacific Grove, California 93950-3094

T
he extent to which metabolic rates of antarctic fishes are
cold-adapted remains controversial (Holeton 1974;

Clarke 1991). Several studies report that metabolic rates of
antarctic fishes are higher than rates predicted for temperate
or tropical fishes at the low-habitat temperatures of antarctic
species (Wohlschlag 1960; Torres and Somero 1988a,b). At
the level of whole-organism oxygen consumption, however,
it is difficult to isolate effects of temperature adaptation from
influences of other factors that affect metabolic rate, for
example, locomotory habit, body size, and nutritional state.
Certain of these factors may be more important than temper-
ature in governing metabolic rate. Thus, as emphasized by
Holeton (1974) and Clarke (1991), whole-organism oxygen
consumption rates are unlikely to provide unambiguous
conclusions about the extent of metabolic compensation to
temperature.

To study temperature compensation in as unambiguous
a manner as possible, we reasoned that measurement of the
metabolic potential of an organ, brain, that performs the
same functions in all fishes, regardless of adaptation temper-
ature, locomotory habitat, phylogeny, or nutritional condi-
tion, could avoid the uncertainties inherent in studies of
whole-organism respiration. Similarities in enzymatic activi-
ties in brains of temperate fishes with diverse locomotory
habits (Somero and Childress 1980) suggested that, at a com-
mon adaptation temperature, only minimal variation in ATP-
generating capacity of brain exists among fishes. In contrast
to brain, and in support of the caveats raised by Holeton
(1974) and Clarke (1991), activities of ATP-generating
enzymes in white locomotory muscle vary by over a thou-
sandfold among fish species with different capacities for loco-
motory activity (Somero 1992).
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To examine metabolic potential of brain, we measured
activities of enzymes indicative of aerobic and anaerobic
pathways of ATP generation. Citrate synthase (CS) is an indi-
cator of the level of mitochondrial citric acid cycle activity
and, hence, of aerobic ATP-generating potential. Lactate
dehydrogenase (LDH) is involved in anaerobic glycolysis and
in conversion of lactate to pyruvate for subsequent oxidation
in the citric acid cycle. Activities of CS and LDH, expressed as
international units (IU) per gram wet weight of tissue, have
been shown to correlate strongly with whole-organism oxy-
gen consumption rates of fishes (Childress and Somero 1979;
Torres and Somero 1988a,b). Thus, these enzymatic activities
also should serve as excellent proxies for rates of tissue
metabolism.

Comparison of CS and LDH activities in brains of antarc-
tic nototheniid fishes collected in McMurdo Sound (water
temperature near -1.86°C) and channichthyid fishes collected
near Palmer Station (water temperature near -0.5 to 0°C) with
activities in diverse temperate and tropical fishes revealed a
high degree of metabolic compensation to temperature (fig-
ure). At a common temperature of measurement (10 0C), CS
(figure, block A) activities in brains of antarctic fishes were
approximately 1.3-fold greater than activities in brains of
temperate species (habitat temperatures of approximately
8-15°C) and 1.6-fold higher than in brains of tropical fishes
(habitat temperatures of approximately 25-30°C). For LDH
(figure, block B), differences in activity between antarctic fish-
es and the other two groups were even greater: activities in

brains of antarctic fishes were 2.3-fold and 3.1-fold higher
than those of temperate and tropical species, respectively.

In conjunction with the analyses of brain tissue, we mea-
sured CS and LDH activities in white and red locomotory mus-
cles (data not shown). In agreement with other studies
(Childress and Somero 1979; Somero 1992), enzymatic activities
in red and white muscles varied widely among species, largely
in reflection of interspecific differences in locomotory habit.

In summary, these comparisons of enzymatic activities
speak directly to the central issues raised by Clarke (1991) and
Holeton (1974) concerning the extent—indeed, even the reali-
ty—of metabolic compensation to temperature. The wide
variation in enzymatic activity found in white locomotory
muscle (Childress and Somero 1979; this study), the tissue
constituting the largest percentage of a fish's mass, points out
the difficulties inherent in distinguishing the effects of adap-
tation temperature on metabolic rate from effects due to
locomotory activity and the costs of maintaining the skeletal
muscle mass. When comparisons are made, however, using
an organ such as brain in which metabolic functions are not
apt to be linked to locomotory activity levels, distinguishing
the extent of metabolic compensation to temperature can be
done with minimum ambiguity.

These studies were performed in part during the 1995
McMurdo Biology Course, supported by National Science
Foundation grant OPP 93-17696 to Donal Manahan of the
University of Southern California. Additional support came
from National Science Foundation grant IBN 93-06660 to

Activities of citrate synthase (CS) and lactate dehydrogenase (LDH) in brain tissue of antarctic, temperate, and tropical teleost fishes. Activities
were measured at 10°C following protocols given in Torres and Somero (1988a), except that for the CS assays the concentration of dithioni-
trobenzoic acid was 1 millimolar (mM). Uncentrifuged homogenates were used. Activities are expressed as W. of activity (micromoles of sub-
strate converted to product per minute) per gram wet mass of tissue. Duplicate measurements were made for each brain homogenate. The aver-
age values of CS and LDH activity for each brain were used to calculate the mean activities for each geographical group. The group means are
given with the SEM and, in parentheses, the total number of brains analyzed for each geographical group. Variances were tested with Cochran's
C test. In comparing mean CS activities (A), variances were unequal, so a Kruskal-Wallis analysis was applied. In B, one-way analysis of variance
was applied for comparisons of means of LDH activities. In all comparisons of effect of habitat, significant differences (p<0.05) were observed for
both enzymes. Antarctic species studied were Pagothenia borchgrevinki, Trematomus bernacchii, Trematomus hansoni, Trematomus newnesi,
Trematomus pennelli, Chaenocephalus aceratus, Champsocephalus gunnari, and Chianodraco rastrospinosus. Temperate species studied were
Sebastes mystinus, Sebastes carnatus, and Leptocottus armatus. Tropical species studied were Halichoeres bivittatus, Halichoeres radiatus,
Pomacentrus sp., Centropomus undecimalis, and Oreochromis sp.
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G.N. Somero. We thank Bruce Sidell, supported by National
Science Foundation grant OPP 92-20775, for providing brain
samples of channichthyid fishes.
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Physiological energetics of "pelagic" and "demersal"
development in the antarctic sea urchin

Sterechin us neumayeri
ADAM G. MARSH and DONAL T. MANAHAN, Department of Biological Sciences, University of Southern California,

Los Angeles, California 90089-0371

T
horson's rule has provided a focal point for numerous
discussions of larval development in polar marine

invertebrates (Thorson 1950). Initially, a developmental
strategy of brooding was considered a requisite for larval
survival in high latitudes, where low temperatures extend
developmental times and patchy phytoplankton production
restricts the availability of food for feeding larvae. It is now
clear that brooded larvae are not a necessary life-history
characteristic for species' persistence in polar environ-
ments (Pearse 1994, pp. 26-43) and that a wide range of
developmental programs are exhibited by polar marine
invertebrates (Bosch and Pearse 1990; Pearse, McClintock,
and Bosch 1991).

For many antarctic echinoderms, it is unclear whether
embryonic development is pelagic or demersal (Pearse and
Bosch 1986). From our recent work with the antarctic sea
urchin Sterechinus neumayeri, we have noted that spawned
eggs are negatively buoyant and become entrained in a thick
mucus layer when spawned. During the first 5 days of devel-
opment (required to reach the hatching blastula stage at
-1.5 0C), embryos remain in this mucus aggregate if the cul-
tures are not continuously mixed. In this study, we address
whether any physiological or energetic processes are affected
in S. neumayeri embryos if early development is "pelagic"
(i.e., suspended in the water column) or "demersal" (here
defined as undisturbed in an mucus aggregate).

Early development under pelagic and demersal condi-
tions was assessed by culturing embryos to the hatching blas-
tula stage using either
• stirring to keep them suspended in the water column

("Stir" denotes pelagic development) or

• no stirring to allow the embryos to remain aggregated in a
mucus layer ("Still" denotes demersal development).

Both treatments used 500,000 fertilized eggs in 20-liter con-
tainers and 50 percent of the culture water was changed every
2 days.

Morphologically, hatching blastulae (HBs) of the demer-
sal and pelagic culture treatments were significantly different.
The demersal HBs had significantly thicker cell layers at the
animal and vegetal poles (Mann-Whitney Rank Sum analysis
of variance [ANOVA] p<O.00l, n=100; figure 1A) with a corre-
sponding significant reduction in blastocoel diameter (figure
1A). Despite the increase in cell thickness, however, the over-
all size of the HBs did not differ between culture treatments
(figure 1A).

The differences in thickness of the embryonic layers
between treatments were paralleled by significant changes in
organic mass. The demersal cultured HBs had a significantly
higher ash-free, dry, organic mass (AFDM) than the pelagic
cultured HBs (ANOVA p<O.Ol, Tukey's test p<z0.05, n=10; figure
1 B). The magnitude of this mass increase was dramatic, repre-
senting a 19 percent increase over the pelagic HBs and a total
increase of 24 percent over the initial AFDM of the eggs. Thus,
if the developing embryos of S. neumayeri are left undisturbed,
they have a strong potential to obtain exogenous organic
material from their immediate environment, presumably via
transport of substrates from the jelly-coat or other secondary
mucus materials released with the eggs at spawning.

To characterize the differences in HBs further, we mea-
sured the total uptake of sulfur-35 (35S) methionine from fil-
tered sea water (0.2-micrometer, FSW) and the subsequent
incorporation of radioactive label into protein. The amount of
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35S-methionine in protein was measured as the radioactive
counts that were precipitable by trichioroacetic acid (5 per-
cent). Half the HBs were sampled after a 12-hour exposure to
the isotope (50,000 HBs and 500 microcuries in 50 milliliters
FSW); the remaining HBs were transferred to FSW without any
isotope for an additional 36 hours before sampling again (total
time, 48 hours). The demersal cultured HBs had accumulated
a significantly larger amount of methionine from FSW after 12
hours (ANOVA, p<0.003; Tukey's test, p<0.05; n=3; figure 2A).
At the 48-hour time point, total amounts of 35S-methionine
remained significantly higher in the demersal HBs; no signifi-
cant decrease occurred between 12 and 48 hours (analysis as
above; figure 2A). A corresponding significantly higher incor-
poration of 35S-methionine into protein in the demersal HBs
was noted at 12 hours, and this higher level serves as an indi-
cator of an increased protein synthesis rate. At 48 hours, this

significant increase in protein synthesis was still evident
(analysis as above; figure 2B).

Thus, early development in S. neumayeri is significantly
affected by whether or not embryos are stirred in a culture con-
tainer or allowed to settle to the bottom in a mucus aggregate.
Although these experimental treatments are only approxima-
tions of the conditions embryos might experience if they were
advected into the water column (pelagic development) or
entrained on the bottom (demersal development), it is evident
that the immediate availability of mucus or jelly-coat materials
does have a significant effect on the morphology and physiology
of embryogenesis.

We thank Tracy Hamilton from the University of
Southern California and Jim Mastro of Antarctic Support
Associates for diving operations required to collect adult sea
urchins. This research was supported by National Science
Foundation grant OPP 94-20803 to D.T. Manahan.
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Figure 1. Sterechinus neumayeri size and mass differences for hatching
blastulae cultured with either stirring (open histogram denotes "Stir") or
no stirring (cross-hatch histogram denotes "Still"). A. Morphometry of
hatching blastulae dimensions (mean ±1 standard error of the mean,
n=100). (AP = animal pole thickness; BC = blastocoel diameter; VP =
vegetal pole thickness; '' = significant differences between Still and
Stir treatments [p<0.001]; ns = not significant.) B. Organic mass of eggs
(solid histogram) and hatching blastulae (mean ±1 standard error of the
mean, n=10). (** = significant differences between Still and Stir treat-
ments [p<0.01]; ng = nanograms; ind- 1 = per individual).

Figure 2. Sterechinus neumayeri accumulation of 35S-methionine and
its subsequent incorporation into proteins in hatching blastulae cul-
tured with either stirring (open histograms denote "Stir") or no stirring
(cross-hatch histograms denote "Still"). Each histogram represents a
mean ±1 standard error of the mean; n=3. A. Total accumulation of
35S-methionine after a 12-hour exposure to the isotope in filtered sea
water (FSW) and later after a transfer to FSW without isotope (48
hour). (*** = significant differences between Still and Stir treatments
[p<0.001]). B. Amount of 35S-methionine incorporated into newly syn-
thesized proteins during the same time course as above. (** = signifi-
cant differences between Still and Stir treatments [p<0.003]; fmole =
femtomole; embryo-1 = per embryo.)
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The kinetics of the cortical reaction and respiratory burst
following fertilization of Sterechinus neumayeri eggs

M. DE STOKES, Hopkins Marine Station, Stanford University, Pacific Grove, California 93950
BRIAN STEWART, Department of Marine Science, University of Otago, Dunedin, New Zealand

DAVE EPEL, Hopkins Marine Station, Stanford University, Pacific Grove, California 93950

T
he fertilization events in eggs of temperate sea urchins
have been well studied and the early phases, such as

those associated with the cortical reaction, are initiated
between 30 and 60 seconds after fertilization and lead to the
elevation and hardening of the fertilization envelope (Paul
and Epel 1971; Heinecke and Shapiro 1992). The earlier peri-
od between sperm-egg binding and the cortical reaction is
referred to as the latent period, and presumably, changes
evoked by the sperm during this time interval lead to a calci-
um rise and initiation of the cortical reaction (see Whitaker,
Swann, and Crossley 1987, pp. 157-172).

This article describes two fertilization-associated events
in the antarctic urchin, Sterechinus neumayeri specifically
• the timing of the onset of the cortical reaction as a function

of temperature and
• the respiratory burst associated with the production of

hydrogen peroxide used in the hardening of this fertiliza-
tion envelope (see Heinecke and Shapiro 1992).

Adult S. neumayeri were collected from the waters of
McMurdo Sound and maintained in running sea water at
approximately -1°C. Spawning was induced by intracoelomic
injection of 0.5-molar potassium chloride, viable eggs were
pooled, and the resulting embryos and larvae were cultured
following the techniques of Shilling and Manahan (1994).

The onset of the cortical reaction was determined by
videotaping a suspension of eggs on a microscope slide at
varying temperatures maintained (between -2°C and 12°C)
with a piezoelectric stage cooler. Fifty microliters of an egg
suspension was placed on the slide for 5 minutes to equili-
brate, and then 5 microliters of sperm suspension were added
with mixing. The images were videotaped through a Leitz
microscope at 160 x magnification such that one egg was
viewed and recorded for 5-10 minutes at the indicated tem-
peratures. The videotape replayed, allowing determination of
initial sperm attachment and start of the cortical reaction. The
timing of the initiation phase was assessed, only using eggs
where the envelope elevation could be seen as a blister arising
from the equator of the egg and then progressing around the
egg surface. As seen in figure 1, the elevation of the fertilization
envelope (i.e., cortical reaction) began at 60 seconds at 12°C, at
135 seconds at 4°C, and at 177 seconds at -1.8°C.

To measure respiration during fertilization, between 400
and 700 eggs were placed in chilled (-1°C) microrespiration
chambers (300 microliters total volume) and allowed to equili-
brate for 1 hour. A dilute sperm mixture (1:50,000 concentra-
tion) was then carefully injected into the chamber with a
Hamilton syringe. To ensure synchronous fertilization after

sperm injection and even mixing during respiration measure-
ments, a tiny magnetic stir bar was added to the chamber and
periodically rotated by hand using a large external magnet.
Fertilization varied between 45 and 95 percent, with different
batches of eggs. Oxygen concentration within the chamber was
measured using a polarographic microelectrode and oxygen
meter (see Jaeckle and Manahan 1992 and Podolsky et al. 1994).

As previously shown in temperate species (Ohnishi and
Sugiyama 1963; Epel 1964; Yasumasu et al. 1988), a distinct
increase in oxygen consumption occurs after fertilization.
This "respiratory burst" began about 3 minutes postfertiliza-
tion (figure 2), was maximum for the next 2-3 minutes, and
then gradually decreased to a stable, postfertilization level
about two times greater than in unfertilized eggs. The relative
rates of respiration during the burst and 15 minutes after fer-
tilization were 7.2±3.1 standard deviation (n=8) and 2.1±0.56
standard deviation (n=8) times greater than that of the unfer-
tilized eggs, respectively. The respiratory rates of the early
embryos were similar to those reported for this antarctic
species (Podolsky et al. 1994, data not shown) and other echi-
noids (i.e., Ohnishi and Sugiyama 1963).

The timing of these early fertilization events in S. neu-
mayeri at ambient antarctic temperature (-1°C) was signifi-
cantly slower than that seen in temperate sea urchins. In
Strongylocentrotus purpuratus at 16°C the cortical reaction is
first apparent 30 seconds after insemination and the respira-
tory burst follows about 15-30 seconds later (Epel 1964; Paul
and Epel 1971). This near coincidence of the beginning of the
respiratory burst and the cortical reaction is also seen in S.

Figure 1. Time until the initiation of fertilization membrane elevation
after the introduction of sperm at different temperatures in S. neu-
mayeri eggs.
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neumayeri, but the timing of the	0.445
change is much later (about 3 min-
utes at —1°C).

	

Although these results indicate	0.44
that the fertilization processes are
similar in temperate and antarctic

	

forms, an important difference is the	0.435
retardation of the events at these
low temperatures. Sperm bind

	

quickly to the eggs, but the latent	> 0.43
period (see Whitaker et al. 1989, pp.
157-172) is significantly delayed.

	

The latent period of the fertiliza-	0.425
tion process is poorly understood,
and the protracted nature of this

	

phase in the antarctic urchins could	0.42

	

provide new insights into this impor-	 U	5
tant stage that eventually leads to the
postfertilization calcium rise and egg
activation. Further studies on fertil-
ization in these polar forms are also
needed to determine whether the
block to polyspermy (see Jaffe and
Gould 1985, pp. 223-251) is similarly
retarded or whether this occurs early and the other sequelae
are the only ones with this significant lag period.

These studies were carried out during the 1995 McMurdo
Biology course supported by the National Science Foundation
grant OPP 93-17696 to Donal Manahan of the University of
Southern California. We also thank Dr. Manahan for impor-
tant advice and guidance, Tracy Hamilton and Jim Maestero
for collecting specimens, and Tracy Hamilton and Patrick
Leong for technical assistance.
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Figure 2. Sample trace of polarographic oxygen electrode voltage before and after fertilization of S.
neumayeri eggs. The change in electrode voltage is proportional to oxygen consumption within the
microrespirometry chamber. All tests were done at -1°C. The "F" indicates the time when sperm
was injected into the chamber and the open arrow indicates the approximate initiation of the respi-
ratory burst.
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Changes during development in activities of the
sodium/potassium-ATPase enzyme in the antarctic sea urchin

Sterechinus neumayeri
PATRICK K.K. LEONG and DONAL T. MANAHAN, Department of Biological Sciences, University of Southern California,

Los Angeles, California 90089-0371

T
he sodium/ potassium (Na,K)-ATPase enzyme is a trans-
membrane protein that maintains ion gradients in animal

cells. The energy required to operate this "ion pump" is high,
accounting for over 20 percent of the metabolic rate of animal
tissues (Milligan and McBride 1985). Because of its central
metabolic role, the regulation of this enzyme is important in
adaptational strategies such as physiological responses to low
oxygen and low temperature (Hochachka 1986, 1988).

As part of a study to understand energy metabolism dur-
ing development of the antarctic sea urchin Sterechinus neu-
mayeri, we measured the change in activity of Na,K-ATPase
during development of embryos to the feeding larval stage
(pluteus). Fertilized eggs were reared through embryogenesis
in 20-liter vessels containing ambient McMurdo Sound sea
water that had been passed through a 0.2-micrometer pore-
size filter. The cultures were maintained in the aquarium at
McMurdo Station at -1°C and the culture water was changed
every 4 to 5 days. Embryos and larvae were harvested from
these cultures for determination of Na,K-ATPase activities
over the first 22 days of development, until the first feeding
larval stage was reached.

The physiological activity of Na,K-ATPase was deter-
mined in living embryos and larvae (herein, referred to as "in
vivo" measurements) by measuring their transport rates at
-1°C of rubidium-86 (86Rb), an analog commonly used as a
tracer of K flux (Hilden and Hokin 1975). The transport rate of
K in developing sea urchins that was attributable to Na,K-
ATPase only (cf general K flux) was measured as the difference
in K transport rates in the presence and absence of ouabain, a
specific inhibitor for Na,K-ATPase. The total amount of
enzyme activity (herein, referred to as "in vitro" measure-
ments) was also measured in tissue homogenates of the same
stages of development that were studied for the in vivo mea-
surements. Total in vitro Na,K-ATPase activity was measured
according to Esmann (1988) with the following modifications
• the Na,K-ATPase of S. neumayeri was not very sensitive

to ouabain and a concentration of 14-16 millimolar (mM)
(figure 1A) was required to inhibit all the activity;

• the optimal pH for the enzyme assay was found to be from
pH8to8.3.

All in vitro assays were conducted at 15°C, the temperature
found in preliminary experiments to give a measurable signal
above background in the enzyme assay. The activity of the
enzyme observed at this higher temperature was converted to
activity-equivalents at the animals' ambient temperature (-
1°C) for comparisons of total (in vitro) and physiological active
(in vivo) enzyme levels. In our preliminary experiments, the

effect of temperature on Na,K-ATPase activity was described
by a Q10 value of 2.3. This value was used for the above conver-
sion of enzyme activity at 15°C to a rate at -1°C.

Figure lB shows that the activity of total in vitro Na,K-
ATPase remained constant from soon after fertilization (day 0)
to the gastrula stage at day 9 (by analysis of variance, the vari-
ance ratio [VR] = 0.08 flS , F005[18] =5.32; where ns = not signifi-
cant). Later stages of development had higher activity levels of

100
90

.	80

g360
501-0
40
30

Z 20
10
01 1	-

	

0.000	0.004	0.008	0.012	0.016	0.020

	

0.9-1	 Ouabain concentration (M)

B.

CL	 • 0.5I—C)

..°0.3 $ • •
Z E

1 
0.2-
0.1
0.0 0	4	8	12	16	20	24

Days (post-fertilization)

Figure 1. A. Ouabain inhibition of Na,K-ATPase activity in
Sterechinus neumayeri. Concentrations of ouabain tested ranged
from 10-9 M to 16 x 10-3 M. Complete inhibition of ouabain-sensitive
activity of Na,K-ATPase occurred at around 14 mM ouabain. Each
data point represents the mean of two or three replicates measured
at 15°C on homogenates of the early pluteus larval stage. B. Change
in the total activity of Na,K-ATPase during embryological develop-
ment to the larval stage. The seven developmental stages at which
total Na,K-ATPase activity was measured were the fertilized egg
(day 1), the early morula (day 3), the hatching blastula (day 5), the
early gastrula (day 9), the late gastrula (day 12), the prism larva (day
16), and the early pluteus larva (day 22). Each data point represents
the mean of five or six replicates (at 15 0C). [j.tmol denotes micromole;
(mg protein) 1 denotes milligram per protein; (h)- 1 denotes per hour.]
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the enzyme. The increase during later development of total
protein-specific Na,K-ATPase activity was not an artifact of a
developmental change in protein content because no signifi-
cant change in the amount of protein per individual was noted
(VR=0.08ns , F0•0511,401 =4.08). Figure 2 gives a comparison of the
total and the in vivo Na,K-ATPase activities. A range of 27 to
86 percent of the total enzyme activities was physiologically
active, depending on the stage of development.

The total protein-specific Na,K-ATPase activities report-
ed here for developing stages of the antarctic sea urchin (S.
neumayeri) are approximately half of those we have measured
(Leong and Manahan, unpublished data) for similar stages of
development in two temperate species of sea urchin (from
California, Strongylocentrotus purpuratus and Lytechinus pic-
tus). Considering the metabolic "cost" of high Na,K-ATPase
activities in animals, the lower specific activities we report
here for S. neumayeri suggest that these antarctic embryos
have a lower energy requirement for ion regulation.

We thank Tracy Hamilton from the University of
Southern California and Jim Mastro of Antarctic Support
Associates for diving operations required to collect adult sea
urchins. Thanks also to Adam Marsh and Tracy Hamilton for
assistance with culturing embryos and larvae. This research
was supported by National Science Foundation grant OPP 94-
20803 to D.T. Manahan.
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Occurrence of Gromia oviformis in McMurdo Sound
SAMUEL S. BOWSER, MICHAEL MARKO, and JOAN M. BERNHARD, Wadsworth Center, New York State Department of Health,

Albany, New York 12201-0509

A
species of large, testate sarcodine is a conspicuous com-
ponent of the shallow benthos in McMurdo Sound and

elsewhere in the Antarctic. On the basis of its general appear-
ance, this protist was previously identified as Gromia cf ovi-
formis (Filosea:Protista) (Heron-Allen and Earland 1922;
DeLaca 1986; Kiest 1993; Gooday, Bowser, and Bernhard in
press). As noted by Jepps (1926) and Arnold (1982), however,
gross morphological characters to differentiate potential con-
geners within this obscure group are rare; detailed autecolog-
ic information is also lacking.

To confirm the identity of this protist, we examined test
(shell) ultrastructure in specimens collected from Explorers
Cove, western McMurdo Sound, and off McMurdo Station on
the eastern side of the Sound. Specimens were chemically
fixed and embedded for transmission electron microscopy
using our standard methods (see, for example, Bowser et al.
1995). The embedded material was cut into serial 250-
nanometer (nm) thick sections, stained with uranyl acetate
and lead citrate, and viewed with an AEI EM7 high-voltage
electron microscope (1-IVEM) operated at 1.0 megaelectron-
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volts (Me\'), or a JEOL JEM-4000FX intermediate-voltage elec-
tron microscope (IVEM) operated at 0.4 MeV. Survey micro-
graphs of the proteinaceous test revealed laminations similar
to those observed in Gromia oviformis collected in temperate
coastal waters (Hedley and Wakefield 1969; Arnold 1982). Plan
views of the shell material show the "honeycombed mem-
brane" as described for G. oviformis by Hedley and Wakefield
(1969). This unusual structure comprises a hexagonal array of
cylinders with an 18-nm center-to-center spacing, intercon-
nected by electron-opaque septae (figure 1). To the best of our
knowledge, these ultrastructural features are unique to G. ovi-
formis Dujardin, thus confirming its occurrence in McMurdo
Sound. Furthermore, our thick-section approach has revealed
new features of the honeycombed membrane, e.g., the density
in the cylinder lumen (arrows in figure 1). This feature persists
after lattice filtration of the images, as seen here in the high-
pass filtered image (figure 113). The superimposition of lightly
stained repeating details in thick sections (Rieder 1979; Bowser
et al. 1995) revealed this feature in our study. The crystalline
structure of the honeycombed membrane may prove to be a
useful test object for magnification calibration and distortion
assessment in microscopy. In addition, the material properties
of the honeycomb membrane afforded by its uniform hexago-
nal architecture are amenable to biomechanical analyses
using finite-element methods; such studies may yield clues to
the ecophysiological significance of this structure and may
also find applications in nanoengineering.

As noted in previous studies, Gromia oviformis is an
abundant and conspicuous epifaunal component of the
benthos in McMurdo Sound (figure 2; see also Oliver and
Slattery 1985). For example, in December 1990, their densi-
ties ranged from 500 to 89,000 per square meter (3=35,000;

n=46; sd20,000) on rocky substrate at a water depth of 15
meters just south of McMurdo Station. In Explorers Cove,
located on the relatively oligotrophic western side of
McMurdo Sound, we consistently observed lower densities
(e.g., 1,357 per square meter in November 1993; table 9 in
Gooday et al. 1996). In addition, specimens in the cove appear
much smaller and distinctly ovoid compared with the spheri-
cal specimens off McMurdo Station (personal observations).
Certain shallow areas in the cove, however—for example,
adjacent to underwater ice cliffs—had high densities of rela-
tively large, spherical G. oviformis. Such densities are likely
due to higher concentrations of organic matter in these areas.
We speculate that the density and morphology of G. oviformis
reflect local productivity. Because this protist is easy to quanti-
fy and collect in the field and manipulate in the laboratory, it
might prove to be a useful model system in antarctic ecosys-
tem studies, for example, effects of eutrophication on benthic
meiofauna.

The above observations were made over three field sea-
sons (1990-1991, 1993-1994, and 1994-1995). Personnel
involved in fieldwork with Bowser and Bernhard included
Stephen P. Alexander, Douglas Coons, Andrew J. Gooday,
Lawrence A. Haywood, Roy K. Kinoshita, Mark W. Cooper,
Neal W. Pollock, Robert W. Sanders, and Jeffrey L. Travis. We
are indebted to the Antarctic Support Associates personnel
who helped establish our camp and dive sites at Explorers
Cove, as well as the pilots and crew of VXE-6. National
Institutes of Health BRTP/NCRR grant RR01219 supports the
Wadsworth Center's Biological Microscopy and Image
Reconstruction Core Facility as a National Biotechnological
Resource. This work was supported by National Science
Foundation grants OPP 89-17375 and OPP 92-20146.

Figure 1. Intermediate-voltage electron micrographs of a 250-nm-thick tangential section through Gromia oviformis, showing the "honeycombed
membrane" layer of the test. Unprocessed (A) and digitally filtered (B) images reveal new features, such as the density at the center of the hexag-
onal repeating unit (arrows). Inset: Corresponding diffraction pattern used to make the spatial mask. Bar = 25 nm.
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Figure 2. Macro photograph of the McMurdo collection ste, showing the typical abundance of Gromia ovi-
formis (e.g., arrows) on shallow, rocky substrates. Bar = 1 cm.
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Ross Sea Bloom Dynamics Experiment

Food web structure and sinking particulate material in the
Ross Sea polynya: December 1995 and January 1996

MARCIA M. GOWING, DAVID L. GARRISON, and HOLLY KUNZE, Institute of Marine Sciences, University of California,
Santa Cruz, California 95064

EVELYN J. LESSARD, School of Oceanography, University of Washington, Seattle, Washington 98195

S
equential blooms of the prymnesiophyte Phaeocystis
(DeMaster et al. 1992; Arrigo and McClain 1994; Garrison

et al. 1995; Smith et al. 1995) followed by diatom-dominated
blooms (e.g., Wilson, Smith, and Nelson 1986; Fitzwater et al.
1996) in the continental shelf region of the Ross Sea provided
an opportunity to examine the relationship between seasonal
bloom dynamics and vertical carbon flux. In particular, our
project focuses on the relationship between the structure of
the microbial food web and the sinking particulate material.
Our first field season (November and December 1994) sam-
pled the early development of a Phaeocystis bloom (Garrison
et al. 1995; Gowing et al. 1995; Lessard et al. 1995). Here, we
describe some preliminary results from our second field sea-
son (December 1995 and January 1996), scheduled to exam-
ine the decline and disappearance of the Phaeocystis bloom
and the onset of the diatom bloom.

We sampled phytoplankton and microzooplankton in the
Ross Sea polynya region from 21 December 1995 through 14
January 1996. Samples were collected from at least five depths
in the upper 100 meters (m) of the water column using water
sampling bottles. Aliquots of these samples were preserved
using methods suitable for quantifying a wide range of
autotrophic and heterotrophic nano- and microplankton.
Samples were counted using both epifluorescence and tung-
sten light microscopy. Floating sediment trap arrays with
multiple cylindrical traps at five depths in the upper 200 m
were deployed five times in the study area during the cruise
(table). Traps contained 100 milliliters of 2 percent
formaldehyde in a sodium chloride (85 parts per thousand)
density gradient overlain with sea water. On recovery, the
liquid above the density gradient was removed by siphon
and discarded. Autotrophic and heterotrophic plankton as
well as fecal pellets were counted as described for the
water column samples.

Preliminary examination of water column samples
indicated that stations in the central and eastern parts of the
study (approximately from 172°W through 171°E along
76130'S) were dominated by Phaeocystis and the diatom
Nitzschia subcurvata during the first occupation of this tran-
sect. Phaeocystis populations were apparently declining as

indicated by the presence of many fragmented colonies (figure,
block A) and relatively few "healthy" spherical colonies. By the
third occupation of the transect, about 17 days later, few
Phaeocystis colonies were found. West of the Phaeocystis/N.
subcurvata- dominated region larger diatoms (e.g.,
Pseudonitzschia pseudodelicatissima(?)) became more abun-
dant. Drifting sea ice covered the region from approximately
168026' to 1660W along the 76°30'S transect line, and many ice-
associated forms were observed in the water column. West of
the pack ice and east of the land-fast ice of the Victoria Land
coast, a polynya was present from at least early December, and
it increased in area during the course of the cruise as ice melt-
ed. The conspicuous diatoms in this region were species of
Fragilariopsis. This was apparently a rapidly developing diatom
assemblage as indicated by healthy cells forming long chains
and an apparent increase in populations over the course of our
study. Although our population analyses are still in progress, it
is apparent from preliminary examination of samples that het-
erotrophic microp!ankton, in particular heterotrophic dinofla-
gellates, were very abundant throughout the region.

Preliminary examination of aliquots of all five sediment
traps from 200 m has shown two noteworthy results. First, sev-
eral of the angular or ovoid fecal pellets (approximately
100-200 micrometers [nm]) from trap sets 3-5 contain
Parmales cells (Booth and Marchant 1987) and/or dinoflagel-
late hypnozygotes (Buck et al. 1992) (figure, blocks B and C) in
addition to the diatom Fragilariopsis. Second, large (>200 gm)

Dates, locations, and lengths of deployments of sediment
traps

123 December 1995	76.49980S	171.7631°E	2.50
2	26 December 1995	76.49900S	170.75900 E	2.87
3	31 December 1995	76.49970S	164.96870 E	2.23
4	6 January 1996	76.49070S	177.6449°W	2.23
5	12 January 1996	76.50070S	164.9753 0 E	1.92
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Examples of organisms and fecal pellets from the December 1995 and January 1996 field season. A. Light micrograph of a Lugol's-preserved
sample from the water column showing fragmented Phaeocystis colonies (arrows) and a heterotrophic dinoflagellate (D). B. Scanning electron
micrograph of Parmales cells (arrows) in a fecal pellet from the 200-rn trap of trap set 4. Fragilariopsis cells (F) are also present. C. Scanning elec-
tron micrograph of dinoflagellate hypnozygotes (arrows) in a fecal pellet from the 200-rn trap of trap set 5. (F denotes Fragilariopsis cell.) D. Light
micrograph of a large protozoan from the 200-rn trap of trap set 5. (N denotes nucleus; H denotes cluster of hypnozygotes in its food vacuole.)

protozoans (figure, block D) are present in trap sets 1-5. Their
feeding vacuole often contains hypnozygotes or Parmales cells
as well as pennate diatoms. The protozoans may be dinofla-
gellates, but their nuclear ultrastructure is not typical of
dinoflagellates. We are currently trying to identify this organ-
ism. We are also comparing its vacuole contents ultrastruc-
turally with the fecal pellet contents to determine whether it is
likely that this organism produced the pellets. We will be ana-
lyzing the other types of fecal pellets and microzooplankton
and algal cells in the particle flux during the next year.

We thank Sylvie Mathot and Chrystal Vickers for help at
sea, the officers and crew of the Nathaniel B. Palmer and the
Antarctic Support Associates staff for making the cruise a suc-
cess, and Vernon Asper and team for the sediment trap pro-
gram. This research was supported by National Science

Foundation grant OPP 93-16035 to D.L. Garrison and M.M.
Gowing.
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the southern Ross Sea
1995-1996

Dimethylsulfide concentrations in
during austral summer

GIACOMO R. DITuLLI0, Grice Marine Biological Laboratory, University of Charleston, Charleston, South Carolina 29412

T
he volatile sulfur compound dimethylsulfide (DMS) rep-
resents approximately half of the natural biogenic emis-

sions to the atmosphere (Andreae 1990). DMS concentrations
are important with respect to global climate change processes
and may have played a role in the atmospheric drawdown of
carbon dioxide during the last glacial maximum (Martin 1992,
pp. 123-138). In the southern Ross Sea, Phaeocystis antarctica
typically forms large colonial blooms during the early austral
summer (El-Sayed, Biggs, and Holm-Hansen 1983; Palmisano
et al. 1986). DMS can be used as a proxy for the presence of
this organism in the southern Ross Sea, especially during
bloom conditions (DiTullio and Smith 1995). Although other
phytoplankton also produce the DMS precursor dimethylsul-
foniopropionate (DMSP), high concentrations [>100 nanomo-
lar (nM)] of DMS in the Ross Sea are typically found only in
the southern sector during periods when P. antarctica prolif-
erates (DiTullio and Smith 1995).

We surveyed the southern Ross Sea along 76030'S
aboard the RIV Nathaniel B. Palmer (see Sedwick, DiTullio,
and Mackey, Antarctic Journal, in this issue). We performed
three transects during the time interval from 20 December
1995 to 12 January 1996. Transect 1 (20-28 December 1995)
had the highest integral primary production rates, chloro-
phyll-a biomass, and particulate organic carbon concentra-
tions relative to transect 2 (3-7 January 1996) or transect 3
(7-12 January 1996) (Smith personal communication).
Those data as well as plankton microscopic analyses
(Garrison personal communication) suggested that transect
1 probably represented the beginning of the spring bloom
senescence stage.

DMS concentrations were measured at various stations
along the transect using the cryogenic purge-and-trap
methodology described in DiTullio and Smith (1995). DMS
comparisons between filtered and nonfiltered samples dis-
played spatial variability due to the presence and physiologi-
cal state of Phaeocystis antarctica colonies. The unfiltered

data are presented here to facilitate direct comparison
among transects. We observed a similar pattern in DMS con-
centrations among transects (figure) as described for other
biological and chemical parameters noted above. DMS con-
centrations were highest during transect 1 (reaching a maxi-
mum concentration of 340 nM at station 22) and declined
progressively on later transects to values less than 40 nM in
the same region (figure). Integral water column [to 150
meters (m)] DMS concentrations reached a maximum value
of 22 micromoles per square meter approximately 200 kilo-
meters (km) from the coast (station 22) during transect 1.
Integral DMS concentrations for transects 1 and 2 ranged
between 1 and 4 micromoles per square meter. The range in
the dissolved and particulate DMSP pools each represented
approximately 10-40 percent of the DMS pool. The disap-
pearance of the P. antarctica bloom was rapid as evidenced
in the change in DMS concentrations between transects 1
and 2. It is unclear whether ventilation to the atmosphere or
biological consumption processes (Kiene and Bates 1990)
were responsible for this rapid decline in the DMS concen-
trations. Ammonium concentrations reached a maximum of
approximately 2.5 micromolar between 50 to 100 m at station
22 (Gordon personal communication) indicating enhanced
grazing processes. The fact that the dissolved DMSP pool and
the dissolved organic carbon concentrations (Carlson per-
sonal communication) did not increase significantly during
the demise of the bloom (transects 2 and 3) suggests a poten-
tial rapid turnover mechanism for these pools. Future experi-
ments will investigate the biological consumption rates of
DMS in the Ross Sea.

This research would not have been possible without the
assistance of the chief scientist, David Garrison, as well as
Walker Smith and Steve Kottmeier (Antarctic Support
Associates). I also would like to thank the captain and crew of
the RIV Nathaniel B. Palmer. This research was supported by
National Science Foundation grant OPP 93-17431.
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Dissolved iron and manganese in surface waters of the Ross
Sea, austral summer 1995-1996

PETER SEDWICK, Antarctic CRC, Hobart, Tasmania 7001, Australia
GIACOMO DITULLIO, Grice Marine Biological Laboratory, University of Charleston, Charleston, South Carolina 29412

DENIS MACKEY, Antarctic CRC, Hobart, Tasmania 7001, Australia and Division of Oceanography, CSIRO Marine Laboratories,
Hobart, Tasmania 7001, Australia

T
he availability of dissolved trace metals such as iron (Fe),
manganese (Mn), and zinc (Zn) may play an important

role in regulating the growth and biomass of phytoplankton in
waters of the antarctic continental shelves (Martin, Fitzwater,
and Gordon 1990a). Little information is available, however,
regarding the concentrations of trace metals in these waters
during the phytoplankton growing season. Very low dissolved
Fe concentrations of approximately 0.1 nanomole/liter (nM)
have been reported for surface waters of the Ross Sea in
January 1990 (Fitzwater et al. 1996), which, together with the
results of bottle-incubation experiments (Martin et al. 1990a),

suggest that Fe-deficiency may limit algal production in this
region during the middle to late summer. During spring
(November and December) 1994, we measured significantly
higher dissolved Fe concentrations of 0.5-3.8 nM in these
waters, and dissolved Mn concentrations of 0.08-0.83 nM
(Sedwick, DiTullio, and Mackey 1995). These observations
suggest that the dissolved Fe content of seawater in the Ross
Sea may vary widely by season and that dissolved Fe availabili -
ty decreases during the summer. The results we present here,
from a survey of dissolved iron and manganese in this region
during the early summer, are consistent with this hypothesis.
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During an expedition aboard R/V Nathaniel B. Palmer in
December 1995 and January 1996, water-column samples
were collected at nine stations in the southern oceans and
Ross Sea (see figure 1 and table) using trace-metal clean tech-
niques as described in Sedwick et al. (1995). Samples were fil-
tered through 0.4 micrometer-pore polycarbonate mem-
branes, and dissolved Fe and Mn were determined at sea by
flow-injection analysis following modifications of the meth-
ods of Measures, Yuan, and Resing (1995) and Resing and
Motti (1992). Station Ki was an ice-free, deep-ocean location
well away from the antarctic continent, where low concentra-
tions of both metals were expected in the upper water col-
umn. Stations K2-K9 were on the continental shelf, in water
depths of less than 1 kilometer, and were occupied in condi-
tions ranging from heavy pack ice to ice-free (see table).
Dissolved major nutrients, nitrate plus nitrite, phosphate, and
silicate were abundant at all trace-metal stations (concentra-
tions >14 micromole/liter, 0.8 micromole/liter, and 45 micro-
mole/liter, respectively; data not shown). Vertical concentra-
tion profiles of dissolved Fe and Mn for stations Ki and K3-K9
are presented in figure 2.

Our ability to collect open-ocean seawater and measure
dissolved Fe and Mn without significant contamination is
demonstrated by the smooth vertical concentration profiles
and low concentrations (0.12-0.30 nM Fe, 0.21-0.28 nM Mn)
obtained at station Ki (figure 2A), which are very similar to
data reported by Martin et al. (1990b) for the southern Drake
Passage. Except for station K3, water-column dissolved Fe
concentrations were generally low (0.09-0.38 nM) in shelf
waters of the Ross Sea, and tend to increase with depth, sug-
gesting removal from the upper water column due to biologi-
cal uptake or other scavenging processes (Landing and
Bruland 1987). At station K3 (figure 2B), significantly higher
dissolved Fe concentrations were measured at the surface
(2.25 nM) and 20 meters depth (0.72 nM); we attribute these
findings to the release of Fe from the melting sea ice (brash
ice), which was present at this location. Martin et al. (1990b)
have suggested melting sea ice as a possible
source of Fe for surface seawater, and total Fe
concentrations above 30 nM have been mea-
sured in snow collected from antarctic sea ice
(Edwards and Sedwick 1996). The highest is.
mixed-layer dissolved Mn concentrations of
approximately 0.6 nM were also observed at sta-	KI a

tion K3, consistent with dust inputs from melt-
ing sea ice. Dissolved Mn concentrations were	K4
low (<0.6 nM) in the upper water column at all	K5
other stations, increasing to higher concentra-
tions (approximately 0.5-0.8 nM) below 100	K6
meters depth, again suggesting biological/scav-	K7
enging removal from the mixed layer.	 K8b

Our data suggest that the concentrations of	K9C

dissolved Fe and Mn are typically low (0.09-0.38
nM Fe, 0.03-0.58 nM Mn) in the upper hundred
meters of the water column of the Ross Sea dur-
ing the early summer, except where brash ice is

1640E	 1720E	 1800	 1720W
64°S

68°S

72S

76S

Figure 1. Location map of trace-metal hydrocast stations K1-K9 in
the southern ocean and Ross Sea, Antarctica, austral summer
1995-1996.

present. These results are consistent with those of Martin et
al. (1990a) and Fitzwater et al. (1996), who suggest that low
concentrations of dissolved Fe may limit phytoplankton pro-
duction in this region during the mid- to late-summer. The
elevated concentrations of dissolved Fe and Mn observed in
association with brash ice suggest that melting sea ice may be
an important source of Fe and Mn into surface seawater
around Antarctica and may explain the significantly higher
dissolved Fe and Mn concentrations observed in these waters
during the spring (Sedwick et al. 1995), when large amounts of
annual sea ice are melting.

We thank chief scientist David Garrison, Antarctic
Support Associates personnel, the captain and crew of R/V
Nathaniel B. Palmer, and the other participants in the
Collaborative Studies of Bloom Dynamics and Food Web
Structure in the Ross Sea. We are grateful to Louis Gordon
and Andrew Ross for the nutrient analyses, and to Ian

Trace-metal hyd rocast stations, Ross Sea, austral summer 1995-1996

6630S 17850E	19 December 1995	No ice visible
76 031'S 174 032'W	21 December 1995	No ice visible
76030S 170044W	21 December 1995	Extensive brash ice
76030S 177 046E	24 December 1995	No ice visible
76030S 168030E	28 December 1995	Approximately 9/10

pack ice cover

75000S 172 000E	31 December 1995	No ice visible
76031'S 164058E	4 January 1996	Occasional bergy bits
76030S 170037'W	8 January 1996	No ice visible
76030S 177043W	10 January 1996	No ice visible

aSurfacewater sample only, 0.38 nM dissolved iron, 0.58 nM dissolved man-
ganese.
bApproximately same location as station K3.
CApproximately same location as station K4.
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Figure 2. Vertical concentration profiles of dissolved iron (Fe) and manganese (Mn) in the water column at stations (A) Ki, (B) K3, (C) K4, (D) K5,
(F) K6, (F) K7, (G) K8, and (1-1) K9 (Mn only).

Helmond and Terry Byrne for design and fabrication of the
water samplers. Joe Resing and Chris Measures are thanked
for assistance with the flow injection methods. This research
was supported by National Science Foundation grant OPP 93-
17431 and the Antarctic CRC.
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CCAMLR's unique manage-
ment regime has come to be
known as the "ecosystem
approach." In keeping with
CCAMLR's mandate, the
impact of the krill (Eu-
phausia superba) fishery
upon dependent predators
must be understood.

The AMLR program
monitors finfish and krill
fisheries, projects sustain-
able yields where possible,
and formulates manage
ment advice and options. In
addition, the program con-
ducts field research with
the long-term objective of
describing the functional
relationships between krill,
their predators, and their
environment. The field pro-
gram is based on two work-
ing hypotheses:

Krill predators respond
to changes in the avail-
ability of their food.

Figure 1. Locations of the U.S.
AMLR field program: research
cruise near Elephant, Clarence,
and King George Islands (AMLR
study area); and land-based
studies at Seal Island and Palmer
Station.

Antarctic Marine Living Resources program

The U.S. Antarctic Marine Living Resources (AMLR) program:
1995-1996 field season activities

JANE E. MARTIN, ROGER P. HEwITT, and RENNIE S. HOLT, Antarctic Ecosystem Research Group,
Southwest Fisheries Science Center, La Jolla, California 92038

T
he U.S. Antarctic Marine Living Resources (AMLR) program
has developed and conducted a research plan tailored to

the goals of the Convention for the Conservation of Antarctic
Marine Living Resources (CCAMLR), part of the Antarctic
Treaty System. The Convention manages antarctic fisheries to
conserve targeted species, while also taking into account the
impact fishing activities might have on other living organisms
in the antarctic ecosystem.

The distribution of krill is affected by both physical and
biological aspects of their environment.

Similar to the past seven field seasons, the 1995-1996
field program included a 2-month research cruise near
Elephant, Clarence, and King George Islands, which are
among the South Shetland Islands at the tip of the Antarctic
Peninsula (figure 1). The cruise was conducted aboard the
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chartered research vessel (R /V) Yuzhmorgeologiya. Land-
based studies were conducted at a seasonal field camp on
Seal Island, off the northwest coast of Elephant Island, and at
Palmer Station, a U.S. scientific station on Anvers Island far-
ther south on the Peninsula (figure 1).

The specific objectives of the field season were the fol-
lowing:
• to map the physical structure of the upper 750 meters,

including the thermohaline composition, oceanic fronts,
water mass boundaries, surface currents, eddies, and tur-
bulent mixing;

• to map the distribution of phytoplankton biomass and
production;

• to map the distribution of zooplankton (krill and other
species), including the horizontal and vertical variations in
krill density and demographic characteristics;

• to conduct a census of antarctic fur seal pups at selected
sites in the South Shetland Islands;

• to describe the abundance and growth rates of land-based
krill predators (pinnipeds and seabirds) for part of the
reproductive season on Seal Island; and

• to describe the reproductive success, feeding ecology, and
growth rates of Adélie penguins (Pygoscelis adeliae)
throughout the reproductive season at Palmer Station.

The R/V Yuzhmorgeologiya departed Punta Arenas, Chile,
on 18 January 1996 to begin Leg I of the AMLR cruise; the leg
was completed on 16 February. Following a mid-cruise port
call, Leg II was conducted 19 February to 17 March. A large-
area survey of 91 conductivity-temperature-depth (CTD)/
rosette and net sampling stations, separated by acoustic tran-
sects, was completed once during each leg near Elephant,
Clarence, and King George Islands (Survey A on Leg I, Stations
A1-A91; Survey D on Leg II, Stations D1-D91; figure 2). Data for
physical oceanography, primary productivity, and bill distrib-
ution and condition studies were collected during the large-
area surveys. Operations at each station included the following:
• measurements of temperature, salinity, oxygen, light,

transmissometer, and fluorescence profiles;
• collection of discrete water samples at standard depths for

analysis of chlorophyll-a content, absorption spectra, par-
ticulate organic carbon and nitrogen concentrations, pri-
mary production, size fractionation, floristics, and inor-
ganic nutrient content; and

• deployment of a 1.8-meter (6-foot) Isaacs-Kidd Midwater
Trawl (IKMT) to obtain samples of zooplankton and nekton.

During Leg I, acoustic data and four IKMT samples were
collected along two transects (Transects AB1 and AB2) when
entering and leaving Admiralty Bay, King George Island, to

AMLR 1996 Large-Area Surveys

Figure 2. The large-area surveys
for AMLA 1996 (Leg I: Survey A;
Leg II: Survey D).
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Figure 3. Three cross-shelf transects conducted during Leg II: north of King George Island (Stations X1-X7),
north of Elephant Island (Stations X8-X14), and south of Elephant Island (Stations X15-X21).

describe bill abundance and distribution; these data comple-
mented foraging studies on Adélie penguins in the area. An
antarctic fur seal (Arctocephalus gazella) census was conduct-
ed throughout the South Shetland Islands during Leg I; fur
seal pups were counted, newly established or previously
unknown fur seal colonies were identified, and sightings of
previously tagged fur seals were recorded. During Leg II, 21
CTD/rosette stations (Stations X1-X21) were completed along
three cross-shelf transects to describe water mass structure:
north of King George Island, north of Elephant Island, and
south of Elephant Island (figure 3). Twenty-three directed net

tows were also conducted in these areas using a Multiple
Opening Closing Net Environmental Sampling System (MOC-
NESS) to correlate acoustic data with species and target sizes.

A field team occupied the camp on Seal Island from 21
January to 5 February 1996 and again 12-23 February 1996.
The team conducted research on the abundance and growth
of antarctic fur seals, chinstrap penguins (Pygoscelis antarcti-
ca), and macaroni penguins (Eudyptes chrysolophus) breeding
on the island. Fieldwork at Palmer Station was initiated on 10
October 1995 and completed on 27 March 1996; studies on
aspects of the ecology of Adélie penguins were conducted.
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AMLR program: Distribution of volume backscattering
strength near Elephant Island in the 1996 austral summer

ROGER P. HEwIrr and DAVID A. DEMER, Southwest Fisheries Science Center, La Jolla, California 92038

T
he primary objectives of the bioacoustic sampling pro-
gram were to map the mesoscale (lOs of kilometers) dis-

persion of krill (Euphausia superba) near Elephant Island, to
estimate their biomass, and to determine their association
with predator foraging patterns, water mass boundaries, spa-
tial patterns of primary productivity, and bathymetry.
Secondary objectives were to describe cross-sections of vol-
ume backscattering strength along transects through
Admiralty Bay, across the shelf break to the north and south of
the South Shetland Islands, and across the Antarctic
Convergence in Drake's Passage. Directed net sampling was
also conducted to verify classification of acoustic targets. In
situ target strength (TS) measurements of individual zooplank-
ton were made; these data will be used to develop or enhance
TS models for various macrozooplankton and nekton.

Acoustic data were collected using a multifrequency echo
sounder configured with downlooking 38, 120, and 200 kilohertz
(kHz) transducers mounted in the hull of the ship. System cali-
brations were conducted before and after the surveys using
standard sphere techniques while the ship was at anchor in
Ezcurra Inlet, King George Island. For the purposes of generat-
ing distribution maps and biomass estimates, 120-kHz volume
backscattering strength attributed to bill was integrated over
depth from 10 meters (m) to 250 m and averaged over transect
intervals of 185 m (18 pings assuming nominal vessel speed of
10 knots and 2-second ping interval).

Integrated volume backscattering strength per unit sea
surface area was converted to estimates of bill biomass densi-
ty by applying a factor equal to the quotient of the weight of an
individual krill and its backscattering cross-sectional area,
summed over the sampled length frequency distribution for
each survey (Hewitt and Demer 1993). Total biomass was esti-
mated by treating the mean biomass density on each transect
as an independent estimate of the mean density over the sur-
vey area (Hewitt and Demer 1993). The entire survey area was
treated as a single stratum.

Survey A (23 January to 4 February) and Survey D (24
February to 8 March) were conducted to map the mesoscale
dispersion and estimate the biomass of bill in 15,000 square
nautical miles near Elephant Island and the eastern end of
King George Island. Each survey consisted of 12 north-south
transects with 15-nautical-mile spacing between lines.
Stations were 15 nautical miles apart and included a conduc-
tivity-temperature-depth cast and an Isaacs-Kidd Midwater
Tow (IKMT) plankton tow.

During both surveys, areas of high krill density were
mapped in wide bands along the north side of King George
and Elephant Islands, where water depth was greater than 200
m (figure 1). The bands widened north of Elephant Island,
where water flowing north from Bransfield Strait impinged on
the general northeast flow along the north side of the South
Shetland Islands. This distribution pattern is similar to that
observed during previous surveys.

Krill biomass, estimated from the acoustic data for the area
outlined in the box on figure 1, was the highest estimated since
1992 (table). High biomass estimates during Survey A represent
large numbers of juvenile bill that were spawned in 1995; high
biomass estimates during Survey D represent moderate num-
bers of sexually mature adults.

Acoustic data were collected along transects through
Admiralty Bay during the approach (Transect AB1) and again
during the departure (Transect A132) from the anchorage at
Ezcurra Inlet (see Martin, Hewitt, and Holt, Antarctic Journal,
in this issue). Four IKMT tows were conducted during the
transects as well; two on the way in and two on the way out.
The diets of chinstrap, Adélie, and gentoo penguins were sam-
pled concurrently at colonies along the shores of Admiralty
Bay by Nina Karnovski at the Copacabana field camp.

The acoustic and IKMT data indicate a layer of dense
swarms existed between 50 and 150 m depth throughout the
extent of the Admiralty Bay but not extending into Bransfield
Strait (figure 2). Krill length-frequency distributions from the
IKMT tows indicated that the bill in the area comprised two
modal size groups centered around 26 and 48 millimeters
(mm). These modes are similar to that observed last year in
Admiralty Bay, except that the larger mode is about 5 mm
longer. The bill length frequency distributions from penguin
diet samples indicated no significant differences between
penguin species and also that the penguins may have been
feeding selectively on larger bill.

Krill aggregations encountered during Transect AB2
appear to be slightly higher in the water column than during
Transect AB1, particularly during the latter portion of
Transect AB2. This increase is likely due to the vertical
movement of krill into shallower waters beginning at dusk. It
has been suggested that krill reflect less sound during times
of vertical migration when their body orientation with
respect to the vertical is steeper. This explanation may be an
alternative to the apparent decrease in krill between the two
transects.
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Figure 1. Distribution of vol-
ume backscattering strength
during Survey A, 23 January to 4
February 1996 (A), and during
Survey D, 24 February to 8
March (B). Mean krill biomass
was estimated for area inside
box.

Longitude

Longitude

Sa

4000

2000

1000

500

0

-62

-62

-63

4000

2000

1000

500

-59,

-60.

-60.

-61.

-61.



0.0

50.0

100.0

150.0

200.0

250.0

Admiralty Bay Transact l. 22Jsel059. 14IOUMT

Tow 2low I

622	622	622	62.2	62,2

Latitude (degrees)

Volume Bsckicittenng it 120 kHz (d

AdxolreltyBtyTren.ect2. 221en2209-23Jen0Il8UMT

I
Tow 	 Tow 

4

Figure 2. Vertical cross-sections of volume backscatter-
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AMLR program: Primary production and distribution of
chlorophyll-a around Elephant Island, Antarctica, January to

March 1996
VIRGINIA E. VILLAFA1E, E. WALTER HELBLING, and OSMUND HOLM-HANSEN, Polar Research Program, Scripps Institution of

Oceanography, University of California-San Diego, La Jolla, California 93093-0202
MARCELO P. HERNANDO, Centro Austral de Investigaciones CientIficas, 9410 Ushuaia, Tierra del Fuego, Argentina

T
he area around Elephant Island, the study site of the U.S.
Antarctic Marine Living Resources (AMLR) Program, is

especially interesting because its physical, chemical, and bio-
logical characteristics have been reported to be extremely
variable in regard to both spatial and temporal considerations
(El-Sayed 1988, pp. 101-119; Helbling, Villafañe, and Holm-
Hansen 1995; Silva et al. 1995; Villafañe, Helbling, and Holm-
Hansen 1995). This region is also very productive in regard to
the commercial harvesting of the antarctic krill, Euphausia
superba Dana (Marr 1962), particularly over the continental
shelf-slope north of Elephant Island (Macaulay, English, and
Mathisen 1984). In this article, we report on the distribution
of chlorophyll-a and primary production parameters in the
AMLR study area during the austral summer of 1996.

The large-area survey grid, which consisted of 91 conduc-
tivity-temperature-depth (CTD)/rosette stations, was sur-
veyed once during Leg I and once during Leg II. In addition,
three cross-shelf transects were done, and extensive sampling
was performed down to 2,000 meters (m) or to within 10 in
the bottom at shallower stations. More detailed information
about the location of stations and transects is given in Martin,
Hewitt, and Holt (Antarctic Journal, in this issue). Water sam-
ples were taken at 11 standard depths (5, 10, 15, 20, 30, 40, 50,
75, 100, 200, and 750 in within 10 in the bottom at shal-
low stations) from the 10-liter Niskin bottles mounted on the
rosette. The following sensors were attached to the rosette to
obtain continuous profile data of important variables in the
upper water column:
• CTD sensors,
• a 25-centimeter pathlength transmissometer,
• a light sensor for photosynthetically available radiation

(PAR, 400-700 nanometers), and
• a pulsed fluorometer.

Chlorophyll-a analyses were performed with samples
taken from the upper 200 in following standard fluo-
rometric techniques (Holm-Hansen et al. 1965) using a
Turner Designs fluorometer. Samples of 100 milliliters were
filtered through a GF/F Whatman glass fiber filter and the
photosynthetic pigments extracted in absolute methanol;
after at least 1 hour of extraction, chlorophyll-a concentra-
tions were determined from the fluorescence of the extract
(Holm-Hansen and Riemann 1978). The chlorophyll-a con-
tent of the nanoplankton fraction (cells <20 micrometers)
was obtained in the same fashion, but the sample was first
prefiltered through Nitex mesh with a pore size of 20
micrometers.

Samples for primary productivity measurements were
taken at 5, 10, 15, 20, 30, 40, 50, and 75 in placed in 50-
milliliter polycarbonate tubes, and inoculated with 5
microcuries of sodium bicarbonate (NaH 14CO3). The tubes
were then placed in an incubator, which had neutral density
screens to simulate the irradiance conditions existing at the
depth from which the samples had been taken. The tempera-
ture of the samples in the incubator was maintained close to
surface-water temperatures by pumping surface seawater
through the incubator. After 6-8 hours of incubation under
direct solar radiation, the samples were filtered (GFIF filter),
exposed to hydrogen chloride (HC1) fumes, dried overnight,
and the assimilated radiocarbon determined using standard
liquid scintillation techniques. Incident solar radiation (PAR)
was continuously recorded during both Legs using a 2-pi sen-
sor mounted on the ship's superstructure.

The distributions of chlorophyll-a at 5 in during
both Legs are shown in figure 1. A general increase of phyto-
plankton biomass from Leg I to Leg II occurred, and chloro-
phyll-a values were less than 2.5 milligrams per cubic meter
(mg rn-3) throughout the study area during Leg I but reached
values up to 5 rng m-3 to the east of King George during Leg
II. In general, the lowest surface chlorophyll-a values were
found in the northwest portion of the grid, whereas the high-
est chlorophyll-a values were found in Bransfield Strait
waters and in the northeast portion of the sampling grid. The
mean chlorophyll-a values at 5 in during Legs I and II
were 0.85 and 1.5 mg rn-3 , respectively. The proportion of
nanoplanktonic cells was high during both Legs, in general
accounting for more than 80 percent of the chlorophyll-a.

Figure 2 shows the depth distribution of chlorophyll-a
along the three cross-shelf transects. In transect 1 (figure 2A),
an area of relatively high chlorophyll-a values (more than 0.8
mg m 3) was observed in the southern portion of the transect,
and a deep chlorophyll-a maximum was evident at about 80
m depth. Transect 2 (figure 2B) had a more homogeneous dis-
tribution of chlorophyll-a, exhibiting low values (less than 0.8
mg rn-3) throughout almost the entire transect. The depth
distribution of chlorophyll-a in transect 3 (figure 2C) was dif-
ferent from the other two, as it was characterized by high
chlorophyll-a values in surface waters and diminishing con-
centrations with depth. The highest values observed (more
than 2 Mg m 3 from the surface to about 50 in were
found over the shelf drop-off.

The photosynthesis vs. irradiance (P vs. I) characteristics
of phytoplankton in the AMLR sampling grid are shown in fig-
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Figure 1. Chlorophyll-a concentrations (mg
chlorophyll-a rn-3) at 5 rn depth throughout
the AMLR study area. A. Survey A (23
January to 4 February 1996). B. Survey D
(24 February to 8 March 1996).
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a in the upper 100 m of the water
column along the cross-shelf tran-
sects. A. Transect 1. B. Transect 2.
C. Transect 3. For location of tran-
sects, see Martin et al. (Antarctic
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ure 3. The mean maximum values for assimilation
numbers were slightly higher during Leg I than dur-
ing Leg II (2.3 and 1.9 milligrams of carbon fixed per
milligram chlorophyll-a per hour, respectively). The
data in figure 3 illustrate that as irradiance
increased, photosynthetic rates were somewhat
inhibited. Because the samples were contained in
polycarbonate tubes which absorb essentially all
radiation below 360 nanometers, this inhibition
could have been due to PAR, to ultraviolet radiation
between 360 to 400 nanometers in wavelength, or to
both. The values for mean daily PAR radiation dur-
ing Legs I and II were 38 and 28 Einsteins per square
meter per day, respectively.
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AMLR program: Inorganic nutrient concentrations around
Elephant Island, Antarctica, January to March 1996

NELSON SILvA S. and T. CAROLINA CALVETE, Escuela de Ciencias del Mar, Universidad Católica de Valparaiso, Casilla 1020,
Valparaiso, Chile

OSMUND HOLM-HANSEN, VIRGINIA E. VILLAFAIcJE, and E. WALTER HELBLING, Polar Research Program, Scripps Institution of
Oceanography, University of California-San Diego, La Jolla, California 92093-0202

T
he main goals of the U.S. Antarctic Marine Living
Resources Program (AMLR) include the study of the

predator/prey interactions and the relationship between
physical, chemical, and biological parameters in the marine
ecosystem around Elephant Island, Antarctica. As a part of the
phytoplankton component of this program, extensive nutri-
ent sampling was carried out to relate chemical characteris-
tics of water masses with phytoplankton distribution and
concentration in the study area.

Although inorganic macronutrient concentrations are
high (Le Jehan and Treguer 1985, pp. 22-29) and usually do
not limit phytoplankton productivity in surface antarctic
waters (Sakshaug and Holm-Hansen 1984, pp. 1-18), nutrient
depletion has been documented in areas where large phyto-
plankton blooms occur, especially in coastal regions (Nelson
and Smith 1986; Holm-Hansen et al. 1989; Holm-Hansen and
Mitchell 1991). Previous studies in the area around Elephant
Island have shown that nutrient concentrations are generally
high (Silva et al. 1995a). During the AMLR 1995 field season,
however, nitrate and phosphate concentrations decreased sig-
nificantly in response to high concentrations of phytoplankton
biomass, which at times exceeded 200 milligrams chlorophyll-
a per square meter (Silva et al. 1995b; Villafañe et al. 1995).

The AMLR large-area survey grid, consisting of 91 conduc-
tivity-temperature-depth (CTD)/rosette stations, was occu-
pied once during Leg I and once during Leg II. The cruise track
and station positions for Legs I and II are given in Martin,
Hewitt, and Holt (Antarctic Journal, in this issue). Samples for
nutrient analysis were taken from the Niskin bottles attached
to the CTD/rosette profiling unit. Water samples from 5
meters (m) depth were taken at all stations; additionally, sam-
ples were taken at 20, 50, and 100 m at the 24 stations where
primary productivity measurements were made. The water
samples (approximately 48 milliliters) were poured into 60-
milliliter high-density polyethylene bottles that had been acid-
cleaned. The bottles were immediately frozen and maintained
at -20°C in an upright position until the time of analyses (1-2
months after collection), which were performed at the
Universidad CatOlica de Valparaiso, Chile, using an autoana-
lyzer and standard analytical techniques (Atlas et al. 1971).

The distribution of silicic acid (figure 1) in near-surface
waters during both Legs shows a pattern similar to the ones
previously found by Silva et al. (1995a). The lowest concentra-
tions (less than 40 micromolar) were in Drake Passage waters;
higher concentrations (more than 70 micromolar) occurred
toward the southeast (water type V; see Amos, Wickham, and

Rowe, Antarctic Journal, in this issue) and south (Bransfield
Strait waters) of the sampling grid. This gradient in silicic acid
concentrations was present during both Legs and was most
pronounced in the zone of the continental shelf-break and
the continental slope to the north of Elephant Island.

Phosphate concentrations at 5 m depth (figure 2) were
generally high during both Legs, with values generally ranging
from 1.6 to 2.0 micromolar. The lowest phosphate concentra-
tions found during Leg I (less than 1.7 micromolar; figure 2A)
were in a large area to the north of Elephant Island. During
Leg II (figure 2B), phosphate concentrations were generally
higher in this area to the north of Elephant Island, but rela-
tively low concentrations (less than 1.6 micromolar) were
found to the south of Elephant Island and to the east of King
George Island. These areas of low phosphate concentrations
in Leg II coincided with the areas of greatest phytoplankton
biomass (see Villafafle et al., Antarctic Journal, in this issue).

The distribution patterns of nitrate concentrations at 5 m
depth during both Legs (figure 3) were similar to those of
phosphate concentrations, including the relative changes
from Leg I to Leg II. Nitrate concentrations during both Legs
ranged from about 22 to 29 micromolar, with the lowest val -
ues during Leg I (21 micromolar; figure 3A) existing to the
north of Elephant Island, and during Leg 11(22 micromolar;
figure 3B) to the east of King George.

The variations in inorganic nutrient concentrations
shown above reflect different chemical characteristics of the
water masses found in the AMLR study area (Silva et al.
1995a) as well as temporal changes related to the assimilation
of these nutrients by phytoplankton. The relatively low phos-
phate and nitrate concentrations during our study period
apparently are due to phytoplankton nutrient uptake because
high phytoplankton concentrations were observed in these
areas (Villafane et al., Antarctic Journal, in this issue). Similar
changes in nutrient concentrations from Leg I to Leg II were
observed in the AMLR study area by Silva et al. (1995b),
although in that study the minimal phosphate and nitrate
concentrations were much lower (less than 1 micromolar
phosphate and less than 19 micromolar nitrate). This greater
depletion of nutrients during 1995 as compared to values in
1996 is correlated with higher chlorophyll-a concentrations in
1995 (approximately 8 milligrams per cubic meter) as com-
pared to the highest chlorophyll-a concentrations of approxi-
mately 5 milligrams per cubic meter in 1996.

This research was supported by National Oceanic and
Atmospheric Administration (NOAA) Contract 52ABNF600013.
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Figure 1. Silicic acid concentrations
(micromolar) at 5 m depth in waters
around Elephant Island. A. Data from
Survey A, Leg I (23 January to 4
February 1996). B. Data from Survey
D, Leg 11(24 February to 8 March
1996).
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Figure 2. Phosphate concentrations
(micromolar) at 5 m depth in waters
around Elephant Island. A. Data from
Survey A, Leg I (23 January to 4
February 1996). B. Data from Survey
D, Leg 11(24 February to 8 March
1996).



Figure 3. Nitrate concentrations
(micromolar) at 5 m depth in waters
around Elephant Island. A. Data from
Survey A, Leg I (23 January to 4
February 1996). B. Data from Survey
0, Leg 11(24 February to 8 March
1996).
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AMLR program: Krill demography in the Elephant Island area,
January to March 1996

VALERIE LOEB, Moss Landing Marine Laboratories, Moss Landing, California 95039
VOLKER SIEGEL, Institut für Seefischerei, Bundesforschungsanstalt für Fischerei, Hamburg, Germany

T
he objective of this work was to provide information on
the demographic structure of antarctic krill stocks

(Euphausia superba) in the Antarctic Marine Living Resources
(AMLR) study area. Demographic information for krill
includes length, sex, reproductive condition, and maturity
stage composition. The length information is important to the
AMLR acoustics program to estimate krill biomass.
Information on length, maturity stage composition, and
reproductive condition is essential to assess between-year dif-
ferences in krill spawning success and recruitment (i.e., the
supply of juveniles spawned the previous summer). The size
of this supply has relevance to the availability of krill to their
predators.

Krill were obtained from a 1.8-meter (6-foot) Isaacs-Kidd
Midwater Trawl (IKMT) fitted with a 505-micrometer mesh
plankton net. Flow volumes were measured using a calibrated
General Oceanics flow meter mounted on the frame in front
of the net mouth opening. Samples were collected at the 91
large-area survey stations during each cruise leg (see Martin,
Hewitt, and Holt, Antarctic Journal, in this issue). All tows
were fished obliquely from a depth of 170 meters (m) or about

10 in bottom in shallower waters. Tow depths were
derived from a real-time depth recorder mounted on the
trawl bridle and monitored in the acoustics lab. Tow speeds
were about 2 knots. Samples were processed onboard using
fresh or freshly frozen specimens. All krill were analyzed from
samples containing fewer than 150 individuals. For larger
samples, 100-200 individuals were measured, sexed, and
staged. Measurements were made of total length [in millime-
ters (mm)]; stages were based on the classification scheme of
Makarov and Denys (1981). Density estimates are expressed
as numbers per square meter sea surface area. Data are pre-
sented for the large-area surveys and for the more restricted
"Elephant Island Area" (a box around Elephant Island) to
allow comparison with previous AMLR cruises (figure 1).

Krill were present at all but three stations during Survey A
(23 January to 4 February), yielding an estimated total of
46,831 individuals. Relatively high krill densities occurred in
waters over and adjacent to the northern and southeastern
shelves of King George and Elephant Islands (figure 1). The rel-
atively high mean abundance of 18.9 per square meter (m2)
(±70.3) was mostly due to three large catches (233.4 to 579.6
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rn-2); the median abundance was 2.0 rn-2. The overall length
frequency distribution was bimodal (figure 2) and numerically
dominated (71.3 percent) by small hill 22 to 33 mm long; large
bill of 44- to 53-mm lengths constituted the second mode
(18.6 percent). The small length mode was due to large num-
bers of juveniles (63.2 percent) and immature males (2a stage;
table) and represents a relatively abundant 1-year-old age
class (i.e., the 1994-1995 year class). The large-size mode
included primarily mature stages older than 4 years of age.
Cluster analysis indicated that the small bill were broadly dis-

tributed across the southern portion of
the survey area whereas large mature
forms were primarily within the Drake
Passage. Relatively small proportions of
intermediate sized bill (34 to 43 mm, 7.5

Abundance	percent) result from poor recruitment of
No. per 1 m2

0	 the 1992-1993 and 1993-1994 year class-
es. Almost all of the mature females were• <1.0

1.0-9.9	in advanced stages: 24.6 percent had
developing gonads (3c stage); 7.4 percent

10.099.9	were gravid (3d); and 66.0 percent were

100-999	
spent (3e). The common occurrence of
spent forms that still had numerous eggs

S

remaining in the ovaries suggests that a
>1000 substantial proportion of the females

were undergoing batch spawning during
the survey period.

Approximately 33,795 bill were col-
lected at 79 Survey D stations (24
February to 8 March). The larger samples
generally occurred in the area extending
from northeast of King George Island to
south and east of Elephant Island. The
largest catch, estimated to be 26,650 krill
(1,255.5 rn-2), was at Station D80 north-
east of Clarence Island (figure 1). This
sample represented 79 percent of the krill
collected during Survey D. The extremely
large krill catch overwhelms those from
other survey stations and is generally
omitted here to describe conditions char-
acteristic of the broader survey area. For
example, the mean bill abundance for all
Survey D stations was 16.9 rn-2 (±130.7),
whereas that after excluding Station D80
was 3.1M-2 (±7.0). The median abun-
dance estimates with and without D80
were similar, 0.6 and 0.5M-2, respectively,
reflecting relatively low abundance of krill
across the survey area during this time.

The overall krill length-frequency
distribution from the survey area
(excluding D80) was again bimodal, and
most of the krill were within 25- to 33-
mm and 45- to 53-mm length categories
(figure 2). In contrast to Survey A, large
mature forms numerically dominated (71

percent), whereas juveniles and young immature males
smaller than 34 mm constituted only 23 percent of the total
(table). The distribution of these smaller bill was limited to a
few stations adjacent to and south of Elephant Island. As dur-
ing Survey A, most of the mature females were in advanced
maturity stages: 57.6 percent were gravid (3d) and 22.1 per-
cent spent (3e).

Mean and median bill abundance values in the Elephant
Island area during Survey A were the highest recorded in the
past 5 years (table). This high abundance was primarily due to

60' -

61' -

62"-

Figure 1. Krill abundance in IKMT tows collected during the large-area survey on Leg I (Survey
A, January 1996) and during the large-area survey on Leg II (Survey D, February and March
1996). The outlined stations are included in the "Elephant Island area" used for between-year
comparisons.
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Figure 2. Overall length frequency distribution of krill collected during
the large-area survey on Leg I (Survey A, January 1996) and during
the large-area survey on Leg II (Survey D, February and March 1996).

large proportions of 1-year-old krill (juveniles and stage 2a
males). The substantial decrease in Survey D bill abundance
estimates relative to January values was also observed in
February and March 1994 and 1995 and most likely represents
seasonal migration out of the area. Decreased proportions of
juveniles in February and March compared to January sam-
pling periods have been observed each year and probably
result from different distribution and seasonal migration pat-
terns of the various maturity stages (Siegel 1988, pp. 219-230).

Most of the female bill were in advanced maturity stages
during the 1995 and 1996 surveys (table), but smaller propor-
tions of spent females and low numbers of bill larvae collect-
ed in February and March 1996 compared to 1995 (Loeb and
Outram, Antarctic Journal, in this issue) suggest a later peak
spawning period in 1996. The early spawning seasons of
1994-1995 and 1995-1996 differ substantially from the previ-
ous 3 years when most females were in early stages of gonadal
development during the period from January to March.

The bill recruitment index (Ri) based on the relative pro-
portion of total krill constituted by the 1-year-old age group
during Survey A was 0.622. This value was one of the highest
recorded over the past 18 years and indicates strong recruit-
ment of the 1994-1995 year class. Strong recruitment results
from good spawning success and survival of early stages
spawned the previous year. These two conditions were asso-
ciated with large proportions of advanced female maturity
stages during the period from January to March 1995 (table)
and extensive sea-ice conditions in the Antarctic Peninsula
region during winter 1995. These results support the hypothe-
sized relations between bill recruitment success, bill spawn-
ing seasonality, and winter sea-ice conditions presented in
Siegel and Loeb (1995). In accordance with the apparent rela-
tionship between early spawning and good recruitment,
strong year class success may result from the relatively large
proportions of advanced female stages during 1996.

This work was supported by National Oceanic and Atmos-
pheric Administration Contract Number 50ABNF600014.
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Abundance and maturity stage composition of krill collected in the Elephant Island area during 1996 compared to
1992-1995
NOTE: February and March 1996 values do not include data from station D80. Advanced female maturity stages are proportions of mature females that are 3c-3e
in January and 3d-3e in February and March.

Abundance:	No. rn-2	No. rn-2	No. rn 2 No. rn-2 No. rn-2 No. rn-2 No. rn-2	No. rn-2 No. rn-2 No. rn-2

Mean	 13.6	1.6	5.5	5.8	3.5	3.6	0.9	2.3	6.8	6.0
Standard deviation	42.1	3.5	14.9	11.6	11.7	7.6	2.1	8.5	17.8	12.0
Median	 1.9	0.6	0.5	1.7	0.9	0.7	0.2	0.06	0.6	1.1

Composition:	%	%	%	%	%	%	%	%	%	%

Juveniles	 55.0	4.6	4.0	7.2	37.1	20.8	1.1	3.7	3.5	33.6
Immature stages	18.3	4.0	18.8	30.7	19.1	9.9	2.5	6.2	51.4	27.1
Mature stages	26.7	91.4	77.2	62.2	43.9	69.3	96.4	90.1	45.1	39.2

Females:
F2	 1.1	0.1	2.3	7.8	0.8	0.6	0.3	0.7	21.8	0.8
F3a	 0.0	0.2	18.0	11.7	0.6	0.0	0.0	3.5	12.4	10.3
F3b	 0.2	1.2	19.3	14.3	12.3	0.0	0.0	7.8	6.2	10.2
F3c	 1.9	15.3	20.1	5.1	9.2	5.0	2.0	4.3	3.7	4.3
F3d	 0.7	17.7	2.3	1.2	0.4	10.9	21.8	4.6	1.1	1.2
Me	 11.6	3.7	0.0	0.0	0.0	4.9	20.4	0.9	1.2	<0.01

Advanced Stages	(98.3)	(96.3)	(37.5)	(19.5)	(42.7)	(76.0)	(95.5)	(26.1)	(9.3)	(4.6)

Males:
M2a	 14.6	0.9	0.3	6.8	8.7	6.5	0.7	0.2	6.9	4.3
M2b	 2.1	1.5	9.4	11.9	7.3	1.2	0.4	1.2	19.1	19.8
M2c	 0.5	1.5	6.8	4.2	2.3	1.6	1.1	4.2	3.6	2.2
M3a	 1.4	4.4	4.3	3.7	2.8	5.3	4.4	24.1	2.1	2.5
M3b	 10.9	48.9	13.2	26.2	18.7	43.2	47.8	44.7	18.4	10.7

Number measured 4,296	2,294	2,078	4,283	2,472	2,984	1,271	1,155	3,669	3,646
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Figure 1. Distribution and abundance of larval and postlarval stages of Thysanoessa
macrura in the Survey A area, January 1996.
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AMLR program: Saips and other macrozooplankton sampled,
January to March 1996

VALERIE LOEB and DAwr'J OUTRAM, Moss Landing Marine Laboratories, Moss Landing, California 95039

S
alps (Salpa thompsonz) and other macrozooplankton taxa
are important components of the antarctic pelagic ecosys-

tem and food web. Salps are of particular interest because
during the spring and summer months of some years, they
may undergo explosive population growth and numerically
dominate the zooplankton in the upper water column. During

negative correlation (Spearman's R = —0.40, pz<0.001) between
the larval and postlarval abundance values at each station.
Salps occurred in 65 percent of the samples and were the sixth
most abundant taxon (20.4 per 1,000 m 3). They were most fre-
quent and abundant in the Drake Passage (figure 2). Lengths
ranged from 4 to 135 mm; the majority (74 percent) were 22 to

those times, saips may be a major competitor of
krill for phytoplankton food resources (Siegel and
Loeb 1995).

Macrozooplankton were collected along with
krill using a 1.8-meter (6-foot) Isaacs-Kidd
Midwater Trawl (IKMT). Sampling specifics are
presented in Loeb and Siegel (Antarctic Journal,
in this issue). All samples were analyzed onboard
using fresh material. All salps were removed from
the samples. For entire samples of fewer than 100
individuals, the two forms (aggregate/ sexual and
solitary/ asexual) were enumerated, and internal
body length (Foxton 1966) was measured to the
nearest millimeter (mm). Representative subsam-
pies of 50-150 individuals were analyzed for larg-
er catches. After salps, krill, and adult fish were
removed, the remaining zooplankton samples
were analyzed. All larger organisms (e.g.,
amphipods, other euphausiids) were sorted, iden-
tified to the lowest taxon possible, and enumerat-
ed. The smaller constituents (e.g., copepods,
euphausiid larvae) in representative aliquots were
then enumerated using dissecting microscopes.
Abundance estimates are expressed as numbers
per 1,000 cubic meters (m 3) of water filtered. Data
are presented for the entire large-area survey dur-
ing each leg of the cruise.

Seventy taxonomic categories were identified
in Survey A samples (23 January to 4 February).
Copepods were present in all 91 samples and con-
stituted the most frequent and abundant category
(794.4 per 1,000 m3; table). Larval stages of the
euphausiid Thysanoessa macrura were second in
abundance (308.5 per 1,000 m 3) and occurred in
90 percent of the samples. Among the larger zoo-
plankton constituents, T. macrura postlarvae were
most frequent (99 percent of tows) and ranked
fourth in abundance. Postlarval T. macrura were
most abundant in Bransfield Strait and waters
adjacent to King George and Elephant Islands,
whereas the larvae were most abundant in the
Drake Passage (figure 1). These distributions are
almost diametrical, as indicated by a significant
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Numerically dominant macrozoopkinkton taxa and total number of taxonomic categories collected during (A) January and
(B) February and March large-area survey periods, 1994-1996.
NOTE: F is the frequency of occurrence (%) in tows. na. indicates ta.xon was not enumerated.

A	 January 1996	January 1995	January 1994
F(%)	Mean	F(%)	Mean	F(%)	Mean

TAXON	 (91 tows) #/1000 m3 (90 tows) #/1000 m3 (81 tows) #/1000 m3
Copepods	 100.0	794.4	98.9	652.7	30.0	41.3
Thysanoessa macrura (larvae)	 90.1	308.5	36.7	15.9	n.a	n.a
Euphausia superba (postlarvae)	96.7	112.5	87.8	14.5	77.5	27.1
Thysanoessa macrura (postlarvae)	98.9	106.9	91.1	96.4	90.0	79.7
Limacinahelicina	 74.7	33.7	43.3	1.9	6.3	0.3
Salpathompsoni	 64.8	20.4	66.7	16.0	100.0	818.3
Chaetognaths	 68.1	12.5	98.9	79.7	n.a	n.a
Ostracods	 53.8	4.9	56.7	9.7	n.a	n.a
Themistogaudichaudii	 92.3	4.9	76.7	4.9	83.8	10.6
Euphausia superba (larvae)	 22.0	2.7	22.2	135.8	n.a	n.a
Clionelimacina	 56.0	2.1	41.1	0.5	13.8	0.3
Euphausiafrigida	 30.8	1.9	50.0	9.8	17.5	3.8
Cyllopus magellanicus	 41.8	1.6	24.4	0.2	82.5	6.3
Tomopteris carpenteri	 60.4	0.9	84.4	4.2	37.5	2.5
Vibiliaantarctica	 48.4	0.5	22.2	0.2	98.8	11.8
Clio pyramidata	 1	6.6	0.11	72.2	5.3	40.0	5.4
Total No. Taxa	 1	 70	1	76	 46

B	 February-March 1996	February 1995	February-March 1994
F(%)	Mean	F(%)	Mean	F(%)	Mean

TAXON	 1(91 tows) #11 000m3 1 (89 tows) #11 000m3 189 tows) #11 000m3
Copepods	 98.9	1387.0	100.0	3189.1	89.9	3090.2
Thysanoessa macrura (larvae)	 87.9	414.4	79.8	276.9	n.a.	n.a.
Thysanoessa macrura (postlarvae)	91.2	143.3	93.3	161.3	91.0	118.9
Euphausiasuperba(postla,vae)	86.8	106.7	78.7	5.7	66.3	18.4
Chaetognaths	 93.4	64.1	100.0	296.4	n.a.	n.a.
Salpathompsoni	 62.6	28.2	59.6	16.5	98.9	523.5
Euphausia superba (larvae)	 62.6	13.9	93.3	3690.0	n.a.	n.a.
Ostracods	 47.3	10.1	75.3	43.4	n.a.	n.a.
Euphausiafrigida	 54.9	9.0	60.7	16.7	61.8	25.9
Primnomacropa	 63.7	3.5	31.5	0.4	10.1	0.1
Themisto gaudichaudii	 91.2	2.5	74.2	3.6	94.4	11.8
Cyllopus magellanicus	 46.2	2.1	25.8	0.7	79.8	4.4
Spongiobranchaea australis	 68.1	1.4	60.7	0.4	14.6	0.1
Vibilia antarctica	 48.4	1.0	23.6	0.2	85.4	6.4
Electrona antarctica (larvae)	 38.5	0.9	62.9	5.2	11.2	0.2
Hyperiel/a dilatata	 52.7	0.8	24.7	0.1	36.0	0.6
Cyiopus/ucasii	 34.1	0.21	23.6	0.5	89.9	6.1
Total No. Taxa	 67	1	 65	1	33
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50 mm (figure 3). Virtually all
(98 percent) were the aggregate
form. Although chaetognaths
were relatively frequent (68 per-
cent of samples), they were not
numerous (12.5 per 1,000 m3)
and ranked seventh in mean
abundance. Early calyptopis
stages of krill larvae were pre-
sent in 22 percent of the sam-
ples, indicating successful
spawning about 3-4 weeks ear-
lier (Ross, Quetin, and Kirsch
1988). The pteropods Lirnacina
helicina and Clione limacina
were also relatively frequent
and abundant.

Sixty-seven zooplankton	
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taxa were identified in Survey
D samples (24 February to 8	 0 0 0 0
March). Copepods again
numerically dominated; they

Abundance
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00
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and their mean abundance	60°W	590	580

value (1,387 per 1,000 m 3) was	Figure 2. Distribution and abunc
nearly twice that during Janu-
ary (table). The frequency of occurrence as well as mean and
relative abundance values of postlarval and larval stages of T.
macrura were similar to those observed during Survey A.
Their distributions were also similar to those during January
and negatively correlated (Spearman's R = -0.44; p<<0.001).
Chaetognaths increased in frequency of occurrence (37 per-
cent) and mean abundance (fivefold) over the previous
month. Although krill larvae were encountered with greater
frequency and abundance than during Survey A, they were
not among the dominant taxa, ranking seventh in mean
abundance. Calyptopis stages were most common (57 per-
cent of stations, 85 percent of total larvae); early furcilia stages
occurred at 18 percent of the stations. The pteropods L. helici-
na and C. limacina were notably less frequent and abundant
than during Survey A.

Although mean salp abundance (28.2 per 1,000 m3) was
higher than during Survey A (table), the median catch of 0.9
per 1,000 m3 was only 20 percent that in January indicating an
overall abundance decrease across the area. Saips were again
most frequent and abundant in the Drake Passage. Solitary
forms made up a considerably larger proportion than during
Survey A (21 percent). The overall size distribution was much
more complex than during January (figure 3). Although a
broad size range was again represented, small and large indi-
viduals were present in substantially greater proportions. A
strong mode was centered around 7 to 12 mm lengths (25 per-
cent of total); these were mostly aggregate forms (82 percent).
Individuals larger than 54 mm made up 15 percent of the
total; most of these (70 percent) were solitary forms. The 37 to
50 mm central size mode was due primarily to aggregate
forms (88 percent). Cluster analysis indicated that the small-

570	560	550	540	530

lance of Salpa thompsoni in the Survey A area, January 1996.

sized individuals were primarily distributed in northwestern
portion of the survey area, whereas predominantly larger
sizes were distributed to the south and east of these.

The overall median salp abundance decrease and com-
position changes between Surveys A and D were associated
with the seasonal reproductive cycle and ontogenetic vertical
migrations of S. thorn psoni (Foxton 1966; Casareto and
Nemoto 1986). Mean saip abundance values for the January
through March survey periods in 1996 were similar to those of
1995; these values were two to three orders of magnitude
lower than during the 1993 and 1994 "salp years" (table).
Relatively low salp abundance in 1996 and 1995 followed win-
ters with extensive sea-ice development; the 1993 and 1994
"salp years" followed winters with little or no sea-ice develop-
ment, a condition apparently favoring explosive springtime
salp population growth. The overall saip length frequency dis-
tribution during January 1996 was similar to that during
January 1994, but differed significantly from that in 1995
(Kolmogorov-Smirnov test p<0.01; figure 3). Size composition
differences probably result from differences in source areas
(e.g., Bransfield Strait vs. Drake Passage) and length of the
growing season.

The mean abundance values of postlarval T. macrura
during 1996 were similar to those during 1994 and 1995
(table). Abundance of T. macrura larvae in January 1996 was
an order of magnitude greater than in 1995, whereas that dur-
ing February and March was 50 percent greater suggesting an
earlier seasonal spawning period and increased larval pro-
duction during 1996. The distinctly different larval and post-
larval distribution patterns were previously reported for the
February and March 1990 survey (Nordhausen 1991). Low
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Figure 3. Length frequency distribution of saips in the Survey A area, January
1994, 1995, and 1996; and in the Survey A and Survey D areas in 1996.

mmbers of krill larvae during February and March
996 relative to 1995 suggest a later peak spawning

)erlod.
This work was supported by National Oceanic and

tmospheric Administration Contract Number
50ABNF600014.
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AMLR program: The 7-year hitch—a meander in the
circulation—near Elephant Island

A.F. Amos, A.R. WIclu-LAM, and C.C. RowE, University of Texas atAustin, Marine Science Institute, PortAransas, Texas 78373

U
sing standard dynamic methods, we show the 7-year
mean upper ocean circulation in the Elephant Island

area relative to the 200- and 500-decibel (db) levels for two
periods: January/ February and February/March. Means were
calculated using all conductivity-temperature-depth (CTD)
stations within each 0.25° latitude x 0.5° longitude bin making
up the Antarctic Marine Living Resources (AMLR) grid (see
Martin, Hewitt, and Holt, Antarctic Journal, in this issue).

In a larger geographical context, the AMLR grid straddles
the southern Drake Passage, the Antarctic Continental Shelf,
and the northern Bransfield Strait (figure 1 in Martin et al.,
Antarctic Journal, in this issue). Thus, one would expect to see
the surface circulation include the southern arm of the east-
ward-setting Antarctic Circumpolar Current (ACC), called the
Continental Water Boundary (Nowlin and Clifford 1982), the
western boundary of the Weddell—Scotia Confluence (Nast et
al. 1988), the counter-flowing East Wind Drift, the Bransfield
Current, and perhaps some manifestation of water flowing
out of the Weddell Sea and entering the Bransfield Strait
(Gordon and Nowlin 1978).

Over the 7 years, we have been impressed with the con-
sistency of the upper-level water structure and geostrophic
flow calculated from CTD casts. We have noted month-to-
month and year-to-year differences in the thermohaline

structure (Amos 1993), but the geostrophy remains similar,
both interannually and between the mid- and late-summer
seasons of the two AMLR legs.

The general flow is from southwest to northeast and is
similar at both the 200-db and the 500-db level (figure 1A, B),
indicating that the motion of the upper few hundred meters is
nearly uniform. Three main flow paths are apparent:

north of the South Shetlands in the Drake Passage parallel-
ing the continental shelf-break,

• south of King George Island in the Bransfield Strait, and
• east of Elephant Island near Clarence Island.
It should also be noted that the AMLR grid pattern is not
designed for complete coverage of some of the areas of inter-
est to the oceanographer; rather, the coverage must be a com-
promise to accommodate all of the areas of krill research
(acoustics, zooplankton, phytoplankton, krill distribution,
penguin and fur seal tracking, etc.) in the available cruise time.

Major reverse flow and East Wind Drift are not evident,
but two or possibly three meanderlike features are dis-
cernible:
• one in the northwest grid section in the Drake Passage,
• one east of Clarence Island, and
• the possible third, a smaller eddylike feature, might occur

between Clarence and Elephant Islands.

AMLR90 - AMLR96 SURVEYS

Total # stations used = 1250
	

Total # stations used = 948

Figure 1. Mean dynamic topography of AMLR study area. Streamlines plotted with respect to (A) 200 db and (B) 500 db at the surface
(dynamic centimeters). Numbers at grid locations are number of stations averaged in each grid over a 7-year period.
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Quasi- permanent* features such as these might affect krill
distribution. We do not know if the Drake Passage feature is a
meander in the flow or an eddy, but during some years' sur-
veys, the streamlines are closed, indicating an eddy. The con-
centration of streamlines running southwest to northeast
marks the boundary front that separates Drake Passage
waters from those of the continental shelf and the Bransfield
Strait. The northwest corner of the Drake water where the
meander occurs is generally a region of low surface and inte-
grated chlorophyll-a concentrations (Villafañe, Helbling, and
Holm-Hansen 1994) and low inorganic nutrients (Silva et al.
1994) but variable krill abundance from acoustic profiles (e.g.,
Hewitt and Demer 1994) and variable krill and salp abun-
dance in net tows (Loeb and Siegel 1994).

Does the mean flow pattern and location of meanders vary
substantially seasonally? We compare the slope of the sea sur-
face relative to 500 db for all stations made during
January/ February (figure 2A) and February/March (figure 213).
The time periods display no essential differences. Both mean-
derlike features are present, as well as the smaller eddy feature
between Clarence and Elephant Islands. Also shown in figure
2A are the tracks of three barometer drifters deployed during
January 1995. Their tracks follow the mean streamlines closely
with the circular motion of the northernmost drifter in the gen-
eral vicinity of the meander in the northwest corner, although it
describes both clockwise and anticlockwise rotations.

This research was supported by National Oceanic and
Atmospheric Administration contract 50ABNF600015. We

*Quasi. permanent, because we know only that they exist during the summer
AMLR study period.

wish to thank the Captain and crew of the R/V Yuzhmor-
geologiya, and the invaluable help from the various crews of
the NOAA ship Surveyor for the previous six field seasons of
the AMLR program.
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Figure 2. Mean dynamic topography of AMLR study area. Streamlines plotted for (A) January/February and (B) February/March, with
respect to 500 db at the surface (dynamic centimeters). Numbers at grid locations are number of stations averaged in each grid. Dotted
lines in (A) are tracks of drifters launched in January 1995.
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AMLR program: Fur seal and penguin studies at Seal Island,
South Shetland Islands, Antarctica, 1995-1996 austral summer

WILLIAM T. COBB, RENNIE S. HOLT, WESLEY A. ARMSTRONG, WILLIAM R. MEYER, and BRIAN G. WALKER,

Antarctic Ecosystem Research Group, Southwest Fisheries Science Center, La Jolla, California 92037

p
inniped and seabird research was conducted by the
Southwest Fisheries Science Center at Seal Island, South

Shetland Islands, Antarctica, during the 1995-1996 austral
summer (see Martin, Hewitt, and Holt, Antarctic Journal, in
this issue). The National Oceanic and Atmospheric
Administration (NOAA) maintains a field camp at this loca-
tion which is occupied annually. This long-term research pro-
ject focuses on the relationship of top predators (fur seals and
seabirds), their prey (krill and fish), and their surrounding
environment. These studies are conducted in support of the
Convention for the Conservation of Antarctic Marine Living
Resources (CCAMLR) Ecosystem Monitoring Program
(CEMP). Due to the impending closure of the Seal Island
camp site and efforts to select a new site, objectives of the
1995-1996 field season were abbreviated from previous years
and were as follows:
• to monitor antarctic fur seal (Arctocephalus gazella) pup

growth, pup production, abundance, survival, and recruit-
ment; and

• to assess long-term trends in chinstrap penguin (Pygoscelis
antarctica) and macaroni penguin (Eudyptes chiysolophus)
abundance, fledgling size, survival, breeding success, and
recruitment according to CEMP and other standard proto-
cols.

Weights of 101 antarctic fur seal pups (51 female, 50
male) were measured on 27 January 1996. Male pups weighed
on average 13.51 kilograms (standard deviation, 2.00), and
female pups weighed on average 11.58 kilograms (standard
deviation, 1.57). These average weights for this period in the
season were the heaviest recorded since 1991-1992 for both
male and female pups. Because of the abbreviated field sea-
son, the exact pupping chronology is not known. The heavier
than normal weights could be attributed to a shift in breeding
chronology, or increased availability of prey. The 1995-1996
Antarctic Marine Living Resources (AMLR) Field Season
Report notes higher than normal krill abundance estimates
(Martin 1996).

At least 281 pups were born on Seal Island during the
1995-1996 austral summer. Pup counts commenced approxi-
mately one month after the typical peak in seal pupping
occurs, so it is reasonable to assume this number was larger
earlier in the season. It is very close, however, to the previous
two seasons' birth totals of 286 (1994-1995) and 299
(1993-1994). A census of nearby rookeries (Large Leap and
Cave Colony) on 5 February 1996 yielded 288 and 101 pups,

respectively. Total births for the Seal Island archipelago were
at least 670 for the 1995-1996 season, compared to 699 for the
1994-1995 season, and 666 for the 1993-1994 season.

Seventy-four known-aged fur seals (34 males, 40 females)
tagged as pups from the 1986-1987 to 1993-1994 austral sum-
mers were sighted in 1995-1996. Of the 40 females, 16 were
sighted with a pup. Long-term resight data should provide
estimates of age at first reproduction, and cohort and age spe-
cific mortality.

Ten chinstrap penguin colonies were censused on 28
January 1996 at approximately 2/3 creche. In total, 1,097
chicks were counted, the lowest count for these colonies in
the 7 years of the census, which averaged 1,511 chicks. One of
the 10 colonies did not exist for the first time since the census
began. Timing of the start of chinstrap chick fledging, 16
February 1996, and mean fledgling weight, 3.12 kilograms
(standard deviation, 0.32), were consistent with previous sea-
sons. This agreement would suggest the decline in the breed-
ing population was not due to a decrease in prey available
during the breeding season.

Census of all macaroni penguin colonies on 26 January
1996 at approximate completion of creche yielded 194 chicks.
This number is slightly lower than average (203) for the last 7
years of census.

From the 1987-1988 austral summer to the 1993-1994
austral summer, approximately 2,000 chinstrap chicks and 70
macaroni chicks were banded each year. In 1995-1996, 444
known-aged chinstrap penguins and 34 known-aged maca-
roni penguins were sighted. Chinstrap penguins 2-4 years old
constituted 86 percent of the resights, whereas 5-8 year olds
made up only 14 percent. These resights can provide data on
age and cohort specific mortality, age at first reproduction,
and breeding success of age classes.

The authors would like to thank the officers and crew of
the R/V Yuzhmorgeologiya for their significant logistical sup-
port. This research was supported by NOAA's National
Marine Fisheries Service as part of the AMLR program.
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Palmer Long-Term Ecological Research

Palmer Long-Term Ecological Research (LTER): Annual
January cruise for 1996 (PD96- 1)

MARIA VERNET and KAREN S. BAKER, Marine Research Division, Scripps Institution of Oceanography,
University of California at San Diego, La Jolla, California 92122

T
he Palmer Long-Term Ecological Research (LTER) annual Island. A continuous underway carbon dioxide equilibrator
cruises make physical and biological measurements west system mapped variations in the air-to-sea gradients in car-

	

ol the Antarctic Peninsula (Ross, Hofmann, and Quetin in	bon dioxide partial pressure. Two 1-day experiments were
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press). Sampling on P1396-

1 from 8 January to 10
February 1996 aboard the
RIV Polar Duke included
cardinal transect lines,
inshore stations, and peri-
odic visits to the nearshore
Palmer grid to provide
temporal continuity to the
Palmer Station season
sampling effort (figure 1).
Standard measurements
included optics; hydrogra-
phy; microbial parame-
ters; plant pigments; pri-
mary production; plant
physiology; acoustic sur-
veys; net tows for zoo-
plankton, krill, and fish;
and krill physiological
condition (figure 2).

In addition, higher
density observations with-
in the foraging area of
Palmer Adélie penguins
link this apex predator to
the environment during
critical periods of its life
history. Surveys of seabird
abundances (figure 3)
were continued using
picket line (PL) transects,
high-density grids (HD),
and observations from
zodiacs. Also, a day was
spent recording Adélie
penguins arriving and
departing from Torgersen
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Figure 1. The cardinal stations of the Palmer LTER regional grid (dots) off the Antarctic Peninsula are overlaid
with large dots to indicate stations occupied during PD96-1. Labeled are Anvers Island (1), Adelaide Island (2),
Torgersen Island (1), Palmer Station (o), Rothera Station (R), Hugo automatic weather station (H; 64057S
65041'W), northern stations (N), southern stations (S), and Marguerite Bay (M). The Hugo area sediment-trap
site is marked with a filled triangle. The 1,000-meter bathymetry line (dotted) is shown.
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conducted to investigate particle flux in ice-covered regions
in Marguerite Bay. Stations north (N, figure 1) (Biscoe-
Renaud/Lemaire/Grandidjer) and south (S, figure 1) (Biscoe-
Levoisier/Crystal Sound) inshore of the coastal islands are ice
covered in some years, are often highly productive, and are
considered nursery grounds for larval fish and antarctic hill.

High-density sampling (Quetin et al. 1995) along with coin-
cidental measurements of terrestrial sampling on Adélie pen-
guin foraging durations were collected. Over time, this sampling
has been modified based on results from previous cruises.
Originally a 70-kilometer (km) x 70-km grid near Palmer was
sampled twice in January 1993. A smaller 50-km x 50-km grid
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Figure 2. LTER January 1996 (PD96-1) cruise overview. Daily events summarized including LTER gridlines, LTER nearshore stations, high-density
grid (HD), picket lines (PL), zodiac operations, and automatic weather station. Event time use during cruise is summarized at the bottom of the
table.
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within the previous 70-km
grid was sampled once in
January 1994. Based on
these results, a 10-km x 20-
km grid (HD I) within the 50-
km x 50-km area was sam-
pled three times in January
1995 and twice in January
1996. During January 1996,

	

the Bismarck Strait was sam-	-64 30'
pled (HDB; figure 3) in addi-
tion to acoustic transects on
the south side of the Bis-
marck Strait and along the
200-km contour to the east
of the Palmer Basin.

	

Picket line seabird cen-	 H

	suses, adopted during	-65' 00'
PD95-1 (Smith et al. 1995),
indicated again foraging
range of Adélie penguins to
be within 50 km of Palmer
Station. Acoustic biomass
measurements were added

	

to the last four 3.7-km pick-	-65' 30'
et line surveys to quantify 294'
the temporal link between
the location of penguins
and acoustic (primarily
krill) biomass. A new radial
picket line (PLR; figure 3)
was initiated to determine
whether counting penguins in the direction of travel affected
a survey. The direction of travel from island breeding sites
was determined using penguin tracking from zodiacs.

In addition, the Hugo automatic weather station was ser-
viced. High seas prevented small boat landings on later visits
to repair the water-temperature probe. A visit to the British
Antarctic Survey Station at Rothera permitted discussion of a
British nearshore sampling program scheduled to begin in
1996-1997. Annual servicing of the two LTER program sedi-
ment-trap moorings (Hugo Island and Palmer Basin) was
conducted on PD95-10 the preceeding December.

Ice-free open water was observed during most of the
cruise. Ice was encountered in the southern part of
Grandidier Strait (inshore North), in the southern part of
Crystal Sound (inshore South), and in the southern part of
Marguerite Bay. Bad weather days were used to sample
nearshore, so only 1 day (5 February) was lost because of
stormy weather.

The highest concentration of feeding penguins was found
farther from Torgersen Island as January progressed, varying
from within 3.7 km on 9 January, to within 10 km on 16
January, and to within 30 km on 25 January. Acoustic biomass
was observed with higher concentrations nearshore, along
the 200-meter contour line, and in Palmer Basin. During

296'	 297'	 298
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/
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January, the pattern of krill aggregations changed from layers
to more defined swarms. Phytoplankton biomass was higher
than in the three previous January cruises with a strong
north-south component and large biomass accumulation in
Palmer Basin and Marguerite Bay. A large diatom bloom near
Palmer Station extended to 600.080 and the Lemaire Channel.

Thanks are given to the Palmer LTER research team
members, the Antarctic Support Associates, as well as the
captain and crew of the R/V Polar Duke. This research was
supported by National Science Foundation grant OPP 90-
11927 and is Palmer LTER contribution number 106.
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I
n March 1996, the Palmer Long-Term Ecological Research
(LTER) Program (Smith et al. 1995) completed a fifth season

of sampling at Palmer Station. The Palmer LTER sampling
strategy combines seasonal time series data from the
nearshore Palmer grid and seabird observations from nesting
sites near Palmer Station with annual cruises covering a
regional grid along the western Antarctic Peninsula. The LTER
January cruise aboard the Polar Duke (PD96-01) visited the
inshore stations five times to provide continuity in the season-
al record (Vernet and Baker, Antarctic Journal, in this issue).

A summary of events for the 1995-1996 Palmer field sea-
son is given in figure 1. Significant dates include arrival of
research teams at Palmer (7 October 1995), first bird observa-
tions (10 October 1995), first chlorophyll sample (16
November 1995), first zodiac profiling cast and acoustic tran-
sect (16 November 1995), the cruise beginning (8 January
1995), the cruise ending (10 February 1996), last profiling cast
and acoustic transect (19 March 1995), departure of water-
column research teams from Palmer (26 March 1996), and last

bird observation (27 March 1996). In figure 1, each line sum-
marizes one cycle of standard sampling (see the table in Smith
et al., Antarctic Journal, in this issue) consisting of approxi-
mately 7 days where the initial event number, month the
event began, day it began, day, and year are given in the first
five columns. The sixth column summarizes the types of stan-
dard days included in this particular cycle. A summary of the
13 scuba dives to obtain krill samples for laboratory experi-
ments, acoustic transects, hydrographic and optical profiling,
phytoplankton sampling, targeted krill tows for physiological
condition and instantaneous growth rate experiments, and
zooplankton trawls are given in the next columns followed by
general comments.

We made some changes from past seasons in the sam-
pling program. For example, an equipment upgrade permit-
ted us to run instruments, winch, and computers on the zodi-
acs on batteries rather than on a gasoline generator. Batteries
have proven to be a more reliable, stable, cleaner, and quieter
power source than the generator. In addition, chlorophyll

par
hplc	pico

Event MoDay 
I 

Yr Std.	dive bio- ctdlprr nuts net tep Pc/
No. - Beg End - Day	- ac chl/sal poc	Ppi Pats  chi krilltarg phyconl igr_ trwl comments
1 10 7 7 9 5 arrive   	ARRIVE PALMER

	

2 10 8 31 95 ice	1-3
2611	1 159 ice	 TEST
76 11 16 19 95 1	4-7	E-B	x	x	x 	DK5;Dt( OK

135 11 20 27 95.1245 	x	X 	x	x 	I 	I	I	brash pushed E. of Stat
CH270 11 28 4 95 12345	8-13 x	x;600	x	X _ - 	GHiHUGO - x	near B; brash ice & wind

	

411 12 5 10 95 123455 - x	X 	x	x	B JI;IH;U 	- x lbrash ice edge
503 12. 11 16 9511234	x	X 	x	x	B	B	B	B	IkHll at transect endwind&rain
613 12 17 25 95 ice   	iced in Arthur Harbor
637 12 26 1 95,13425	x	X 	Ix	x	1 13 2AH 	ice moved to .8nm from D;ice out
768 1 2 71 961325	x	X 	x	x	B AH	AH	2AH x
- 1 8 14 96 cruise - -	-	- -	 - - CRUISE: lterjan96: P096-01
844 21 15 20 9643	 x	E	x	X x	311M	LIM	LII	targ.no catch
914 21 21 25 96 123	x	x	x	x	x	D 	batteries died

1015 2 26 4 96 1223455	x	x	x	x	x	?SPUME 	x
1110 3	5 10 96.123	 x	x	x	Ix	x	1B	lJ;31	I	Itarg-no&small catch; hit bottom
1230 3 11 171 96 12345	x	x	x	x	x	B I B-TOR 	x	larval fish targno catch
1362 3 18 21 961323	x	x	x	x	x	3B;4H1 BHI	I-I
1433 3 22 26196 depart	 I 	II	 DEPARFPALMER

Figure 1. Palmer LTER 1995-1996 season event log overview by sampling week (see the table in Smith et al., Antarctic Journal, this issue, for defin-
ition of standard sampling week). Events include acoustics (bio-ac, Biosonics 120 kilohertz), discrete sample for chlorophyll analysis (chl), conduc-
tivity-temperature-depth (ctd, Seabird), scuba krill collection (dive), high-performance liquid chromotography of phytoplankton pigments (hplc),
instantaneous growth rate (igr), targeted tow for krill (krilltarg, 50 kilohertz), microscopic analysis of net plankton (net, >5tm), inorganic nutrient
analysis (nuts), photosynthetically active radiation (par), physiological condition of larvae (phyconl), microscopic analysis of picoplankton (pico,
0.5-5.0JLm), particulate organic carbon (poc), production photosynthesis vs irradiance (Ppi), primary production simulated-in-situ (Psis), profiling
radiometer (prr, BSI), discrete sample for salinity analysis (sal), transparent exopolymer particles (tep), and standard zooplankton tows (trwl).
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Figure 2. A. Air temperature (in degrees Celsius, solid line) at Palmer station and water tem-
perature (in degrees Celsius, boxes) at station E for the 1995-1996 season. B. Surface

chlorophyll (in mg m-3 , filled diamonds), nitrate (in jiM, open squares), and silicate (in jiM,
filled squares) at station E for the 1995-1996 season. C. Krill abundance (in g m- 2 , filled
squares) from transect A to E and Adélie penguin foraging (in hours, open squares). Arrows
indicating day of first egg laying, first brood, first creche, first fledging, and peak fledging at
Humble Island for the 1995-1996 season.

samples, routinely run using HA 0.45-micron (gm) filters,	October 1995 to March 1996. The sampling event log, partici-
were also run separately for the fraction of phytoplankton less	pant list, and other project information for the season are
than 20 j.tm at selected depths.	 available online (http:llwww.icess.ucsb.edU/lter).

This season included service to the Hugo automatic	Acknowledgment and thanks are given to members of the
weather station. Although visits were made during the LTER	Palmer LTER research team and of Antarctic Support
annual January cruise, a later return
attempt was made on 23 March to correct a
temperature probe failure but high swells
prevented landing.

The season was preceded by a heavy ice
winter as was also true of the first Palmer
LTER season 1991-1992 when Arthur
Harbor did not clear of pack ice until early
December (Ross and Quetin 1992). During
the 1995-1996 season, the timing of the ice
departure differed. Sea ice began to clear
from the nearshore Palmer grid in
November 1995, but a return of sea ice on
17 December prevented sampling for over a

of ice on 24-25 December.
Figure 2 shows the seasonal progression

in selected parameters versus time. These
preliminary data provide an overview of the
season. The 1995-1996 season was a period
of high biomass with an initial phytoplank-
ton bloom of 15 milligrams per cubic meter
(mg m-3) in November 1995, chlorophylls
greater than 10 mg m-3 after January, and
another bloom reaching 35 mg rn- 3 in
February 1996. The silicate and nitrate
decreased concurrently, reaching low values
of 36.5 micromolar (tM) silicate and 2.24 tiM
nitrate when chlorophyll peaked at 38.9	 ___
Mg rn-3.

Between 20 November and 19 March,
21 acoustic transects were run from stations
A to E and 15 from F to I. Net samples indi-
cate that young-of-the-year krill dominated
the zooplankton; saips were absent. Acoustic
estimates of zooplankton biomass ranged
from 0 to 382 grams per square meter g m-2;
most of the higher values found were from
the third week in February to the middle of
March. Some of the reproductive events
associated with breeding chronology of
Adélie penguins on Humble Island this sea-
son (Fraser et al. in press) are noted by
arrows in figure 2 C. The breeding success of
these penguins was 1.58 chicks creched per
pair, representing a small increase relative to
last year.

The LTER seasonal observations of the
marine environment, the lower-trophic
level abundance and distributions for the
area, and the seabird observations at nest-
ing sites near Palmer were recorded from
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Associates. This research was supported by National Science
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Palmer LTER: Palmer Station air temperature 1974 to 1996
KAREN S. BAKER, Marine Research Division, Scripps Institution of Oceanography, University of California at San Diego,

La Jolla, California 92093

C
limate variability is of central importance to long-term
ecological studies in general and to bioclimatology in

particular. As a consequence, the Palmer Long-Term
Ecological Research (LTER) program has gathered historical
meteorological data taken for Palmer Station as well as initiat-
ed the quality control and archiving of this data. The follow-
ing is a preliminary report summarizing Palmer Station air
temperature records from May 1974 to August 1996.

Meteorological measurements began after the first scien-
tific occupation of Palmer Station in 1968. Over the years, the
reporting of these data has undergone some change. Two
separate records available from Palmer Station include
• monthly weather starting in 1974 and
• daily weather initiated in 1989.
Historical data in addition to the Palmer data provide the
basis for this preliminary report.

Although early data is scarce, monthly measurements for
Palmer Station beginning in 1974 have been published primari-
ly in Antarctic Journal of the United States. Subsets have also
been archived in other locations. For instance, the station holds
some digital records for this early period whereas the National
Climatic Data Center (NCDC) archives a subset of daily observa-
tions. A report of Palmer Station weather from 1975 to 1983
(Jacka, Christou, and Cook 1984) provides a few missing points
in the Antarctic Journal series. Monthly maximum, minimum,
and average temperatures available in Antarctic Journal were
compared for consistency. Statistical outliers and obvious mis-
takes were corrected. For example, one average temperature
reported was twice the reported maximum, and inspection
showed that a negative sign had been dropped.

In April 1989, consistent daily weather records were
begun (Oxton personal communication), and observations
were made four times a day by Antarctic Support Associates
personnel at Palmer Station. Daily measurements include
maximum and minimum air temperature, wind speed, and

wind direction. Daily mean air temperature is determined by
taking the average of the daily maximum and minimum
observed for that day. These daily air temperature observa-
tions were found to be well correlated with the higher fre-
quency sampling of the automatic weather station at
Bonaparte Point located roughly 750 meters west-southwest
from the station (Baker and Stammerjohn 1995).

The daily temperature observations have been averaged
into monthly values and combined with earlier data to create
a 22-year composite record (May 1974 to August 1996) of
monthly data. As a check of internal consistency for this com-
bined data set, a subset of this series was compared with
Faraday station temperature data (1974 to 1991).

As discussed elsewhere (Smith, Stammerjohn, and Baker
in press), the Palmer Station air temperature data are well
correlated with the Faraday data, and Faraday data can, when
necessary, be used as a proxy for Palmer data. Palmer data
outside two standard deviations from the Faraday regression
were flagged and removed for the subsequent analysis.

The resultant monthly averages and standard deviations
for Palmer Station are shown in figure 1 and summarized in
table 1. A harmonic, known to describe seasonal variation
(Lynn 1967; Van Loon 1967; Schwerdtfeger 1984) fit through
these data, provides a simple method for calculation of the
22-year average value given julian day. Further, it provides
an average against which one may view the variability of a
single year's air temperature. For example, the Palmer
Station 1995 daily temperature values are plotted along with
the fit in figure 2.

The monthly data in the Faraday temperature record
(1946-1991) have shown a warming trend, particularly in win-
ter months (Smith et al. in press). A trend analysis for each
month of the Palmer Station weather record (1974-1996) is
summarized in table 2, and the January results are illustrated
in figure 3. In agreement with previous reports (King 1994;
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Figure 1. The Palmer Station 1974-1996 monthly average air temper-
atures and their standard deviations versus month.

Smith et al. in press), these data indicate a warming trend in
the western Antarctic Peninsula region during the period that
Palmer Station has been in operation. Although the statistical
significance is less than that for the 44-year Faraday data, F-
tests show the relationships are strong, and no serial correla-
tion was indicated by Durbin-Watson tests.

Weather records are an integral component of any long-
term study of an ecosystem. It is important to collect stan-
dardized, quality-assured weather measurements as well as to
provide access to the data. The weather records discussed
here have been placed in the Palmer LTER data system
(http://www.icess.ucsb.edu/lter) as part of an ongoing effort to

Table 1. Palmer Station 1974-1996
monthly average air temperatures
and standard deviations

1	62 122 183 244 304 365
jul Ia n_day

Figure 2. The Palmer Station 1995 daily air temperature (dotted line)
and the 1974-1996 monthly average air temperatures (triangles)
represented by a harmonic fit (solid line) versus the julian day where
the harmonic fit takes the form

T = C + A1*cos(9) + B1°sin(0) + *cos(2*9) + B2*sin(2*9)
where the parameters are C = -2.710, Al = -4.199, B1 = -2.406,
A2 = 0.464, and B2 = -0.245, and 9 is julian day converted to

0 = (jd/365)3600 - 1800).

provide access to past and current meteorological data at
Palmer Station.

Acknowledgment is given to the Antarctic Support
Associates science technicians, who make the weather obser-
vations, and to Al Oxton, who initiated the development of
the digital weather record at Palmer Station. Thanks to both
Raymond Smith and Sharon Stammerjohn, who contributed
to this work. This research was supported by National Science
Foundation grant OPP 90-11927 and is Palmer LTER contri-
bution number 102.

Table 2. Palmer Station 1974-1996 monthly average
air temperature trend analysis results
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January	2.51	1.21
February	2.29	0.96
March	0.68	1.04

April	-1.33	1.08
May	-3.32	1.50
June	-5.23	2.22

July	 -7.33	3.74
August	-7.76	3.21
September	-5.90	2.68

October	-3.25	2.18
November	-0.37	1.46
December	1.53	1.19

January	0.071	1.14	91.9	20
February	0.054	0.92	89.8	21
March	 0.034	1.04	64.9	19

April	 0.024	1.21	43.3	21
May	 0.055	1.49	74.7	23
June	 0.059	2.24	58.8	23

July	 0.207	3.53	92.0	21
August	0.174	3.07	90.3	22
September	0.106	2.66	75.0	22

October	0.050	2.21	49.2	22
November	0.086	1.37	91.9	20
December	0.072	1.12	92.6	20
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Figure 3. The Palmer Station January monthly average air tempera-
tures versus year from 1975 to 1996 (N=20). The solid line is the
least-squares regression line with a gradient of 0.071°C per year, and
the dashed lines indicate ±1 standard deviation from this line.
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T
he seasonal sampling program for the Palmer Long-Term
Ecological Research (LTER) site (Smith et al. 1995) has

developed over the past five seasons. Weekly observations
from October through March at Palmer Station provide a time
series that is enabling us
• to understand interannual variability in the seasonal tim-

ing and rates of lower trophic processes, which are reflect-
ed spatially and temporally in higher trophic levels,

• to place results from the regional scale annual cruises
within a year's seasonal progression, and

• to place short-term experiments by LTER and other Palmer
Station principal investigators in a seasonal/interannual
context.

Observations include the seasonal progression of hydrogra-
phy, nutrients, pigment biomass, and primary productivity;
the near-shore abundance and distribution of antarctic bill
and their larvae; and timing and success of the reproductive
cycle of a major predator, Adélie penguins. The marine water
column and seabird sampling schedule, summarized in the
table, accommodates variability in weather.

The seasonal progression of seabird measurements fol-
lows the Adélie penguin breeding cycle. The seabird methods
follow those developed and standardized by the Commission
and Scientific Committee of the Convention for the
Conservation of Antarctic Marine Living Resources (CCAMLR
1992). Studies typically begin on Humble Island with census-
es to determine the peak arrival periods of breeding adults
(October) and end with chick weights at fledging (February).
Additional measurements include censuses of breeding pop-
ulation size and the number of chicks creched per colony.
These censuses encompass all colonies on each of the five
island rookeries (figure; Humble, Torgersen, Litchfield,
Christine, and Cormorant). Other information obtained
includes data on adult Adélie breeding chronology and suc-
cess (chicks creched per pair based on monitoring 300-500
nests annually) and foraging ecology (foraging trip durations
and diet composition).

For marine water column sampling, each station activity is
given a sequential event number. Transects from station A to E
and from F to J (figure) each cover a few kilometers and are
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Palmer LTER 1995-1996 standard sampling events
NOTE: Abbreviations used in the table are as follows: acoustics (bio-ac, Biosonics 120 kilohertz), discrete sample for chlorophyll analysis (chl), conductivity-tem-
perature-depth (ctd, Seabird), scuba krill collection (dive), high-performance liquid chromotography of phytoplankton pigments (hplc), instantaneous growth rate
(igr), targeted tow for krill (krilltarg, Furuno 50 kilohertz), microscopic analysis of net plankton (net, >5 mm), inorganic nutrient analysis (nuts), photosynthetical-
ly active radiation (par), physiological condition of larvae (phyconl), microscopic analysis of picoplankton (pico, 0.5-5.0 pm), particulate organic carbon (poc),
production photosynthesis vs irradiance (Ppi), primary production simulated-in-situ (Psis), profiling radiometer (prr, BSI), discrete sample for salinity analysis
(sal), transparent exopolymer particles (tep), and standard zooplankton tows (trwl).

October to March

1 October to 15 November
1 October to 15 March

1 October to 15 March

15 to 30 November

5 January to25 February
5 January to 25 February
15 to 30 January

1 to 25 February
15 February to 25 March

Weekly
Day 1
Day 1
Day 1

Day 1
Day 2
Day 2
Day 2
Day 3
Day 3
Day 3
Day 4

Day 4
Day 4
Day 4
Day 4
Day 5
Day 5
Day 6
Day 7
Once/2 days
Daily

Weekly

Once/colony

Once/5 days
Daily
Once/colony

Once/2 days
Weekly/colony

Palmer Basin
Stations A to E
Stations E to B
Stations E to B

Bonaparte and Gamage Points
Stations J to F
Stations F to J
Laboratory
Palmer Basin
Laboratory
Station B
Stations E and B

Stations D and C
Bonaparte and Gamage Points
Palmer Basin
Laboratory
Stations A to J
Laboratory
Laboratory
Laboratory
Humble rookery
Humble and Torgersen

rookeries
Litchfield, Christine,

and Cormorant rookeries
Humble, Torgersen,

Litchfield, Christine
and Cormorant rookeries

Humble and Torgersen
rookeries

Torgersen rookery
Humble rookery
Humble, Torgersen,

Litchfield, Christine,
and Cormorant rookeries

Humble rookery
Humble, Torgersen,

Litchfield, Christine,
and Cormorant rookeries

Zodiac: water column sampling
ROZE: bio-ac
ROZE: profile ctd, prr, chlsurf, salsurf
LEGEND: profile par, hplc, nuts, poc, Ppi, Psis,

tep, net, pico
LEGEND: chlsurf, salsurf
ROZE: bio-ac
ROZE: profile ctd, prr, chlsurf, salsurl
LAB: conclude 24-hour experiments
RDUKE: krilltarg (50 kilohertz) for igr, phyconl
LAB: igr experiments
LEGEND: water for prod, c/chl experiments
LEGEND: profile par, hplc, nuts, poc, Ppi, Psis, tep,

net, pico
LEGEND: chlsurf, salsurt
LEGEND: chlsurf, salsurf
RDUKE: weather and/or krilltarg
LAB: conclude 24-hour experiments
RDUKE: trwl AB, DE, FG, Jl
LAB: conclude 24-hour experiments
LAB: analysis
LAB: conclude igr experiments
Arrival chronology of breeding adults
Adult overwinter
Age-specific survival/recruitment
Adult overwinter
Age-specific survival/recruitment
Breeding population size

Adult breeding chronology and success (chicks
creched per pair)

Chick diet composition and meal size
Adult foraging trip duration
Chicks creched per colony

Chick weights at fledging
Colony-specific breeding chronology

15 November to 30 January Daily

sampled with three specially outfitted zodiacs (Roze, Legend,
and Rubber Duke). A standard water column week begins with
the Roze completing an acoustic transect for water column bio-
mass from station A to E. The Roze and Legend rendezvous at
station E and sample stations E to A simultaneously. An electric
winch with conducting cable aboard the Roze permits deploy-
ment of the profiling conductivity-temperature-depth (CTD)
followed by the profiling radiometer (PRR). The Legend is out-
fitted with a winch to permit water sampling throughout the
water-column. Photosynthetically available radiation (PAR) is
measured, and water samples are used for determination of

photosynthesis rates (simulated in situ and photosynthesis ver-
sus irradiance curves at the depth of 50 percent irradiance),
analysis of photosynthetic pigments by high-performance liq-
uid chromotography (HPLC), determination of major inorganic
nutrients (nitrate, silicate, phosphate), and analysis of particu-
late organic carbon (POC) and nitrogen. At stations E and B,
samples are also taken for picoplankton and netplankton
analysis. At station B, samples are taken for transparent
exopolymer particle analysis. Sample concentration and analy-
sis as well as incubations for photosynthesis experiments start
immediately upon return to station.
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On the second day, the Roze completes an acoustic tran-
sect and follows the same routine as for day 1 for stations J
through F. If the wind is from the northeast and greater than 5
meters per second, the sampling is done from F to J to avoid
being south of Bonaparte Point in bad weather.

On day 3, the Rubber Duke is used to target tow for krill.
Krill aggregation searches begin where hill were seen on the
previous days followed by searches in other areas within the
3.7-kilometer boating limit. Krill are collected with a 1-meter
ring net (500-micron mesh). Instantaneous growth rate (IGR)
experiments are conducted over a 4-day period with the bill
(Ross and Quetin 1991), and bill are analyzed for length fre-
quency distribution and physiological condition. The Legend
samples at station B for phytoplankton experiments on pho-
tosynthesis.

On day 4, the Legend samples the water-column at sta-
tions B and E for phytoplankton experiments on photosyn-
thesis while surface samples are taken from stations C and D.
Samples for chlorophyll analysis are taken at all stations. Day
4 is used on station for sample analysis and data analysis. If
poor weather conditions have prevented sampling on prior
days, zodiac work is resumed.

On day 5, standard tows are from Rubber Duke done with
a 1-meter net from stations A to B, D to E, F to G, and Ito J. In
the lab, 24-hour photosynthetic rate experiments are terminat-
ed, and sample analyses from the previous day are completed.

When ice in Arthur Harbor prevents zodiac operations,
water samples are taken from land at Bonaparte and Gamage
Points. When possible, these stations are also sampled from
the zodiac during the first day and fourth day of the sampling
routine on the E to B transect. In addition, during iced periods
prior to boating, scuba divers collect krill from under the ice
for use in growth rate experiments and for analysis of physio-
logical condition.

Although a season may vary, the basic structure remains
in order to define the long-term measurements.

Acknowledgment is given to the Antarctic Support
Associates at Palmer Station. Thanks to Jeff Jones for creating
the map of the Palmer nearshore grid figure. This research
was supported by National Science Foundation grant OPP 90-
11927 and is Palmer LTER contribution number 103.
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PRR600
PRR611

4-conductor
IEL-BX-4

Model 102
Model 171
Model 111

ESPSCP
ESPIP
100-foot
120-kilohertz
TCD-D3

DEC486

PCP3E-AB
PC7XV-BA

PV1 800FC
Voyager M27MF

GPS45
010-10052-00
010-10048-00
LS-6000
GX2330SAB1 51
5202
4187

7 irradiance + 7 radiance bands
7 irradiance bands
150-rn Kevlar cable
Slow freefall away from boat
20-gauge, 1,000-lb strength
4-conductor

120-kilohertz krill surveys
Interface DAT to sounder
Thermal
Mounted in docking station
Interface SP board to sounder
Interface SP board to sounder
Sounder to transducer

Uses DAT format

Used for CTD, optics, and acoustics
processing

24-volt
Deep cycle 12-volt, RV

Pre-set waypoints for stations
Remote mount marine
Tilt/swivel
LCD video; fish finder
Horizon Nova
2.4-meter very-high-frequency
Ratchet type

Palmer LTER: Small boat design for water column sampling
RAYMOND C. SMITH, LANGDON B. QUETIN, JANICE L. JONES, DAVID W. MENZIES, and TIMOTHY A. NEWBERGER, Institute for

Computational Earth System Science and Marine Science Institute, University of California at Santa Barbara,
Santa Barbara, California 93106

T
he Palmer Long-Term Ecological Research (LTER) Program
includes weekly seasonal observations of the marine envi-

ronment within the for-
aging range of the Adélie
penguin breeding sites	Table 1. Zodiac instrumentation
near Palmer Station. A
zodiac is equipped with	Function	 Manufacturer
two winches for hydro-
graphic, optical, acous-	CTD profiling
tic, and biological mea-	CTD profiler	Sea-Bird Elec.
surements within the	Transmittance	SeaTech
3.7-kilometer (km) boat-
ing limit (Smith et al.,
Antarctic Journal, in this
issue). Key oceanogra-
phic equipment de-
ployed from this zodiac,
christened the ROZE
(Ray's Oceanographic
Zodiac Experiment), in-
cludes a conductivity-
temperature-depth
(CTD) system with trans-
missometer and fluo-
rometer, a profiling re-
flectance radiometer
(PRR), an above-water
radiometer, a 120-kilo-
hertz echo sounder, and
global positioning sys-
tem (GPS) navigation
(table 1). A laptop com-
puter system provides
real-time display of CTD,
optical, and acoustical
data.

The ROZE (figure
1A) is a standard 5.8-
meter (m) inflatable
zodiac (Mark V) with a
soft bottom, a 45-horse-
power outboard motor,
and a 9.9-horsepower
backup motor. This
zodiac with multicom-
partmental flotation
was chosen because of
cost, safety, flexibility,
strength, and low main-

tenance. The zodiac flooring consists of four aluminum pan-
els and two wooden bow panels. A rear wooden pallet adds

SEACAT SBE1 9	With pump SBE5-01
25-cm path transmissometer
Chlorophyll fluorometer

SBE 28	 Reduce noise in data
20-cm diameter, 50-cm wide aluminum

drum
3/4-horsepower variable speed and

direction
29:1 speed reducer
20-gauge, 1,000-lb strength
4-conductor

Fluorescence
Optoisolator
Electric winch

Winch motor

Gear reduction
Keviar cable
Slip rings

Optical profiling
Light/underwater
Light/deck
Hand winch
Flotation fins
Kevlar cable
Slip rings

Acoustics
Echo sounder
Tape interface
Chart recorder
Processing board
Interface pod
Interface pod
Deck cable
Transducer
Data recorder

Sealech
Sea-Bird Elec.
Custom built

Biospherical
Biospherical
Custom built
Custom built
Cortland Cable
IEC Corp.

BioSonics
BioSonics
BioSonics
BioSonics
BioSonics
BioSonics
BioSonics
BioSonics
Sony

Computer
Computer	 DEC

Docking station	DEC
VGA color monitor	DEC

Power production
DC-AC inverter	Tripp-Lite
Batteries	 AC Delco

Navigation and communications
GPS	 Garmin
GPS antenna	Garmin
GPS mount	Garmin
Depth sounder	Furuno
VHF radio	 Standard
Radio antenna	Shakespeare
Antenna mount	Shakespeare

Dayton

Dayton
Cortland Cable	4-conductor
IEC Corp.	IEL-BX-4
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Figure 1. A. Overhead schematic of zodiac layout. (hp denotes horsepower.) B. Side schematic of
zodiac platform. (mm denotes millimeter.)

height, so the zodiac driver can see
over instrument boxes mounted
on a raised, 2.4-m x 1.5-rn platform
built across the center of the zodi-
ac. The platform fits inside the
zodiac, so pontoons function as a
bumper rather than the platform
edge. The platform is made from
six wood beams supported 30 cen-
timeters (cm) above the zodiac
floor by two box beams running
lengthwise along the zodiac pon-
toons and standing on a stack of 5-
cm x 15-cm runners (figure 1B).
Further structural support is pro-
vided by a beam directly under the
outermost edges of the platform.

The platform, sitting 5 cm
above the zodiac to prevent abra-
sion of the pontoons, is lashed to
the zodiac. Two instrument boxes
have hinged doors that close dur-
ing travel for protection. Gas cans
sit securely on the fourth floor
panel behind the pallet. Emergency
supplies include oars and an extin-
guisher for electrical fires. Two bat-
teries are kept in a raised, covered
wooden box under the platform.

On the platform, two winches,
one electric and one hand pow-
ered, are located forward of the
instrument boxes. When not in
use, the CTD is secured by a
bracket mounted forward and to
port, and the acoustic transducer
is secured to starboard. L-shaped
davits with a height of 1.8 m and a
reach of 1.2 m are centered on
each side, extend through the plat-
form to sit on the stack of runners,
and swing both forward and aft.

A GPS antenna is mounted on
the port davit. Installed on the
starboard davit are a PRR deck unit
and a radio antenna with a ratchet
mount that folds to avoid shadow-
ing the deck light sensor.

The starboard instrument box
has three shelves:

GPS, very-high-frequency radio,
depth sounder, and a ground
fault circuit interrupt for safety;
computer monitor, PRR power
box, CTD interface box, and controller for the electric
winch, and

• DEC486 laptop computer with a separate color monitor
and docking station.
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Figure 2. Photograph of zodiac being removed from water.

Table 2. Zodiac power budget

125-volt alternating current
Winch motor	 900	9.42
Laptop computer	 55	4.58
Color monitor	 85	7.08
CTD	 55	4.58
Profiling radiometer	 55	4.58
GPS	 2	0.16
Scientific echo sounder	32	2.67
Tape interface unit	 25	2.08
Thermal chart recorder	30	2.50
DAT tape recorder	 15	1.25

12-volt direct current
Furuno fishfinder	 10	0.83
VHF radio	 25	2.08

The port box contains BioSonics acoustic sounding sys-
tem electronics including a scientific echo sounder, thermal
chart recorder, and tape interface unit as well as a DAT tape
recorder and a direct current/ alternating current inverter.

The power budget (table 2) includes a maximum steady
battery current load of 30 amps with the winch operating.
Peaks up to 60 amps occur when the winch is starting under
full load. The draw decreases to 20 amps with the acoustic
gear off. Two 12-volt deep-cycle marine batteries provide 105
amp-hours, sufficient power for five stations of CTD and PRR
casts to 90 m. Currently, the inverter is 24 volts with an 1,800
watt output. An optoisolator box protects instrument elec-
tronics. The radio and depth sounder have an external con-
nection directly to the battery.

The 12-volt batteries are recharged overnight with a
Voyager 20-amp charger (Deltran Corp.) modified to charge

optimally at approximately 13°C rather than the standard 23°C.
Six batteries include two on the zodiac, two charging, and two
spares. The battery-powered inverter is a big improvement
over previous gasoline-generator configurations.

A sampling party has the driver aft and one or two others
forward of the platform. A GPS navigation unit locates stations
accurately as well as provides safety should visibility become
limited. Both winches are equipped with 150 m of Kevlar con-
ducting cable. The electric winch is used to deploy the CTD
from the port davit. The PRR is deployed using a hand winch
to facilitate a free-fall release (Waters, Smith, and Lewis 1990).
The acoustic transducer is towed from the starboard davit
alongside the boat within 1 in the surface. The driver main-
tains a zodiac event log while all in-water instruments are
launched by personnel in the bow, from either side of the
zodiac. A very-high-frequency radio mounted for ease of
access along with its antenna have improved communications

with Palmer Station during field sampling.
At the end of a day's sampling, the computer

is removed for data transfer and batteries are
removed for recharging. The CTD and PRR are
removed from the boat for fresh-water rinsing
dud laboratory storage for drying. Equipment left
un the zodiac is covered by tarps. By turning on
the inverter in the morning, the computer and
the monitor warm up the instrument boxes,
quickly removing condensation.

The zodiacs remain in the water as long as
e conditions permit. If ice conditions sudden-

ly change at Palmer Station, ROZE with all
equipment aboard can be lifted free of the

ater within 10 minutes using eight sling arms
on a lifting ring lifted by a movable crane.
Ixperience with leopard seals indicated that
t ying buckets onto the conical end of pontoons
would prevent bite puncture damage when
ROZE is moored at the station (figure 2). In
summary, the ROZE has provided a flexible,
robust oceanographic sampling platform for

the past five seasons.
Acknowledgment is given to the Antarctic Support

Associates science technicians who helped with construction
and repair. Many thanks to Deltran personnel for providing
rapid field communications and postseason equipment mod-
ifications. This research was supported by National Science
Foundation grant OPP 90-11927 and is Palmer LTER contri-
bution number 105.
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Palmer LTER: Open-water profiling ultraviolet radiometer
albedo measurements

KAREN W. PATFERSON, PHILIP L. HANDLEY, and RAYMOND C. SMITH, Institute for Computational Earth System Science,
University of California, Santa Barbara, California 93106

I
t is widely documented that reduced ozone will result in
increased levels of ultraviolet (UV) radiation, especially UV_

B [280-320 nanometers (nm)], incident at the surface of the
Earth, and increasing evidence suggests that these higher lev-
els of UV-B may have an important impact on various forms of
marine life in the upper layers of the ocean (Häder et al. 1994,
pp. 174-180; Smith and Cullen 1995). Measurement and/or
estimation of incident spectral irradiance, especially in the UV
region, is a necessary element for a quantitative assessment of
possible UV effects. In the modeling of incident
irradiance, the surface spectral albedo can have a
significant influence, via refluxing between sur-
face and clouds, on the incident spectral irradi-
ance (Gautier, Ricchiazzi, and Yang personal
communication). In this article, we present pre-
liminary measurements for the spectral albedo of
open ocean water; we believe these measure-
ments are the first such data using a narrow-
band instrument in a high-latitude region.

The spectral albedo is also essential for some
remote-sensing applications. For example, with
the recent launches of two total ozone mapping
spectrometer (TOMS) satellite instruments and
the upcoming launch of a sea-viewing wide field-
of-view sensor (SeaWiFS), new opportunities are
emerging for the study of the impact of liv radia-
tion on marine organisms. Global total ozone
maps will once again be available from TOMS
data for modeling surface UV spectra. Surface
UV reflectance must be accounted for to calcu-
late accurate total column ozone In addition,-
estimates of gelbstoffe and suspended sediments
from SeaWiFS ocean color data will allow first-
order estimates of the rate at which UV radiation
is attenuated within the surface waters on a
regional and global scale Surface liv reflectance
is an essential component both for remote sens-
ing and for the calculation of UV penetration
through the surface waters.

Measurements were taken with a profiling
ultraviolet radiometer (PUV-500) during the
August to September Long-Term Ecological
Research (LTER) cruise aboard the Polar Duke
(PD93-7) off the west coast of the Antarctic
Peninsula to obtain initial estimates of the UV
reflectivity of ocean waters in this region. The
PIJV-500 consists of two units, a surface unit and
an in-water unit. Each unit measures down- Fiaure 1 Th

welling irradiance in four UV channels and a broadband pho-
tosynthetically active radiation (PAR) channel. Each of the liv
channels has an effective bandwidth of about 10 nm. The cen-
ters of the four UV channels are at approximately 305, 320,
340, and 380 nm. To measure irradiance upwelled from the
ocean's surface, the in-water unit was turned upside down
and secured to a boom extended away from the side of the
ship as far as possible (figure 1). The unit was maintained at
approximately 5 meters above the ocean's surface. The sur-

\

'
—

•UL.
e PUV instrument suspended above antarctic waters.
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face unit was attached to a laboratory van on the helicopter
deck and collected downwelling irradiance at the same time.
For intercalibration of the two units, downwelling irradiance
values and dark readings were collected following the sam-
pling period while the units sat side-by-side on the deck of
the ship.

Upwelling irradiance measurements were made over a
variety of mixtures of ice and open water during the sampling
period. At 17:52-17:54 Greenwich mean time (GMT) on 23
September, the ship passed through an area of open water
that had some whitecapping and a few small ice flows. The
skies were totally overcast during this period. The ratio of the
upwelling irradiance to the downwelling irradiance is plotted
for each of the PUV channels (figure 2). The mean albedo for
all PUV channels was about 7.5 percent, and numbers ranged
from a minimum of 7.0 percent at 320 nm to a maximum of
8.3 percent at 305 nm (table). This is 2 percent higher than the
broadband albedo value of 5-6 percent commonly used for
wind-roughened ocean surfaces under overcast skies (e.g.,
Burt 1954; Saunders 1967; Payne 1972; Preisendorfer 1976;
Lubin 1989). The smallest albedo measured during our sam-
pling period was approximately 5.5 percent (figure 2), and the
variability observed in the data is most likely due to slight dif-
ferences in the timing of the up- and downwelling instru-
ments. The average higher albedo measured here is most like-
ly due to high solar zenith angle (67°). Measurements taken at
a solar zenith angle of 67 0 are representative of typical Sun
angle conditions in this region since solar zenith angles
remain fairly high even at solar noon in polar regions.

305 n	 320 n
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380 mn	 PAR

The mean albedo and standard deviation for
each of the PUVchannels

305	 8.31	 0.55
320	 7.01	 0.74
340	 7.08	 0.67
380	 7.54	 0.82
PAR	 7.30	 0.82

Acknowledgment is given to the Antarctic Support
Associates personnel, to the Palmer LTER research team, and
to Elizabeth Bruce in particular, who helped with the data col-
lection. This research was supported by National Science
Foundation grant OPP 90-11927 and National Aeronautics
and Space Administration grant NAGW290 and is Palmer
LTER contribution number 107.
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Figure 2. Upwelling irradiance divided by downwelling irradiance for each of the PUV channels. Values have
been multiplied by 100 to convert them to percentages. The horizontal lines plotted are the mean albedo, the
mean albedo plus 1 standard deviation, and the mean albedo minus 1 standard deviation for each channel.
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Palmer LTER: Seasonal comparison of spatially averaged
estimates of krill abundance

CATHY M. LASCARA, Center for Coastal Physical Oceanography, Old Dominion University, Norfolk, Virginia 23529

A
s part of the Palmer Long-Term Ecological Research
(LTER) program (Smith et al. 1995), acoustical measure-

ments of krill biomass have been collected since 1991 during
multidisciplinary cruises conducted within the waters of the
west Antarctic Peninsula continental shelf system. The obser-
vations from the first four of these cruises (austral spring 1991
and summer, fall, and winter 1993) represent a unique antarc-
tic data set because full seasonal coverage was provided over
a defined region and three seasons were sampled consecu-
tively in a single year. This article describes the observed sea-
sonal changes in spatially averaged estimates of krill abun-
dance and compares the acoustically derived krill biomass
values with similar measurements from other programs.

Portions of the Palmer LTER study region (grid defined in
Waters and Smith 1992) were surveyed during research cruis-
es conducted in spring (7-21 November 1991), summer (8
January to 7 February 1993), fall (25 March to 15 May 1993),
and winter (23 August to 30 September 1993). The locations at
which acoustic observations were made during each cruise
are shown in figure 1. The sampling intensity and region
occupied differed between cruises; however, sampling for
each of the 1993 surveys included transect lines 200 through
600. A full description of acoustic sampling methods and
postprocessing analysis is available in Lascara (1996).

Spatially averaged estimates of krill biomass increased
three-fold from spring to summer [34 to 110 grams per square
meter (g m-2)] and then decreased an order of magnitude to
the low values (<10 g m-2) observed during fall and winter
(table). The number of aggregations detected per unit sam-
pling effort followed a similar seasonal pattern (table) with
maximum and minimum values observed in summer [12.1
aggregations per kilometer (km')] and winter (0.4 aggrega-
tions km- 1 ), respectively. Total aggregation area [in square
meters per kilometer (m2 km- 1)], followed the seasonal trend
of krill biomass with the exception that total area increased
from fall to winter (table). This increase in total aggregation
area between fall and winter was accompanied by a decrease
in number of aggregations and a decrease in mean vertically
integrated krill biomass suggesting a seasonal change in the

character of aggregations; this change is further described in
Lascara (1996).

Quantitative acoustic observations that can be used for
direct comparison with the spatially averaged, vertically inte-
grated estimates of krill biomass obtained during this study
are available for only a few surveys conducted primarily in the
region encompassing the Bransfield Strait, South Shetland
Islands, and Elephant Island (figure 2). The magnitude of krill
biomass observed in spring 1991 and summer 1993 are con-
sistent with the limited measurements available for direct
comparison. Interannual variability is apparent in the com-
bined summer observations, and the summer 1993 krill bio-
mass value (110 g rn-2) was higher than all other summer esti-
mates (17-90 g m 2) with the exception of the 1993 estimate
obtained by the U.S. Antarctic Marine Living Resources
(AMLR) program (135 g m-2 , Hewitt and Demer 1993b).

The Palmer LTER observations represent the only quanti-
tative acoustic estimates of krill abundance available for the
west Antarctic Peninsula shelf region from the fall through
late winter. The reduction in acoustically derived estimates of
krill biomass by an order of magnitude during the fall and
winter compared to summer 1993 in this study, however, is
consistent with the seasonal pattern described from analysis
of net-derived krill density estimates from Bransfield Strait
and around the South Shetland Islands (Stepnik 1982; Siegel
1988, pp. 219-230; Siegel 1992). These combined data sets
suggest that the seasonal change observed in this study is a
recurrent annual pattern at least for the broad region from
Adelaide Island to Elephant Island. Moreover, the variation in
spatially integrated krill biomass is higher between seasons
than between years for waters west of the Antarctic Peninsula.
Long-term programs, such as the Palmer LTER, which are
focused on the characterization of interannual ecosystem
variability in this region, need to interpret their observations
with an understanding of the magnitude of seasonally
induced variability in krill biomass.

This work was supported by National Science
Foundation grant OPP 90-11927. Computer resources were
provided by the Center for Coastal Physical Oceanography at

Spatially averaged estimates of krill abundance by season. Aggregation
number and total area provided per unit ofsampling effort (km).

Vertically integrated krill biomass (g M -2)	34	110	10	7
Number of aggregations (km-1 )	 4.8	12.1	0.9	0.4
Total area of aggregations (m 2 km-1 )	1,770	3,345	450	1,715
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Figure 1. Locations sampled during (A) spring: 7-21 November 1991; (B) summer: 8 January to 7 February 1993; (C) fall: 25 March to 15 May
1993; (D) winter: 23 August to 30 September 1993. The o indicates stations where environmental and acoustic measurements were collected; the
X indicates environmental measurements only. The 1,000-m isobath is denoted by the solid line and the ice edge by the heavy line.
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Figure 2. Comparison of acoustically derived, spatially averaged esti-
mates of krill biomass by month. Datasets are denoted as the follow-
ing: filled box—this study; open circle—AMLR study region near
Elephant Island (1190-1992) (Hewitt and Demer 1993a): filled circle-
AMLR study region in 1993 (Hewitt and Demer 1993b); open trian-
gle—Elephant Island (Klindt 1986 as adjusted by Hewitt and Demer
1993a); and filled triangle—southwest Atlantic Survey region during
FIBEX (Trathan et al. 1995). (FIBEX is the First International BIOMASS
Experiment. BIOMASS is Biological Investigations of Marine Antarctic
Systems and Stock.)

Old Dominion University. Thanks are extended to the many
individuals involved in field collection and the crews of the
R/V Polar Duke and R/V Nathaniel B. Palmer.
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Palmer LTER: Interannual variability in near-surface
hydrography

EILEEN E. HOFMANN, CATHY M. LASCARA, JOHN M. KLINCK, and DAVID A. SMITH, Center for Coastal Physical Oceanography,
Old Dominion University, Norfolk, Virginia 23529

s part of the annual January cruise undertaken by the
almer Long-Term Ecological Research (LTER) program,

hydrographic surveys are made of the offshore waters west of
the Antarctic Peninsula. To date, January cruises have been
made in 1993, 1994, 1995, and 1996. This report focuses on
the interannual differences observed in the horizontal distrib-
utions of the near-surface temperature and salinity fields in
January 1993 and January 1994.

Vertical profiles of temperature and salinity were obtained
at 52 stations during January 1993 (figure 1A) and at 49 stations
during January 1994 (figure 1B) with a Sea-Bird conductivity-
temperature-depth (CTD) system. On all casts, observations
were made to within a few meters of the bottom or to 500
meters (m) at deep locations. In both years, the horizontal spac-
ing between hydrographic stations was about 20 kilometers

(km). In January 1994, the southernmost transect was not occu-
pied; otherwise, the sampling regime was similar in both years.

The CTD measurements for both cruises were processed
as described in Lascara et al. (1993). The near-surface temper-
ature and salinity were obtained by averaging the CTD mea-
surements over the upper 40 m of the water column. This part
of the water column is Antarctic Surface Water (Hofmann et
al. 1993; Hofmann et al. in press) and is strongly influenced by
surface heating and cooling and by buoyancy fluxes. During
the austral summer, this region is typically stratified, and the
use of an average value was considered to be more represen-
tative of the mesoscale hydrographic conditions than obser-
vations from a specific depth.

The near-surface temperature in January 1993 (figure 1A)
shows an onshore-offshore gradient; the inner shelf waters
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farther offshore than in 1993. As a result, the 33.7 and 33.8 iso-
halines were farther offshore (20-50 km) in 1994. The
strongest salinity gradients occurred along the inner shelf
region in 1993 and in the region near Anvers Island in 1994. In
both years, a region of higher salinity water was found near
Anvers Island but was more pronounced in 1994.

The decreased offshore temperature and decreased salinity
in 1994 suggest that this year may have been characterized by a
larger influx of fresh water from the regions to south or inner
shelf or by increased local ice melt. For example, it is possible
that the wind patterns and inner shelf circulation in 1994 were
such that more of the fresh water near the coast was allowed to
spread out onto the shelf. The LTER data, however, are not ade-
quate to evaluate the influx of fresh water from the south or
inner shelf. The contribution from local ice melt may be esti-
mated by considering the duration and extent of the ice cover in
the preceding austral winter. During the 1992 austral winter, the
sea-ice duration around Palmer Station was about 18 weeks and
the maximum sea-ice extent in September was to 60 050'S. These
values compare to a sea-ice duration around Palmer Station of
15 weeks and a maximum September extent of 62°20'S during
austral winter 1993. Thus, in 1993, the sea ice was of greater
extent and disappeared faster than in 1992. It may be that more
rapid melting of more sea ice in 1993-1994 introduced fresh
water faster than it was mixed or advected away.

The source of the high-salinity water around Anvers Island
is unknown, but this water may derive from outflow from the
Bransfield Strait through the Gerlache Strait. It is, however,

more likely that this may be a region of upwelling of the saltier
and warmer Circumpolar Deep Water that is found throughout
the continental shelf west of the Antarctic Peninsula (Hofmann
et al. in press; Smith et al. 1995), which would then mix with the
Antarctic Surface Water. Irrespective of the source of this water,
however, the near-surface temperature and salinity distribu-
tions indicate that the region near Anvers Island differs from
the rest of the west Antarctic Peninsula shelf region.

This work was supported by National Science
Foundation grant OPP 90-11927. Computer facilities and sup-
port were provided by the Center for Coastal Physical
Oceanography at Old Dominion University.
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Palmer LTER: Temporal variability in the location of the
Antarctic Circumpolar Current along the west Antarctic

Peninsula continental shelf
JOHN M. KLINCK, Center for Coastal Physical Oceanography, Old Dominion University, Norfolk, Virginia 23529

As part of the Palmer Long-Term Ecological Research
(LTER) program, a series of cruises was completed during

which physical and biological properties of the continental
shelf west of the Antarctic Peninsula were measured. In partic-
ular, between January 1993 and January 1994, four cruises,
covering the same region, provide observations adequate to
describe seasonal variability of hydrographic properties. These
cruises occurred in January 1993 (Lascara et al. 1993), March
to May 1993 (Hofmann et al. 1993), August to September 1993
(Klinck, Smith, and Smith 1995), and January 1994 (Hofmann
et al. 1996).

The Antarctic Circumpolar Current (ACC) flows north-
eastward through Drake Passage; its southern boundary is
near the continental shelf break west of the Antarctic
Peninsula (Orsi, Whitworth, and Nowlin 1995). Associated

with the southern boundary of the ACC is a distinctive water
mass, Upper Circumpolar Deep Water (UCDW), which is char-
acterized by relatively warm temperatures (above 1.5°C) and
high salinity (34.7) (Orsi et al. 1995). Because of the elevated
temperatures, the location of the ACC is easy to identify along
this shelf. Thus, the objective of this article is to use the Palmer
LTER hydrographic observations to describe changes in
hydrography that occurred between January 1993 and January
1994 at the outer continental shelf.

The area covered by the four LTER cruises is shown in fig-
ure 1, where locations are determined by the LTER grid sys-
tem (Waters and Smith 1992). This system is based on dis-
tances in kilometers along the shelf and across the shelf from
a base point on the peninsula far to the southwest (on
Alexander Island).
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The repeated hydro-
graphic measurements
near the shelf break, cou-
pled with the easily identi-
fied core of the southern
ACC, allow a determination
of the time variability in its
position. The location of
the 1.8°C isotherm at a
depth of 300 meters rela-
tive to the LTER baseline
(figure 1) was determined
for each transect on each
cruise (table). Two points
are clear immediately.
First, the 1.8°C isotherm is
never observed in the mid-
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the ACC. Second, the location of the ACC is variable every-
where except at the north and south ends of the sampling
region.

No clear pattern is evident to the location of the 1.8°C
isotherm along the shelf break. In particular, the ACC location
at one section does not indicate the location at any other sec-
tion, which means that the across-shelf movement of this cur-
rent does not occur as a large-scale shift in position but rather
as local meanders with scales smaller than the resolution of
the hydrographic observations [100 kilometers (km)].
Dynamical considerations indicate that the meander length
scale should be 30 to 50 km.

The nature of the shelf break variability is illustrated by
the vertical temperature distribution from the four cruises
from a transect in the southern portion of the sampling region
(figure 2). The pool of water just cooler than 1.8°C, seen in
January 1993 (figure 2A), indicates a recent intrusion of
UCDW. This temperature structure is reminiscent of that
seen at the outer edge of the southeastern U.S. shelf where
the Gulf Stream meanders are associated with exchange of
water across the shelf break (Lee and Atkinson 1983). Two
months later, the ACC is firmly against the shelf break (figure
2B). Five months later, the warm core of the ACC has retreat-
ed more than 20 km offshore (figure 2C). A pool of water
with temperatures above 1.6°C remains on the middle shelf
and the 1.4°C isotherm has moved closer to the coast. After
an additional 4 months, the warmest waters are still offshore
and the 1.4°C isotherm on the shelf has lifted offshore
almost to the shelf break (figure 2D).

The implication of these measurements is that the
oceanic flow along the outer shelf break west of the
Antarctic Peninsula is dynamically active, likely due to

baroclinic instability and the interaction of this current with
the rugged topography of the shelf break. The time and space
scales of this variability are typical of other meandering
coastal currents (timescales of 1-2 months and space scales of
30-50 km). This variability is smaller and faster than can be
measured by the current sampling scheme, leaving the possi-
bility that changes between cruises will be a mixture of real
interannual variability and higher frequency changes. It
appears that this variability is largely confined to the outer
half of the continental shelf, but these details remain to be
determined.

This work is supported by National Science Foundation
grant OPP 90-11927. Computer facilities and support were
provided by the Commonwealth Center for Coastal Physical
Oceanography. This support is appreciated.

Location of the 1.83 C isotherm at a depth of 300 m at the
outer edge offlue across-shelf transects occupied during
four cruises between January 1993 and January 1994

200	150	150	160	NO	140
300	OFF	160	180	185	160
400	180	OFF	OFF	180	160
500	OFF	OFF	OFF	OFF	190
600	190	190	OFF	195	170

NOTE: Each section is identified by its distance alongshore from a base point
(Waters and Smith, 1992). The location of the isotherm is in kilometers off-
shore of a base line along the Antarctic Peninsula. The location of the shelf
break along each of these lines is included. The absence of observations along
a transect is indicated by NO. The notation OFF indicates that the isotherm
was not observed.
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Palmer LTER: Comparison of meteorological observations
from R/V Nathaniel B. Palmer to those at Palmer Station

JOHN M. KLINCK and DAVID A. SMITH, Center for Coastal Physical Oceanography, Old Dominion University,
Norfolk, Virginia 23529

T
he Palmer Long-Term Ecological Research (LTER) program
is focused on understanding the structure and function of

the marine ecosystem on the western side of the Antarctic
Peninsula. The major emphasis of the research is on the docu-
mented interannual changes in the ice cover in this region and
the effect that these changes have on the physical, chemical,
and biological processes that are important to the ecosystem.

A part of the LTER program considers hydrographic prop-
erties and circulation of the continental shelf. Exchanges
between the surface ocean and the lower atmosphere have
important effects on the processes that control the hydrogra-
phy and circulation. These
exchanges are based on air
temperature, humidity, and	 '720
wind speed as well as other	76°'N
factors, and control formation
and melting of ice and heat
exchange between the atmos-	

OS
phere and ocean as well as
circulation of the ocean.

Estimating the atmos-
pheric conditions over the	63°
ocean in antarctic coastal
areas can be particularly chal-
lenging because of the small
number of coastal meteoro-
logical stations and, more
important, because of the
strong effects from the conti-	650
nent on meteorological obser-
vations at coastal stations
(Schwerdtfeger and Amaturo
1979). Two effects are topo-

	
660

116
graphic steering caused by
mountain ranges and gaps
and katabatic winds, which	 /
occur by dense air draining
from the antarctic plateau or	 120

being pushed over a moun-

conditions measured at Palmer Station with simultaneous mea-
surements made on the R/V Nathaniel B. Palmer during a cruise
in March through May 1993. Correspondence between the two
measurements allows a predictive relationship to be developed.

The meteorological observations available from Palmer
Station are the daily average temperature, surface barometric
pressure, and wind speed and direction, all of which are the
World Meteorological Organization (WMO) 6-hour observa-
tions. The data used in this study cover yeardays 102 to 132 (11
April to 11 May 1993), the time that the ship was sampling in
the coastal waters west and south of Palmer Station (figure 1).
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tain range. The distance over
which land influences meteo-
rological conditions ranges
from a few kilometers to per-	 690
haps 10 or more kilometers
(Schwerdtfeger and Amaturo
197	 Figure 1. Cruise track for LTER cruise that occurred March to May 1993. The heavy line is the smoothed

ship track (from daily values) with a solid dot every day. The numbers are the yearday for the indicated loca-
The purpose of this study tion. Shaded area is land. The line labeled 1,000 is the 1,000 m isobath, which approximately coincides with

is to compare atmospheric the edge of the continental shelf.
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Meteorological conditions during the cruise were sam-
pled every 6 seconds and averaged over 1 minute for logging
(for details, see Smith et al. 1993). No corrections were applied
to the temperature or surface pressure records. The wind
readings were corrected for ship heading and motion, both of
which were also included in the real-time logging system. All
wind measurements are relative to magnetic north and indi-
cate the direction toward which the wind is blowing (oceano-
graphic convention). For the purpose of this study, ship
observations were averaged to daily values to match the time
interval of the station observations. Measurements were com-
pared at yeardays 103 and 130 when the ship was near Palmer
Station to give confidence that the various corrections were
applied properly.

The comparison of the conditions on the ship and at the
station is based on 30 daily measurements of surface pressure
(figure 2A), air temperature (figure 2B), and the east-west (fig-
ure 2C) and north-south (figure 2D) wind components. A lin-
ear relationship (the simplest assumption) is assumed to exist
between the station and the ship observations and a linear
least-square technique was used to obtain the slope and
intercept of the linear model for each pair of time series
(table). The predicted meteorological conditions at the ship
obtained from the station observations using the linear
regression model are shown in figure 2.

The predicted surface pressure has the best correspon-
dence with offshore observations: 92 percent of the variance
is explained (figure 2A). The predicted values match well
except between days 113 (ship near Adelaide Island) and 123

(ship returned to Adelaide Island). This fit is not surprising
because of the large length scales (lOOs of kilometers) associ-
ated with atmospheric pressure variations.

The predicted air temperature has poorer agreement
between conditions at the station and the ship; however, the
linear relationship explains two-thirds of variance. At the
beginning of the time interval (until day 110), the air is consis-
tently warmer (2-3°C) over the shelf relative to the station.
After day 115, the temperature is consistently colder on the
ship, which has to do with the ship being south of the station,
near Marguerite Bay. The predicted values are within 3°C of
the ship values, but the predicted temperatures miss the
warmer conditions over the shelf off Palmer Station (days
103-112). The model also underestimates peak values
through the rest of the cruise. The slope parameter shows that
the temperature variations over the shelf are about 60 percent
of those observed at the station.

The predicted winds have a different character for each
component. The station east-west wind is almost always
weaker than winds over the shelf. At times, the east-west wind
strengths at the station and offshore agree, but differences as
large as 7 meters per second (m s_1) occur. The agreement of
the two wind time series does not seem to depend on separa-
tion distance. Although the two time series look different, the
linear regression model produces a reasonable prediction.

The north-south component of the winds matches more
closely, except when the ship is far to the south and offshore
(days 120 to 125). The offshore winds are consistently
stronger than the station winds but not by as much as the

Year Day	 Year Day

Figure 2. Daily values of four meteorological observations from Palmer station (heavy line) and from the RN Nathaniel B. Palmer (thin line). The
dashed line is the predicted values at the ship from the linear relationship. (A) Surface barometric pressure. (kPa denotes kilopascals) (B) Air tem-

perature. (C) East component of surface winds. (D) North component of surface winds.
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Parameters obtained for the linear model derived to pre-
dict offshore atmospheric conditions from those mea-
sured at Palmer Station

Temperature	C	 -1.51	0.594	0.636
Surface pressure Kilopascals	-3.15	1.030	0.918
North-south	Meters per

wind speed	second	1.28	0.653	0.446
East-west	Meters per

wind speed	second	2.53	0.880	0.520

east-west winds. Once again, the linear model produces a rea-
sonable prediction of the observed ship winds, but it underes-
timates the amplitude of some of the peaks.

Overall, the offshore winds are well represented by the
linear model. The largest misfit is in the range of 1.3 m
which is not small but is within acceptable limits for many
studies. This study demonstrates that it is possible to use sta-
tion observations of atmospheric conditions to estimate con-

ditions over the ocean. The values predicted from the station
observations have similar amplitude and time variation as the
values measured on the ship over a wide area of the shelf. The
relationship must be used with caution because it would be
valid only over the austral fall and may not apply to all years
without additional testing. This work could be extended with
longer data records and more sophisticated models. It would
also be useful to have independent observation to test the
quality of the prediction formulas.

This work is supported by National Science Foundation
grant OPP 90-11927. Computer facilities and support were
provided by the Commonwealth Center for Coastal Physical
Oceanography.
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Palmer LTER: Temporal variability in primary production in
Arthur Harbor during the 1995-1996 growth season

MARIA VERNET, WENDY KOZLOWSKI, JONAH ROSENFIELD, and ANDREW GREAVES, Marine Research Division, Scripps Institution of
Oceanography, La Jolla, California 92093-0218

An understanding of spatial and temporal variability in pri-
ary production and its relationship to physical and bio-

logical factors is necessary to model carbon cycling in the
antarctic ecosystem. The Palmer Long-Term Ecological
Research (LTER) program is testing the hypothesis that the
magnitude and distribution in carbon uptake by phytoplank-
ton are linked to the extent of ice cover during the preceding
winter months. This temporal variability is studied at a
coastal station near Arthur Harbor on Anvers Island for 5
months to show the extent and timing of productivity in the
area. The sampling represents the growth season in coastal
waters of the Antarctic Peninsula, which on the average,
extends from November to March in this region (Tokarczyk
1986; Smith, Dierssen, and Vernet in press).

Water samples were obtained biweekly from two stations
(stations B and E in Palmer LTER inshore grid): one off
Bonaparte Point, Anvers Island, and the other offshore and to
the south (64 048.9'S 64°02.4'W) (Waters and Smith 1992).
Samples were taken with a Go-Flo bottle at the surface and
depths corresponding to 50 percent, 24 percent, 14 percent, 4
percent, and 2 percent of incident radiation. Depths were

established by measuring photosynthetically available radia-
tion with a LICOR 193-SA Quantum Sensor. Water was stored
in a cooler and transported back to the station. Duplicate
samples were inoculated with 5 microcuries of carbon-
14-bicarbonate and incubated outside the station. Neutral
nickel screens were used to simulate the corresponding light
levels. Running sea water through the incubator kept the
samples at in situ temperature. After 24 hours, samples were
filtered onto a Whatman GF/F filter, acidified with 0.4 milli-
liters of 15 percent glacial acetic acid, and counted after addi-
tion of Universol ES. Production rates are expressed as mil-
ligrams carbon per cubic meter per day.

The major pulses in primary production in this area occur
in late spring (December and January) as well as later in the
summer (February and March) (Prézelin et al. 1992). The first
event is generally larger and can last for a few weeks whereas the
second pulse is of secondary magnitude. The 1995-1996 season
blooms followed this general pattern, though the first pulse in
productivity in late November and early December was slightly
smaller than the second, which occurred in early February (fig-
ure). Maximum rates were observed below the surface layer (24
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Primary production estimates at 64 048.9'S 64002.4'W, based on simulated in situ incubations done during the
1995-1996 growth season, in units of milligrams carbon per cubic meter per day. Samples were taken at six depths
corresponding to 100 percent, 50 percent, 24 percent, 14 percent, 4 percent, and 2 percent of the incident irradiance.

percent of the incident radiation corresponding to depths from
3.5 to 15.5 meters). Integrated primary production rates during
these events were high: 4.41 and 6.24 grams carbon per square
meter per day for 28 November and 8 February, respectively.
Yearly production at this station, based on the 26 sampling
dates in a growth season from 16 November to 18 March, was
estimated at 279.9 grams carbon per square meter per year.
Similar to the 1994-1995 season, these pulses of productivity
lasted approximately 1 to 2 weeks; however, the yearly produc-
tion was estimated to be 2.4 times higher and to have a deeper
average depth of maximum production (24 percent of incident
light in 1995-1996 vs. 50 percent in the 1994-1995 season).

Similar to 1994, the winter preceding the 1995-1996
growth season was characterized by heavy ice in the region of
the western coast of the Antarctic Peninsula. This heavy ice
shows in the area every 5 to 6 years (Smith and Stammerjohn
in press). The high production rates observed in 1994-1995
and 1995-1996 further support the hypothesis that high pri-
mary production is associated with the ice extent.

We would like to thank Antarctic Support Associates and
the members of the LTER scientific party for logistic support
and assistance during the field season. This work was sup-
ported by National Science Foundation grant OPP 90-11927
to Maria Vernet.
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Palmer LTER: Paleohistory of the Palmer LTER region: Palmer
Deep sedimentary record

MATFHEW LoPiccoLo and EUGENE DOMACK, Department of Geology, Hamilton College, Clinton, New York 13323

I
n 1992, the R/V Polar Duke cruise PD92-1 collected several
piston cores from the Palmer Deep Basin, south of Anvers

Island (figure 1). Analysis of core PD92-30, retrieved at
64051.720'S 64 0 12.506'W from Basin I, found that core 30 is an
excellent indicator of paleoclimatic fluctuations as shown by
magnetic susceptibility and total organic carbon (TOG) con-
tent (Leventer et al. 1996). Magnetic susceptibility and TOG
both experience high-resolution cyclical fluctuations on a
200-300 year timescale, which correlates with studies by
LoPiccolo (1996) and Mashiotta (1992) on core 22 collected
from the central basin of Andvord Bay in 1988. The impor-
tance of PD92-30 as a climate indicator lies in the fact that it
was collected along the polar/subpolar boundary. Domack
and McGlennen (1996) claim that this region experiences sub-
tle changes in sea-ice extent that affect productivity, unlike
areas to the north and south where sea ice is a less or more
permanent feature.

Unfortunately, piston core operations often lose approxi-
mately the top meter of sediment. This missing top of the core
is crucial for the complete determination of Holocene climate
change. Thus, three short gravity cores were collected from
Basin I during R/V Polar Duke cruise 1995-10 in an attempt to
obtain the sediment water interface (LoPiccolo, unpublished

Figure 1. Region of the Palmer Deep showing locations of all sedi-
ment samples collected from the basin by the U.S. Antarctic
Program. Cores PD95-10 (1-3) are located in Basin I (,), close to the
site of core PD92-30 ('). Cores PD92-5, -6, -28, -29 are located in the
other basins of the Palmer Deep. Cores DF85-61, -62, and -63 are in
Basin Ill. Box core DF86-85 and piston cores -84 and -56 are also
located in Basin Ill.

report) and the youngest sediments in the basin. Correlation
of magnetic susceptibility, TOG content, grain size data, and
carbon-14 ( 14G) dates from PD92-PG30 and PD95-GC 1, 2, and
3 will determine how much sediment was lost from PD92-
PG30, establish a detailed stratigraphic sequence of Basin I,
and give more precise corrections for radiocarbon dates. This
combined information will provide a more accurate picture of
Holocene climate change in the Antarctic Peninsula region,
and that information will help determine modern climate
trends and possible anthropogenic influences on climate.

Three 8-centimeter (cm) diameter gravity cores of vari-
ous lengths (188 cm, 261 cm, and 264 cm) were collected in
Basin I of the Palmer Deep, Antarctica, during R/V Polar Duke
cruise 95-10. The objective of this coring operation was to
obtain a sediment core of the first meter of sediment in the
Palmer Deep; at approximately 64°51.720'S 64°12.506'W, the
site of PG 30, retrieved during PD92-2 (table 1). The cores
were processed for magnetic susceptibility aboard the R/V
Polar Duke using a Bartington magnetic susceptibility
recorder, model MS-2G. Measurements were taken every 5
cm. Gores 1, 2, and 3 were split, photographed, described, and
x-ray radiographed, at the Antarctic Marine Geology Research
Facility at Florida State University where all three cores are
curated. Gores 2 and 3 were subsampled every 5 cm for fur-
ther analysis at Hamilton College, Clinton, New York. The x-
ray radiographs were examined to determine lithologic struc-
tures and used to conduct a gravel concentration analysis.

Gore 3 subsamples were analyzed for grain size, TOG, and
radiocarbon dates. The grain size analysis was conducted
using a Malvern Master Sizer E. Fifty-three samples were ana-
lyzed at the 0.1-80 micron range. The TOG content was deter-
mined by combustion in a LEGO induction furnace. Samples
were prepared by first soaking in a 2 normal hydrochloric acid
solution followed by series of decants using distilled water.
Several organic-rich samples required the use of a centrifuge
to separate the water from the suspended sediment sample.
Six sediment samples were collected from GC 3 for 14G analy-
sis. Samples were taken at the sediment water interface, and
at depths 25 cm, 50 cm, 115 cm, 200 cm, and 230 cm while on

Table 1. Core locations

1,01664°51.57'S	64012.29W
1,015	64051.17S	64012.43W
1,020	64051.09S	64011.47W
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board the R/V Polar Duke and transferred chilled to
Hamilton College where they were dried and acified in
the 2 normal hydrochloric acid solution. 14C dates
were determined at the University of Arizona by accel-
erator mass-spectrometry and are reported in table 2.
Core 2 subsamples were weighed for the determina-
tion of sample water content.

Our preliminary stratigraphic correlations are
illustrated in figure 2 where we compare the magnetic
susceptibility and radiocarbon data from the four
cores collected in Basin I of the Palmer Deep. In sum-
mary, we believe that stratigraphic correlation is good
between the sites below the uppermost meter because
both radiocarbon and magnetic susceptibility signa-
tures indicate normal stratigraphic succession. Above
this depth, however, the stratigraphy is less clear, and
evidence indicates significant reworking of organic particu
lates because radiocarbon ages are inversed and are olde]
than ages from lower strata. Although our sedimentologi
study of these cores is far from complete, at this early stage, i
is clear that sediment gravity flows are an important compo
nent of the most recent record in Basin I of the Palmer Deep
This presence contrasts dramatically with the last 4,000 yean
of deposition, which is marked by pelagic and hemipelagi
sedimentation (Leventer et al. 1996). The cause for thi

change in sediment regime will be the focus of continued
research in the Palmer Deep system.

This program was supported by a National Science
Foundation Research Experience for Undergraduates grant to
Hamilton College (OPP 94-18153, Earth Sciences). This work
was carried out in cooperation with the Palmer LTER investi -
gators and special word of thanks to Dave Karl and Ray Smith
for arranging ship time on the Polar Duke. Appreciation to

Table 2. Uncorrected radiocarbon ages from core PD95-10, GC3
NOTE: All samples based on acid insoluble organic matter and processed according
to procedures outlined in Dornack and McClennen (in press).

CAMS 25571	0-2	 4,680±60	_25a
AA-20070	25-26	 1,955±50	-25.7
AA-20071	50-51	 4,040±55	-25.8
AA-20072	115-116	 2,925±55	-25.2
AA-20073	200-201	 3,000±55	-26.1
AA-20074	230-231	 3,550±80	-25.8

asample was too small to measure 13C; this figure is an estimate.
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Figure 2. Magnetic susceptibility versus core depth for gravity cores 1-3 (PD95-10) and piston core (PD92-30).
Locations of radiocarbon dates (uncorrected) and ages are also given for cores 30 and 3. Stratigraphic time
lines are shown by dashed lines between cores. Note missing section from the top of core 30. (CGS denotes
centimeter-gram-second.)
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McMurdo DryValleys Long-Term
Ecological Research

McMurdo Dry Valleys Long-Term Ecological Research (LTER):
An overview of 1995-1996 research activities

SHERRY E. JENNINGS-MAYS and ROBERT A. WHARTON, JR., Biological Sciences Center, Desert Research Institute,
Reno, Nevada 89506-0220.

T
he McMurdo Dry Valleys Long-Term Ecological Research
(LTER) project is an interdisciplinary study of the aquatic

and terrestrial ecosystems in a cold desert region of
Antarctica. The McMurdo Dry Valleys, the largest ice-free area
(approximately 4,800 square kilometers) on the antarctic con-
tinent, are located on the western coast of the Ross Sea
(77000'S 162 052'E). The McMurdo Dry Valleys LTER site (cur-
rently research is focused in Taylor Valley) is far colder and
drier than any of the other 17 established LTER sites. The
perennially ice-covered lakes, ephemeral streams, and exten-
sive areas of soil within the valleys are subject to low tempera-
tures, limited precipitation, and salt accumulation. The dry
valleys represent "end-member" environments that contain
microbial-dominated ecosystems. An important aspect of the
McMurdo LTER research is its potential contribution to gen-
eral ecological understanding through studies of processes
that may be better resolved in these relatively simplified
ecosystems (cf. more complex ecosystems). The McMurdo
LTER advances two key hypotheses:
• The structure and function of the dry valley ecosystems are

differentially constrained by physical and biological factors.
• The structure and function of dry valley ecosystems are

modified by material transport.
In addressing these hypotheses, the interdisciplinary group is
conducting a program of systematic data collection, long-term
experiments, and model development. Research activities,
which are spread across different disciplines, include physical,
chemical, and biological modeling and information science.

The McMurdo LTER project has successfully completed
three field seasons beginning in 1993. During the 1993-1994
field season, 18 scientists deployed to McMurdo Station and
Taylor Valley to conduct research associated with the LTER
project. These scientists initiated a core measurements pro-
gram to obtain baseline, ecologically relevant data from the
atmosphere, glaciers, streams, soils, and lakes. During the
1994-1995 field season, 26 scientists visited the dry valleys to
continue the core measurements and research program. The
first two seasons took place during the austral summer period
(October to February). The third field season, 1995-1996, began

in August (winter) so that research could focus on the changes
in lake chemistry and biology during the transition between
total winter darkness and the return of light in the spring.

We now summarize some of the research highlights
resulting from the efforts of 27 scientists during the 1995-1996
field season. These highlights are expanded upon in eight
subsequent papers prepared by LTER scientists.

Because of the lack of precipitation, the major source of
water in the dry valleys is the melting of glaciers during the
austral summer. Lewis, Fountain, and Langevin explain how
the terminus cliff melt from the Canada Glacier in Taylor
Valley is the largest contributor to streamfiow in Anderson
Creek. They report that the melt on the terminus cliffs is sur-
prisingly heavier than the flow from surface ablation from the
glacier. Local energy balance of the Canada Glacier terminus
was measured along with the resulting flow in Anderson
Creek. Lewis et al. conclude that because of the large radia-
tion flux along the terminus cliffs, ablation was possible with
temperatures as low as -20°C. They concluded that peak
streamfiow from the Canada Glacier can be mostly attributed
to terminus cliff melt as melt continues from the cliffs with
cooler temperatures.

In a related study, Dana, Wharton, and Fountain report
the effects of solar radiation on three different glaciers—
Commonwealth, Howard, and Taylor. Incoming and outgoing
solar radiation were measured using Eppley pyranometers
located on the three glaciers. They show that Taylor Glacier
had a greater net solar radiation compared to the
Commonwealth and Howard Glaciers due to its relatively
lower albedo. The Taylor Glacier's lower albedo is attributed
to lack of snow cover and a greater extent of "bare ice." The
Commonwealth and Howard Glaciers, both closer to the
coast, receive more snowfall due to the prevailing winds and
cloud coverage. The resulting snowfall on these glaciers pro-
duces higher albedos and lower net solar radiation.

In another paper focused on the influence of the Taylor
Valley glaciers on the dry valley ecosystems, Fountain, Lewis,
and Dana discuss "calving" and its contribution to mass loss
on the Canada, Commonwealth, Howard, and Taylor
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Glaciers. Photographs and on-site observation of glacier cliffs
indicate that on average, calving blocks are 50 centimeters
thick and that they can occur in widths of 10-100 meters. In
this study, the energy balance of the ice surfaces was deter-
mined to assess the mass loss resulting in potential meltwa-
ter. In comparing precipitation totals for winter and summer
snowfall to the amount of ablation, Fountain et al. find totals
for ablation to be generally the same for both seasons.
Therefore, they conclude, calving is the result of stress and
strain from ice movement, rather than from fatigue of daily
heating and cooling from solar radiation.

During the austral summer, meltwater from the glaciers
results in ephemeral streams, which contain variably produc-
tive microbial communities. In an effort to understand more
fully the stream ecosystems in Taylor Valley, Moorhead and
McKnight examine the correlation between discharge patterns
for streams in McMurdo Dry Valleys and evaluate the relation-
ship between daily discharge, mean daily temperature, and
total incident shortwave radiation. Using data obtained from
the LTER's network of stream gauges and meteorological sta-
tions, they conclude that a weak relationship exists between
stream discharge and incoming shortwave radiation. Factors
that appear to be important in affecting stream discharge
include location and orientation of the glaciers that feed the
streams, as well as stream geometry and slope.

The perennially ice-covered lakes in the McMurdo Dry
Valleys contain relatively productive planktonic and benthic
microbial communities. Kepner and Wharton studied the
protozoan communities in lakes Fryxell and Hoare using
polyurethane foam units (PFUs) as artificial substrates to col-
lect protozoa. These scientists used a method similar to one
used 18 years earlier to collect and classify protists taken from
six sampling holes in the same two lakes. Forty-one taxa of
protozoa were identified from lakes Fryxell and Hoare. On a
site-by-site basis, 32 taxa were found in Fryxell (western end),
18 taxa were found in the center of Lake Hoare, and 15 taxa
were found in the western end of Lake Hoare. In detailed
comparisons of community composition, made at a variety of
spatial scales, Kepner and Wharton found that fewer protist
species inhabit deeper anaerobic waters compared to shal-
lower aerobic waters.

The perennial ice covers also affect lake dynamics by mini-
mizing temperature-driven turnover and wind-driven mixing.
Lyons, Welch, Tyler, and Sharma question the past belief of
permanent stratification and little or no advective movement
within the dry valley lakes. A relative argument showed that
downward mixing due to water density occurred in Lake Fryxell
with the discovery of tritium at depth. For a better understand-
ing of the source of solutes in the McMurdo Dry Valley lakes,
they compared Miller and Aiken's data (1996) to Carlson's ear-
lier data (1990), then observed their own samples taken from
Lake Hoare at depths of 10 and 12 meters. The samples taken
from Lake Hoare indicated relatively modern chlorofluorocar-

bon concentrations, suggesting that lake "mixing" occurred.
They conclude that the biogeochemical dynamics of the valley
lakes may have to be rethought if density-driven mixing is
found to be a major process.

Understanding the biogeochemical cycles in the ice-cov-
ered lakes also requires accurate assessments of lake bathym-
etry. Doran, Wharton, and Schmok report on new bathymet-
ric maps developed for lakes Bonney, Fryxell, and Hoare, cre-
ated from a combination of
• U.S. Geological Survey topographic maps,
• color aerial photographs flown in 1993,
• differential global positioning system (GPS) rapid-static

surveys,
• additional lead-line measurements, and
• ground-penetrating radar (GPR) surveys.
These maps should allow for more accurate determinations of
lake productivity and nutrient chemistry.

The soils in the McMurdo Dry Valleys are indeed a harsh
environment—low temperatures and moisture and high salt
concentrations. Studying the genetic diversity of the Taylor
Valley's soil nematodes, Courtright et al. find that the cold
temperatures and low moisture of the dry valley limit the dis-
persal and establishment of soil nematodes. They provide
results of genetic analyses, which allow them to suggest that
two distinct species of Scottnema lindsayae, the dominant
nematode, are evolving in the dry valleys.

Data from the above research are now being incorporated
into an interactive database, which is specifically designed for
the McMurdo LTER by McMurdo's data and information man-
ager, Ken McGwire. Data management activities for the LTER
site over the last 8 months have included the development of
direct Internet access to online datasets through user-friendly
World Wide Web interfaces. Initial examples include
• an interface for extracting meteorological data based on

user-defined date, time, and location;
• downloadable aerial photography of the Taylor Dry

Valleys; and
• a catalog of data sets and other items which have been

submitted to the LTER data management office.
The next generation of data management being devel-

oped for the LTER site will use a hybrid relational/object-ori-
ented database management system (DBMS) to allow direct
access to data. This approach will give the DBMS the flexibility
to handle a wide variety of data types, such as temperatures,
species lists, and stream chemistry measurements, within a
consistent query-based interface. Existing data submissions to
the LTER data management office are being tested against this
hybrid DBMS model to ensure that a variety of data sources
can be handled.

The McMurdo Dry Valleys LTER Web Site can be accessed
through http:llmcm.maxey.dri.edu/lter.

This research is supported by National Science
Foundation grant OPP 92-11773.
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McMurdo Dry Valleys LTER: The role of terminus cliff melt in
streamfiow, Taylor Valley, Antarctica

KAREN I. LEWIS, ANDREW G. FOUNTAIN*, and PAUL LANGEVIN, U.S. Geological Survey, Denver, Colorado 80225

*present address: Department of Geology, Portland State University, Portland, Oregon 97207

I
n polar regions, slope angle can play a large role in glacial
meltwater generation. Because of the low sun angle, steep

surfaces, although they face the Sun for only limited spans of
time, receive far more intense radiation than corresponding
low-angle surfaces. A comparison of terminus and surface
ablation stake data from the Canada Glacier, Taylor Valley,
indicates that ablation on the terminus cliffs ranges from one
to seven times the average surface ablation (Fountain, Lewis,
and Dana, Antarctic Journal, in this issue). Consequently,
although terminus cliffs represent a much smaller area than
the glacier surface ablation zone, the cliffs contribute dispro-
portionately to the meltwater runoff from the glacier. Because
terminus cliff melt is far more heavily dependent on time of
day than surface melt, we expect to see strong meltwater
inputs to the streams at times when the terminus cliffs feed-
ing the streams are facing directly into the Sun.

To assess quantitatively the contribution of meltwater
from the ice cliffs on streamfiow, we measured the local ener-
gy balance of the cliffs at the Canada Glacier terminus. This
location was chosen because
• the cliff is bordered by a gauged stream;
• ablation stakes have been placed at five locations along the

section of cliff feeding the stream;
• the stream is very short so water loss to evaporation is

minimal; and
• the cliff and meteorologic station are within 300 meters of

camp, so regular monitoring is feasible.
In addition, ablation stake, meteorologic, and eddy correla-
tion data are available for the glacier surface.

The terminus meteorologic station was located on the
western side of the Canada Glacier roughly 500 meters north
of the Lake Hoare shore (figure 1). The instruments were
mounted 1.3 meters from the terminus cliff on an iron bar
frozen into the ice at the base of the cliff to measure charac-
teristics associated with the cliff face. The shortwave radiation
sensors were oriented horizontally into and away from the
cliff face. Both the shortwave sensors and the temperature
and relative humidity probe were mounted approximately 1
meter above the ground. Data were collected from 10
December 1995 to 22 January 1996.

The correlation between the air temperatures in excess of
0°C and stream discharge is shown in figure 2. When the ter-

Figure 1. The Canada Glacier, showing the terminus and surface meteo-
rologic stations, the terminus ablation stakes near the terminus meteoro-
logical station, and Anderson Creek.

minus cliff air temperature is below freezing, the streamfiow
declines or shuts down. When temperatures are above freez-
ing, the stream discharge and air temperature curves are posi-
tively correlated.

The air temperature on the glacier surface is generally
cooler than at the terminus cliffs (Chinn 1987), which allows
for a longer melt season on the terminus cliffs than on the
glacier surface. In addition, though streamfiow slows or shuts
down when air temperatures drop below 0°C, melt on the ter-
minus cliffs can occur at air temperatures well below 0°C dur-
ing periods of large incoming radiation flux. Because the
streambed is generally frozen when the air temperature is
below 0°C, however, this meltwater refreezes before reaching
the stream gauge.

Shortwave radiation receipt on the terminus cliffs differs
significantly from that on the glacier surface. Unlike the sur-
face, which receives nearly continual sunlight modified only
by surrounding topography (i.e., shading by local mountains),
the cliffs receive energy only for a short period of the day
when the Sun faces the cliffs. During these periods, the short-
wave energy flux can exceed 500 watts per square meter
(W rn-2) for a span of a few hours. On average, the cliffs
receive roughly 50 W m 2 . In contrast, surface values rarely
exceed 300 W rn-2 but average roughly 150W rn-2.

In general, for any point on the terminus cliff, we would
expect to see a daily radiation peak. Instead, we measured
two shorter peaks (one at 1500-1700 hours and another at
1900-2400 hours) due to the local topography, which blocks
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Figure 2. Anderson Creek discharge (in liters/second) and terminus
cliff air temperature data, plotted as 24-hour running averages, aus-
tral summer 1995-1996.

the Sun for a few hours during the middle of its passage
across the cliff face. The bi-daily radiation peaks are generally
accompanied by corresponding discharge peaks. The timing
of the latter shows more variation than the former but in gen-
eral occurs between 1630-2000 and 2100-0100 hours.
Discharge peaks fail to appear during cloudy periods and
periods when the air temperatures are well below 0°C. This 2-
hour lag between peak radiation and peak melt is probably
indicative of the time delay between increased melt and sub-
sequent travel to the streambed.

Unlike on the glacier surface, where up to 70 percent of
ice ablation is due to sublimation (Lewis et al. 1995), along
most of the terminus cliff wind speeds are low, and thus the
sensible and latent heat fluxes are small (Chinn 1987). Net
radiation is the dominant source of incoming energy, and
most of this energy goes to melt. Therefore, we can estimate
the terminus meltwater contribution to Anderson Creek for
the summers of 1994-1995 and 1995-1996 by assuming that
the ablation recorded on the terminus ablation stakes is due
to melt.

The terminus cliff bordering Anderson Creek is roughly
20 meters high by 2,000 meters long. If we assume the melt
across this entire face is equal to the average of the ablation
stake measurements, 16 centimeters (cm) for the 1995-1996
summer, the resulting flow is 6,400 cubic meters (m 3). The
recorded seasonal flow for Anderson Creek is 39,200 m3,
implying 16 percent of the streamfiow is due to terminus
melt. Similar calculations for 1994-1995, using an average
ablation of 15.5 cm and a total flow of 16,050 m3, indicate 39
percent of the streamfiow during that summer came from ter-
minus melt. The difference between terminus meltwater con-
tribution and total flow must be accounted for through glacier
surface melt, because no other significant source of available
meltwater exists.

Clearly, the terminus cliffs cannot be neglected when
calculating glacial water and mass balances. In particular,
peak streamfiow can be attributed almost entirely to termi-
nus cliff melt.

This research was supported by National Science
Foundation grant OPP 92-11773.
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T
he continuous influx of solar radiation during the austral
summer is an important driving force for hydrological

and ecological systems in the McMurdo Dry Valleys,
Antarctica. Spatial and temporal variations in radiative fluxes
may influence glacier mass balance and stream discharge, as
well as distribution and production of biological communities
in the dry valleys. Because solar radiation plays an important
role in these polar deserts, the primary goal of this study was
to assess differences in solar radiation on three glaciers in
Taylor Valley, Antarctica, over a 2-year period using data col-
lected as part of the McMurdo Dry Valleys Long-Term
Ecological Research (LTER) study.

Solar radiation data were continuously collected during
1994-1995 from the ablation zones on the surface of three
glaciers in Taylor Valley (77°00'S 162°52'E):
• The Commonwealth Glacier flows from the Asgard Range

on the north side of the valley and is the nearest of the
three glaciers [4 kilometers (km)] to McMurdo Sound.

• The Howard Glacier, on the south side of the valley, is in
the Kurkri Hills and 13 km upvalley from McMurdo Sound.

• The Taylor Glacier lies at the head of Taylor Valley, 36 km
inland.

For glacier locations, see figure 1 in Fountain, Lewis, and
Dana (Antarctic Journal, in this issue). The elevations of the
sites varied: 290 meters (m) on the Commonwealth Glacier,
327 m on the Taylor Glacier, and 437 m on the Howard
Glacier. Although measurements were made over the entire 2-
year period on the Commonwealth and Howard Glaciers, the
site on the Taylor Glacier was not established until late in
1994. Incoming and outgoing solar radiation was measured
with Eppley pyranometers (model PSP), and data were stored
on a Campbell Scientific datalogger (model C1110). Further
details on the three sites and coincident meteorological mea-
surements can be found in Doran et al. (1995).

A comparison showed that the mean monthly amount of
incoming solar radiation was different at each site. Taylor
Glacier received up to 20 percent more solar radiation than the
Commonwealth and Howard Glaciers, and the Common-
wealth received up to 50 percent more radiation than the
Howard (figure 1). These differences were even greater for net
solar radiation (incoming minus reflected). For example, dur-
ing November 1995 the Taylor Glacier on average absorbed
155 watts per square meter (W rn-2), 2.5-3.5 times more solar
energy than the Commonwealth and Howard Glaciers, which
absorbed on average, 65 and 44 W rn- 2, respectively. Annual
solar energy budgets bear out these trends as well as interan-

nual differences existing between the Commonwealth and
Howard Glaciers. Total amount of annual solar energy imping-
ing on both of these glaciers increased between 1994 and 1995
(figure 2). The annual energy increased from 3,422 to 3,474
megajoules per square meter per year (MJ m 2 yr- 1 ) on the
Commonwealth Glacier and from 2,990 to 3,115 MJ m 2 yr'
on the Howard Glacier from 1994 to 1995. The annual net solar
energy absorbed by the two glaciers, however, actually
decreased from 1994 to 1995, from 1,061 to 780 MI rn-2 yl-' on
the Commonwealth Glacier and from 670 to 565 MI m 2 yi-'
on the Howard Glacier.

The greater net solar radiation observed on the Taylor
Glacier can largely be attributed to its much lower albedo
and, to a smaller extent, the greater amount of incoming radi-
ation it receives. Mean monthly albedos on the Taylor Glacier
ranged between 49 and 66 percent whereas albedos on the
Commonwealth and Howard Glaciers were usually much
higher, between 61 and 90 percent. Snow cover present at the
measurement sites of the Commonwealth and Howard
Glaciers during most of 1994-1995 conferred the higher albe-
dos measured on those two glaciers, whereas the mostly ice-
covered (i.e., relatively snow-free) surface of the Taylor
Glacier resulted in its lower albedo.

Albedo changes may also explain the small decrease in
net solar radiation on the Commonwealth and Howard
Glaciers from 1994 to 1995, despite the slight increase in
incoming solar energy over the same time period (figure 2). In
December and January 1994, a large expanse of bare ice was
present at the measurement sites of these two glaciers, and
mean monthly albedos ranged from 58 to 61 percent (figure 1,
December 1993 not shown). New snow accumulation subse-
quent to January 1994 caused albedos to increase, and from
1994 to 1995, the mean annual albedo increased from 72 to 81
percent on the Commonwealth Glacier and from 76 to 83 per-
cent on the Howard Glacier. The slightly higher annual aver-
aged albedos on the Howard Glacier compared with the
Commonwealth contribute to its lower net solar radiation.

Both the lower albedo and higher incoming solar radia-
tion on the Taylor Glacier can be explained by the climatic
regime in Taylor Valley. Precipitation is highest near
McMurdo Sound, where low-pressure systems and easterly
winds transfer moist air over the dry valleys (Bromley 1985).
Precipitation, and presumably cloudiness, decreases west-
ward with distance from the ocean (Bull 1966, pp. 177-194;
Keys 1980). Of the three glaciers studied, the ablation zone
of the Taylor Glacier is the farthest, 36 km, from the ocean

ANTARCTIC JOURNAL - REVIEW 1996
191



1

0
D
a)
-o

400

E
300

200
C
a

-	100

J FMAMJJASONDJFMAMJJASOND

1994	1	 1995
160

120

ci)	80
0
Ca
-o 40
a

-	0
J FMAMJ J ASONDJ FMAMJ J ASOND

1994	1	 1995

J FMAMJ J ASONDJ FMAMJ J ASOND

1994	1	 1995
= =

Howard GI. Commonwealth Gl. Taylor Gi.

Figure 1. Mean monthly incoming solar radiation (top panel), net solar radiation (middle panel), and albedo
(lower panel) of three glaciers in Taylor Valley, Antarctica, during 1994-1995. Measurements did not begin
on Taylor Glacier until 1995. Data are missing from the Commonwealth Glacier in October 1994 due to data-
logger failure. Albedos are calculated only for time periods in which light is present.
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and receives less snow (Fountain et al., Antarctic Journal, in
this issue).

Given the observed climatic gradient in the 1ry valleys, it
would be expected that the Commonwealth Glacier, which is
closest to McMurdo Sound, would have the lowest solar ener-
gy budget of the three glaciers, but this is not the case. The
greater flux of incoming and net solar radiation on the
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Figure 2. Integrated annual incoming solar energy (top panel) and net
solar energy (lower panel) for three glaciers in Taylor Valley, Antarctica,
during 1994-1995. Measurements did not begin on Taylor Glacier until
1995. In calculating annual energy for the Commonwealth Glacier,
mean monthly October 1994 values were estimated using linear inter-
polation.

Commonwealth compared with the Howard Glacier requires
other explanations. What is most different between these two
glaciers that could influence the solar radiation budget is their
aspects and elevations. The higher elevation of the Howard
Glacier may result in a greater incidence of clouds, and its
north-facing orientation in relation to the topographic relief
of the surrounding Kukri Hills may result in more terrain
shading than the Commonwealth Glacier. Solar modeling
incorporating terrain features would be a useful tool in
understanding the differences in solar radiation we have
observed among the glaciers in the McMurdo Dry Valleys.

This research was supported by National Science
Foundation grant OPP 92-11773, with additional support
from a Desert Research Institute Nevada Medal Research
Fellowship and a National Aeronautics and Space
Administration Global Change Fellowship to G. Dana. We
thank Karen Lewis, Paul Langevin, Peter Doran, and Paul
Sullivan for assistance in the field and Robert Stone and
Robert Davis for their invaluable advice on solar radiation
measurements in cold regions.
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T
he McMurdo Dry Valleys, next to McMurdo Sound at
76030' to 78030'S and 1600 to 1640E (figure 1), are the largest

of the antarctic ice-free regions, which account for 5 percent of
the continental area (Drewry, Jordon, and Jankowski 1982),
The hydrology of the dry valleys originates from glacial melt-
water. During the summer months, from late November and
into February, the glaciers melt providing the only source of
water for the streams. Snowfall in the valleys does not con-
tribute to the streams or to the general hydrology because it
usually sublimates before melting (Chinn 1981). To assess the
mass change of the glaciers, we have established surface mea-
surements of mass change on four glaciers in Taylor Valley
(Fountain, Vaughn, and Dana 1994). To determine the compo-
nent of mass loss resulting in meltwater, we are measuring the

energy balance of the ice surface (Lewis et al. 1995; Lewis,
Fountain, and Langevin, Antarctic Journal, in this issue) and
collecting meteorological information on four glaciers (Doran
et al. 1995; Dana, Fountain, and Wharton, Antarctic Journal, in
this issue). In this article, we summarize the findings of the
mass balance measurements for the Commonwealth, Canada,
Howard, and Taylor Glaciers (figure 1).

Snowfall in Taylor Valley occurs any time of the year.
During our study period, from November 1993 through January
1996, more snow accumulated in the winter period (February
through October) than during the summer period (November
through January). Measurements of net snow accumulation on
the upper Commonwealth and Howard Glaciers show that dur-
ing summer, accumulation did not exceed 3.3 centimeters (cm)
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water equivalent, and many measurements were near or below
o cm. Winter accumulation did not exceed 11.3 cm water
equivalent; most values were 3 cm water equivalent or more.
These findings contrast with those of Chinn (1985) for the
Wright Valley. It is not clear if this difference is due to the span
of time and the variation in meteorological conditions or
whether it is due to distinctly different climatic regimes
between the two valleys. Chinn (1980) suggests that a local lake
effect creates snowfall on the adjacent ridges. We do not
observe the same phenomenon in Taylor Valley.

Figure 2 illustrates the spatial variation of glacier mass
balance. Individual values of measured mass balance are
shown for all four glaciers. For any given elevation, a valley
gradient exists in which the mass balance is more negative
upvalley and further away from the ocean. Taylor Glacier is
about 36 km from the ocean, whereas Howard is about 13 km,
Canada is 12 km, and Commonwealth is 4 km. Clearly, Taylor
Glacier has more negative values than Canada and Howard,
and these glaciers have more negative values than
Commonwealth. The change in altitude of the equilibrium
line reflects this valley gradient. The equilibrium line starts at
about 375 meters (m) for Commonwealth and rises to about
1,200 m for the alpine glaciers near the Taylor Glacier. The
altitude was determined from the elevation contours on pub-
lished topographic maps. Taylor Glacier has no equilibrium
line in Taylor Valley because it is an outlet glacier of the east
antarctic ice sheet, and its extension into Taylor Valley is
completely within the ablation zone. Thus, within Taylor
Valley a strong climatic gradient exists that significantly
affects the glaciers. We conjecture that the gradient is largely
controlled by a decrease in precipitation away from the coast,
although some evidence suggests warmer air temperatures
and stronger winds upvalley. Current efforts are underway to
monitor the meteorological environment (Doran et al. 1995).

The magnitudes of ablation and accumulation are small,
as expected for polar glaciers. Accumulation does not often
exceed 15 cm water equivalent, and ablation does not exceed

	

1000	 A
A

	

800
	 A	A

A

	

A	••

	

E 600	 A	•.
C	 •	• A	• C

	

400
	 A

A••	•
••: -+	•C

	

200	•	 •	:.
+.+•+

0'
-30	-20	-10

	 10	20

Mass Change (cm water equivalent)

Figure 2. Annual mass balance values measured at specific stakes on
four different glaciers in Taylor Valley. Dots indicate measurements on
Commonwealth Glacier; plus signs, on Canada Glacier; open trian-
gles, on Howard Glacier; and diamonds, on Taylor Glacier.

30 cm water equivalent. The exception to this characterization
is ablation on the ice cliffs that forms the margin of many glac-
iers in the valley. The ablation of the ice cliff is typically 5-10
times the ablation of the adjacent top surface of the glacier.
Measured values of ablation from the ice cliffs, excluding calv-
ing, ranges from 5 to 70 cm water equivalent. During our study,
no snow has accumulated on the glaciers at elevations below
about 200 m, suggesting that these zones ablate all year long.
For the two glaciers with mass balance measurements in the
accumulation zone (Howard and Commonwealth), the range
of net seasonal snow accumulation is about the same, up to
about 11 cm water equivalent. Although the sample size is
small, we infer that for the same elevation, snow accumulation
in the Kukri Hills is about the same as that in the Asgard Range.

The calving component of ablation is small, in agreement
with the findings of Bull and Carnein (1970). Based on paired
photographs of the glacier cliffs, taken in the beginning of the
summer season and at the end of the season, and on on-site
observations, we determined that calving blocks are typically
50 cm thick, and calving occurs over widths on the order of 10
to 100 meters. Averaged over the area of the ice cliff, ablation
due to calving is about 1-3 cm water equivalent during each
season or 2-6 cm for the year. No seasonal trend in calving is
observed between summer and winter, indicating that calving
results from the stress and strain of the ice movement rather
than fatigue caused by daily heating and cooling from solar
illumination.

This work was supported by National Science Foun-
dation grant OPP 92-11773.
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McMurdo Dry Valleys LTER: Stream discharge as a function of
ambient temperature and incoming shortwave radiation in

Taylor Valley, Antarctica
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O
f the several streams in the McMurdo Dry Valleys, south-
ern Victoria Land, Antarctica, many are relatively short

(less than 4 kilometers), receiving water primarily from melt-
ing glaciers and flowing only during the brief, austral sum -
mer. Benthic microbial mats are widespread in many streams
(Alger et al. 1996), exhibit substantial net primary production
(Howard-Williams and Vincent 1989), and transform a con-
siderable fraction of the inorganic and urea nitrogen entering
the streams into other organic forms (Howard-Williams et al.
1989). In a recent modeling study, Moorhead, McKnight, and
Tate (in press) noted the influence of stream discharge rate on
nitrogen uptake by benthic mats. Thus, factors controlling
discharge rates are likely to have a considerable impact on the
nitrogen dynamics of dry valley streams. The objectives of this
study were to examine the correlations between discharge
patterns for streams in the McMurdo Dry Valleys and to eval-
uate the relationships between daily discharge, mean daily
temperature, and total incident shortwave radiation.

As part of the U.S.-sponsored, McMurdo Dry Valley
Long-Term Ecological Research (LTER) program, discharge of
streams and local meteorological conditions in Taylor Valley
(77 0S 163 0 E) are being recorded (Von Guerard et al. 1994;
Doran et al. 1995). Measurements of streamfiow for use in this
study were obtained from the U.S. Geological Survey (H.
House, via U.S. Geological Survey Antarctic Hydrology home-
page, http://srvdwjmdn. er. usgs.go v/hrhdocs/index. html).
Meterological observations were obtained for three meteoro-
logical stations located near Commonwealth Glacier, Lake
Hoare, and Lake Fryxell, Taylor Valley, from the McMurdo
LTER (K. McGwire, via the LTER homepage, http://mcm.
maxey.dri.edu/lter/.

We examined the temporal patterns of discharge for
eight streams draining into Lake Fryxell, Taylor Valley
(Canada Stream, Huey Creek, Lost Seal Stream, Aiken Creek,
Von Guerard Stream, Crescent Stream, Delta Stream, and
Green Creek), during the period of maximum flow (15
December through 25 January) in the austral summers of
1993-1994 and 1994-1995. Hydrological observations were
concurrent with meteorological records available through
the McMurdo LTER. The pattern of daily discharge during
these summers showed peak values in early January 1994,
sometimes exceeding 3 cubic meters per day, although con-
siderable differences existed between streams and between
years (figure 1). When discharges were expressed as the frac-
tion of the maximum value recorded for each stream in each
year, a similar pattern emerged; streams showed peak dis-
charges in late December and early January. Such patterns

suggest a likely correlation to ambient temperature and radi-
ant energy levels, which also peak during this time. Thus, we
hypothesized that
• stream discharges would be correlated to each other and
• discharge would be correlated with the average ambient

temperature and total incident radiation on a daily basis.
Pearson product-moment correlations of daily stream dis-

charge were calculated for each pair of streams. Relationships
between stream discharge and these climatic factors then
were analyzed with multiple linear regressions using relative
daily discharge as the dependent variable and climatic factors
as independent variables.

Strong correlation existed between daily discharge for all
streams, ranging between 0.743 (Huey Creek and Aiken
Creek) and 0.979 (Green Creek and Crescent Stream); most
correlations exceeded 0.9. Multiple linear regressions, howev-
er, revealed that stream discharge was weakly related to radia-
tion and temperature, with overall R 2 values rarely exceeding
0.4 (table). Moreover, an overall regression (all streams in
both years) yielded a low coefficient of regression (R2=0. 163,
N=440) between stream discharge and climatic factors.

Temporal patterns of stream discharge were nonlinear
and peaked only during a brief period in both summers,
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Figure 1. Daily discharge values in 1993-1994 and 1994-1995 austral
summers for eight streams in the Lake Fryxell basin, Taylor Valley,
Antarctica. (Top) Discharge values in cubic feet per day. (Bottom) Daily
discharge as a fraction of maximum discharge per stream for each
year. Filled circles: 1993-1994; open circles: 1994-1995. (cf/d denotes
cubic feet per day. Multiply cubic feet by 0.03 to obtain cubic meters.)
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implying a seasonal control on streamfiow that was partly
independent of general radiation and temperature regimes.
Contrasting patterns of discharge for Canada Stream, Aiken
Creek, and Von Guerard Stream also suggest that controls
differ among streams (figure 2):
• Aiken Creek showed peak discharge values between 9

and 11 January of both years;
• Von Guerard Stream showed peak values approximately

5-10 days earlier than Aiken Creek;
• Canada Stream showed high discharge at both times.

A number of geographic and climatic factors apparently
control streamfiow (cf. McKnight, House, and Von Guerard
1994; House, McKnight, and Von Guerard 1995; Conovitz et
al. in press). For example, Canada Stream is short (less than 2
kilometers) and receives meltwater from northern faces of
Canada Glacier (west of Lake Fryxell). Thus, discharge should
reach relatively high values early in the summer and remain
high, as seen in figure 2. In contrast, Von Guerard Stream is
longer than Canada Stream (approximately 5 kilometers) and is
fed by the northwest face of a glacier located in the Kukri Hills
(southeast of Lake Fryxell). Thus, peak flows should occur
somewhat later than for Canada Stream and be more tempo-
rally constrained by the orientation of the source glacier. Aiken
Creek receives meltwater from two sources: the northwest face
of Wales Glacier, in the Kukri Hills, and the south and east faces
of Commonwealth Glacier, to the northeast of Lake Fryxell.
Moreover, flows from the Wales and Commonwealth Glaciers
combine to form Many Glaciers Pond, in which Aiken Creek
has its source. Thus, peak flow of Aiken Creek may be delayed
by the time required for the source pond to fill.

In conclusion, it is clear that simple multiple linear
regressions of daily temperature and radiation regimes are
insufficient to provide an accurate prediction of discharge
patterns for streams of Taylor Valley. Discharge patterns
appear to be strongly influenced by attributes of stream

350	 360	 370	 380	 390
Day of Year

Figure 2. Daily discharge as a fraction of maximum discharge for
three streams in Taylor Valley, Antarctica: (top) 1993-1994; (bottom)
1994-1995.

Results of multiple linear regressions between streamfiow,
ambient temperature, and incident solar radiation

Canada Stream	100 0.377	47	0.345 86	0.358
Huey Creek	25 0.289	16	0.283 36	0.406
Lost Seal Stream	63 0.156	22	0.209 61	0.157
Aiken Creek	60 0.189	32	0.126 69	0.130

Von Guerard Stream 59 0.194	46 0.062 70	0.217
Crescent Stream	14 0.344	22	0.421 31	0.662
Delta Stream	57 0.206	44	0.053 67	0.244
Green Creek	60 0.235	45 0.055 70	0.282

geometry and orientation of source glaciers, as noted by
Conovitz et al. (in press). A more mechanistic, physically
based approach where these attributes are quantified, may be
useful in developing predictive relationships between climate
and streamfiow in the McMurdo Dry Valleys.

This work was supported by a National Science
Foundation grant OPP 92-11773.
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McMurdo Dry Valleys LTER: Geophysical determination of
bathymetry and morphology of Taylor Valley lakes

PETER T. DORAN, and ROBERT A. WHARTON, JR., Biological Sciences Center, Desert Research Institute, Reno, Nevada 89506
JEFFREY P. SCHMOK, GolderAssociates, Burnaby, British Columbia, V5C 6C6

T
he three main Taylor Valley lakes (Bonney, Hoare, and
Fryxell) have been the subject of study since the discovery

of the dry valleys by members of R.F. Scott's expedition in 1903
(Scott 1905, pp. 214-215). Since this time, bathymetric map-
ping of the lakes has been carried out by various investigators
while conducting limnological studies. Standard "lead-line"
sounding was the technique used for determining lake depth,
but this technique limits the amount of data acquired to the
number of holes that can be made in the 3-5-meter (m) thick
perennial ice covers. Problems exist with all three bathymetric
maps in general use today. The Lake Bonney map is based on
1963 soundings, which are marked without data in the original
publication (Angino, Armitage, and Tash 1964), and the shore-
line is significantly distorted (likely from parallax error in the
air photo interpretation). The existing Lake Hoare map
(Wharton and McKay 1986) is the most detailed of the three
and includes sounding points and data. The Lake Fryxell map
contains a great amount of detail (Lawrence and Hendy 1985),
but the original sounding points and data are not available.

Modeling of hydrological and geochemical fluxes in these
lake systems has been limited in the past by the lack of good
morphometric and bathymetric data. Therefore, during
November and December 1995, a geophysical study was con-
ducted to improve the bathymetric and morphologic detail
for all three Taylor Valley lakes. In this article, we report on
new bathymetric maps for Lakes Bonney, Hoare, and Fryxell
that were created from a combination of

U.S. Geological Survey (USGS) topographic maps,
• color aerial photographs from flights in

1993 flown at 4,200 m,
• differential global positioning system (GPS)

rapid-static surveys,
• additional lead-line measurements, and
• ground-penetrating radar (GPR) surveys. 
The GPR measurements were best over the
shallow moat areas and in isolated spots else-
where. Prior to this study, it was thought that
the high salinity of the lakes would be the
largest obstacle to using GPR, but our survey
suggests that trapped gas bubbles in the thick
ice cover limit the GPR survey. Moat ice allows
excellent penetration into subbottom sedi-
ments, but perennial ice obscures signals with
backscattering and rapidly attenuates radar
energy. The amplitude of this scattering is	Volume oft
most extreme at Lake Hoare, followed by Lake	Liquid:froz

n
Bonney, and then Lake Fryxell. Interestingly,	

alce d iwhen we performed GPR surveys on Lakes	e StI

House and Vida, which were formerly believed frozen solid
(our survey suggests a saline water body exists in Vida at
approximately 19 meters), good detail of the ice structure for
its entire thickness was obtained. It may be that the ice covers
of Lakes Vida and House do not have the same bubble struc-
ture as, for examples, Lakes Fryxell, Bonney, and Vanda,
because they are formed by the freezing of annual floodings
on the ice surface.

To produce the maps presented in this paper, the lake
margins were defined by digitizing the shoreline from the
1993 aerial photography and rectifying this to GPS perimeter
surveys performed in November 1995. A GPS survey was not
performed for Lake Fryxell, so the shoreline was established
with an integration of the 1993 aerial photography and the
1:50,000 USGS topographic map. The lake margin was used in
the contouring process as points with zero water depth. In
addition, the aerial photographs show a distinct transition
from the moat ice to the older white ice covering most of the
lake. The 1995 radar data indicate that this corresponds close-
ly to a "grounding line" where the floating ice changes into
grounded ice. This grounding line was also digitized and
assigned a depth as determined by the radar data.

The new bathymetric maps are shown in figures 1 to 3,
and the resulting morphometric data are presented in the
table. An interesting result of this study is the liquid-to-frozen
water content in each of the lakes. Lake Fryxell is very differ-
ent from the other two lakes in this respect, having more ice
volume than liquid water volume. This finding has profound

Comparison of new morphometric values for the three main Taylor
Valley lakes

Maximum length (km)
Maximum breadth (km)
Shore line length (km)
Maximum depth (m)
Mean ice thickness (m)

Mean piezometric thickness (m)
Surface area (km2)
Mean depth (m)
Total lake volume (106 m3)
Volume of liquid water (106 m3)a

	

5.98±0.01	4.18±0.01	5.84±0.01

	

0.90±0.01	1.01±0.01	2.06±0.01

	

16.9±0.1	11.5±0.1	19.3±0.1

	

38.4±2.0	33.8±0.5	20.5±0.5

	

5.0±0.2	4.5±0.2	5.5±0.2

	

4.3±0.2	3.8±0.2	4.7±0.2

	

4.31±0.04	1.94±0.02	7.08±0.02

	

18.4±1.84	12.5±0.63	7.6±0.63

	

79.49±7.95	24.34±1.21	53.57±1.21

	

61.85±9.28	17.52±1.23	25.24±1.23
rrozen water (106 m3)	17.64±0.88	6.82±0.20	28.33±0.20

water ratio	 3.5	 2.6	 0.9

p calculated based on ice thickness and water level in drill holes
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implications for both the comparative chemistry and hydrolo-
gy of the lakes. For instance, if climatic warming were to
cause the lake ice covers to melt, Lake Fryxell's salinity would
decrease approximately 3.5 times more than Lake Bonney's
(not accounting for the change in stream input). Therefore,
we might expect the ecological impact caused by a warming
to be greater in Lake Fryxell than in Lake Bonney. The mean
depth (lake volume divided by lake area) also points to some
interesting differences in the lakes. Lake Fryxell has a sub-
stantially larger evaporative surface area compared to volume
than the other two lakes. This proportion should mean that
Lake Fryxell's level is far more susceptible to changing climate
than are the other two lakes. When just considering lake mor-
phometry, Lake Fryxell's lake level should drop faster than
either Lakes Bonney or Hoare during a dry-climatic period.
Once the level dropped so that Lake Fryxell was contained in
the west basin, all three lakes would behave similarly (since
the mean depths would be more similar).

The full report is available at http://mcm.maxey.dri.edu/lter.
This research was funded by National Science

Foundation grant OPP 92-11773. We also thank the sponsor-
ship of Golder Associates, Ltd., and the National Research
Council of Canada.
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Between three sites (C, W, and F)

Between six sampling holes (CS, CD, WS, WD, FS, and FD)

Between samples collected at a single depth (5 m) at
six sampling holes (CS, CD, WS, WD, FS, and FD)

Between depths and sampling holes at a single site

All	 NS

All	 FS#FD

FS#WD
All	 FD#WD

CD:#WD

C	 CS8#CS29
CS1 0#CD29
CD26#CD29

W	 WD5#WD14

F FS5#FD16
FS5#FD19
FS6.5#FD1 6
FS6.5:#FD1 9
FS8#FD1 6
FS8#FD1 9

McMurdo Dry Valleys LTER: Characterization of protozoan
communities in lakes Hoare and Fryxell using

artificial substrates
R.L. KEPNER, JR., and R.A. WHARTON, JR., Biological Sciences Center, Desert Research Institute, Reno, Nevada 89506

I
n an approach virtually identical to that taken 18 years earlier
(Cathey et al. 1981, 1982), artificial substrates were collected

from six main sampling sites between 8 and 22 January 1996 to
characterize the protozoan communities of two McMurdo Dry
Valley lakes. Samples were collected at paired shallow- and
deep-water sampling holes in central Lake Hoare, western Lake
Hoare, and western Lake Fryxell. We evaluated the degree of
similarity in protozoan community composition at several spa-
tial scales and compared our taxonomic findings with those
previously obtained by Cathey et al. (1981, 1982).

Polyurethane foam units (PFU5) were used to collect pro-
tozoa at each site (Pratt and Kepner 1992). Triplicate PFUs were
placed at three or four depths at each site, and deepest PFUs
were actually in contact with lake bottoms. Substrates were col-
onized in situ for 3 weeks. For PFUs placed in Lakes Hoare and
Fryxell, Cathey et al. (1982) reported that the time required to
obtain 90 percent of the equilibrium species number of proto-
zoa was 16 days. Thus, a 3-week colonization period should
permit an adequate assessment of nearly all potential coloniz-
ers. PFUs allow replication and often provide richer collections
than natural substrates. Three or four PFUs provide as good an
estimate of species richness at a site as 10-12 samples from
natural substrata (Pratt, Horowitz, and Cairns 1987).

Subsamples were systematically
evaluated for taxonomic composi-
tion by direct microscopic observa-
tion of live material. Protists were
identified to species where possible
and all were identified at least to

Removal of rare taxa acts as a noise filter by eliminating records
based on single observations. Presence/ absence data were
used to calculate and compare community similarity indices
using a permutation procedure (Pratt and Smith 1991, pp.
91-103). Jaccard's coefficient of community similarity was used
to compute a test statistic comparing the mean similarity of
replicate PFUs at one depth, sampling hole, site or lake, to the
between depth, sampling hole, site, or lake similarity. Thus,
detailed comparisons of community composition have been
made at a variety of spatial scales.

Based on comparisons of calculated Jaccard's coeffi-
cients, several significant differences in community composi-
tion were observed (p<O.OS, table). All differences were signifi-
cant whether "rare" taxa were, or were not, included in the
analyzed data set. Differences between sampling holes within
Lake Fryxell were as great as those between sampling holes in
different lakes. As expected, the greatest differences frequent-
ly involved samples collected from deeper, anaerobic waters,
which harbor few species of protists. Assemblages from the
shallow Fryxell hole were significantly different from samples
collected below the oxycline at the deep water hole, whereas
aerobic zone samples from the deep hole were not different
from anaerobic samples collected from the same hole. Using

Significant differences in protozoan community structure (P<0.05) based on
Jaccard's coefficient of similarity.
NOTE: C denotes central Hoare; W, west Hoare; F, west Fryxell; S, shallow hole; and D, deep hole. Numbers
represent sampling depths in meters.

genus. Standard protozoological
keys were used (e.g., Kudo 1966; Lee,
Hutner, and Bovee 1985). Identified
protozoa, classified according to the
system of Levine et al. (1980), were
also classified into functional feed-
ing groups (Pratt and Cairns 1985).

In total, 41 living protozoan taxa
were observed in Lakes Hoare and
Fryxell during this study. Greatest
richness (24 taxa) was observed at
the shallow Fryxell site. On a site-by-
site basis, taxonomic richness was
greatest in west Fryxell (32), followed
by central Hoare (18), and then west
Hoare (15). Removing "rare" taxa
(those occurring in less than 10 per-
cent of samples) left a total of 21 taxa
from all sites for consideration.
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Euclidean distances between six sampling holes. Cluster tree formed
from species by sites matrix using single linkage (nearest neighbor)
method. (C denotes central Hoare; W, west Hoare; F, west Fryxell; S,
shallow hole; and D, deep hole.)

the presence/ absence metric employed here, we detect sig-
nificant differences in protozoan community structure at spa-
tial scales of as little as 3 meters (m) in the vertical (table).

Euclidean distance measures were also used to evaluate
community similarity between sampling holes. Mean-stan-
dardized abundance indices, based on frequency of observa-
tion, were used to calculate distance measures incorporating
data from all sites and depths. Distance measures indicate that
communities at proximate sampling holes were most similar
to one another and that sampling holes in Lake Hoare clus-
tered together in terms of community composition (figure). A
distance of zero would mean that the exact same taxa were
found in the exact same relative frequencies at two different
sites (i.e., that communities at the two sites were identical).

No relationship was found between taxonomic richness
and water column chlorophyll-a concentration (data collected
roughly 1 week after collection of PFUs). Richness in the aero-
bic zone of the more-productive Lake Fryxell was consistently
higher than at other sites, however. This richness was also the
case during the 1978-1979 season (Cathey et al. 1981).

As is typical, these data show a skewed distribution of
species abundances with numbers of species, that is, many
more infrequently occurring than frequently occurring taxa
were noted. On a sample-by-sample basis, the most frequent-
ly encountered taxa overall were the suctorian, Sphaerophiya
sp., the kinetoplastid flagellate, Bodo globosa, the chrysomon-

ad, Ochromonas sp. (probably 0. minuta or 0. miniscula), the
volvocid, Chiamydomonas globosa, the cryptomonad,
Chroomonas lacustris, and the peritrich ciliate, Vorticella
mayeri; all of which were observed in roughly half the PFUs
collected. Other common bodonid, chlamydomonad, and
chrysomonad species were also frequently encountered and
phytoflagellate groups were often numerically dominant in
our collections. The ubiquitous nature of most of these taxa
has been previously noted and the majority of species
encountered also occur in temperate freshwater habitats.

Protozoa were classified into functional feeding groups,
or guilds, used to examine further spatial patterns in commu-
nity structure. Primary-producing flagellates (frequently cryp-
tomonads and chiamydomonads) and bactivores dominate
these lakes. Cathey et al. (1982) also found that phytoflagel-
lates were the most abundant initial colonizers of PFUs.
Functional feeding group distributions (as proportion of iden-
tified taxa) formed no consistent pattern with depth and, in
general, similar proportions of the various feeding groups
were found at each sampling hole. Organisms in functional
feeding groups other than bactivores and primary producers
constituted only 16 and 19 percent of taxonomic identifica-
tions made in lakes Fryxell and Hoare, respectively.

Further comparisons with historic taxonomic records are
currently underway as are similar colonization studies in
Lakes Bonney (east and west lobes), Joyce, Hoare, and Fryxell.

This research was supported by National Science
Foundation grant OPP 92-11773.
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McMurdo Dry Valleys LTER: Genetic diversity of soil
nematodes in the McMurdo Dry Valleys of Antarctica
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Fort Collins, Colorado 80523

Ross A. VIRGINIA, Environmental Studies Program, Dartmouth College, Hanover, New Hampshire 03755
W. KELLEY THOMAS, Division of Molecular Biology and Biochemistry, School of Biological Sciences, University of Missouri,

Kansas City, Missouri 64113

B
iological systems in the McMurdo Dry Valleys of Antarctica
are severely restricted by extreme environmental condi-

tions including cold temperatures and low moisture levels,
resulting in a cold desert ecosystem that is much simpler than
temperate regions (Campbell and Claridge 1981). Continental
Antarctica has a low diversity of soil nematodes: 11 species in
six genera (Maslen 1979). Nematodes are a dominant soil fauna
in the McMurdo Dry Valleys of continental Antarctica, and in
the drier soils, they represent the top of the food chain
(Freckman and Virginia 1991, in press). Only three genera have
been found in McMurdo Dry Valley soils: the microbial feeders
Scottnema lindsayae Timm 1971 and Plectus antarcticus de
Man 1904 (Overhoff, Freckman, and Virginia 1993; Yeates et al.
1993) and the omnivore/ predator Eudorylaimus antarcticus
(Steiner 1916), Yeates 1970 (Yeates et al. 1993). Scottnema dom-
inates McMurdo Dry Valley soil communities (Freckman and
Virginia 1991) and is the only endemic genus in continental
Antarctica (Maslen 1979). As such, Scottnema is an important
component of the McMurdo Dry Valley soil ecosystem.

We examined the genetic diversity of Scottnema lindsayae
to determine if variation across valleys was low, suggesting
dispersal, or if valleys were associ-
ated with unique populations that
evolved with little interaction

morphological variation indicated more than one interbreed-
ing group may exist. Scottnema were extracted from samples
collected at Lake Bonney, Lake Hoare, and Lake Fryxell in
Taylor Valley, Victoria Lower Glacier in Victoria Valley, and
Lake Brownworth in Wright Valley (table 1). Two segments of
ribosomal DNA (rDNA) that encode the D2 and D3 expansion
segments of the nuclear large rRNA subunit were sequenced.
Genomic DNA was extracted from individual nematodes
using 15-microliter lysis buffer (60 micrograms per milliliter
proteinase potassium in 10-millimolar Tris pH 8.8, 50 mil-
limolar potassium chloride, 2.5 millimolar magnesium chlo-
ride, 0.45 percent Tween 20, and 0.05 percent gelatin)
(Williams et al. 1992).

Nematodes (living and dead) were found in 61 percent of
all soils sampled. Three nematode species were found:
Scottnema lindsayae, Eudorylaimus antarcticus, and Plectus
antarcticus (table 1). Viable nematodes were found in 58 per-
cent of all samples. Scottnema was the most abundant nema-
tode in each valley. Eudorylaimus was found in both Taylor
and Wright Valleys whereas Plectus was found at only one
location (north shore of Lake Hoare in Taylor Valley). Only

77 042.92S 162027.65E	1±4b	-
77037.49'S 162054.31'E	85±43	12±13
77 037.49S 162054.31'E	70±50	21±20

	
4±12

77038.03'S 162052.75'E	952±466	-
77035.94'S 163022.68'E	4,360±1,943	-

770 17.35S 161033.03'E
77023.35'S 162002.60'E
77021.81S 162019.1l'E	1,255±473	-

77033. 04S 160043.15E	19±13	5±7
77032.56'S 161030.66'E
77026 . 13S 162042.61'E	76±208	-

between valleys. Biota were extract-
ed from samples collected from 1-
square-meter grids at sites in three
McMurdo Dry Valleys during the
1993-1994 austral summer (table
1). Approximately 1,500 grams of Taylor
soil per sample at 0-10 centimeters	Lake Bonneya
depth was collected with presteril-	Lake Hoare, northa
ized plastic sampling scoops	Lake Hoare, north
(Nasco Sampling Equipment) and	Lake Hoare, southa

placed in sterile Whirl-pak® bags	Lake Fr,xella

(Freckman and Virginia 1993). Soil	Victoria
samples were refrigerated at 1°C	Victoria Upper Glacier

(Overhoff, Freckman, and Virginia	Lake Vida
Victoria Lower Glaciera

1993), and nematodes were extract-
ed by sugar centrifugation within	Wright

48 hours of collection (Freckman	
Labyrinth
Lake Vanda

and Virginia 1993).	 Lake Brownwortha
The genetic variation of

aNematodes were extracted from samples from these locations for the molecular work.Scottnema was examined using	b\Jalues are mean ± standard errors of nine samples in each grid.
molecular techniques because

Table 1. Abundance of living nematodes per kilogram dry soilfor grids sampled in
Taylor, Victoria, and Wright Valleys, Antarctica
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one sample of the 99 total samples contained three living
species, and 18 had two species. In all cases of two or three
species complexes, S. lindsayae was present. Scottnema was
the dominant nematode in all the samples indicating low
species diversity and a one-link trophic chain.

Three different genotypes were identified for the D2
region based on 75 sequences (table 2). Sixty-six nematodes
possessed a common genotype that has a cytosine (C) at
position 91. Nematodes with this common genotype were
found at all the locations sampled. Only three nematodes
had a rare genotype with an adenine (A) at position 91.
Nematodes with this rare genotype originated from soil sam-
ples collected at Victoria Lower Glacier in Victoria Valley. In
addition, six individuals containing both an A and a C at
position 91 in approximately equal ratios were identified
from the following locations: Lake Bonney in Taylor Valley
(one nematode) and Victoria Lower Glacier in Victoria Valley
(five nematodes).

Three genotypes were also found for the D3 region based
on 76 sequences (table 2). A common genotype that contains
a C at position 103 was found in 69 nematodes and across all
the sites sampled. A rare genotype that contains a thymine (T)
at position 103 was found in two nematodes, one from Lake
Fryxell in Taylor Valley and one from the north shore of Lake
Hoare in Taylor Valley. Five individuals containing both a C
and a T at position 103 in approximately equal ratios were
identified from the following locations: the south shore of
Lake Hoare in Taylor Valley (three nematodes) and Lake
Brownworth in Wright Valley (two nematodes).

A common, rare, and combined genotype were identified
for both D2 and D3 (table 2). The occurrence of individuals
with both the rare and common sequence in approximately
equal ratios suggests that S. lindsayae may be evolving into
two species. The pattern of nuclear variation is most consis-
tent with a single species of nematode defined morphologi-
cally as S. lindsayae.

S. lindsayae occurs more frequently in this harsh environ-
ment than the other two species (E. antarcticus and P.
antarcticus). In this extreme environment, differences in the
soil microclimate habitat and limitations to dispersal and
establishment may be contributing to the evolution of two
distinct species of Scottnema as evidenced by the nuclear
variation in the D2 and D3 regions.

We thank M. Ho and L.E. Powers for their assistance in
sampling and laboratory analyses. We also gratefully acknowl-
edge the logistic support of the National Science Foundation

Table 2. Variable sites for S. Iindsayae D2
and D3 nuclear rDNA expansion sequences

D2	 91
1	 66	 C
2	 6	 A and C
3	 3	 A

D3	 103
1	 69	 C
2	 5	 C and T
3	 2	 T

(NSF) McMurdo Station laboratory staff and the U.S. VXE-6
and Royal New Zealand Air Force helicopter crews. This
research was supported by NSF grant OPP 92-11773, the
McMurdo Dry Valley Long-Term Ecological Research (LTER),
and is a contribution to NSF grant OPP 91-20123 to D.W.
Freckman and R.A. Virginia.
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McMurdo Dry Valleys LTER: Density-driven mixing in
Lake Hoare?

W. BERRY LYONS and KATHLEEN A. WELCH, Department of Geology, University ofAlabama, Tuscaloosa, Alabama 35487-0338
SCOTT W. TYLER, Water Resources Center, Desert Research Institute, Reno, Nevada 89506

PANKAJ SHARMA, Purdue Rare Isotope Measurement Laboratory, Purdue University, West Lafayette, Indiana 47907-1396

O
ne of the unusual aspects of the McMurdo Dry Valley
lakes, relative to lakes in other regions of the Earth, is their

perennial ice covers. This ice cover is responsible for many of
the interesting properties of these lakes (Wharton et al. 1993).
One of the obvious effects is the impact on lake dynamics.
Simply stated, the ice cover minimizes temperature-driven
turnover and wind-driven mixing. Therefore, it has been
thought that the McMurdo Dry Valley lakes are characterized
by permanent stratification and little to no advective move-
ment. This paradigm has recently been challenged for Lake
Fryxell by Miller and Aiken (1996). They have argued that
downward mixing of denser water does occur at certain times
in Lake Fryxell as evidenced by the presence of tritium at
depth. This mixing is thought to occur due to water exclusion
from ice formation during fall moat freezing and the sinking of
these denser water masses (Miller and Aiken 1996).

As part of a large investigation to understand more fully
the source of solutes to the McMurdo Dry Valley lakes, we
measured chlorine-36 to chlorine (36C11C1) ratios in the sur-
face and deep waters of all the Taylor Valley lakes (Lyons,
Welch, and Sharma in preparation). These measurements
were made, in part, to compare data from the 1990s to the
earlier work of Carlson et al. (1990) from samples collected in
the mid-1980s. These investigators had observed an extreme-
ly high value (36Cl:ClxlO- 15= 1,660±180) in Lake Hoare surface
waters that they attributed to glacial melt input from the
atmospheric hydrogen bomb testing spike of the late 1950s
(Carlson et al. 1990). Our surface water (approximately 5-
meter) value collected 10 years later indicated a 36Cl:C1x1015
ratio of 226±9 (Lyons et al. in preparation). During the
1995-1996 field season, samples were collected at 10 and 12
meters in Lake Hoare. These 36Cl:Clx 10-15 values were 262±12
and 226±9, respectively. These more recent data indicate that
the bomb spike observed by Carlson et al. (1990) during the
1984-1985 season has since "disappeared."

If we assume a mean increase of water-level rise of
approximately 10 centimeters per year over this period
(Chinn 1993, p. 1-51), an ice ablation rate of 35 centimeters
per year (Glow et al. 1988) over the same period, and no mix-
ing, the bomb spike observed in 1984-1985 should have been
displaced from 4-5 meters depth to approximately 9-10

meters depth. (This shift was calculated simply by assuming a
45-centimeter inflow per year; this water displaces downward
the "older" water.) Although the 10-meter 36Cl:Cl ratio is high-
er than water that is currently above it and below it, it is not
close to the values observed in 1984-1985.

Although we certainly cannot prove or disprove it with
the data presented here, one possibility accounting for the
bomb peak's demise is that it has been lost due to mixing
and/or sinking. Again, we can only speculate at this time, but
density-driven downwelling through moat refreezing as
described by Miller and Aiken (1996) for Lake Fryxell may be
important for Lake Hoare as well. Recent measurements (S.
Tyler and P. Cook, unpublished data) indicate relatively mod-
ern chlorofluorocarbon concentrations at depth in Lake
Hoare. This finding also suggests "mixing" has occurred. If it
turns out that density-driven mixing is a major process in
Lakes Fryxell and Hoare, the entire biogeochemical dynamics
of these lakes will have to be rethought.

This work was supported by National Science
Foundation grant OPP 92-11773.
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McMurdo Dry Valleys LTER: Phosphorus deficiency and
alkaline phosphatase activity in lakes of

Taylor Valley, Antarctica
JOHN E. DORE, SOEST, Department of Oceanography, University of Hawaii, Honolulu, Hawaii 96822

JOHN C. PRIscu, Department of Biology, Montana State University, Bozeman, Montana 59717

G
iven the extreme seasonality experienced by the high-lat-
itude, perenially ice-covered lakes of Taylor Valley,

Antarctica, one might expect the availability of light alone to
dictate the growth of their phytoplankton communities. It has
been demonstrated that photosynthesis of Lake Bonney phy-
toplankton is not saturated by in situ irradiance (Lizotte and
Priscu 1992); however, the maximum quantum yield of pho-
tosynthesis exhibited by these phytoplankton decreases with
distance from the nutricline (Lizotte and Priscu 1994).
Nutrient deficiency, therefore, has been suggested as a con-
trol on photosynthetic production in Lake Bonney (Lizotte,
Sharp, and Priscu 1996). Similarly, nutrient bioassays have
revealed enhanced photosynthetic carbon assimilation in
incubations amended with ammonium and/or phosphate in
all four of the Taylor Valley lakes examined (east and west
lobes of Lake Bonney, Lake Hoare, and Lake Fryxell; Priscu
1995). Phosphate additions stimulated a dramatic and highly
significant increase in photosynthesis in samples from Lake
Bonney, whereas significant stimulation in samples from

Lake Hoare and Lake Fryxell occurred only with simultaneous
additions of ammonium and phosphate (Priscu 1995). These
bioassay data, along with estimates of nitrogen and phospho-
rus flux ratios to the trophogenic zones of these lakes, have
indicated a strong phosphorus deficiency in Lake Bonney
phytoplankton and only mild phosphorus deficiency and/or
nitrogen deficiency in Lake Hoare and Lake Fryxell phyto-
plankton (Priscu 1995).

During the 1995 Winfly deployment of the McMurdo Dry
Valleys Long-Term Ecological Research program (McMurdo
LTER), we undertook a preliminary study of the role of phos-
phorus in the ecology of Taylor Valley lake ecosystems. We
report here some initial results of this phosphorus study from
the highly density-stratified Lake Bonney (east lobe) and the
fresh-water Lake Hoare. Fieldwork was carried out at Lake
Hoare from 7 September to 19 September 1995 and at Lake
Bonney from 24 September to 19 October 1995. Water sam-
ples were collected through a melthole in the ice according to
standard LTER procedures. Soluble reactive phosphorus

I PP Concentration (micromoles P per liter)
0.0	0.2	0.4	0.6	0.8	0.0	0.2	0.4	0.6	0.8	1.0

0.0	0.6	1.2	1.8	2.4	0.0	0.6	1.2	1.8	2.4	3.0

• SRP Concentration (micromoles P per liter)
Figure 1. Water column profiles of soluble reactive phosphorus (SAP) and particulate phosphorus (PP) in two
Taylor Valley lakes. Depth is given with respect to the water level in the sampling hole (piezometric depth). (P
denotes phosphorus.)
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(SRP) was analyzed by a standard manual colorimetric
method (Strickland and Parsons 1972) and particulate
phosphorus (PP) was measured as SRP after high-tem-
perature combustion and acid hydrolysis of the filtered
samples (Karl et al. 1991, pp. 71-77). The enzymatic
activity of alkaline phosphatases was estimated using
the organic monophosphate ester 4-methylumbelliferyl
phosphate (MUP) as a substrate analog (Pettersson and
Jansson 1978).

Water column concentration profiles of SRP and PP
display several important differences between Lake
Bonney (east lobe) and Lake Hoare (figure 1). SRP con-
centrations in the trophogenic zones (from the base of
the ice cover to about 20 meters depth) are vanishingly
small in both lakes, but PP is substantially higher in Lake
Hoare, especially immediately below the ice. The
decreasing trend with depth suggests that this sestonic
PP is associated with phytoplankton. Although Lake
Bonney was sampled later in the growing season than
was Lake Hoare, no accumulation of PP is noted above 18
meters, suggesting that phytoplankton in Lake Bonney
are growing with a low cellular phosphorus quota.
Beneath the trophogenic layer of Lake Bonney, both SRP
and PP concentrations are elevated, indicating SRP rem-
ineralization from organic detrital particles and/or SRP
desorption from mineral phases in the dense brine of the
deep layer. Lake Hoare exhibits no such detrital PP signa-
ture but does show elevated SRP in the deepest sample,
where anaerobic decomposition of sedimentary organic
material is likely contributing to the SRP pool. The deep
SRP pools of these lakes may be a source of phosphorus
to the trophogenic layers, but the extreme density stratifi-
cation in Lake Bonney severely restricts the potential
upward diffusion of SRP; conversely, the lack of density
stratification in Lake Hoare may well allow a significant
flux of deep SRP to the trophogenic zone (Priscu 1995).

The enzymatic activity of alkaline phosphatase
(APase) is also greatly different between the two lakes.
Substrate-saturated APase activities measured at 5
meters in Lake Bonney were an order of magnitude
higher than those in Lake Hoare (figure 2). Considering
that Lake Hoare was sampled earlier in the growing sea-
son, the APase activities on a per-cell basis are likely to
display an even greater disparity between the two lakes.
APase activity in Lake Bonney decreases with depth and
is appreciably inhibited by the addition of phosphate
(figure 3). The decrease in APase activity with depth is
partly due to a decrease in biomass with depth, but the
degree of inhibition by phosphate addition increases
with distance from the chemocline, suggesting a greater
degree of phosphorus deficiency in shallow populations.
Size fractionation experiments (data not shown) reveal
that the measured APase activity belongs mostly to bac-
terial and algal size classes, with very little free dissolved
activity.

The above results support earlier studies that have
suggested a high degree of phosphorus deficiency in the

70

0
C 60-
a)a
a)

50-
i5
CL
(I)

J40

j30

20-
0

-D
>
I
3-

o	20	40

MUP Substrate Concentration (micromoles per liter)

Figure 2. Substrate response of alkaline phosphatase (APase) activity at 5
meters in Lake Bonney (east lobe), with single data point from 5 meters in
Lake Hoare for comparison. Incubations were carried out in the dark at a
temperature near that in situ (4-5 0C). APase activity is estimated by the rate
of hydrolysis of the MUP substrate analog.

MUP Hydrolysis Rate (nanomoles per liter per hour)

Figure 3. Depth distribution of APase activity in Lake Bonney (east lobe).
APase activity is estimated as the MUP hydrolysis rate at 5, 10, 13, and 18
meters depth, with and without the addition of 5-micromolar phosphate.
Incubations were carried out in the dark at sub-saturating substrate concen-
tration (1 micromolar MUP) and a temperature of 4-5°C.
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phytoplankton of Lake Bonney but only mild phosphorus
deficiency in Lake Hoare phytoplankton. Further examination
of the emerging data set will focus on quantification of phos-
phorus fluxes to the trophogenic zones of these lakes and on
the potential bioavailability of different inorganic and organic
phosphorus pools.

This research was supported by National Science
Foundation grants OPP 94-19413 and OPP 92-11773 awarded
to J.C. Priscu. We thank E. Adams, R. Edwards, C. Fritsen, D.
Gordon, A. Lundberg-Martell, C. Takacs, C. Wolf, and the
staff of Antarctic Support Associates for field and laboratory
assistance.
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Terrestrial biology

Natural abundance of carbon and nitrogen isotopes in
potential sources of organic matter to soils of

Taylor Valley, Antarctica
MELODY B. BURKINS and C. PAGE CHAMBERLAIN, Department of Earth Sciences, Dartmouth College,

Hanover, New Hampshire 03755
Ross A. VIRGINIA, Environmental Studies Program, Dartmouth College, Hanover, New Hampshire 03755

DIANA W. FRECKMAN, Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, Colorado 80523

T
he McMurdo Dry Valleys of southern Victoria Land,
Antarctica, represent a unique environment where climat-

ic extremes limit the development of complex and diverse soil
communities. In these soils, the microbial feeding nematode is
the most abundant and widespread invertebrate. The distribu-
tion of this nematode is highly patchy and is related to soil
properties such as salinity and pH (Freckman and Virginia in
press). The primary source of soil organic matter (SUM) sus-
taining these low-diversity dry valley soil ecosystems is not
obvious given the virtual absence of above-ground plant bio-
mass. The photosynthetic capacity of the soils may be inade-
quate to account for observed levels of SUM, implicating other
sources of organic matter such as windborne particulates from
biologically richer lakes and streams, cryptoendolithic com-
munities, and the Ross Sea (Wynn-Williams 1990, pp. 71-146).
An understanding of dry valley soil communities and the
cycling of carbon and other nutrients in these ecosystems
requires information about the sources, quality, and distribu-
tion of SUM. In this article, we report first-year results of a
study to examine the sources of organic matter to Taylor
Valley using stable isotopes of carbon and nitrogen. This work
is part of a larger effort to determine the factors controlling the
distribution, diversity, and function of soil biota in the
McMurdo Dry Valleys (Freckman and Virginia in press;
Powers, Freckman, and Virginia 1995).

In austral summer 1994, we began an intensive stable iso-
topic study of Taylor Dry Valley soils. Because the isotopic
fractionation of soil nitrogen reactions in Antarctica is known
to be large (Wada, Shibata, and Toni 1981), we hypothesized
that potential organic matter sources to dry valley soils would
have distinct nitrogen isotopic abundance [ratio of nitrogen-
15/nitrogen-14 ( 15N/ 14N)]. This information coupled with data
on the carbon-13/carbon-12 ( 13C1 12C) ratio of organic matter,
also known to vary between marine and terrestrial sources,
might allow us to distinguish between potential sources of
organic matter to soil by, first, determining the carbon and
nitrogen isotopes of sources and, second, examining isotopes
and SUM concentrations along gradients (distance, elevation)

from potential sources of organic matter to study mixing of
sources and their influence on the isotopic signature of SUM.

Potential organic matter sources (marine and lake algae,
rock infected with cryptoendolithic organisms, penguin rook-
ery soil, and bird remains) from dry valley lakes to Ross Island
penguin rookeries were sampled. Anthracite coal from the
surrounding Beacon Supergroup lithologies was also sampled
because of its high organic carbon content and its possible
dissemination in the glacial tills upon which most dry valley
soils form (Campbell and Claridge 1987). To characterize the
potential range of isotopic variation in the SUM of dry valley
soils themselves, 41 soil sites were systematically sampled
throughout Taylor Dry Valley. Samples were taken along six
elevational transects perpendicular to the length of the valley,
from the head of the valley to the Ross Sea, areas roughly cor-
responding to the three major drainage basins for Lakes
Bonney, Hoare, and Fryxell, respectively. The relative abun-
dance of 13 C and 15N of organic matter in all samples was
analyzed using combustion and cryogenic purification at the
Dartmouth Light Isotope Tracers in the Environment
Laboratory. Isotopic measurements are expressed in parts per
thousand difference from a standard using the equation:

8 13 C or 8 15N = [ (Rsample_Rstandard)/(Rstandard)]X1000

where R= 13C/ 12C or 15N/ 14N. The standard for carbon is the
PeeDee Belemnite (PDB) and, for nitrogen, atmospheric N2.

Based on the samples of source materials collected in our
study and on literature reports, organic matter derived from
penguin rookeries, marine algae, lacustrine, and cryptoen-
dolithic sources have sufficiently distinct carbon and nitrogen
isotope signatures for measurements of SUM to provide data
on the source or sources of organic matter to a particular loca-
tion (figure). The range of variation for the 41 soils was about 22

15N and 10 813C units. The data show that distant Ross Island
penguin rookeries are not a likely source of SUM to Taylor
Valley because the characteristic 15N-enriched isotopic signa-
ture of penguin rookeries (Mizutani and Wada 1988) was not
found. The soil isotopic data do not rule out the other hypothe-
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sized sources, however, so sources of SOM to Taylor Valley may
be multiple. Isotopically, SOM in Taylor Valley was shown to
share isotopic signatures with anthracite coal, marine-derived
organic matter, lacustrine -derived organic matter, and cryp-
toendolithically derived organic matter. Coal is probably not an
important source of carbon to the Taylor Valley soils we sam-
pled because samples falling within the isotopic range of both
coal- and marine-derived organic matter (see stippled area, fig-
ure) have an organic carbon-to-nitrogen ratio of 11.6±4.6. In
contrast, soils with significant coal content would be expected
to have organic carbon-to-nitrogen ratios greater than 100 (see
Campbell and Claridge 1987). Petrographic and SEM research
is currently being done to verify this result.

The pattern of the soil isotope data also suggests a mixing
of sources in Taylor Valley SOM. Sites at elevations more than
150 meters above sea level contained organic matter isotopi-
cally most similar to cryptoendolithic systems, whereas sites
at the valley floor contained organic matter more similar to
that of lacustrine and/or marine systems. Our early results
indicate measurements of carbon and nitrogen isotopes hold
considerable promise for organic matter source identification
in antarctic soils.

We thank the McMurdo Dry Valley Long-Term Ecological
Research (LTER) project and Jim Raymond for lacustrine and
marine samples. We are also grateful for the excellent logistic
support given by the VXE-6 Squadron of the United States
Navy, and the Royal New Zealand Air Force helicopter crews.
The help of L.E. Powers and M. Ho, as well as E. Courtright, R.
Alward, M. Roberts, and E. Marlies was invaluable. This work is
supported by National Science Foundation grant OPP 91-20123
to R.A. Virginia and D.W. Freckman and is a contribution to the
National Science Foundation McMurdo LTER Program.
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The role of phytoplankton extracellular release in
bacterioplankton growth of Taylor Valley Lakes, Antarctica

CRISTINA D. T\xAcs and JOHN C. PRISM, Department of Biological Sciences, Montana State University,
Bozeman, Montana 59717

B
ecause of their high numbers, large surface - area-to -bio-
volume ratios, and transport systems efficient at low-sub-

strate concentrations, heterotrophic bacteria are largely
responsible for the turnover of dissolved organic carbon
(DOG) in aquatic ecosystems (Moran and Hodson 1990). DOG
concentrations in these lakes vary little over the season,
whereas heterotrophic activity increases (Priscu, unpublished
data). Previous experiments showed that bacterial activity at
the primary productivity maxima of Lakes Bonney, Hoare,
and Fryxell is not glucose deficient, though DOG concentra-
tions were typically lowest in these margins (Takacs and
Priscu 1995). DOG availability in these lakes is believed to be
regulated by upward diffusion and internal production due to
the lack of mixing because ice cover and stream input is limit-
ed to several weeks per year.

Healthy algal cells have been shown to excrete soluble
products of photosynthesis into the surrounding medium in
both the laboratory and the natural environment (Fogg 1983).
Estimates of percentage of phytoplankton extracellular release
for Lake Bonney range from 6 to 30 percent as measured by
Sharp (1993) and as great as 95 percent by Parker et al. (1977,
pp. 859-872). Analysis of the DOG pool of Lakes Hoare and
Fryxell revealed that 16-20 percent of the fulvic acids are
microbially produced (McKnight, Aiken, and Smith 1991).

Natural bacterial assemblages from the primary produc-
tivity maximum of Lakes Bonney, Hoare, and Fryxell were
incubated in the presence of concentrated phytoplankton
from the same depth, isolated in dialysis tubing, to determine
the effect of phytoplankton extracellular release on bacterial
activity and numbers. Twenty liters of lake water were collect-
ed from just below the ice cover in November and December
1995. Ten liters were filtered onto a 90-millimeter (mm) 3.0-
micron (gm) polycarbonate filter under low vacuum. The filter
was then placed into 1 liter of 0.2-gm filtered water and gently
mixed to resuspend the microorganisms. Lake water [900 mil-
liliters (mL)] was incubated in glass flasks (duplicate) for 4
days at 40G at 60-72 micromolar per square meter per second
irradiance and in the dark. Dialysis tubing (12,000-14,000 mol-
ecular weight cutoff) with 100 mL of the concentrated phyto-
plankton or 0.2-gm filtered water (control) was suspended in
flasks. The dialysis tubing was soaked in 0.2-gm filtered lake
water for at least an hour to reduce leaching.

Thymidine uptake rate (bacterial activity) and cell numbers
were measured daily using methods outlined previously (Takacs
and Priscu 1995). Acridine- orange- stained bacteria were count-
ed (more than 200 cells) by epifluorescent microscopy.

Chlorophyll-a in dialysis tubing and dissolved organic
carbon in flasks were measured initially and at the end of the

4-day incubation. Chlorophyll-a was measured fluorometri-
cally after 20-100 mL of phytoplankton concentrate was fil-
tered onto glass fiber filters and extracted overnight in 90 per-
cent acetone. Lake water for DOG analysis was filtered
through precombusted glass fiber filters into precombusted
glass amber bottles and fixed with 1 mL of concentrated
phosphoric acid. DOG was analyzed using an Oceanographic
International model 700 carbon analyzer.

Three-way mixed factors analysis of variance was used to
determine differences in thymidine uptake rate (TdR), TdR
per cell (specific activity), and cell numbers. Differences
among the treatments compared to the control were tested
using Dunnet's test. A log transformation was used when nec-
essary to satisfy the assumption of normality. Data were ana-
lyzed for differences daily, over the 4-day incubation period,
and between days.

Significant increase in log cell numbers for both the light
and dark flasks relative to the control was found in the east
lobe of Lake Bonney (p<0.05). The log of TdR and specific
activity of both the light and dark flask increased significantly
compared to the control in the west lobe of Lake Bonney
(pcz0.05). The log of TdR for the dark flask, specific activity in
the dark flask, and the log of cell numbers for both the light
and dark flasks of Lake Hoare were significantly increased rel-
ative to the control (p<0.05). Dark flask TdR and specific activ-
ity in Lake Fryxell increased significantly (p<0.05) relative to
the control (see table). Chlorophyll-a in all flasks, except the
controls (which had no measurable chlorophyll-a), decreased
over the incubation period and DOG increased in all flasks.

Although TdR, specific activity, or cell numbers increased
significantly relative to the control in all lakes, this rarely
occurred until the third or fourth day of the incubation (fig-
ure). One explanation for this may be that differences
observed are due to a bottle effect. Data suggest though, that
bacteria grown in the presence of phytoplankton extracellular
release may have a delayed increased growth response
(Nalewajko, Dunstall, and Shear 1976). The means by which
phytoplankton were concentrated in these experiments may
have caused cell rupture and contributed to the decrease in
chlorophyll-a and increase in DOG. Though concentration
was achieved by filtering under low vacuum and gently resus-
pended as opposed to brushing cells back into filtered lake
water, it is likely that the cellular integrity of the flagellates
that are common in these lakes was diminished.

We thank Robert Edwards, Anne Lundberg-Martell, Craig
Wolf, David Mikesell, and Mark Pomeroy for assistance in the
field and in the laboratory; Todd Devries kindly assisted with
the statistical model. This work was supported by National
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3H-thymidine incorporation for the west lobe of Lake Bonney experi-
ment showing the delayed bacterial stimulation generally observed in
this study. (nM denotes nanomolar.)
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ty, or cell numbers, analyzed for differences daily, over
the 4-day incubation period, and between days

Bonney,
east lobe Log cells	Light	Day 3-1	<0.01

per milliliter	 Day 4-1	<0.01
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Dark	Day 2	<0.05
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Microbially mediated transformations of manganese in
Lake Vanda

BONNIE J. BRATINA and THOMAS M. SCHMIDT, Michigan State University, East Lansing, Michigan 48824
WILLIAM J. GREEN, Miami University, Oxford, Ohio 45056

T
he most commonly observed forms of manganese in
aquatic environments are particulate manganese oxides

and soluble manganous ions. Although manganese is general-
ly a minor chemical constituent of fresh and marine waters,
the remarkable surface area and charge distribution of man-
ganese oxides make them a potentially rich reservoir of met-
als adsorbed to their surfaces. These adsorbed metals are sub-
sequently released during the reduction of the manganese
oxide to manganous ion, and in this way, redox transforma-
tions involving manganese may influence the geochemical
cycles of numerous metals in aquatic ecosystems.

Microorganisms are known both to oxidize and reduce
manganese and are believed to have a major impact on man-
ganese cycles in both terrestrial and aquatic ecosystems
(Lovley 1993). The potential role of manganese oxides in the
cycling of many metals and the capacity of microorganisms to
catalyze the redox transformations of manganese, led us to
explore the biogeochemical cycling of manganese in
Antarctica's Lake Vanda. This lake's permanent ice cover, calci-
um chloride (CaCl2) brine in the deep waters, and limited, sea-
sonal surface inflow result in an extremely stable water column
amenable to studies of chemical and microbial fine structure.

The water column of Lake Vanda contains both soluble
manganous ion (Mn 2 ) and particulate manganese oxides
(Green et al. 1993, pp. 145-163). Two peaks of reduced man-
ganese were detected: one just below
the oxic/anoxic interface, as is found in
many stratified lakes, and a second
peak in oxic waters approximately 5
meters above the interface (figure 1).
The occurrence of two peaks of soluble
manganese, one within oxic waters, is
uncommon and was used to divide the
water column into four vertical zones

Figure 1. The manganese cycle in Lake
Vanda has several zones with potential for
microbially mediated manganese oxidation
and reduction. Zone 1 (located just above
the oxic Mn2 peak) and 3 (located between
the oxic 1VIn 2 peak and the interface) are
both below pH 7 and 20°C, conditions
where chemical oxidation of manganese is
known to occur very slowly. Zones 2 (oxic)
and 4 (anoxic) have peaks in Mn2 which is
indicative of regions where manganese is
being reduced. (jig/I denotes micrograms
per liter. ppt denotes precipitate. m denotes
meter. jiM denotes micromolar.)

where microbially mediated manganese reduction or oxidation
maybe favored (figure 1).

The major peak of soluble manganese was just below the
oxic-anoxic interface (zone 4), a possible habitat for anaerobes
that derive energy for growth solely from the direct reduction
of manganese (Nealson and Myers 1992; Lovley 1993).
Although this zone may support the growth of anaerobic man-
ganese-reducing bacteria, experiments conducted during the
1994 field season suggest that manganese is reduced primarily
by sulfide (Bratina, Green, and Schmidt 1995).

The second manganese peak was a minor peak approxi-
mately 5 meters above the interface (zone 2). Aerobic
microbes are more likely to inhabit this zone of the lake and
reduce manganese indirectly via extracellular metabolites,
although some cases of aerobic enzymatic reduction are
known (Gounot 1994). We have isolated, from around this
second manganese peak, several bacteria that reduce man-
ganese oxides aerobically. The vertical distribution of aerobic
manganese reducers, mechanism of reduction, and potential
competitive advantages derived from aerobic manganese
reduction are currently under investigation.

Bordering the areas of highly soluble manganese are
zones where manganese oxidation is likely to occur (zones 1
and 3). Both of these zones are below pH 7 and 20°C, condi-
tions where chemical oxidation of manganese is known to
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occur very slowly (Morgan 1967, PP. 561-624). Microbial
manganese oxidation has been demonstrated in numerous
aquatic environments, particularly just above oxic-anoxic
interfaces similar to zone 3 (Ghiorse 1984).

The results for manganese oxidation measurements are
summarized in figure 2. Manganese oxides were detected
with both the leucocrystal violet (LCV) and leucoberbelin blue
(LBB) assays in bins 3 and 5 (zone 1). Manganese oxidation
was detected only when samples were amended with nutri-
ents, so whether the activity occurs in situ in this oligotrophic
lake is not known. Manganese oxidation in zone 3 (bin 7) was
detected with the LCV assay but was not corroborated with
the LBB assay. Because all of the assays were performed in the
dark, no light-dependent metabolism would have been
detected. The major phototroph peak in Lake Vanda is in
zone 3 and coincides with a decrease in soluble manganese.
Phototrophs, which are known to oxidize manganese
(Richardson, Aguilar, and Nealson 1988), could therefore be
responsible for manganese oxidation in the area just above
the oxic-anoxic interface.

Besides being found in lakes, reduced manganous ions
have been detected in the Earth's major ocean basins and
numerous groundwater systems. The potential interactions
between microbes and metals in Lake Vanda could serve as a
useful model for other aquatic systems that are less amenable
to study due to the confounding effects of rapid mixing.
Special thanks go to field party members Bradley Stevenson
and Dave Harris. This research was supported by National
Science Foundation grant OPP 93-19708.
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Figure 2. Lake Vanda depth profiles for several key parameters com-
pared to the manganese oxidation assay results. Manganese oxida-
tion was measured in water samples collected from seven different
2.5-meter regions of the water column ("bins") with a Beta Bottle
sampler. Assays were set up with 500 milliliters (mL) from each bin
and were amended with manganese chloride. The assays were incu-
bated, stationary, in the dark at 15°C. Samples (1 mL) were removed
at various timepoints and checked for Mn oxides using the LCV spec-
trophotometric assay (Spratt, Siekmann, and Hodson 1994). At the
end of the incubation, portions (up to 500 mL) from each bottle were
passed through a GA filter which was sprayed with leucoberbelin blue
(LBB) reagent which reacts with manganese oxides to produce a blue
color (Richardson et al. 1988). (m denotes meter. ppm denotes parts
per million. ND denotes no data.)
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Lake-ice algal phototroph community composition and
growth rates, Lake Bonney, dry valley lakes, Antarctica

JAMES L. PINCKNEY and HANs W. PAERL, University of North Carolina at Chapel Hill, Institute of Marine Sciences,
Morehead City, North Carolina 28577

L
ake Bonney (77.70°S 162.33°E), one of several lakes in the
Dry Valley Lakes Long-Term Ecological Research Program,

is a permanently ice-covered lake in the dry valley region of
Antarctica near McMurdo Sound. Preliminary studies of lake
ice cores by Wing and Priscu (1993) revealed a layer of terrige-
nous aggregate material (sand and small stones) permanently
embedded within the lake ice. Ice aggregates are a common
feature in Lake Bonney and other ice-covered dry valley lakes.
Terrigenous soil particles and attached microbial communi-
ties (phototrophic and heterotrophic prokaryotes and eukaiy-
otes) are wind-blown onto the lake and accumulate in cracks
and depressions on the uneven ice surface. During the semi-
solid ice melting phase in the summer months, aggregates
sink into the ice. When the ice resolidifies, ice aggregates and
associated microbial communities become imbedded in the
ice matrix.

An interdisciplinary study was initiated in October 1995
to clarify the structure (species composition and abundance)
and function (carbon and nitrogen fixation) of ice aggregate
microbial communities in Lake Bonney. The purpose of this
component of the study was to characterize the community
composition (using diagnostic photopigments) and measure
the carbon-specific growth rates of phototrophic microbes
associated with ice aggregates in Lake Bonney.

Ice aggregate samples were collected from ice blocks
removed from Lake Bonney during the excavation of a large
pit within the ice cover. Small chunks of ice (approximately 50
milliliters) containing aggregates were slowly melted (30C),
and the meltwater was used for incubations. Subsamples of ice
aggregates were collected for microalgal photopigment analy-
sis using high-performance liquid chromatography (HPLC)
(Van Heukelem et al. 1992; Pinckney et al. in press). Microalgal
growth rates were determined using the carbon-14 ( 14C) pho-
topigment radiolabeling method (Goericke and Welschmeyer
1993; Pinckney et al. in press). Ice aggregates were placed in
20-milliliter glass vials, filled with meltwater, inoculated with
sodium bicarbonate, and incubated in an environmental
chamber for 24 hours (3°C; 50 microeinsteins per square meter
per second). The 14C-specific activity of individual photopig-
ments was quantified using a flow scintillation counter inline
with the HPLC system (Pinckney et al. in press).

Photopigment analyses of ice aggregates revealed rela-
tively high concentrations of chlorophyll-a (994±702
nanograms per gram of sediment, mean ±1 standard devia-
tion, n=18). The concentrations of diagnostic accessory pho-
topigments (carotenoids) were normalized to chlorophyll-a to
compensate for the high variability (range = 283-2,317) in
microalgal biomass among the samples. The chlorophyll-a-

normalized photopigment profiles provided a measure of the
relative contributions of different microalgal groups within
the community. Myxoxanthophyll, echinenone, zeaxanthin,
and canthaxanthin, which are all markers for cyanobacteria,
were the most abundant photopigments (figure).
Fucoxanthin, diadinoxanthin, and diatoxanthin, indicative of
diatoms, were also present in low concentrations relative to
cyanobacterial pigments.

The microalgal component of ice aggregates consisted
primarily of cyanobacteria. Photopigment profiles were more
similar to communities inhabiting the terrestrial margins of
the lake than to the phytoplankton community beneath the
lake ice. Some accessory photopigments (e.g., myxoxantho-
phyll, echinenone, diatoxanthin) may function as "sun-
screen" pigments that protect the photosynthetic apparatus
from high irradiances during austral summer months
(November to February).

Pigment Ratio
(ng pigment ng Chi a1)

0.000.25	0.50	0.75	1.00

II
11

Photopigment profile for Lake Bonney ice aggregate phototrophs.
Values are the mean ±1 standard deviation (n=18). (ng pigment ng ChI
a- 1 denotes nanograms of pigment per nanogram of chlorophyll-a.)
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Microalgal carbon-specific growth rates were below the
detection limits for the analytical and incubation techniques
used in this study (i.e., less than 0.10 per day). Very low rates
of photosynthetic 14C uptake were measurable, however,
(data not shown) and indicated that the microalgal communi-
ty was photosynthetically active. The growth rates of ice
aggregate phototrophs appear to be very low within the first
24 hours of thawing. Longer exposure to aqueous conditions
may be necessary for the synthesis of enzymes needed for cell
division and proliferation of native populations. Collectively,
our results suggest that the ice aggregates in Lake Bonney
contain a diverse and relatively abundant prokaryote-domi-
nated microbial community that exhibits very low metabolic
activity within the first few days following exposure to liquid
water and light. Future research will examine community
metabolic responses in longer term (weeks) bioassays to gain
a better understanding of the role of these communities in
ecosystem-level production and biogeochemical cycling
processes in Lake Bonney.

We thank I. Priscu and C. Fritsen for sample collections
and logistical assistance. This research was supported by
National Science Foundation grant OPP 94-19423.
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Photosynthetic characteristics of cyanobacteria in permanent
ice covers on lakes in the McMurdo Dry Valleys, Antarctica

CHRISTIAN H. FRITSEN and JOHN C. PRIsCu, Department of Biology, Montana State University, Bozeman, Montana 59717

L
akes in the McMurdo Dry Valleys contain 3- to 20-meter-
thick ice covers which do not melt entirely during the aus-

tral summer. Several ice covers were sampled during the aus-
tral winter and spring of 1995 to determine the distribution of
photosynthetic microorganisms (primarily cyanobacteria)
within several different lake settings. Most lakes
(six out of seven) contained accumulations of
sediments and associated cyanobacterial
assemblages (the exception being Lake Vanda in
the Wright Valley) within the ice. Enhanced con-
centrations of cyanobacteria (figure 1) (and sed-
iments; data not shown) were found within 50
centimeters of the ice surface at Lake Fryxell to
an average depth of approximately 2.0 meters at
other lakes. The discovery of viable microorgan-
isms in this environment is relatively new (Wing
and Priscu 1993) and knowledge of their ecolog-
ical role in the terrestrial and lake ecosystems
has yet to be determined.

This report describes results from funda-
mental experiments designed to determine if
the microbes within the ice environments are
photosynthetically competent upon exposure to

their importance to the ecosystem's energy budgets and bio-
geochemical cycles.

Ice samples (collected with a SIPRE corer) were melted at
2-4°C in the dark for 8 to 16 hours (depending on the volume
of ice). Upon complete melting, a subsample of water was

0.0	10.0	20.0

rFryxell

liquid water and, it so, tneir pnotosyntnetic	Figure 1. Profiles of chlorophyll-a concentrations in the ice covers from seven lakes
response to variable irradiances. Results from throughout the McMurdo Dry Valleys. Profiles of sediments (data not shown) show the
these experiments can be used to determine	same vertical distributions as chlorophyll-a. (jig I-i denotes micrograms per liter.)
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inoculated with carbon-14 (14C) sodium bicarbonate (final
activity approximately 1 microcurie per milliliter) in the dark.
Ten milliliters were then dispensed into borosilicate scintilla-
tion vials and placed under variable irradiances (10 irradi-
ances achieved by neutral density screening of a cool-white
fluorescent light source) at 0-4 °C. After the incubation peri-
od, samples were acidified and dried; the radioactivity
remaining in the vials was determined via standard liquid
scintillation spectrometry. Chlorophyll- a concentrations were
determined via standard fluorescence procedures on extracts
of GF/F filters (50:50 dimethyl sulfoxide and 90 percent ace-
tone) through which 10 to 100 milliliters of water had been fil-
tered. Dissolved inorganic carbon, required for photosynthet-
ic rate calculations, was determined on acidified and nitro-
gen-sparged water samples by infrared gas analysis.

A time-series of 14C incorporation showed detectable 14C
uptake in both light and dark bottles within 4 hours of expo-
sure to liquid water; uptake increased linearly over the follow-
ing 4 to 78 hours (figure 2). Dark fixation of 14C was several
orders of magnitude lower than in the light, showing that
these algae have the potential for photosynthetic fixation of
carbon upon exposure to liquid water and light.

Photosynthetic-irradiance relationships of the various
lakes' cyanobacterial assemblages are illustrated in figure 3;
the coefficients describing the hyperbolic-tangent fit (Jassby
and Platt 1976) determined via Marquardt's algorithm are
given in the table. Assem-
blages showed low bio-
mass-specific photosyn-
thetic rates at saturating
irradiances (pbm, range =

0.004 to 0.041 milligrams of
carbon per milligram of
chlorophyll-a per hour).
The lowest rates were about
tenfold lower than those
reported for phytoplankton
in the upper water column
of Lake Bonney at 0°C
(Lizotte and Priscu 1992),
and their associated alphas
(the slopes of the light-lim-
ited portion of the photo-
synthetic versus irradiance
curves) were similarly low.

Low maximum rates of
photosynthesis are typically
found in algae from cold
environments with low irra-
diances and high vertical
stability (Lizotte and Priscu
1992), features characteris-
tic of the habitats in the
1...1	mL..,	1..

Figure 2. Time-course of light and dark uptake of 14C-labeled bicar-
bonate (expressed as disintegrations per minute, DPM) by ice-
cyanobacteria in their associated meltwater and exposed to irradi-
ances of approximately 100 micromoles of photons per square
meter per second.

the cold-ice environment as a result of low degradation rates
as has been suggested for mat consortia (Vincent and
Howard-Williams 1989). Experiments designed to assess the
photophysiological response after extended exposures to
water and light are planned to determine if the cyanobacteria
"shift-up" their photosynthetic rates once environmental
conditions become more favorable during the austral spring
and summers.

0.008 T •

	

0.006 -L	•

	

11	.
0.004 1T.

0	200	400	600
0.02

0.015 i•.
0.01 !

0.005	 FRYXELL

0
0	200	400	600

0.006
0.005
0.004
0.003
0.002
0.001

0

EL BONNEY	 0.002	WL BONNEY
0

400	600	0	200	400	600

Irradiance (^tmol photons rn 2 s1)
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may also be attributed to	Figure 3. Photosynthesis versus irradiance relationships for cyanobacterial consortia collected from ice covers

on lakes throughout the McMurdo Dry Valleys. (mg C mg Ch1a 1 hr- 1 denotes milligrams of carbon per mil-
the accumulation of "mac- ligram of chlorophyll-a per hour. EL denotes east lobe. WL denotes west lobe. jimol photons rn-2 1 denotes
tive" chlorophyll-a within micromoles of photons per square meter per second.)
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Coefficients describing the hyperbolic-tangent curve
fit to the photosynthesis-versus-irradiance (P vs. I)
data for lake-ice cyanobacterial consortia
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Bonney, east lobe	0.0043	0.0005	8.65
Bonney, west lobe	0.0059	0.0005	13.0
Hoare	 0.0046	0.0002	29.4

Fryxell	 0.0142	0.0011	13.2
Miers	 0.0405	0.0018	25.1
Vida	 0.0046	0.0001	41.8
Note: Maximum biomass specific photosynthetic rates, P'm (in mil-
ligrams of carbon per milligram of chlorophyll-a per hour); slope of
the light-limited portion of the P vs. I curves, a (in milligrams of car-
bon per milligram of chlorophyll-a per hour per micromole of pho-
tons per square meter per second); irradiances at which photosynthet-
ic rates are maximized, 'k (in micromoles of photons per square meter
per second).

Nitrogen fixation within permanent ice covers on lakes in the
McMurdo Dry Valleys, Antarctica

AMANDA M. GRUE, CHRISTIAN H. FRITSEN, and JOHN C. PRIscu, Department of Biological Sciences, Bozeman, Montana 59715

I
ce cyanobacterial assemblages have been documented
inside the permanent ice covers on lakes throughout the

McMurdo Dry Valleys (Fritsen and Priscu 1996; Priscu and
Fritsen 1996; Wing and Priscu 1993). The majority of the ice
microbes coincide with pockets and layers of sand and gravel
in the ice covers, which are often located at approximately 2
meters depth. We believe these sediment layers within the
ice matrices have accumulated from migration of sand and
gravel into the ice interior during several summer melting
periods. The annual downward movement of the sediment is
approximately balanced by the net upward movement of the
ice; the upward movement of the ice results from ablation at
the ice surface and new ice growth at the bottom of the ice
cover over an annual cycle. This dynamic relative movement
of the ice cover and sediment migration is believed to main-
tain an ice-resident microbial population (dominated by
cyanobacterial biomass) within the ice covers over periods of
years.

Nitrogen fixation is a fundamental process whereby
"new" atmospheric nitrogen (sensu Dugdale and Goeing
1967) can be made available to an ecosystem. Cyanobacteria
assemblages are primary sources of nitrogen fixation in
aquatic systems; therefore, they are key elements of an aquat-
ic ecosystem's biogeochemical cycles. In this article, we
report initial estimates of the rates of atmospheric nitrogen
fixation by the ice cyanobacterial assemblages.

Ice cores and sediment samples were collected from
lakes in the McMurdo Dry Valleys during late winter/early
spring (August to November) 1995. Rates of atmospheric
nitrogen fixation were estimated by the acetylene-reduction
assay for nitrogenase activity (Flett, Hamilton, and Campbell
1976) on ice meltwater at 0-2°C.

Rates of ethylene (C2H4) production were converted to
rates of nitrogen fixation assuming a conversion factor of 1
mole of fixed nitrogen to 0.33. moles C2H4 produced (Flett et
al. 1976).

Time-course ofnitrogen fixation

I
nitial experiments on samples from Lake Fryxell were car-
ried out over a time course of approximately 54 hours to

determine whether ethylene production was linear over the
period. During this time-course experiment, approximately
24 hours was needed to detect ethylene production above
background levels. When nitrogenase activities were normal-
ized to both chlorophyll-a and sediment weights, they gener-
ally increased over time (figure). The trend for increasing
nitrogen fixation when normalized to sediments (figure, block
B) was greater than when normalized to chlorophyll-a (figure,
block A), although slopes were not significantly different from
0 (p=0.8, normalized to chlorophyll-a; p=0.1, normalized to
sediment weight). During the time-course, chlorophyll-a in
the incubation bottles increased at a rate of 0.046 micrograms
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of chlorophyll-a per gram of sediment per hour (data not
shown), thereby partially explaining why rates normalized to
chlorophyll-a did not seem to increase as they did when nor-
malized to sediment weights.

The apparent increase in nitrogen fixation rates over
time could be attributed to several factors. First, the increase
in chlorophyll-a per unit sediment weight over time suggests
that the cyanobacteria were either synthesizing new photo-
synthetic pigments or were experiencing net growth during
the incubation. If new growth was occurring, then nitrogen
fixation would increase as biomass increased. Second, nitro-
gen fixation requires metabolic energy and intact/function-
ing cellular membranes. The assays were performed within
hours of sediments being exposed to liquid water and irradi-
ances, which were saturating to photosynthesis (Fritsen and
Priscu 1996). Before melting, the cyanobacteria were frozen
in situ at -20°C to -30°C and experienced 3 to 4 months of
antarctic winter. During the antarctic winter, they may have
experienced cellular damage and/or depletion of their cellu-
lar energy reserve. Upon melting, cellular repair and/or
increasing cellular energy levels may have contributed to an
acceleration in the rate of nitrogen fixation. Third, oxygen is
an inhibitor of nitrogen fixation. Because the samples were
removed from their in situ condition and the ice-sediment
aggregates were distributed, existing microzones of oxygen
depletion may also have been disturbed. During the incuba-
tions, however, oxygen-depleted microzones may have been
reestablished, therefore, allowing nitrogen fixation to resume
over time.

Nitrogen fixation in ice sediments

S
ediments from the surface of the ice and from the lake's
shores showed no detectable ethylene production even

when 4-5 grams of sediments were assayed over 40 hours
under irradiances of 200 micromoles per square meter per sec-
ond. Rates of nitrogen fixation by ice assemblages ranged from
below levels of detection for the sediments tested from the east
lobe of Lake Bonney to 91.3 nanomoles of nitrogen per
milligram of chlorophyll-a per hour at Lake Miers (table).

Annual nitrogen fixation estimates were extrapolated
from the number of days the ice aggregates are believed
to be exposed to liquid water in each ice cover (Fryxell 80
days; Hoare 130 days; Miers 100 days) (derived from tem-
perature profiles at the east lobe of Lake Bonney over sev-
eral seasons) in concert with standing stocks of chloro-
phyll-a in each of the ice covers assayed (table).
Estimates of annual rates of nitrogen fixation ranged
from 0 (east lobe Lake Bonney) to 2.7 millimoles of nitro-
gen per square meter at Lake Miers (table).

Rates of nitrogen fixation for Nostoc communities
from Vestfold Hills, Antarctica, ranged from 0.27 to 69.7
nanomoles of nitrogen per milligram of chlorophyll-a per
hour (assuming conversion factor listed above). Rates
from nitorgen-fixing cyanobacteria at the two southern

parable to those produced in the ice covers of Lakes Miers and
Hoare, indicating that the amount of nitrogen fixed by the ice
microbial consortia may be important local sources of fixed
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Time-series of nitrogen fixation normalized to chlorophyll-a (upper
panel) and sediment weight (lower panel).

Nitrogen fixation rates, standing stocks of chlorophyll-a, and
estimates of annual nitrogen fixation in McMurdo Dry Valley
lakes
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Victoria Land streams show a range from 9 to 939 mil-	aln nanomoles per milligram of chlorophyll-a per hour.
ligrams of nitrogen per square meter per year (Howard-	bIn milligrams per square meter.

Williams, Priscu, and Vincent 1989). These rates are corn-
CIn millimoles of nitrogen per square meter.
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nitrogen. Estimating the total contributions of new nitrogen to
the desert ecosystems will rely on better knowledge of the spa-
tial distributions of these consortia in the ice covers and their
seasonal dynamics.

We thank Doug Gordon, Jay Pinckney, Tom Meuwissen,
Ed Adams, Steve Giovannoni, and Hans Paerl for field assis-
tance and technical discussions. This research was supported
by the National Science Foundation grant OPP 94-19423.
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Ice aggregates as a microbial habitat in Lake Bonney, dry valley
lakes, Antarctica: Nutrient-rich microzones in an

oligotrophic ecosystem
1-IANs W. PAERL and JAMES L. PINCKNEY, University of North Carolina at Chapel Hill, Institute of Marine Sciences,

Morehead City, North Carolina 28577

p
revious research by Wing and Priscu (1993) and Pinckney
and Paerl (Antarctic Journal, in this issue) identified a

diverse photoautrophic microbial community associated with
terrigenous aggregate material (sand and small stones) perma-
nently embedded within the lake ice at Lake Bonney (77.700S
162.33 0 E, dry valley region of Antarctica near McMurdo
Sound). Aggregate material is wind deposited onto the surface
of the lake ice and concentrated in depressions and fissures
within the ice. In the summer months, solar heating of the
darker particles results in the downward movement of these
aggregates into the lake ice. Aggregates, and associated micro-
bial communities, become embedded in the ice matrix when
the semisolid ice resolidifles in the colder months.

An examination of photopigments (chlorophylls and
carotenoids) indicated a photosynthetically active communi-
ty composed of cyanobacteria and diatoms (Pinckney and
Paerl, Antarctic Journal, in this issue). The microscale spatial
arrangement and metabolic activities of individual species
was considered here to construct a process-based under-
standing of community dynamics.

The soil-based aggregates embedded in lake ice cover
represent a relatively nutrient-rich microenvironment, or
microzone, in which microbial production and material
cycling can be localized and optimized. Given the nutrient-
poor conditions (i.e., scarcity of organic and inorganic sub-
strates) and lack of attachment sites in the ice cover, aggre-
gates provide an attractive microhabitat. This microhabitat

supports photosynthetic production, thus providing food and
energy for microheterotrophs and higher ranked consumers
in the lake ecosystem.

Characterization of ice aggregates as loci of production
and nutrient cycling was done under natural (i.e., in situ) con-
ditions without disturbing structural and chemical integrity.
Carbon dioxide (CO 2) fixation (primary production) and
organic matter utilization (heterotrophic activity) were local-
ized and examined at relevant (microbial) scales (microns to
millimeters). Micro autoradiography, a microscopic technique
for measuring the microscale utilization and cycling of radio-
labeled inorganic and organic substrates, was used to exam-
ine the uptake and fate of carbon-14 ('C) labeled CO 2 admin-
istered as 14C sodium bicarbonate (NaH 14CO 3) as well as

Figure 1. Light microscopy observations of 14C and 3H microautora-
diographs of ice aggregates. A. Microautoradiograph showing
attached photosynthetic (light-mediated) incorporation of 14002 by
filamentous cyanobacteria. 14C exposure is indicated as dark pat-
terns of reduced silver grains in the radiosensitive emulsion covering
aggregate-associated microorganisms. Nonheterocystous filamen-
tous and coccoid cyanobacteria dominated light-mediated 14002
incorporation. Dark-incubated samples showed no detectable radio-
exposure. B. Microautoradiograph illustrating aggregate binding
mediated by 14C-labeled (photosynthetically assimilated 14002) fila-
mentous cyanobacteria. C. Microautoradiograph showing dark-incu-
bated incorporation of 3H-labeled D glucose by heterotrophic bacte-
ria associated with ice aggregates.
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hydrogen-3 ( 3H) labeled organic substrates
(glucose amino acids) known to be readily
assimilated by heterotrophs in oligotrophic
environments (Paerl 1984a,b).

Small ice blocks (200-500 cubic cen-
timeters) containing aggregates were
obtained from various depths in Lake
Bonney's ice cover melted at 4°C and 18

4	,	 milliliters (mL) of aggregate containing
meltwater was transferred in triplicate to

S'M	t 20-mL clear and opaque (foil-wrapped)
glass liquid scintillation vials. In separate
experiments, we added

10 microcuries (.tCi) 14C sodium bicar-
bonate (NaHCO 3) [58 millicuries per
millimole (mCi mmol'); ICN Inc.],

• 15 pCi of a uniformly labeled 3 H L-
amino acid mixture (240 mCi mmol';
ICN Inc.), and

•	
• 12 tCi of uniformly labeled 3H D-glucose

4el	(220 mCi mmol'; ICN Inc.).
Isotopic substrates were added at trace
(nanomolar or less) concentrations.

S#	 Samples were incubated under either illu-

	

__________	 minated (80 microeinsteins per square
meter per second photosynthetically active

	

-	radiation, or PAR) or dark conditions at 4°C

J from 2 to 8 hours in an incubator. Borate
buffered (2 percent, pH 7.5) formalin was
added to terminate the incubations. Water
subsamples containing aggregates were

B porosity HA Millipore filters and rinsed
gently gravity filtered onto 0.45-micron

several times with unlabeled, prefiltered
meltwater to remove excess radioisotope.
Filters were then air dried, optically cleared
on microscope slides under fuming ace-
tone, and prepared for micro autoradio gra-
phy according to the protocol of Paerl
(1984a). A liquid emulsion (Kodak NTB-2)

.	 was used as the radiosensitive emulsion
.	 (Paerl and Stull 1979).

Micro auto radiographs revealed that

f filamentous cyanobacteria closely associat-
ed with soil particles forming the aggregate
"core" were largely responsible for photo -

	

q	

)	 synthetic incorporation of 14CO 2 (figure
1A). These cyanobacteria dominated the

	

'	•.	. .
	 phototrophic biomass and were responsi-

ble for binding individual soil particles
thus enhancing the aggregation process
(figure 1 B). Aggregate accumulations were
frequently observed inside ice samples.

C Cyanobacterial photosynthetic production
and associated carbon and nutrient (nitro-
gen, phosphorus, and trace metals) meta-
bolism are localized to these aggregates.
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Microautoradiographs also revealed thin
(<0.5 micron) filamentous, as well as rod
and coccoid-shaped, bacteria and
cyanobacteria to be responsible for the
uptake of radiolabeled glucose (figure 1 Q.
Uptake of radiolabeled amino acids was
largely confined to the bacterial commu-
nity. On occasions, gas bubbles, resulting
from thawing and freezing of water associ-
ated with the aggregate as it sinks through
the ice, can be seen entrapped in the ice
blocks (figure 2). Relatively few free-living
microorganisms were observed in the ice
matrix.

Results obtained thus far indicate a
potentially active (during the liquid phase)
phototrophic and heterotrophic, micro-
bial community, closely associated with
soil-based aggregates. Virtually all the
photosynthetic activity was attributable to
filamentous and coccoid cyanobacteria,
underscoring the important roles these
prokaryotic phototrophs play in primary
production and in carbon- and nitrogen- -
cycling dynamics in the dry valley lakes
region of Antarctica. In conjunction with
parallel molecular analyses of total micro-
bial community diversity based on 16S
rRNA sequence analysis (Gordon et al.,
Antarctic Journal, in this issue), and the
functional diversity of nitrogen-fixing
microorganisms based on nifH sequence
analysis (Paerl et al. unpublished data),
our knowledge of the structural and func-
tional roles of aggregate-based microbial
consortia is expanding.

Aggregates are considered an "oasis"
of relatively high nutrient supply and bio-
geochemical gradients (Paerl 1984b),
essential ingredients for supporting key
metabolic processes (i.e., photosynthesis,
respiration, nitrogen fixation), growth,
and reproduction at the "edge of life" that
this extreme environment represents.

We thank J. Priscu and C. Fritsen for
sample collections and logistical assistance. Research was sup-
ported by National Science Foundation grant OPP 94-19423.
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Figure 2. Example of a large ice aggregate embedded in a block of Lake Bonney ice (approxi-
mately 12 x 17 centimeters). Gas bubbles are associated with the freezing front of the ice as
the liquid water lens refreezes during winter.

ANTARCTIC JOURNAL - REVIEW 1996

222



Antarctic lake-ice microbial consortia: Origin, distribution,
and growth physiology

JOHN C. PRIsdu and CHRISTIAN H. FRITSEN, Department of Biological Sciences, Montana State University,
Bozeman, Montana 59717

T
he 3- to 6-meter-thick permanent ice covers of most lakes
of the McMurdo Dry Valleys contain a sand and gravel layer

of aeolian origin often located about 2 meters below the surface
of the ice. The vertical location of this layer represents a
dynamic equilibrium between downward melting of sediments
during the summer and the combination of about 30 centime-
ters per year upward movement of ice from ablation at the sur-
face and new ice formation at the bottom. A liquid water lens
exists in this layer during the summer (about 150 days) when
measurable solar radiation persists for 24 hours per day. We
discovered and previously reported (Wing and Priscu 1993)
that the liquid water, which is a rare commodity at these lati-
tudes, supports a viable microbial assemblage consisting pri-
marily of cyanobacteria and bacteria in Lake Bonney. The gen-
eral objectives of our current 3-year study are to
• determine the geographical distribution of lake-ice micro-

bial assemblages in lakes of the McMurdo Dry Valleys;
• characterize phylo genetically terrestrial, benthic, pelagic,

and lake-ice assemblages using 16S rRNA gene cloning and
sequencing;

• estimate primary production and growth rates of
cyanobacteria and bacteria within the ice;

• use molecular probes for nitrogenase in concert with
acetylene-reduction assays to determine genotypic poten-
tial and enzymatic and physiological expression of atmos-
pheric nitrogen fixation; and

• measure the influence of products of cyanobacterial pho-
tosynthesis on bacterial activity.
These objectives are addressed in a series of manuscripts
in this issue (see Fritsen and Priscu; Gordon, Lanoil, and
Giovannoni; Grue, Fritsen, and Priscu; Paerl and Pinckney;
Pinckney and Paerl). This article presents an initial budget
for particulate organic carbon (POC) developed from data
collected between August and October 1995.

Wind-blown POC and associated sand and gravel parti-
cles deposited on the surface of the lake ice were collected
during early September in polyethylene bags from an areally
defined grid. We assume that this material represents most of
the deposition over the year because the highest winds occur
during the austral winter and lack of sunlight does not force
melting into the ice. POC within the ice was collected from
SIPRE cores; POC lost through the bottom of the ice was col-
lected with moored sediment traps. POC was measured on
acidified samples using a Carlo-Erba elemental analyzer.

A growth rate of 0.5 per year was estimated for photosyn-
thetic organisms (primarily cyanobacteria) from photosyn-
thesis-irradiance relationships (Fritsen and Priscu, Antarctic
Journal, in this issue) and a carbon-to - chlorophyll- a ratio of

50 (gram per gram). This low rate was corroborated by
Pinckney and Paerl (Antarctic Journal, in this issue).

A conceptual model of sediment and associated organic
matter dynamics within the ice covers of permanently ice-cov-
ered antarctic lakes is presented in the figure. This model
depicts wind-blown (aeolian) transport as the primary source
of POC to the lake ice. The POC and associated sediment melts
to a depth within the ice that is in equilibrium with solar-
forced downward melting and the upward movement of the
ice via ablation. Meltwater in this region, which exists between
November and February for about 150 days per year (Fritsen
and Priscu, unpublished data), supports photosynthetic car-
bon production during this period. POC losses from the ice
cover through meltwater conduits and cracks are depicted as
the primary loss from the ice column.

The concepts presented in the figure were quantified as
follows:

	

=(IiCi)+QaQw	 (1)

Where:

o c
= change of particulate organic carbon (POC)

per area per time (milligram carbon per square
meter per year; mg C rn-2 y-1)

= biological growth rate (0.5 per year)
C1 = standing stock of POC in the ice [375 milligram

carbon per square meter (mg C rn-2)]
Qa = aeolian flux of POC (43 mg C rn-2 y-')
Q = sinking flux of POC from the ice (2.3 mg C m2

Y-1)
Note that the term QrC) represents biological processes

whereas (QaQw) represents physical processes affecting POC
in the model.

Hence:

	

0 C, -- (0.5 375 mgC 43mgC'	2.3mgC	(2)M2 +	-m2.y)	M2. y

= 229mgC.m 2 y-1

(represents accumulation in the ice)
Based on our conceptual idea of POC dynamics within the

ice covers, numerical analysis shows a net accumulation of
organic carbon within the ice. Over 80 percent of this estimat-
ed accumulation results from carbon produced by cyanobac-
terial photosynthesis despite low growth rates (0.5 per year).

Our current study shows that the permanent lake ice pro-
vides novel habitats for the existence and growth of life in
Antarctica. Specifically, we are showing how physical processes
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organic carbon thought to occur in the permanent ice covers of lakes in
o Dry Valleys. (1) Aeolian deposition of inorganic material and associated
ms on the ice surface. (2) Material from the surface reaches an equilibrium
e. (3) The ice environment provides liquid water and nutrients supporting

)wth during the summer. (4) Microorganisms double at least once during
hen liquid water is available (grazing and decomposition losses are thought
5) Sediment and organic matter are lost from the ice to the lakewater
uits in the ice.

ACCUMULATION LAYER
(2, 3 & 4)

 and	

MODEL OF ORGANIC CARBON

SEDIMENT & ORGANIC LAYER

(e.g., sediment deposition and liquid-water for-
mation) are tightly coupled with the presence of
microbial life in this extreme environment.
Other studies by our group are showing the fol-
lowing:
• Bubbles associated with lithic material and

microorganisms within the ice covers can
significantly alter light attenuation within
the ice, directly affecting the rate of photo-
synthesis (Adams, Priscu, and Sato 1995).

• A close spatial association occurs between
cyanobacteria and bacteria, inferring that the
latter depends on photosynthetically pro-

,_t........	....	r___1

TRANSFORMATIONS IN ANTARCTIC LAKE ICE

organicuuueorganic ciuuii isee raeri anu Pathways of
Pinckney, Antarctic Journal, in this issue).	the McMurd

• A portion of the nitrogen demands can be met microorganis
by atmospheric nitrogen fixation (Grue et al.,	level in the ii
Antarctic Journal, in this issue),	 microbial gr

the period w
c

• Positive relationships exist between bacteria to be low).
and cyanobacteria with respect to their bio- through con(
mass and activity. Biological activity is also
related to sediment mass (see Gordon et al., Antarctic
Journal, in this issue; Paerl and Pinckney, Antarctic
Journal, in this issue).

We thank E. Adams, J. Dore, R. Edwards, S. Giovannoni,
D. Gordon, A. Lundberg-Martell, T. Meuwissen, H. Paerl, J.
Pinckney, C. Takacs, and C. Wolfe for field assistance. The
study could not have been completed without the logistic and
laboratory provisions provided by Antarctic Support
Associates. This research was supported by National Science
Foundation grant OPP 94-19423.
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Cyanobacterial communities associated with mineral particles
in antarctic lake ice
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W
e report on the molecular taxonomy of the unique
microbial assemblage within the permanent ice cover

of Lake Bonney in the McMurdo Dry Valleys of Antarctica.
The existence of this assemblage has been described previ-
ously by Wing and Priscu (1993). Although we will focus on

the molecular taxonomy of Lake Bonney, microscopic exami-
nation revealed that the cyanobacterial component of the
assemblage is of similar morphology to that of Lakes Hoare,
Fryxell, and Vida. Consequently, we believe that our results
for cyanobacteria can be extrapolated to these other lakes.
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- Trichodesmium sp. NIBB 1067
- Arthrqspira sp. PCC 8005
- Staniena sp. FCC 7437
- Myxosarcina sp. PCC 7132
- Spirulina sp.PCC 6313
- Syenechocystis sp. PCC 6308

Prochlorothrix hollandica
Phormidium minutum

Synechococcus sp. 6301
Microcystis aeruginosa str. NIES89
r— LB3-71

LB3-1
j- LB3-46

LB3-75
- OS type I
- Leptolyngbya sp.

LB3-7
4 LB3-15
I LB3-76

LB3-57LB3-47
LB3-80
Chamaesiphon subglobosus
- Plectonema boryanum
- LB3-64
LB3-53
- Microcoleus sp. PCC 7420

Chlorogloeopsis sp. PCC 7518
.j- Geitlerinemasp. PCC 7105

Oscillatona willamsii
Proch/oron sp.

LB3-45'— Ske/etonema costatum plastid
G/oeobacter violaceus

Escherichia co/i
Phylogenetic tree illustrating relationships among selected 16S rDNA
clones (shown in bold) and representative cyanobacterial sequences.
This tree was derived using the Desoete algorithm from a mask of
approximately 350 nucleotides.

Other aspects of this assemblage are presented elsewhere in
this volume (Priscu and Fritsen, Fritsen and Priscu, Antarctic
Journal, in this issue).

DNA was extracted from mineral particles collected from
the permanent ice cover of Lake Bonney and used to con-
struct a 16S rDNA gene clone library. Partial sequences were
obtained from 88 clones selected at random. The remaining
132 clones have not yet been characterized.

Phylogenetic analyses indicate that the ice contains a com-
plex community of microorganisms that includes a wide vari-
ety of cyanobacteria. Preliminary results suggest that, although

many of the cyanobacterial 16S rDNAs are similar to previously
characterized sequences, the library also contains cyanobacter-
ial 16S rDNA genes that cannot be identified by reference to
existing sequence databases. Analysis of the same sediment via
confocal microscopy showed diverse morphological types of
cyanobacteria tightly associated with the sediment.

Cyanobacterial 16S genes accounted for 17 of the genes
sequenced in this study (figure). The remaining 71 clones
include rDNA genes that fall into recognized phylogenetic
groupings (e.g., -proteobacteria or planctomycetes) as well
as clones that may represent novel lineages. The primers used
in the construction of this library were designed to amplify
bacterial 16S rDNA genes. Efforts to amplify archaeal genes
from the same DNA samples were unsuccessful.

It is clear even from this preliminary analysis that the lake
ice harbors a complex microbial assemblage. We anticipate
that the analysis of the remaining gene clones will provide a
more refined picture of the phylogenetic structure of this
community. These data will be used to design oligonucleotide
probes that will be used in future ecological experiments
aimed at clarifying the ecological roles and origins of key
microorganisms in the ice community. "Species" -specific
probes will make it possible to determine if the ice microbiota
is also found in the surrounding environment or, alternative-
ly, if it is a distinct community comprising microorganisms
specifically adapted to the ice mineral layer habitat.

This ice ecosystem provides a model for evaluating the
potential for life to exist in ice elsewhere in the solar system,
for example, on the polar caps of Mars or the ice-covered
Jovian moon Europa.

We thank Ed Adams and Tom Meuwissen for assistance
in the field. This research was supported by National Science
Foundation grant OPP 94-19423.
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Impacts of climate change on antarctic vascular plants:
Warming and ultraviolet-B radiation

THOMAS A. DAY, CARL W. GROBE, and CHRISTOPHER T. RUH[AND, Department of Botany and The Photosynthesis Center,
Arizona State University, Tempe, Arizona 85287-1601

S
trong evidence indicates that the climate of the Antarctic
Peninsula has changed appreciably during this century.

Weather records show that mean summer air temperatures
have risen more than 1°C over the past 45 years at some
peninsula locations (Smith 1994; Smith, Stammerjohn, and
Baker 1996). In addition to this warming trend, springtime
ozone depletion events have resulted in well-documented
increases in ultraviolet-B (UV-B) radiation (280-320 nanome-
ters) levels (Booth et al. 1994; Madronich et al. 1995). These
rapid changes in regional climate provide a unique opportu-
nity to assess the impacts of climate change on vascular
plants. The presence of only two native vascular plant species
(Deschampsia antarctica and Colobanthus quitensis) and their
sparse distribution in Antarctica attest to the severe condi-
tions for plant survival. Recently, there are indications that
climate change is beginning to exert a strong influence on
these species. Regional warming may be leading to rapid
increases in populations of these species, based on censuses
along the peninsula (Smith 1994). The influence of enhanced
UV-B levels on these species is less clear.

During the 1995-1996 field season (November to
March), we established a field experiment on the east island
of Stepping Stones, near Palmer Station, Antarctic Peninsula.
We used filters to manipulate UV levels and temperatures
around naturally growing vascular plants (Deschampsia
antarctica and Colobanthus quitensis). The experiment con-
sisted of 90 UV radiation-exclusion/warming frames, repre-
senting 9 treatments with 10 replicates per treatment. The
treatments involved excluding different components of UV
radiation (UV-B and/or UV-A) in combination with increas-
ing the temperatures around plants. Additionally, in some
treatments, we supplemented soil nutrients or water.
Monitoring of microclimate in our treatments over the grow-
ing season confirmed that they were providing the desired
manipulations. We assessed the performance of
Deschampsia and Colobanthus under each frame by examin-
ing photosynthetic responses as well as more integrated
measures such as growth rate and reproductive success.
Field net photosynthetic rates (Pn) of both species were usu-
ally higher under warming treatments than under partial or
open treatments. The notable exception was on warm, sunny
days (canopy air temperature higher than 20 0) when Pn of
plants under all treatments was close to 0. In contrast to
warming, UV-exclusion did not have any consistent effects
on Pn of either species, although Pn tended to be higher
when UV-B was excluded, particularly early in the season. By
examining the photosynthetic temperature and light
responses of plants brought into the laboratory, we found

that high temperatures, not high levels of visible light,
appeared to be responsible for depressions in Pn on warmer
days (which were nearly always sunny) in the field. The tem-
perature optima for Pn in both species was about 120 , above
which Pn levels declined rapidly. Net photosynthesis of both
species was very sensitive to temperature. We did not find
any warming or UV-treatment effects on chlorophyll concen-
trations. UV-B-absorbing compound concentrations were
higher under the warming treatments but were not influ-
enced by UV-exclusion. Compared to plants of temperate
regions, concentrations of these screening compounds were
very high in both species under all treatments (Day 1993), a
finding that may stem from the high UV-B to photosyntheti-
cally available radiation ratios these plants are exposed to
early in the growing season during ozone hole events.

Our warming treatments had very strong effects on sexu-
al reproduction of both species. Under warming, the repro-
ductive structures of both species were more developed or
mature on each of three census dates, and warming led to
more reproductive structures in Colobanthus. Although
warming appears to improve reproductive success of plants,
we suspected that enhanced UV-B may counteract this by
damaging pollen. We developed a protocol for examining the
effects of UV-B on pollen (using two annual plant species)
and found that exposure to enhanced UV-B lead to large
reductions (more than 40 percent) in the production of viable
pollen per plant (Demchik and Day 1996). We are preparing
to employ these techniques with Deschampsia and
Colobanthus at our field site.

We found no evidence that performance of either species
was improved with the addition of soil nutrients or water. Not
surprisingly, soil analysis indicated that levels of carbon are
relatively low whereas levels of nutrients such as nitrogen are
generally high. (Carbon-to-nitrogen ratios are less than 10.)
We suspect that soil elemental cycling processes are strongly
limited by carbon. Hence, warming could have a strong posi-
tive feedback on nutrient cycling and plant performance since
warming will likely improve plant productivity, and ensuing
carbon additions (via litter) will enhance nutrient decomposi-
tion rates and provide additional nutrients for plant growth.

In addition to our main experiment on Stepping Stones,
we discovered a new (undocumented) population of
Colobanthus on Gamage Point, near Palmer Station. Using
allometric relationships developed between cushion diameter
and age for this species, we reconstructed age distributions
and estimated population recruitment each year; we estimate
this population became established in 1982. We found strong
correlations between recruitment and mean summer temper-
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atures (Grobe, Ruhiand, and Day in press), which corrobo-
rates our findings that warmer temperatures improve plant
performance.

We thank Antarctic Support Associates personnel for logis-
tical support and Tuyetlan Nguyen, William Karl, and Katie
Awerkamp for assistance in data analyses. This research was
supported by National Science Foundation grant OPP 95-96188.
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Studies of ozone depletion and its effects

Photoinhibition in antarctic phytoplankton by ultraviolet-B
radiation in relation to column ozone values

OSMUND HOLM-HANSEN, VIRGINIA E. VILLAFASIE, and E. WALTER HELBLING, Polar Research Program, Scripps Institution of
Oceanography, University of California, San Diego, La Jolla, California 92093-0202

S
ince the seasonal depletion of ozone over Antarctica was
documented a few decades ago, researchers have specu-

lated on the impact of the increasing ultraviolet radiation
(U\TR) on rates of primary production by antarctic phyto-
plankton and the ensuing effects on the marine ecosystem
(El-Sayed 1988; Weiler and Penhale 1994). Results from in situ
incubations with radiocarbon have been used to estimate the
potential loss of primary production due to solar UVR to the
marine ecosystem on the seasonal or annual basis. Of special
concern were effects of enhanced ultraviolet-B (UV-B) radia-
tion [280-320 nanometers (nm)] that result from depletion of
atmospheric ozone. These estimates of loss of primary pro-
duction due to enhanced UV-13 radiation have been based
either on the action spectrum for photoinhibition coupled
with the changed in incident spectral irradiance as a function
of column ozone values (Holm-Hansen, Heibling, and Lubin
1993) or on measurements made in the presence or absence
of an ozone hole (Smith et al. 1992). Neither of these reports,
however, included the weather conditions for the estimates of
the percentage of carbon loss due to UV-B radiation.

The degree of cloudiness, which is independent of column
ozone values, can have dramatic effects on incident spectral
irradiance and hence on the magnitude of photoinhibition by
UVR. To improve our understanding of the relationships
between column ozone values, incident UVR, and magnitude of
inhibition of photosynthesis in antarctic phytoplankton, studies
were carried out at Palmer Station on Anvers Island (64.8°S
64.1°W) in October, November, and December of 1993 and
1994, which is the seasonal period for the most pronounced
development of the ozone hole in the Antarctic. Because the
ozone hole is sporadic and has alternating periods of low and
high column ozone values, our daily incubations allowed us to
study the relationship between degree of photoinhibition and
the column ozone values prevailing during the incubations.

Water samples were obtained daily from Arthur Harbor,
and the natural phytoplankton assemblages were incubated
for 6-10 hours (centered around local apparent noon) with
radio-labeled bicarbonate in temperature- controlled water
baths that were exposed to direct solar radiation. Samples
were contained in 50-milliliter quartz glass tubes, and tripli-
cate samples were taken for each of the three treatments:

with no pre-filter, so samples were exposed to photosyn-
thetically available radiation (PAR; 400-700 nm) as well as
UV-A (320-400 nm) and UV-B radiation;
with a mylar pre-filter so that cells were exposed to PAR
plus UV-A; and
with a Plexiglas UF3 filter so that cells were exposed only to
PAR.

After the incubation period, samples were filtered through
glass fiber filters (Whatmann GF/F, 25-millimeter), any resid-
ual inorganic carbon was eliminated by exposure to acid
fumes, and the fixed radiocarbon was measured in a liquid
scintillation counter.

The column ozone values during the 83 experimental
incubations ranged from 130 to 365 dobson units (DU).
Results and statistical evaluations for all experiments, which
were divided into three groups based on the column ozone
values during the incubation (<200 DU, 200-300 DU, and
>300 DU), are shown in the table. The mean values for col-
umn ozone and those of the ratio of radiation at 305 nm/340
nm were different for each of the three groups. The values for
the UV-B irradiance at noon for groups A and C are signifi-
cantly different, but groups A and B are not significantly dif-
ferent, nor are groups B and C. There were no statistically sig-
nificant differences between any of the three groups in regard
to UV-A irradiance, PAR, or the magnitude of inhibition due
to either UV-A or UV-B radiation. As effects of ozone concen-
trations in the stratosphere should affect only LJV-B radiation,
it is to be expected that there would be no differences in UV-A
or PAR radiation as a function of column ozone values.

To find no statistically valid differences in the magnitude
of photoinhibition by UV-B radiation under varying column
ozone values is surprising. Data in the figure show the rela-
tionship between UV-B radiation during all our experiments
as a function of the column ozone values. The mean square fit
for these data shows a slight negative slope, as would be
expected. Most of the data points, however, are scattered out-
side of the 95 percent confidence limits. This scatter for the
data reflects the extremely variable cloud cover that is charac-
teristic of the marine environment in the Antarctic. The sig-
nificance of this cloudiness in regard to effects of IJV-B radia-
tion on phytoplankton is that it largely obscures the effects of
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aData show the mean values and standard deviations (in parentheses) of total ozone column values (in dobson
units), UV-13 (in watts per square meter), UV-A (in watts per square meter), PAR (in watts per square meter), ratio of
energy at 305 nm/340 nm (x 100), inhibition by UV-13 (percentage), and inhibition by UV-A (percentage) when
grouped under three different conditions of ozone concentration.
bA, <200 DU; B, 200-300 DU; C, >300 DU.
CThe data for ozone, UV-B, UV-A, and PAR were at local noon and were obtained from the National Science
Foundation Monitoring Network at Palmer Station.
dData for the ratio of energy at 305 nm/340 nm were obtained from the PUV-510 radiometer.
eData for the percent inhibition caused by UVR are from the 83 standard tests done at Palmer Station in 1993 and
1994.
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Noontime values of UV-B irradiance at Palmer Station as a function of
column ozone values. The 83 points are from days during which pho-
toinhibition experiments were performed at Palmer Station during
October, November, and December of 1993 and 1994. The dashed
line is the mean-square fit; the curved lines represent the 95 percent
confidence limits. The data for UV-B and ozone were obtained from
the National Science Foundation monitoring Network at Palmer
Station. (W m-2 denotes watts per square meter.)

enhanced UV-B radiation, which should be positively corre-
lated with variations in column ozone values. This effect of
clouds should be taken into account for future modeling
efforts that estimate or predict photobiological effects due to
the ozone hole on the antarctic marine ecosystem.

This work was supported by National Science
Foundation grant OPP 92-20150. We thank all Antarctic
Support Associates personnel for the excellent help and sup-
port provided us in carrying out this research.
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Correlations between ozone loss and volcanic aerosol
at altitudes below 14 kilometers over

McMurdo Station, Antarctica
TERRY DESHLER and BRUNO NDI, Department ofAtmospheric Science, University of Wyoming, Laramie, Wyoming
DAVID J. HOFMANN and BRYAN I. JOHNSON, National Oceanic and Atmospheric Administration, Boulder, Colorado

T
he aerosol content of the winter polar stratosphere has a
significant impact on ozone loss due to heterogeneous

chemistry involving chlorine reservoirs and polar stratospher-
ic cloud (PSC) particles. In addition, mounting evidence indi-
cates that ozone loss can also be initiated through heteroge-
neous reactions on sulfuric acid aerosol after major volcanic
eruptions (Hofmann and Solomon 1989; Rodriguez et al.
1994). Here we present measurements, taken from late August
to October in the lower stratosphere over Antarctica, of ozone
and volcanic aerosol spanning the years 1986-1995. The mea-
surements were made using balloonborne instruments.

In situ aerosol measurements began in Antarctica in the
1970s but switched from austral summer to the August-
through-October period beginning in 1986. During the years
1986-1990, aside from PSC activity, the stratospheric aerosol
can be characterized as being at background levels (Hofmann
1990), which persisted over Antarctica until late September
1991 when aerosol arrived from the volcanic eruptions of
either Mount Pinatubo in the Philippines (June 1991) or
Mount Cerro Hudson in Chile (August 1991) (Deshler et al.

1992). Prior to the advent of the volcanic aerosol, the back-
ground aerosol profiles from year to year were quite consis-
tent. The 1990 and early 1991 profiles characterize this period.

Aerosol mass and surface areas were calculated from
the aerosol measurements for each non-PSC aerosol flight.
The evolution of the stratospheric aerosol during the period
encompassing the eruption of Mount Pinatubo is indicated
by the vertical profiles of aerosol surface area shown in fig-
ure 1. The increase observed in 1991 was confined to alti-
tudes from 10 to 13 kilometers (km) and was observed to
persist throughout the vortex after the middle of September
(Deshler et al. 1992). By the onset of the winter vortex in
1992 the Mount Pinatubo aerosol was globally distributed
and surface-area increases were observed up to 20 km in
September 1992. Little aerosol was observed above this alti-
tude probably because of the wintertime subsidence. In
1992, surface-area densities had maxima of near 30 microns
per cubic centimeter (Ftm2 cm-3) at 12-15 km, decreasing to
15-25 jim2 cm-3 by 1993. By 1994, surface-area densities
were within a few percentages of the pre-Pinatubo back-

MCMURDO STATION, ANTARCTICA (78°s)
16

HUG

14

Lii

F—
F-
-J

1	10100	1	10	
2 
100

SURFACE AREA (m2 cm- 3 ) SURFACE AREA (m cm- 3)

Figure 1. Vertical profiles of aerosol surface area density 1990-1995, calculated from size distributions fitted
to the aerosol measurements. The uncertainty in the surface area is estimated to be ±30 percent indicated by
the error bar in the lower right corner.
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Figure 2. Column ozone in 2-km layers, 10-16 km, over McMurdo late August through October for the years
1986-1995. The 1986-1990 data are shown as an average and range of the measurements. The 1991-1993
measurements are in the left-hand panel; the 1994 and 1995 measurements are in the right-hand panel.

ground. Little change was observed between 1994 and 1995.
Based on these measurements, the volcanic aerosol signal
persisted for just 3 years, corresponding to an exponential
decay time of 420 days.

It is now well known that chlorine-catalyzed ozone loss
over Antarctica is controlled by the occurrence of PSCs,
which are required to transform the inorganic chlorine
reservoir into free radicals. In support of this idea, the
majority of ozone loss over McMurdo has been observed
only between 12 and 20 km (Johnson, Deshler, and Zhao
1995), the altitude range where PSCs are also observed.
Thus, below 12 km, very little ozone loss has been expected.
Column ozone in 2-km layers from 10 to 16 km is shown for
the years 1986-1995 in figure 2. Clearly, only minimal ozone
loss was observed below 12 km prior to 1991, whereas
between 12 and 14 km, ozone loss is significant: on the order
of a 50 percent decrease through the observing period in
1986-1990. Even greater loss, up to 70 percent, is observed
between 14 and 16 km, a region at the lower boundary of the
coldest temperatures in August and September and, thus, a
region of significant PSC activity. Comparing the 1986-1990
ozone column amounts with the 1991-1993 measurements
shows a fairly clear pattern of declining ozone at the lower
levels for 1991-1993. This pattern began in late September
1991 coinciding with the arrival of the volcanic aerosol in
the lower regions of the polar vortex and is evident between
10 and 14 km but not above 14 km where the volcanic
aerosol did not penetrate. Both 1992 and 1993 were record
years for ozone loss between 10 and 14 km. In both years,

ozone was slightly depressed at the beginning of the mea-
surement period and continued with a steady decline to
maximum losses of over 90 percent by early October. Very
similar altitude profiles of ozone loss were observed by
Hofmann et al. (1995) at the South Pole, suggesting the vor-
tex wide character of these features.

If heterogeneous chemistry on volcanic aerosol was
responsible for the low-altitude 1991-1993 ozone loss, then
concomitant with the declining levels of volcanic aerosol,
ozone should also return to its pre-Pinatubo pattern. In the
right-hand panels of figure 2, 1994 and 1995 column ozone in
2-km layers is compared with the 1986-1990 record. The most
obvious change occurs in the 10-12-km layer where, similar
to the pre-Pinatubo period, relatively little ozone change is
observed from late August through October. The low-ozone
points in the 10-12-km layer in 1995 are all associated with
days when the tropopause was above 12 km. A lessening of
the ozone loss rate is also observed in the 12-14-km layer for
1994 and 1995. Although ozone in this layer is at or below the
minima of the 1986-1990 period, ozone has increased from
the minima observed in 1992 and 1993. A similar recovery of
low-altitude ozone in 1994 was observed at the South Pole
(Hofmann et al. 1995). In the 14-16-km region, recovery in
1994-1995 is not observed, indicating the importance of PSC5
in this region.

From the column ozone amounts, ozone loss rates were
calculated over the period when ozone displayed a fairly
steady decline. The correlation between ozone loss and
aerosol surface area is shown in figure 3 for the 10-12- and
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12-14-km layers. The 14-16-km data show no such pattern,
indicating again the relative unimportance of additional vol-
canic aerosol at these altitudes. Below 14 km, the dependence
of ozone loss on surface area is quite steep. Approximately
order-of-magnitude increases in surface area are required for
a doubling of ozone loss rates.

Gratitude is extended to the many staff members and stu-
dents who helped with these measurements over the years, in
particular L. Womack, I. Hereford, I. Harder, R. Zhao, J.
Gonzales, M. Hervig, and R. Rozier. This work was supported
by several grants from the National Science Foundation, most
recently, OPP 93-16774.
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Lower atmosphere studies

Temporal variation of snow accumulation rate at two Ross Ice
Shelf locations influenced by katabatic winds

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

T
he time-dependent processes of ice-sheet snow accumu-
lation in two windswept areas on the Ross Ice Shelf were

investigated between January 1994 and November 1995 using
the automated microsphere dispersal system (MDS) to dis-
perse colored glass microspheres onto the snow surface at
preset time intervals to act as a tracer (Braaten 1994, 1995).
Study sites were Willie Field automatic weather station (AWS)
(77.85 0 S 167.08 0E) and Ferrell AWS (78.02°S 170.80°E). Each
AWS provides measurements of meteorological parameters
(Holmes, Stearns, and Weidner 1993) every 10 minutes, and at
Willie Field only, snow depth measurements with an accuracy
of ±10 millimeters were made using a Campbell Scientific
ultrasonic snow-depth gauge and a CR10 datalogger with a
data storage module (provided by C.R. Stearns). Willie Field
AWS and Ferrell AWS have characteristically different wind
regimes, although both sites experience katabatic winds and
are close enough to be influenced by the same synoptic scale
storms. Willie Field winds are moderated by the proximity to
the topographic features of Ross Island, White Island, and
Black Island, with 21.2 percent of the observations exceeding
5 meters per second (m s- 1 ) (approximate wind speed thresh-
old for snow grain movement) and prevailing wind directions
ranging between 60 0 and 210 0 . It is not unusual for wind
speeds at Willie Field to exceed 15 m s during katabatic
wind events, in which prevailing wind directions are mainly
between 160° and 210°. Winds at Ferrell are strongly influ-
enced by moderate katabatic winds with 44.1 percent of the
observations exceeding 5 m s and a dominant wind direc-
tion corridor from 210 0 with little directional variability for
wind speeds greater than 5 m s1.

Primary tasks during the 1995-1996 antarctic field season
were to sample the snow core and pit, analyze snow samples
for glass microspheres, download MDS diagnostics and ambi-
ent temperature of buried instrumentation from a CR10 data-
logger, upgrade instrumentation, and move one instrument
to a new site. Instrumentation upgrades included installing
new and more reliable pressure regulators (Victor, Inc.) in
both MDS units and adding an ultrasonic snow depth gauge
at Ferrell AWS. The Willie Field MDS was removed and
installed on the polar plateau at automatic geophysical obser-
vatory 2 (AGO-2) (85.67°S 46.38°W) during the annual AGO
service visit. In addition, an ultrasonic snow-depth gauge was

also installed at AGO-2. The two field team members were D.
Braaten and S. Delfelder.

Snow pit sampling at 1-centimeter (cm) resolution using
cuvette sampling tubes is conducted to provide high-resolu-
tion information of microsphere horizons, allowing a detailed
reconstruction of the time-dependent snow accumulation to
be made. Snow pit locations were chosen based on winds
during microsphere dispersals, prevailing winds, and the
results of Sipre snow core surveys. High-resolution measure-
ments of snow density are also obtained from these samples
by measuring the volume of snow in the cuvette tube and the
volume of water after melting. Assigning dates to microsphere
horizons identified is not a simple process because not all
microsphere horizons are found during snow pit sampling
(even though they might be found during the snow core sur-
vey), and the local snow surface height can vary by several
centimeters because of the intermittent presence of surface
features (e.g., ripples and sastrugi). The accumulation mea-
surements derived from snow stakes illustrate this local varia-
tion in which area snow accumulation varied between 7.9 and
17.5 cm with a mean variation of 13.9 cm for Willie Field and
Ferrell. As a result, horizons of the same microsphere color
found at slightly different depths in two different snow pits
are not necessarily from different dispersal events, and the
same color microspheres found at roughly the same depth in
different snow pits might actually be from different dispersal
events.

To overcome this inherent uncertainty in dating the
microsphere horizons, the vertical snow density distribution
and the depth of visually observed ice layers were used to nor-
malize the depth of microsphere horizons to one of the snow
pits designated as the reference pit. The primary considera-
tion in choosing the reference pit was identification of the
glass shard horizon indicating the start of the survey period.
No attempt was made to match an entire accumulation pro-
file with the reference profile because local accumulation is
often influenced by formation and movement of surface fea-
tures resulting in different relative accumulation rates during
the year. Once the microsphere horizons identified in the
snow pits have been normalized, dates are assigned to the
horizons based on the known times of dispersal for each
microsphere color, counting forward in time from the glass
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shard horizon, and counting back in time from the snow sur-
face at the time of snow pit sampling. Figure 1 shows the
snow depth derived with the ultrasonic snow gauge data,
along with the microsphere derived dating of the profile.

Short-term mass accumulation rates at each site were
determined using the microsphere dating information and
the detailed snow density data. Figures 2 and 3 show the cal-
culated mass accumulation rate since initial instrument
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Figure 1. Willie Field AWS snow accumulation during 1995. The trian-
gles give the snow surface height as a function of time from the ultra-
sonic snow depth gauge, and the vertical bars show the microsphere
derived dating of the snow surface from a snow pit on 2 November
1995.
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Figure 2. Mass accumulation rate at Willie Field AWS derived from
microsphere dating information and snow density measurements
since initial instrument deployment. (kg rn- 2 day- 1 denotes kilograms
per square meter per day.)

deployment for Willie Field and Ferrell, respectively. The
overall mass accumulation rate was very similar at both sites,
with Ferrell having a larger integrated accumulation rate in
1994 and Willie Field having a larger integrated accumulation
rate during 1995. No consistent relationship was found
between mass accumulation rate and mean wind speed for a
given period, implying that high wind speeds do not neces-
sarily reduce the mass accumulation rate in areas with an
unlimited upwind supply of mobile snow grains. The differ-
ences in mass accumulation rates seen at the two sites are
likely governed by differences in the mesoscale precipitation
patterns during this period.

This research was supported by National Science
Foundation grant OPP 94-17255.
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Figure 3. Mass accumulation rate at Ferrell AWS derived from micros-
phere dating information and snow density measurements since initial
instrument deployment. (kg rn-2 day- 1 denotes kilograms per square
meter per day.)
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Recent trends in stratospheric temperatures during
austral springtime

WENYU Dou and THOMAS R. PARISH, Department ofAtmospheric Science, University of Wyoming, Laramie, Wyoming 82071

I
t has been over a decade since Farman, Gardiner, and
Shanklin (1985) first reported on ozone depletion in the

antarctic stratosphere. Subsequent measurements (e.g.,
Hofmann et al. 1987; Deshler, Hofmann, and Hereford 1990;
Deshler and Hofmann 1991) have documented the austral
springtime depletion of ozone and note that depletion occurs
primarily in the 12-20 kilometer (km) layer and has been most
severe in the 14-18 km range (Hofmann et al. 1987).
Generally, ozone depletion commences in September and
early October and recovery occurs in November.

Ozone strongly absorbs ultraviolet solar radiation and is a
significant diabatic heat source for the stratosphere. Given the
reduced concentrations of ozone observed during recent aus-
tral springtime periods, it is plausible to suspect that corre-
sponding changes in the antarctic stratospheric temperatures
have occurred. Temperature records derived from vertical
soundings for 11 antarctic stations for the 20-year period 1973
to 1992 have been examined to detect whether such a definite
trend of cooling in the antarctic stratosphere exists. As an
example, the figure illustrates a time series of mean November
temperature profiles at the east antarctic coastal station Davis
(68.6°S 78.0°E) for the 1973-1992 period. A cooling trend is

records within each segment, are listed in table 1. Here,
denotes the difference between the average temperature dur-
ing 1973-1984 and 1985-1992; standard deviations of temper-
ature are given as s 1 for the period 1973 to 1984 and S2 for
1985 to 1992.

Table 1 shows that the average 70-hPa temperature in
November decreased from segment 1 (1973-1974) to segment
2 (1985-1992) in all stations considered. From a statistical
standpoint, the situation is analogous to comparing the
means (t1 and p2) from two populations with the variance

1 2 and CF22. The distribution of their difference has the mean
(j.i1-p2) and the variance 1 2_ 2 2 (Miller, Freund, and
Johnson 1990, see theorem 7.1). A conventional approach is to
construct confidence intervals to test the null hypothesis.
These intervals depend on the equality of the population vari-
ances 2 and CT22, which can be evaluated by performing an
F-test (e.g., Miller et al. 1990).

If the confidence interval contains 0, then the null
hypothesis jil=p2 cannot be rejected. This means no statisti-
cally significant difference exists in the means of the two pop-
ulations at the given confidence level. In our case here, this
may indicate that no statistically significant difference exists

apparent in the lower strato-
sphere from approximately 200
hectopascals (hPa) to 50 hPa
commencing in the early 1980s.

To test the significance of
trends such as those illustrated
in the figure, a series of statistical
tests has been performed. Here,
we report only on the results for
the 70-hPa level for the month of
November. Analyses of addition-
al times and other standard iso-
baric levels can be found in Dou
(1995). The 20-year record of
sounding data shows that the
average height of the 70-hPa
level for an antarctic station is
around 17 km, within the layer of
severe ozone depletion. The 20-
year period is divided into two
segments: 1973 to 1984 and 1985
to 1992. For each segment and
each station, the average temper-
ature at 70 hPa in November and
standard deviation are calculat-
ed. These results, along with the
number of years with applicable
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Table 1. The average 70 hPa temperature (K) in November
and standard deviation(s) during 1973-1984 and 1985-1992
for 11 antarctic stations. N denotes the number of applicable
years within each segment.

	Bellingshausen 9	225.0	3.4	7	223.3	4.6	-1.7
Casey	12	231.8	2.5	8	228.2	5.3	-3.6
Davis	12	229.2	3.4	8	222.3	5.7	-6.9
Halley	8	221.9	4.5	8	215.0	9.1	-6.9
McMurdo	11	231.3	6.3 8	226.0	9.5	-5.3
Mirnyy	11	231.5	2.9	7	227.2	4.7	-4.3
Molodez	12	225.6	4.0	7	218.9	4.8	-6.7
Novolaz	10	220.5	2.7	7	217.6	5.9	-2.9
South Pole	12	226.4	5.9	8	219.9	11.5	-6.5
Syowa	11	224.9	3.7	8	217.5	4.6	-7.4
Vostok	5	226.2	1.6	7	222.6	9.2	-3.6

Table 2. The 95 percent confidence
intervals for t142 (K) in November at
70 hPa

Bellingshausen	(-2.6,6.0)

	

Casey	 (2.2, 5.0)

	

Davis	 (2.6, 11.2)

	

Halley	 (-0.8,14.5)
McMurdo	 (-2.3, 12.9)

	

Mirnyy	 (0.5,8.1)
Molodez	 (2.4, 11.0)
Novolaz	 (1.2, 4.6)
South Pole	 (4.4, 8.6)

	

Syowa	 (3.4, 11.4)

	

Vostok	 (0.96, 6.2)

between the average temperature during 1973-1984 and
1985-1992. on the other hand, if this interval does not
contain 0, then the null hypothesis must be rejected.
Further, if both the upper and lower limits of the inter-
val are greater than 0, then the alternative hypothesis
j.tl>p.2 must be accepted and the drop in the average
segment temperature is significant.

Table 2 shows that among the 11 stations listed in
table 1, eight of them show statistically significant tem-
perature decreases from segment 1 to segment 2 at the
95 percent confidence level. Such drops for
Bellingshausen, Halley, and McMurdo are not signifi-
cant. To verify that the drops in the average segment
temperature can be related to the maximum ozone
depletion level at 70 hPa, the same statistical tests were
also performed on the 300 hPa and 30 hPa temperature
in November (not shown). Results from the same statis-
tical tests as described above indicate that none of the
stations shows any statistically significant change in the
average segment temperature either at 300 hPa or 30
hPa during November. Thus, the significant changes

are restricted to the same general region that is subject to
maximum ozone depletion.

This research was supported in part by the National
Science Foundation grant OPP 92-18544.
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Aeronomy and astrophysics

Palmer Station measurements of radio atmospherics
associated with upward electrodynamic coupling

phenomena between thunderstorms and the
mesosphere/lower ionosphere

S.C. REIsING, U.S. INAN, and T.F. BELL, Space, Telecommunications, and Radioscience Laboratory, Stanford University,
Stanford, California 94305

T
he past several years have produced an unusual surge of
new scientific evidence indicating strong electrodynamic

coupling between phenomena occurring in regions of tropos-
pheric thunderstorms, at altitudes below 10-15 kilometers
(km), and the mesosphere /lower ionosphere, ranging in alti-
tude up to 100 km. Prominent examples of this coupling are
the optical flashes in the mesosphere known as "sprites,"
"jets," and "elves." Measurements from aircraft (Sentman et al.
1995) and from the ground (Lyons 1994) show that sprites
appear at altitudes from approximately 50 km to approximate-
ly 90 km, are red in color, and last for tens of milliseconds
(ms). Blue jets expand upward from the cloud tops to approxi-
mately 50 km altitude, last for as long as 100 ms, and disappear
all at once (Wescott et al. 1995). Elves are typically observed
over a 500-600-km-wide region, in the 80- to 95-km altitude
range, just above where most sprites occur (man et al. 1997).
Elves expand outward from their center point, directly above
the causative lightning flash, and are over in less than 1 ms.

While the optical measurements and very-low-frequency
(VLF) remote sensing of associated ionospheric disturbances
(i.e., early/fast VLF events) (man, Rodriguez, and Idone 1993)
are conducted in the Northern Hemisphere, ongoing broad-
band VLF observations at Palmer Station have proven to be
extremely useful in identification of features of the causative
lightning discharges that lead to these newly realized electro-
dynamic coupling effects. In this connection, it is important
to note that the low background radio noise levels at Palmer
Station provide a unique opportunity to monitor characteris-
tics of lightning activity for much of the Western Hemisphere
(see figure 1).

Radio atmospherics, commonly known as "sferics," are
the impulsive radio signals launched by lightning flashes. The
new technology used for lightning location is known as "VLF
Fourier Goniometry," a wideband frequency-domain method
of arrival-bearing determination developed at Stanford as
part of a Ph.D. dissertation (Burgess 1993). The application of
VLF Fourier Goniometry to sferics measurements provides
improved accuracy over earlier magnetic direction-finding

techniques (man et al. 1996; Reising et al. 1996). Spherical
geometric triangulation of arrival bearings of the same sferic
measured at multiple receiving stations allows accurate (<200
km) location of individual lightning discharges. Flash rates
can be measured continuously for individual storms over
most of the Western Hemisphere from radio atmospheric
measurements at Stanford, California, and at Palmer Station.

The luminous glows in the mesosphere above thunder-
clouds are known as "sprites" and are believed to be pro-
duced as a result of the heating of lower ionospheric electrons
by intense quasielectro static fields, which exist at high alti-
tudes above thunderstorms following lightning discharges
(Pasko et al. 1995). Although sprites typically occur in associa-

-
intense

Midwestern
Thunderstorm

40 -30 -20' -10 . 0
Propagation Paths

to Palmer from
N. Hemisphere

-12,000 km

Direction-finding from
Palmer Station,

Antarctica

Figure 1. Geometry of Palmer Station observations of sferics originat-
ing in a midwestern U.S. thunderstorm approximately 12,000 km
away. (Figure from Reising et al. 1996.)
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tion with large positive-
polarity cloud-to-ground
(+CG) lightning flashes,
many other large +CG
flashes occur without any
associated optical emis-
sions. Reising et al. (1996)
presented new measure-
ments at Palmer Station,
Antarctica, of the radio
atmospheric waveforms
of lightning discharges
associated with sprites.	 15
Those results indicate
that sprites are produced	> 10
by those +CG flashes that	5
excite radio atmospherics
with an enhanced so-
called "slow-tail" compo-
nent (figure 2), indicating	C

the presence of continu-	10-
ing current in the parent	15-)
CG lightning. The contin-	0	2
uing current is a longer
lasting charge transfer to
ground than the typical
return stroke, which lasts
less than 100 microsec-
onds. Two sprite-produc-
ing mesoscale convective
systems (MCS) over Nebraska were studied using optical data
on sprite occurrence from Yucca Ridge, Colorado, and
extremely-low-frequency (ELF) and VLF broadband data from
Palmer Station, approximately 12,000 km from the source
lightning (see figure 1). Using satellite-derived timing infor-
mation accurate to better than 1 ms, hundreds of sferics were
correlated one-to-one with first strokes of flashes detected by
the National Lightning Detection Network (NLDN). For over
90 percent of the sferics, the arrival azimuths as measured
using VLF Fourier Goniometry (see figure 3) were within ±1°
(±200 km at 12,000 km range) of the measured NLDN flash
locations (accurate to approximately 1 km). The efficiency of
this method for lightning detection was demonstrated by
measurement of VLF sferics in association with 80 percent of
all NLDN-detected lightning flashes larger than 20 kiloam-
peres over a 2-hour period. VLF sferics were detected from
intracloud (IC) lightning as well as from CGs, as shown by the
number of sferics detected exceeding the stroke rate by a fac-
tor of more than 20.

Analysis by Reising et al. (1996) of more than 500 sferics
that originated in CG return strokes demonstrated that the
time-integrated ELF intensity of the sferics, measured at a dis-
tance of 12,000 km from the storm, serves as a proxy measure
for the production of sprites. Optical/video measurements of
sprites and other lightning-associated optical emissions are
now typically conducted in the midwestern United States
every June through August, and ongoing measurements at

VLF Peak: 22.5 mV/rn
ELF Mag: 1.95 mV/rn
NLDN:	+49 kA

4	6	8	10
Time (ms)

Palmer Station will be instrumental in investigating charac-
teristics of the associated lightning discharges.

The strongest evidence of the coupling of lightning energy
to the mesosphere /lower ionosphere comes from the first
observations of gamma-ray flashes of terrestrial origin by the
Compton Gamma Ray Observatory (GRO) (Fishman et al.
1994). Radio atmospheric data recorded at Palmer Station were
used to confirm the presence of electrically active thunder-
storms below the source regions of gamma-ray bursts detected

Figure 3. Histogram of error between arrival azimuths at Palmer
Station using Fourier Goniometry and those derived from NLDN flash
location data. The NLDN location error is insignificant on this spatial
scale. (Figure from Reising et al. 1996.)

Figure 2. Waveforms of two sferics originating in the same storm over the midwestern United States and having
similar VLF intensities but markedly different ELF intensities. The lower panel waveform exhibits a typical slow
tail more than 20 times more intense than that in the upper panel. The waveform in the upper panel was associ-
ated with an optically recorded sprite, whereas the one in the upper panel was not. (Figure from Reising et al.
1996.) (mV/rn denotes millivolts per meter. kA denotes kiloampere.)
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by GRO. In one case, a +CG flash having a large ELF component
and resembling slow tails of sferics from sprite-producing light-
ning was identified in unambiguous association with a gamma-
ray flash recorded by GRO (man etal. 1996).

We acknowledge the enthusiastic and capable support of
our Palmer Station equipment by Kevin Bliss and John Booth,
Antarctic Support Associates Science Technicians at Palmer
Station for the past year. We thank John Lynch, National
Science Foundation Program Manager, for his continued sup-
port. This work was supported by National Science
Foundation grant OPP 93-18596-002.
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Balloonborne solar telescope circles Antarctica in 19 days
DAVID M. RUST, Applied Physics Laboratory, The Johns Hopkins University, Laurel, Maryland 20723

T
he Flare Genesis Experiment (FGE) is a new and versatile
solar observatory. It can measure solar surface magnetic

fields and motions with a unique balloonborne 80-centime-
ter (aperture) telescope (figure 1). By observing continuously
for days from the antarctic stratosphere, above 99.7 percent
of the atmosphere, the FGE overcomes the principal prob-
lems that have hindered solar magnetic field observations
from the ground.

The principal objective of the FGE is to understand the
origins of solar activity (Rust et al. 1993). How do fibrous and
twisted magnetic fields emerge at the solar surface and how
do they coalesce, unravel, and erupt as solar flares? Greatly
improved magnetic field observations are needed to answer
these questions. Higher spatial resolution, greater stability
during observations, and longer runs without interruptions
are expected to reveal key features of magnetic energy
buildup and release on the Sun.

The FGE program will concentrate on magnetic field evo-
lution, including the buildup of twist, or helicity, in the
emerged fields (Rust 1994a). This effort may lead to reliable
forecasts of solar activity and of the arrival of dangerous
shocks and atomic particles at Earth.

Most of the time, existing solar telescopes have an effec-
tive angular resolution 10 times worse than the FGE's 0.2 arc-
sec (or 140 kilometers spatial resolution). Sometimes oppor-

tunities arise for sequences of a few minutes or half an hour of
imaging with 0.3 arcsec or better, but it is probably impossible
to follow solar magnetic field developments with such obser-
vations. The FGE is the only telescope that can consistently
resolve field structures at the 140-kilometer level. Although
not all the capabilities were realized on the first flight, in
January 1996, the flight did make clear that the fundamental
design approach of the FGE is sound.

The key high-technology optical elements are the light-
weight, ultra-low- expansion primary mirror, the single-crystal
silicon secondary mirror, the graphite-epoxy telescope tube, a
tunable lithium-niobate optical filter (Rust 1994b), and an
image motion compensator based on a novel silicon retina.

Major steps in the development of the FGE payload
included acquisition of the 80-centimeter FI1.5 telescope
from the Space Defense Initiative Office. It was built for flight
on the space shuttle, and so it is very lightweight and thermal-
ly stable. It was given to the FGE program on indefinite loan
and came with an invoiced value of $12 million. A major chal-
lenge was to design a cooling system for it. During the first
flight, the secondary mirror never got above 37°C, which is
amazing, considering that the intensity of the incident solar
radiation on it was 60 times normal.

The gondola is a general-purpose solar ballooncraft that
can be duplicated by other experimenters for relatively minor
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cost. It includes, among others, sys-
tems for solar fine-pointing, data
recording, high-speed telemetry, power
generation, and distribution.

The FGE flight yielded valuable
data. The flight lasted from 7 to 26
January—one of the longest flights in
Antarctica. We have processed and
examined about half of the 14,000

images. In a 37-hour interval, the FGE
obtained the longest uninterrupted,
high-resolution record of solar convec-
tive flows. We did not record any solar
activity (there was none), but future
flights will take place nearer solar cycle
maximum, when many targets will pre-
sent themselves.

Steve Keil has begun analysis of
the photospheric motions. His "cork"
analysis benefits greatly from stable
images and the long, uninterrupted
run. Figure 2 shows the first results of
his analysis, which attempts to follow
the sideways motions of solar granules
long enough to reveal the points of

convergent motion. We should also l
able to pinpoint regions ofvorticJ
flows and compare them with magn
tograms obtained by other observato
ries. The results will be available on the
World Wide Web at http://sd-wwu.
jhuapl.edu/FlareGenesis/.

The FGE survived launch, descer
and landing without apparent damag.
and the temperatures of key comp(
nents remained in the safe operatii,
range. The high-speed, line-of-sight
uplink was maintained for 18 hours
after launch, to a slant range of 490

kilometers. Downlink was maintained
for 20 hours to a distance of 560 kilo-
meters. The pointing servo controller
maintained pointing for over 95 per-
cent of the 19-day flight. The images
from the first flight are not as sharp as
they will be on future flights, but the
recorded data are being corrected for
this because we can deduce the focus Figure 1. The FGE ready for launch on 7 January 1996. The payload is about 5.5 meters high and

weighs 1,900 kilograms. It is the largest payload flown in Antarctica.
error from the data.

At the end of the January 1996 flight, the FGE dropped
gently into snow on the antarctic plateau 140 kilometers from
Dumont d'Urville, the French base. The data tapes were
recovered, but the rest of the payload could not be brought
back, due to end-of-season departure of resources from
Antarctica. In December 1996, the FGE was recovered by a
French team from Dumont d'Urville and by Harry Eaton of
the FGE staff. It now can be flown several more times before

the next solar maximum. This is the inherent advantage in
approaching space with a recoverable, balloonborne payload.

The FGE balloonborne telescope offers the least expen-
sive means for probing solar activity for long intervals at high
resolution. It is unique in its capacity to study solar activity in
the approaching solar cycle.

Members of the Flare Genesis Experiment team in
Antarctica were D. Rust, K. Strohbehn, G. Murphy, A. Kumar, R.
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Cain, and H. Eaton of Johi.
Hopkins University's Applied
Physics Laboratory; S. Keil and
Wiborg of the Air Force Phillij;
Laboratory; C. Keller of the Nationdi
Solar Observatory; and a team fro  i 1

the National Scientific Ballooning
Facility. This work was supported
by National Science Foundation
grant OPP 91-19807 and Air Force
Office of Scientific Research grants
F49620-()1-1 n	id 1 7.1;:-j -

0281
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Figure 2. Upper left: first frame from the FGE movie, with computer-generated tracers ("corks") insert-
ed in a regular pattern. The sequence of frames from upper left to lower right shows how magnetic
flux ropes would likely cluster along probable convection cell boundaries in an 18-hour period. The
solar area shown is 65,000 kilometers wide.

Deciphering the enigma of sunspot formation
S.M. JEFFERIES, Bartol Research Institute, University of Delaware, Newark, Delaware 19716

S
unspots are a well-known phenomena and have been rou-
tinely studied since the advent of the telescope at the

beginning of the 17th century. These dark spots on the solar
surface, which are caused by areas of cooler gas and stronger
magnetic fields in the Sun's photosphere, come and go with a
nominal 11-year periodicity: the so-called solar activity cycle.
Because solar radiation is depleted in sunspots, any change in
the number of sunspots gives rise to a change in the Sun's
radiative energy output. In light of the growing evidence that
variability in the Sun's radiative energy directly affects the

biosphere (e.g., it causes changes in global surface tempera-
tures and in the ozone layer), the importance of understand-
ing sunspots is paramount. Despite this importance, our
knowledge of just how sunspots form and are maintained is
minimal. One popular theoretical model (Parker 1979) sug-
gests that small vertical magnetic flux tubes, generated deep
within the Sun, develop downflows around them when they
emerge at the surface. These downflows bring together a large
number of flux tubes in a cluster to form a sunspot, which
then behaves as a single flux bundle as long as the downflows
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bind the flux tubes together. Until now, it has not been possi-
ble to test the validity of this model.

The recent development of helioseismic tomography by
our group (Duvall et al. 1996) now allows us to make subsur-
face observations and to produce three-dimensional maps of
the solar interior. Helioseismic tomography is based on the
measurement of the travel times of acoustic waves between
different points on the solar surface (Duvall et al. 1993). As an
acoustic wave propagates from its source near the solar sur-
face into the interior, it refracts because of the increase in
sound speed until it eventually turns around and returns to
the surface where it is reflected back into the interior by the
rapid change in density at the surface. This refraction and
reflection of the wave continues until it has dissipated all of
its energy. If the wave encounters a subsurface structure on
its journey, such as a flow field, magnetic field, or tempera-
ture perturbation (which introduces an inhomogeneity in the
wave speed along the path), its travel time will be altered.
Because waves with different horizontal wavelengths pene-
trate to different depths of the solar interior, measurement of
the travel time alterations can be used to generate a three-
dimensional map of the perturbation. This map can then be
used to locate and measure any subsurface structure.

Using calcium potassium-line intensity observations of
the full solar disk, obtained at South Pole on 4-5 January 1991,
we have generated travel-time maps for four different depths
beneath the solar surface. An inversion of these maps
(Kosovichev 1996), which are sensitive to flow velocities and
perturbations in the sound speed, shows the presence of
strong downflows beneath both sunspots and the bright fea-
tures known as plages. The flows have a velocity of 1 to 2 kilo-

meters per second and persist to a depth of about 2,000 kilo-
meters. The data also suggest, however, that the vertical mag-
netic field can be a coherent flux bundle only to a depth of
approximately 600 kilometers; below this depth it is possible
that the downflows hold together a loose collection of flux
tubes to maintain the sunspots that we see.

In summary, the new tomographic maps of the solar inte-
rior seem to verify Parker's model and provide the first step to
understanding the nature of sunspots. Future high-resolution
measurements will allow better depth resolution and are the
obvious next step in this work.

The current South Pole helioseismology group consists of
S.M. Jefferies, J.W. Harvey, T.L. Duvall, Jr., and M.F. Woodard.
The success of our program over the past decade would not
have been possible without the excellent help of the
Amundsen-Scott South Pole Station support crew. This work
was supported by National Science Foundation grant OPP 92-
19515, the Solar Physics Branch of the Space Physics Division
of the National Aeronautics Space Administration, and the
National Solar Observatory.
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Solar wind pressure and the generation of Pc 1 waves
in the magnetosphere

ROGER L. ARNOLDY, Space Science Center, University of New Hampshire, Durham, New Hampshire 03824
MARK J. ENGEBRETSON and JENNY ALFORD, Physics Department, Augsburg College, Minneapolis, Minnesota 55454

B
ecause our induction magnetometers have a sensitivity
range for magnetohydro dynamic waves with periods of

1,000 seconds down to 0.2 seconds [millihertz (mHz) to 5 hertz
(Hz)], they sense Pc 1 waves (0.2 to 5 Hz), which are generally
not measured with conventional fluxgate magnetometers. Are
Pc 1 waves important in the overall physics of the interaction of
the magnetosphere with the solar wind? Conventional wisdom
just 10 years ago would have said no, because it was believed
that these waves were primarily generated by cyclotron reso-
nance that has ring current protons at the plasmapause density
gradient. The magnetic field measurements near the Earth's
equatorial plane by the Ampte CCE spacecraft have drastically
changed this view. The statistical study of Pc 1/2 waves by

Anderson, Erlandson, and Zanetti (1992) showed that the
majority of these waves measured near the equatorial plane by
CCE were found at L shells near the spacecraft apogee, normal-
ly just inside the magnetopause. In addition, analyses of
ground, high-latitude, induction magnetometer data have
shown that bursts of Pc 1 waves are a common feature on the
dayside at cusp latitudes. A correlation of Ampte CCE data with
ground-induction magnetometer data from South Pole,
Antarctica (Anderson et al. 1996) has shown remarkable tem-
poral correspondence between these bursts recorded on the
ground and in space near the dayside boundary of the magne-
tosphere. The conclusion from this work is that the Pc 1 bursts
are generated at large L shells near the equatorial plane (pre-

ANTARCTIC JOURNAL - REVIEW 1996

244



02:00	03:00	04:00	05:00
	06:00

0.50
al

09:00	10:00	11:00	12:00

C

10

5
7.

0

	

14E00	 15:00	16:00	1

[10

	

:* iLiG	 0

	

20:00	21:00	22:00	23:00	24:00

sumably by ion cyclotron resonance) on closed field lines with-
in a region about 2 hours wide including the subsolar point.

Further analysis of high-latitude induction magnetometer
data (Arnoldy, Engebretson, and Cahill 1988) has shown that
the Pc 1 bursts are related to magnetic impulse events (MIE)
recorded on the ground. The MIE are one- to two-cycle mag-
netic signals that have periods in the Pc 5 range (a few to sev-
eral minutes). In an analysis of about 2 years of high-latitude
data, we have shown that about 70 percent of all MIE have an
associated Pc 1 burst (Arnoldy et al. 1996). This same study
compared a ground Pc 1 burst and MIE with Viking spacecraft
data taken over the ground station at an altitude of 13,000 kilo-
meters. In space, the Pc 1 waves were spatially separated from
the MIE. The Pc 1 burst occurred on closed field lines and the
MIE on the electron-trapping boundary well equatorward of
the dayside cusp. It appears as if the trigger for the generation
of the MIE and the Pc 1 burst might be the same, but the gen-
eration region of the two signals is
not the same. It is still uncertain if
the MIE are the ground signature of
bursty dayside magnetic reconnec-
tion, solar wind pressure pulses, or
the intrusion of magnetosheath
plasma into the magnetosphere.

Because it is now apparent that
Pc 1 waves may be an important new
wavelength to study the solar wind-
magnetosphere coupling mecha-
nism, we have commenced a study of
solar wind parameters measured by
the Wind spacecraft and the occur-
rence of Pc 1 waves in the magnetos-
phere as measured on the ground at
high latitudes. In the figure, the
ground-induction magnetometer
data from our Canadian Iqaluit sta-
tion, located at 70° north invariant
latitude, readily affirms the strong
control the solar wind has on the
generation of these waves in the
magnetosphere. This figure consists
of frequency vs. time spectrograms of
the y-axis pulsation data for an entire
day upon which is superimposed, as
a line plot, the Wind spacecraft mea-
surement of solar wind dynamic
pressure. The pressure plot is dis-
placed in time to account for the
travel time of the solar wind from the
spacecraft to Earth, a distance of
about 30 Earth radii (R e). The top
panel is the night quadrant for the
station, and sequentially, the panels
represent the dawn, noon, and dusk

The spectrograms nicely show "a day in the life" of a
ground, high-latitude pulsation sensor. In the night quad-
rant, the bursts of P1 waves are directly related to overhead
auroral displays. Because these events have no immediate
one-to-one correlation with the solar wind dynamic pres-
sure, we have not plotted pressure in this panel. The next
three time sectors, however, typically have band-limited pul-
sation signals which, as the figure clearly shows, are correlat-
ed with the solar wind pressure. At about 1 hour before local
dawn (0800 UT), the burst of Pc 1 waves of 0.6-Hz frequency
is clearly correlated with a burst of dynamic pressure in the
solar wind. Later in this sector, the gradual increase in solar
wind pressure seems to be related to the occurrence of Pc 1/2
waves between 1000 and 1200 UT. Following local magnetic
noon, at 1530 UT, a very bursty and patchy Pc 1 power
occurs, and its maximum frequency has a clear correlation
with the magnitude of the solar wind pressure. In the dusk

Igalult, NWT
-3log (VA2)

sectors Decause local magnetic mia- Frequency vs. time spectrograms for 23 December 1994 with superimposed solar wind dynamic
night for the station occurs at 0330	pressure. The left scale has units of frequency while the right scale has units of nanopascals for the
univeral time (UT).	 pressure plot.
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sector, several of the Pc 1 bursts (1805, 1810, 1925 UT) of
minutes duration might be related to fluctuations in the
pressure. Finally, also in this sector, two narrow-bandwidth
emissions, lasting for hours, decrease in frequency as the
solar wind dynamic pressure decreases. In summary, this
plot contains a wealth of information about Pc 1 waves and
their relationship to the solar wind.

Correlations of Pc 1 waves and solar wind parameters are
not always as striking as the example given in the figure. The
defining condition for good correlation seems to be that the
Wind spacecraft has to be within a few tens of Re ahead of the
bow shock and within 10 Re of Sun-Earth line. Historically,
the correlation of ground pulsation data with the solar wind
parameters as measured by the IMP 8 spacecraft, which now
seems to be related to the rather large Y-values of the space-
craft when it was ahead of the bow shock, has been only par-
tially successful. It is intriguing that one might be able to infer
solar wind pressure fluctuations by looking at ground Pc 1
data collected at high latitudes. As an example, the famous
"spaceweather" event when the Canadian Anik spacecraft at
synchronous orbit was perturbed by geophysical events has
no accompanying solar wind data to determine the status of
the interplanetary medium. In analyzing our ground-induc-

tion magnetometer data, however, it is found that on 21
January 1994, prior to the spacecraft malfunctions, a sudden
appearance of 1.5 Hz Pc 1 waves occurs, and that suggests a
dramatic increase in solar wind dynamic pressure similar to
what happened in the figure at 1745 UT.

This research was supported by National Science
Foundation grant OPP 92-17024.
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Patterns in high-latitude observations of Pc 1-2 emissions
MARK J. ENGEBRETSON and LARs P. DYRUD, Department of Physics, Augsburg College, Minneapolis, Minnesota 55454

PATRICK T. NEWELL, The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland 20723
W. JEFFREY HUGHES, Center for Space Physics, Boston University, Boston, Massachusetts 02215

ROGER L. ARNOLDY, Space Science Center, University of New Hampshire, Durham, New Hampshire 03824
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T
he extension of the Earth's magnetic field into space is
bounded by its interaction with the solar wind, which

itself carries a magnetic field that originates in the Sun. The
interaction of these magnetic fields and the plasmas that are
bound up with them causes significant distortions of the
Earth's exterior magnetic field (the magnetosphere), fre-
quently generates auroral displays, and occasionally causes
severe electromagnetic disruptions to human power and
communications systems. Magnetic field lines at the bound-
ary map to the polar cusps, small regions near 75° magnetic
latitude at local noon in the Northern and Southern
Hemispheres. These cusp regions are the focus of much
ground-based research because researchers believe the
regions will provide diagnostics of plasma interactions at this
remote and invisible boundary.

Although magnetic field oscillations (pulsations) in the Pc
1-2 frequency range [100-600 millihertz (mHz)] have been
studied at lower latitudes for many years, observations at cusp
latitudes have been limited. Recent experimental initiatives

supported by the National Science Foundation have funded
the installation of arrays of sensitive ground-based magne-
tometers that rotate under these cusp regions daily. The polar
experiment network for geophysical upper atmosphere investi-
gations (PENGUIN) array of automatic geophysical observato-
ries (AGOs) in Antarctica (Rosenberg and Doolittle 1994) and
the magnetometer arrays for cusp and cleft studies (MACCS) in
Arctic Canada (Engebretson et al. 1995) provide roughly conju-
gate observations of the cusp and nearby regions.

Menk et al. (1992) suggested that the cusp could be identi-
fied in ground records from the presence of one class of Pc 1-2
waves, with relatively broadband and unstructured appear-
ance. To test this suggestion, we surveyed a full year's data
from the MACCS and PENGUIN arrays. We found latitudinal
differences similar to those found in the Menk et al. (1992)
study, in that magnetometers at very high magnetic latitudes
(near 80° magnetic latitude) most commonly observe broad-
band diffuse Pc 1-2 waves, and those near 75 0 most commonly
observe narrowband Pc 1-2 waves. Other details of our data,
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however, led us to propose a
different source for the broad-
band waves. VISE.Figure 1 is a map of the SANS YOSYO
antarctic scientific stations	 ..	 :	 MOL
with the PENGUIN AGO sta-
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Figure 1. Map of scientific stations in Antarctica. The PENGUIN AGO stations are represented by squares. The
tudes near 800, had signifi-	MACCS stations, denoted by crosses, have been mapped using corrected geomagnetic coordinates and
cantly wider bandwidth than	superimposed on their conjugate antarctic sites. Magnetic lines of latitude and longitude are represented by
waves observed at stations bold lines.
such as Cape Dorset (CD),	 45
near 75 0. The stations at higher latitudes also showed a relative	 AGO P1 A 80.1
lack of very narrowband waves (25-100 mHz in bandwidth).	35-	 Mean Bandwidth: 198

Sigma: 99
	Figure 3 is a typical example of a day showing both wave	25-

types. Waves with wide bandwidth appear a few hours before
local noon [1530 universal time (UT)] at AGO P1 in Antarctica	15

and Clyde River in Canada, both near 80 0 magnetic latitude,
and narrowband waves occur slightly later at Cape Dorset,
near 75° magnetic latitude. On this day, all five available sta-	 - Clyde River A=79.7

Mean Bandwidth: 145tions at magnetic latitudes above 78° show such semistruc-	C 
35	 Sigma: 70

tured broadband Pc 1-2 waves, while all stations at magnetic	w	 -

latitudes between 73° and 760 show narrowband waves dur-	25	-
Cl)ing the same interval. The lower panel of figure 3 shows data	-°E

from the Defense Meteorological Satellite Program (DMSP) z
satellites, which identify different regions of the magnetos-	 - -
phere by ion and electron signatures. These data show that
from 14 to 16 UT stations at 80° are under the mantle region	 Cape Dorset A=74.6

35	 Mean Bandwidth: 104and polar cap field lines, while stations near 75° are near the	-	-	 Sigma: 50
boundary between the mantle and regions equatorward of	25-

15

Figure 2. Histograms of Pc 1-2 pulsation bandwidth at AGO P1,
Antarctica, and Clyde River and Cape Dorset, Canada, showing wider
bandwidth waves at higher magnetic latitudes. The average value is shown
by the vertical line.
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Figure 3. An example of multistation observations of a Pc 1-2 wave event. The 3-panel spectrograms are produced by a 256-point Fast Fourier
Transform; the y-axis scale is in millihertz (mHz), the x-axis represents universal time (UT), and wave power is displayed by brightness using a
logarithmic scale. Each panel displays the BX component from the magnetometer at the respective stations. The spectrogram panels are ordered
from the highest latitude station at the top to the lowest latitude station at the bottom. The bottom panel summarizes DMSP satellite identifica -
tions of magnetospheric regions during the same time period. Regions equatorward of the cusp are denoted as BPS (boundary plasma sheet)
and LLBL (low-latitude boundary layer), whereas regions poleward of the cusp are denoted as Mantle or Polar Rain.

the cusp. The cusp itself was not identified in any satellite
passes until 1740 UT.

This event is typical of our findings: the plasma mantle
and/or polar cap regions are over MACCS and AGO stations
that observe wideband Pc 1-2 waves, and the low-latitude
boundary layer and/or equatorward edge of the cusp are over
stations that observe narrowband Pc 1-2. These observations
lead us to believe that the plasma mantle, and not the cusp, is
the source region for broadband Pc 1-2 waves observed at
very high latitudes.

Recent theoretical work by Denton, Hudson, and Roth
(1992) on ion cyclotron instabilities, which are believed
responsible for generating Pc 1-2 waves, also supports a man-
tle source of these waves. Although large fluxes of ions flow
downward in the cusp, this theory suggests that the waves
they create will move in the opposite direction, hence upward
and away from Earth. The cusp is thus probably not a good
source for downgoing Pc 1-2 waves. Many downgoing cusp
ions, however, are convected toward higher latitudes and are
subsequently reflected back up into space in the mantle
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region, poleward of the cusp. It is thus reasonable that down-
ward propagating ion cyclotron waves can be generated by
upgoing reflected ions in this region. Further studies using
the full arrays of cusp-latitude stations will help to verify these
conclusions and possibly lead to better ground-based diag-
nostics of the cusp region and the boundary of the Earth's
magnetic field.

This research was supported by National Science
Foundation grants OPP 89-18689, OPP 92-17024, and ATM
94-00664.
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Low-frequency auroral hiss observations at high
geomagnetic latitudes

JAMES LABELLE, JILL-ANNE PERRING, and MICHAEL TRIMPI, Department of Physics and Astronomy, Dartmouth College,
Hanover, New Hampshire 03755-3528

A.T. WEATHERWAX, Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742-2431

T
he best known auroral radio emission observed at ground
level is auroral hiss, which is often observed together with

auroral roar and mid-frequency (MF) bursts during auroral
substorm onsets. Auroral hiss is of two types: continuous and
impulsive (see review by Sazhin, Bullough, and Hayakawa
1993). The continuous type lasts an order of an hour or more
and is usually restricted to very low frequencies (VLF). The
impulsive type occurs during substorm onsets and consists of
bursts of impulsive emissions lasting from a few seconds to
tens of minutes. Impulsive auroral hiss often extends into the
low-frequency (LF) range; for example, Jorgensen (1968)
reports observations of LF hiss exceeding 500 kilohertz (kHz) at
Byrd Station, Antarctica. Modern wave receivers in Antarctica
and elsewhere detect auroral hiss at frequencies exceeding 1
megahertz (MHz). Although much auroral hiss may be
explained by coherent amplification of whistler mode waves by
auroral electrons (Maggs 1976), there exist rocket and satellite
observations that cannot be satisfactorily explained by this
model (Morioka and Oya 1985; Ergun et al. 1991).

LF auroral hiss observations in Antarctica are of particu-
lar interest, because only in the remote Antarctic can
ground-based instruments detect natural LF signals; at
Northern Hemisphere sites, the LF band is obscured by
broadcast signals in the frequency ranges 550-1,600 kHz and
200-400 kHz. Dartmouth College operates low-frequency!
mid-frequency/high-frequency (LF/MF/HF) receivers at
three of the U.S. automatic geophysical observatories
(AGOs): P1, P2, and P4, South Pole, located under the day-

time cusp, is potentially an interesting site for radio observa-
tions, but station-generated interference obscures all but the
strongest auroral roar and hiss events there. Starting in 1996,
LF/MF/HF observations are also being conducted at the
British AGOs A-80 and A-81.

By inspection of daily survey plots of AGO-Pi LF!MF/HF
wave data, supplemented with specially produced plots of
expanded resolution when needed, we generated a database
of 121 impulsive LF auroral hiss events exceeding 30 nano-
volts per meter per root hertz (nV/miHz) (intense events) and
370 events in the range 10-30 nV/mIHz (medium events). A
far greater number of weak events (<10 nV!mHz) occur, not
included in the database. Bursts of LF hiss had to occur 10
minutes apart to count as separate events. While identifying
LF hiss events, we accumulated a parallel database containing
all time intervals when LF auroral hiss exceeding 10 nV/mIHz
was not observable because of various effects such as broad-
cast band interference, snow-static, or lack of data. The hours
when auroral hiss was not observable were used to normalize
the occurrence statistics of the LF hiss, which are presented
below in units of hiss events per hour of valid data.

Figure 1 (top) shows that the occurrence rate of LF auro-
ral hiss peaks in the premidnight hours (magnetic local time),
consistent with previous observations of LF hiss (figure 3 of
Morgan 1977a) and VLF hiss (e.g., Jorgensen 1966; Makita
1979). Figure 1 (bottom) shows the seasonal variation of the
occurrence rate. The peak in austral winter (June/July) is con-
sistent with previous observations, but we find a weak sec-
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EVENTS/HR VS TIME OF DAY

EVENTS/HR VS MONTH

Figure 1. (Top) The occurrence rate of LF auroral hiss at AGO-P1 as a
function of local time, based on data from January and December
1994. (Bottom) The occurrence rate of LF auroral hiss versus month
of the year during 1994. The diurnal variation peaks in the premid-
night hours, in agreement with previous studies. The seasonal varia-
tion peaks in austral winter as expected, but the weak peak in austral
summer requires further analysis.

ondary peak in the occurrence rate during the conjugate
hemisphere winter, not observed by Makita (1979) at VLF fre-
quencies at Syowa Station (Makita's figure 12B). Another year
of AGO data will allow a better assessment of the statistical
significance of the austral summer secondary peak in the
auroral hiss occurrence rate observed at high latitude.

Figure 2 shows a case study of auroral hiss bursts
observed at AGO-P4 and AGO-Pi during 00-06 universal time
(UT) on 30 May 1994 (corresponding approximately to 20-02
magnetic local time at P1 and 22-04 magnetic local time at
P4). Mode changes cause gaps in the AGO-P4 spectrogram.
Also displayed in figure 2 are two channels of VLF data (30-40
kHz and 2-4 kHz, respectively) and the north-south (H) com-
ponents of the search coil magnetometer and flux-gate mag-
netometer, all measured at AGO-Pl. The magnetometers
detect activity starting at 0100-0130 UT and 0505-0515 UT,
and impulsive auroral hiss is observed at these same times.

These events illustrate two spectral types of LF impulsive
hiss events observed at ground-level. The event at 0100-0130
is primarily of the "normal" type, in which the peak intensity
is at VLF frequencies, below the range of the LF/MF/HF
instrument. During 0045-0105 UT, the event is observed
exclusively on VLF; only after 0105 are both LF and VLF
impulsive emissions detected. For a short time around
0120-0125 UT, the second spectral type occurs, which we call
"LF cutoff," in which the dominant waves are at frequencies
above 100 kHz, and VLF waves are weak or absent. In con-
trast, the 0515 event consists mostly of the LF cutoff type, with
the highest auroral hiss intensity at 200-250 kHz except for
one spike in the middle of the event which is particularly evi-
dent in the AGO-P4 spectrogram. The VLF channels register
no activity except for the spike in the middle of the event. So
although both events in figure 2 represent a mix of spectral
types, the early 0100-0130 event consists primarily of the nor-
mal spectral type, whereas the later 0515 event consists pri-
marily of the LF-cutoff type.

Inspection of 1994 AGO-Pi LF auroral hiss database
reveals that the LF-cutoff type constitutes 13 percent of the
medium-to-intense LF auroral hiss events. An additional 15
percent of the auroral hiss events are mixed types, like the
examples in figure 2. The remaining 72 percent of the events
are the normal type whose spectrum peaks at VLF frequen-
cies. These statistics show that the type of hiss with a spec-
tral peak at LF frequencies is not rare. In fact, it is well-
known that auroral hiss observed at ground level exhibits a
low-frequency cutoff, and Morgan (1977b) reports that in
many examples detected at Frobisher Bay (approximately
75° magnetic latitude), the low-frequency cutoff is too high
to be seen on audio frequency records. Case studies of AGO
data, including, for example, the imaging riometer data,
which provides information about ionospheric structure,
may help determine whether the spectral signature of these
events results from the generation mechanism or from prop-
agation effects.

Antarctic AGO measurements at low frequencies reveal
significant new features of impulsive auroral hiss emis-
sions. The rate of occurrence of these emissions at 800
invariant is itself noteworthy. The diurnal and seasonal

Figure 2. A case study of LF auroral hiss bursts
occurring on 30 May 1994 (00-06 UT) at AGO-P1
and AGO-P4. Gaps in the AGO-P4 spectrogram are
caused by mode changes. The bottom four panels
show integrated power over two VLF bands, ultra-
low-frequency (ULF) magnetic fluctuations and the
H-component of the geomagnetic field. Some of
the auroral hiss bursts are detected by both the
VLF and LF receivers; these represent the normal
type of auroral hiss, which maximizes at VLF fre-
quencies. (In some instances, such hiss events are
observed only at VLF.) A second type of auroral
hiss burst appears to maximize near 200 kHz in the
LF wave spectrogram and is registered weakly or
not at all by the VLF receiver.
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dependences of this occurrence rate roughly agree with that
determined for VLF hiss at auroral latitudes. A secondary
peak in the summer months has not been reported before
but needs confirmation. The most significant contribution
of the antarctic AGO observations is their resolution of the
spectrum of the auroral hiss at LF, which is not possible at
Northern Hemisphere sites due to manmade interference
sources. A class of impulsive hiss events occurs for which
the power spectral density peaks near 200-250 kHz; in some
cases, the VLF component of these events is entirely unde-
tectable. These "anomalous" events are not rare but consti-
tute 15-28 percent of the medium to intense events
observed.

The authors thank the AGO/polar experimental network
for geophysical upper atmosphere investigations (PENGUIN)
investigator team, especially H. Fukunishi, U. man, and L.
Lanzerotti, for providing their data in support of this paper.
This research was supported by National Science Foundation
grants OPP 93-17621 to Dartmouth College and OPP 89-
18689 to the University of Maryland. Jill-Anne Perring
received support from the Women-in-Science Program at
Dartmouth College.
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Characteristics of localized ionospheric disturbances
deduced from very-low-frequency radio measurements at

Palmer Station
S. LEv-Tov and U.S. INAN, Space, Telecommunications, and Radioscience Laboratory, Stanford University,

Stanford, California 94305

p
almer Station for many years has provided Stanford
University with a unique site for extremely-low-frequency

(ELF) and very-low-frequency (VLF) radio wave observations.
The outstanding features of Palmer Station are that it is an
electromagnetically quiet site, which allows the making of
very sensitive measurements, and that the location is geo-
magnetically conjugate to many Northern Hemisphere thun-
derstorm centers (which are over the east coast of the conti-
nental United States). These sensitive measurements are use-
ful for recording electromagnetic waves from the magnetos-
phere, particularly whistler waves (Burgess and man 1993 and
references therein) caused by lightning.

Measurements are conducted of both narrow- and broad-
band signals. Broadband signals measured are radio atmos-
pherics (or spherics, which propagate through the Earth-
ionosphere waveguide) and whistler waves, both of which are
generated by lightning pulses. Narrowband signals measured
are manmade VLF radio communication signals, which prop-
agate through the Earth-ionosphere waveguide over large dis-
tances; spherics also appear on the narrowbarid records.

The narrowband signals provide a means for observation
of the ionosphere at the altitude range of 60-100 kilometers
(km), a difficult area in which to take measurements. We are
particularly interested in the observation of localized distur-
bances caused by lightning-induced electron precipitation
(LEP). Whistler waves generated by Northern Hemisphere
lightning propagate through the magnetosphere and interact
with electrons, which constitute part of the Earth's geomag-
netically trapped radiation (the radiation belts). The electrons
are then scattered in pitch angle, lowering their mirroring
height, causing them to enter the atmosphere. These ener-
getic electrons cause secondary ionization which modifies the
ionosphere in a local region. These are ionospheric distur-
bances, and they are observed as perturbations of both ampli-
tude and phase of the VLF signals. An example of the narrow-
band displays of LEP signatures and broadband displays of
associated whistlers is shown in figure 1.

The broadband recordings of whistler waves provide
characteristics of the waves themselves (such as the L-shell of
propagation) that are responsible for the LEP and, when two
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Figure 1. The 24.0-kilohertz (kHz) signal (call letters NAA) from Cutler, Maine, is received at
Commandante Ferraz (Brazil) and Palmer Stations in Antarctica (figure 3 is a map showing
these stations). Perturbations characteristic of LEP with rapid onset and slow recoveries occur
simultaneously at both sites. For the first and last perturbations, broadband recordings from
Palmer illustrate the associated ducted whistlers.

[$1

crossed magnetic loop antennas (one oriented north-south
and the other east-west) are used, also provide a means to
identify the direction of arrival of these waves. Establishing
the direction of arrival locates the exit point of the duct
(region of enhanced electron concentration along a magnetic
field line) through which the whistler wave propagated.
Knowing the L-shell of propagation and direction of arrival,
along with knowing the location of the perturbed VLF path,
helps to identify the location of the LEP disturbances.

LEP disturbances are a link between the magnetosphere
and the ionosphere. Gaining information about the distur-
bances such as their rate of occurrence, their size, and their
intensity provides a means of understanding the role that LEP
plays as a loss of electrons to the radiation belts, as well as an
indication of how much LEP occurs on a global scale.

Recent work (Lev-Tov et al. 1996) involving measurements
taken at Palmer Station and the British Faraday Station have
yielded further information about these disturbances (figure 2).
Having narrowband data from the same disturbances on the
same VLF signal (from the 23.4-kilohertz transmitter, which has
the call letters NPM and is located in Hawaii) gave us a new
perspective. The differences between
amplitude and phase changes at the two
stations shed new light on the LEP distur-
bances. Likely size, location, and the elec-	NAA at Coi
tron density altitude profile of the distur-
bance were deduced. For the first time,
the effect of the day-night terminator
(LEP events are visible only at night	2
because of the lowered ionospheric VLF
reflection height during the daytime) was

in the strength of the Earth's magnetic field at conjugate LEP
regions, the mirroring height of electrons in these regions
may differ resulting in LEP in both regions. We can thus have
a complete assessment of the amount of precipitated ener-
getic electrons that originate from a single lightning strike.

Further study of LEP is provided by modeling the recov-
ery signatures of LEP events. We will also be doing simultane-
ous ground-satellite observations of the LEP events.

We are grateful to the Antarctic Support Associates who
have maintained our equipment at Palmer Station. This work
is supported under National Science Foundation grant OPP
93-18596 to Stanford University.
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considered in locating the disturbances
and deducing some of their characteris-
tics. Also, the disturbances seemed to
move over time, providing the first obser-
vation by LEP of duct motion. This obser-
vation was not possible with just one VLF
receiving station.

With collaboration from Brazilian
and British colleagues, we are looking
forward to using this multireceiver tech-
nique in the Southern Hemisphere in the
future. The British Rothera Station and
the Brazilian Commandante Ferraz
Station will both take narrowband VLF
measurements (figure 3). With three sta-
tions, even more details of LEP perturba-
tions on VLF signals should be apparent.
Also, we will be able to monitor a larger
area than before (these three stations are
farther apart than are Palmer and
Faraday at approximately 50 kilometers).

This configuration of VLF receivers
will complement Stanford University
receivers in the Northern Hemisphere.
LEP is a phenomenon that occurs in
conjugate areas: because of differences
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Figure 2. A. Map showing the end of the VLF propagation paths from the
NPM transmitter to the receivers at Palmer (PA) and Faraday (FA). B.
NPM signal amplitude showing LEP events recorded at PA during an
episode of data on 2 March 1992. This and the three following panels
share the same time axis. (UT denotes universal time.) C. NPM signal
amplitude showing LEP events recorded at FA. D. NPM signal phase
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events recorded at FA.
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* Image spatial size and distribution
of lightning-induced disturbances over
a 600-km baseline extending coverage
of paths known to be active, such as
NPM-PA, NLK-PA, NAA-PA

* Extended coverage of one of the most
active regions on earth, both
geomagnetically (2<L<3 and near the
South Atlantic Anomaly) and
geographically (conjugate to active
thunderstorm centers)



Low-magnitude, long-period magnetic pulsations observed
deep in the southern polar cap

V.0. PApiTAsHviu, C.R. CLAUER, and S.B. MUSKO, Space Physics Research Laboratory (SPRL), University of Michigan,
Ann Arbor, Michigan 48109

B.A. BELOV, Institute of Terrestrial Magnetism, Ionosphere, and Radio Wave Propagation (IZMIRAN),
Troitsk, Moscow Region, Russia

O.A. TROSHICHEV and M.G. GUDKOV, Arctic and Antarctic Research Institute (AARI), St. Petersburg, Russia

H
istorically, magnetometer arrays have been the primary
tool for studies of the polar ionospheric electric currents,

and numerous investigations have been undertaken to clarify
the interplanetary magnetic field (IMF) and solar wind con-
trol of these current systems (e.g., Clauer and Banks 1986;
Papitashvili et al. 1994; and references therein). Supported by
our present National Science Foundation award, we have
undertaken a cooperative project to deploy and operate digi-
tal magnetometers (10-second sampling) at the Russian
antarctic stations Vostok and Mirnyy and at two intermediate
autonomous sites (geographic and magnetic coordinates are
given in the table). The stations complement other data col-
lection in the Antarctic as shown in figure 1.

The stations were deployed during the Russian Antarctic
Expedition (RAE) snow traverse from Vostok to Mirnyy in
December 1994 and were revisited during the 1995-1996 field
season. Unfortunately, the recent RAE snow train was not
able to reach Vostok in November 1995; therefore, the RAE
made a decision to operate Vostok only through the
1995-1996 summer season (the station was closed on 22
January 1996 and then reopened in December 1996). As a
result, the U.S. Antarctic Program provided logistical support
to visit Komsomolskaya and Sude from Vostok via the Twin-
Otter aircraft in December.

Both autonomous stations appeared to be working, and
data were downloaded in the field. Examination of the house-
keeping data revealed that both stations had stopped collecting
data in September 1995 due to failure of the charging regulators.
The Vostok magnetometer system performed successfully
through the year, but it was not designed for autonomous opera-
tion; so the equipment was removed and shipped to McMurdo
for storage at the closure of Vostok. The Mimyy magnetometer
system performed through the 1995-1996 nicely and continues
to function. All retrieved data were processed, quality controlled,
and can be requested from the SPRL Web site
http:llwww.sprl. umich.edu/MIST. The standard WDC-A format
1-minute averages are provided to the AGONET Data Analysis
Facility (http://suzago1.ifsi.fra.cnr.it/adaf html).

Already from our newly acquired antarctic data we have
discovered a new type of low-magnitude, long-period mag-
netic pulsations, which appear to be associated only with
northward IMF conditions and are observed in only the win-
ter polar cap. Figure 2A shows an example of these pulsations
observed in the filtered horizontal (H) geomagnetic field com-
ponent variations on 11 July 1995 (data from the Komsomol-

skaya station are not available for this day). These pulsations
are also seen in the D and Z components. We show here a
time interval from 0800 to 1200 universe time (UT) to present
the detailed structure of the pulsations; however, they are
observed during the entire days of 10-12 July. The northward
IMF component measured by the WIND spacecraft was stable
during extended period of time. Note that the IMF variations
show nothing like these pulsations.

The pulsation period (approximately 15-17 minutes) lies
in a lower frequency range of well-known pulsations Pc5, but
the magnitude (approximately 3-5 nanoteslas) is much less
than the Pc5 magnitude. The pulsations are less pronounced at
Sude where we see more high-frequency oscillations; however,
the pulsations appear again at Mirnyy. They are also observed
at South Pole and automatic geophysical observatory P4 at the
same time, but at McMurdo their behavior is similar to what we
observe at Sude (Weatherwax personal communication).

Figure 1. Distribution of the U.S. (designated P#) and British (desig-
nated A#) automatic geophysical observatories (AGO) along with
Russian stations and other permanent observatories in Antarctica.
Magnetic projections of Greenland coastal stations are shown with
triangles, Canadian MACCS project stations (with crosses), and
northern permanent observatories (with squares).
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Figure 2B shows power spectra of these pulsations for
time interval 0630-1230 UT. As seen, the dominant peak of
the approximately 16-minute period appears at all three sites;
some longer period waves are also seen. We checked our
Greenland magnetometer database, but we were not able to
find similar pulsations over magnetically conjugate latitudes
in the summer polar cap. We found a few events with similar

pulsations, however, at high-latitude Greenland stations
which occurred in winter and equinox during northward IMF.
This finding suggests an asymmetric response of the polar
ionospheres during the northward IMF conditions.

Extending our study, we have found a few other similar
pulsation events in the antarctic magnetic data. In each case,
the IMF was northward and stable during an extended period
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respectively, on 11 July 1995. A high-pass filter cutoff period at 2 minutes and a low-pass filter cutoff period at 4 hours were applied to the
ground magnetometer data. B. Power spectra of the H-component from Vostok, Sude, and Mirnyy for the time interval 0630-1230 UT of 11 July
1995. The peaks around 1000 seconds corresponding to the discovered low-magnitude, long-period (approximately 15-17 minutes) pulsations
are evident, as are a number of lower frequency wave components, marked by their approximate period values. (nT denotes nanotesla.)
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of time. These events were identified only during austral win-
ter and equinox; no pulsations show up during the austral
summer. We plan further study of the discovered low-magni-
tude magnetic pulsations, particularly to identify the regions
over which they are observed using data from other high-lati-
tude stations, and to determine their mapping to the outer
magnetosphere using satellite plasma particle data and
appropriate models.

This research was supported by National Science
Foundation grant OPP 93-18766.
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Large-amplitude hydromagnetic waves on open geomagnetic
field lines
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T
he characteristics of large-amplitude Pc5 wave events as
measured in the southern polar cap region are reported in

this article. These events are found to occur simultaneously
over a wide longitudinal separation and, therefore, represent
a new discovery at such high geomagnetic latitudes. The ini-
tial deployment of several of the automatic geophysical
observatories (AGOs) at a geomagnetic latitude of approxi-
mately 80°S has enabled these investigations.

Recent Pc5 wave studies at lower latitudes near the
nominal nightside auroral zone (approximately 65°) have
been reported by Samson et al. (1991, 1992), Ziesolleck and
McDiarmid (1994, 1995), and Wolfe et al. (1994, 1995).
Samson et al. (1991, 1992) calculated discrete resonant wave
frequencies using cavity and waveguide models of the mag-
netosphere and compared them to published observations.
Ziesolleck and McDiarmid (1995), using the CANOPUS mag-
netometer array in Canada, observed frequencies similar to
those of the Samson et al. models. Wolfe et al. (1994, 1995)
reported a large-amplitude Pc5 wave event having a fre-
quency near 3 millihertz (mHz) in the southern auroral
zone. Higher frequency waves, in the Pc4 (approximately
7-14 mHz) and Pcl-2 bands (220 mHz and 525 mHz) were
also found to occur simultaneously with the larger ampli-
tude Pc5 wave.

Wolfe et al. (1994, 1995) suggested that several of these
Pc4-5 discrete wave events could be explained by the model
of Alpert et al. (1993), which would attribute the fundamental
frequency wave to a sudden impulse such as might occur on
the dayside magnetosphere. The higher frequency waves in
association would then represent the spectral response to an
impulse input function in the time domain. Wolfe et al. (1995)
extended this study and found large-amplitude Pc5 waves of

similar frequency in the conjugate area of the Northern
Hemisphere. In summary, these waves were found to occur in
both hemispheres, over a longitudinal extent and from auro-
ral zone to near cusp/ cleft latitudes.

This study explores a higher latitude region in the south-
ern polar cap. For this purpose, a newly established magne-
tometer array in Antarctica is used. Two of the six AGOs have
recently been located at a geomagnetic latitude of 80° sepa-
rated by 25 0 in longitude (AGO-Pi and -P4) under the aus-
pices of the National Science Foundation's polar experiment
network for geophysical upper atmosphere investigations
(PENGUIN) project. Using data from these locations, together
with data from the McMurdo location, we report the occur-
rence and characteristics of three large-amplitude Pc5 wave
events that are found to exist simultaneously over a 75° sepa-
ration in longitude.

Although the fluxgate magnetometer data are recorded
with a 1-second sampling rate, the McMurdo data were deci-
mated to 10-second samples for this initial study. Reported
here are analyses of south-north—component data recorded
on 12 June 1994. This day is characterized as moderately dis-
turbed geo magnetically, having a geomagnetic index daily
sum K=30. Concentrated upon in this article are three 1-hour
intervals beginning at 1200, 2100, and 2300 universal time
(UT). Magnetic local time (MLT) equals UT minus 6.9, 3.7,
and 2.0 hours for McMurdo, P1, and P4, respectively. (This
interval was a portion of one that has been selected as one of
the Scientific Committee on Antarctic Research's AGONET
intervals of special interest.)

Figure 1 shows a 1-hour time plot for the 2300 UT wave
event. The south-north—component traces from the three sta-
tions (McMurdo, P1, P4) show an overall similarity in the
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Figure 1. Magnetic field traces [south-north (H) component] from flux-
gate magnetometers. From top to bottom at 2300 UT, the traces cor-
respond to AGO-Pi, McMurdo (Arrival Heights) and AGO-P4. The
hour shown for 12 June 1994 includes a large-amplitude Pc5 wave
event between 2310 and 2330 UT.

magnetic variations throughout the hour. For the wavelike
variations between about 2310 and 2330 UT, peak-to-peak
amplitudes are largest [15 nanoteslas (nT)] at P1, whereas
they are nearly equal (10 nT) at P4 and McMurdo (especially
between about 2315 to 2324 UT) even though the latter two
stations are separated by about 75 0 in magnetic longitude.

Spectral analyses of the data from the three stations for
this hour reveal several discrete frequencies. A number of
spectral peaks in the Pc5 range are evident in the spectra
shown in figure 2. Prominent ones occur near frequencies of
1.9, 2.8, 4.4, 5.2, and 6.4 mHz. It is especially noteworthy that
all three stations record large and comparable amplitudes
near the 5.2-mHz peak.

Additional large-amplitude wave events are found at dif -
ferent local times on this day (12 June; data not shown here).
For example, an event with frequency approximately 4.5 mHz
occurred between 2100 and 2120 UT. At this time, stations P1
and McMurdo have similar, and the largest, amplitudes
(15-20 nT) whereas P4 shows a smaller amplitude (10 nT). A
third large-amplitude Pc5 wave event (frequency approxi-
mately 5 mHz) occurred just after 1200 UT. This latter event
occurred during local morning at P1 and P4 whereas the first
two events occurred during local afternoon, evening, and
early nighttime hours for all stations.

Figure 3 summarizes several characteristics of the three
measured wave events that have frequencies near 5 mHz.
This summary figure is derived from the hourly power spectra
of south-north-component data. It shows the wave power
spectral density at the discrete frequencies for the three sta-
tions. All events are large-amplitude waves, and the 2300 UT
event has comparable amplitudes over the wide azimuthal
separation from McMurdo to P4.

As noted above for the event in figure 1 and the spectra in
figure 2, additional Pc5 spectral peaks are also found to occur
during these times for the other two events. In the intervals of
the three wave events reported on here, other discrete domi-
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io
0.001
	

0.010	 0.100
Frequency (Hz)

Figure 2. Power spectra of the south-north (H) component data for
the time interval shown in figure 1. Several discrete peaks in the Pc5
frequency range are evident simultaneously at the three locations.
(MM denotes McMurdo.)

nant frequencies occur near 1.9, 2.5, 2.8, 3.1, 3.6, 3.9, 5.6, and
6.4 mHz, depending upon the specific event.

In summary, in the interval analyzed, we find several
dominant Pc5 wave frequencies to occur in the southern
polar cap region near 80° geomagnetic latitude. Higher fre-
quency waves (5.0, 5.6, and 6.4 mHz) are seen simultaneously
at three locations separated by 75° in geomagnetic longitude.
Lower frequencies are also found to occur at one or two of the
locations (1.9, 2.5, 2.8, 3.1, 3.6, and 3.9 mHz). Auroral latitude
studies of Pc5 waves revealed discrete frequencies near 1.3,
1.9, 2.6-2.7, 3.3-3.4 mHz (Ziesolleck and McDiarmid 1994,
1995). The five lowest frequencies reported in this article are
nearly equal to the highest frequencies discussed in the above
references. Such frequencies have recently been predicted
using the cavity, or waveguide, model of the magnetosphere
(Samson et al. 1991, 1992). The observations reported here,
however, are from higher latitudes and occur near the open-
closed magnetic field line boundary.

Evidence for open field lines at the geomagnetic latitude
of McMurdo is provided by observations of 30-40-kiloelec-
tronvolt (Key) electrons that were measured on passes of the
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Figure 3. Power spectral density [south-north (H) component] ampli-
tudes at three locations for three wave events having frequencies
near 5 mHz. Large-amplitude waves are seen simultaneously over a
wide longitudinal separation (75 0) in the southern polar cap region.

low-altitude SAMPEX spacecraft across the Antarctic during
these intervals (for example, during the interval 2321-2330
UT, the spacecraft passed between McMurdo and P1, about
100 east of McMurdo). The electron fluxes, although high in
the auroral zone near latitudes of approximately 69°S,
decreased sharply in intensity above approximately 720S,
indicating open field lines above this latitude. Thus,
McMurdo was on open field lines during the times of the
large-amplitude wave events.

Therefore, it is likely that the considerations of Samson
et al. (1991, 1992) are inapplicable to these events. The theo-
retical treatment by Walker et al. (1993) showed the possibil-
ity of the existence of discrete spectra for low-frequency
ultra-low-frequency (ULF) waves that are generated in the
geomagnetic tail. Such magnetotail oscillations in the Pc5
range could couple onto open field lines to the polar cap
ground stations resulting in spectra such as those reported
here. This possibility requires further examination to under-
stand the existence and nature of such large-amplitude

waves that are observed in the polar cap region over a wide
longitudinal separation.

This work was supported in part by a National Science
Foundation OPP 89-18689 (PENGUIN) grant to the University
of Maryland and subcontracted to Bell Laboratories-Lucent
Technologies. We thank T.J. Rosenberg of the University of
Maryland and the entire PENGUIN team for their collabora-
tion. We are grateful to G. Mason and J. Mazur of the
University of Maryland for the SAMPEX data. We also thank
David S. Sayres of Haverford College for his assistance in soft-
ware development and data processing.
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Infrared radiation studies of the winter marine
antarctic atmosphere

J.L. SIMMONS and K. STAMNES, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775
F. MURCRAY and X. Liu, Department of Physics, University of Denver. Denver, Colorado 80208

S
cientists have only a small data set from which to charac-
terize the austral marine radiation environment. Yet, this

atmosphere/sea-ice/ocean system is a primary component in
the annual global energy budget. The University of Alaska at
Fairbanks in collaboration with the University of Denver con-
ducted a small atmospheric radiation campaign in the Ross,
Amundsen, and Bellingshausen Seas aboard the R/V
Nathaniel B. Palmer in August and September 1995. During a
variety of meteorological conditions, middle infrared emis-
sions of the winter atmosphere were measured with a Fourier
transform infrared (FTIR) spectrometer. The instrument mea-
sures zenith radiance from 550 inverse centimeters (cm- 1 ) to
1,650 cm-' [18 to 6 microns (rim)] with 1-cm- 1 resolution.
This wavelength interval is particularly useful because it con-
tains not only much of the blackbody emission for the cold
polar atmosphere but also major emission bands for such
trace gases as carbon dioxide, ozone, and water vapor.

The instrument was mounted in a portable, insulated
house on the back deck of the Palmer. Each 15-minute mea-
surement sequence viewed the zenith sky emission and two
calibration blackbodies. Weather permitting, the instrument
was operational several hours per day along the cruise track
shown in figure 1. Radiosondes were also launched from the
ship, providing vertical profiles of atmospheric pressure, tem-
perature, and relative humidity to accompany the radiometric
measurements. The upper deck and mast of the ship were
equipped with a standard meteorological equipment package
and a ground-based ultraviolet radiometer (GUy).

Longwave radiation in the clear atmosphere

F
igure 2 is an example of clear-sky emission in the Ross Sea.
Carbon dioxide (667 cm- 1), ozone (1,042 cm- 1 ), and water

vapor (1,595 cm- 1 ) are major contributors to the infrared radi-
ance observed at the sea-ice surface (Lenoble 1993). The
region between the large carbon dioxide band and the water
vapor band is known as an "atmospheric window" (770-1,250
cm- 1 , 8-13 gm). It is relatively transparent but still contains
ozone emission, water-vapor continuum emission, and weak
lines of other trace gases. A second window (360-625 cm-1),
partially captured by the FTIR, is often found in the polar
regions where water vapor is minimal, as seen in figure 2.

the Bellingshausen Sea, are shown in figure 3. Curve A repre-
sents emission from a developing stratus cloud deck.

Palmer Cruise Track

60S

65S

70S	 BELLING-
EN .SEA

ROSS SEA

75S

AAI.11?LIIC,4

180150W -	120W	90W	60W
Figure 1. Map of the cruise track of the RN Nathaniel B. Palmer in
August and September 1995. Each triangle is the site of a radiosonde
launch and the circle marks the location of Palmer Station.
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any cloud types, ranging from thick, low stratus to	 WAVENUMBER (CM-1)

altocumulus rolls, were observed along our cruise track.	Figure 2. Infrared, zenith emission spectrum of a clear atmosphere,

Atmospheric emission received at the surface is greatly Ross Sea (67 0 56S 170056W), 15 August, 23:55 Greenwich mean
time, measured by the FTIR. The near surface temperature wasincreased with the presence of clouds, which close the atmos-	approximately -16°C. (W/M 2 SR CM- 1 denotes watts per meter

pheric windows. Two cloudy emission spectra, recorded in	squared per inverse centimeter.)
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Figure 3. Infrared, zenith emission spectra under two cloudy-sky
cases. Curve A was recorded in the Bellingshausen Sea (68048S
90038'W) 5 September under a developing stratus cloud. Curve B
was recorded in the same location 1.5 hours later under a low, pre-
cipitating cloud. The near-surface temperature also increased from
-15.5 0C to -12.2°C during this period. (W/M 2 SR CM- 1 denotes
watts per meter squared per inverse centimeter.)

Although many of the trace-gas emission lines in the 8-13-p.m
atmospheric window are now obscured, the ozone emission
feature is still present. Future radiative transfer calculations
will be used to determine if this contribution comes from
stratospheric ozone above the cloud or tropospheric ozone
below the cloud base (Lubin and Gautier 1992).

Curve B, observed 1.5 hours after curve A in the same
location, is emission from a snowing cloud. The snow cloud
radiates nearly like a blackbody and doubles the surface radi-
ance measured under a clear sky. These two spectra highlight
the dramatic effect of clouds on longwave surface radiation.
Clouds must be characterized correctly in modeling exercises
in order to obtain accurate values of surface radiance. As an
example, models often treat clouds as black or gray emitters.
Preliminary analysis of our data and the observations of
Lubin (1994) at Palmer Station suggest that precipitating mar-
itime antarctic clouds have emissivities very close to unity,
but that cloud types, such as the stratus shown in curve A, fig-
ure 3, have emissivities less than unity.

C
urrently, we are performing error analysis on the spectra.
When this task is complete, we will begin a cloud radia-

tive properties study, which involves determining cloud emis-
sivity and optical depth from the observed emission spectra
and radiative transfer computations. Further, we hope to
extract cloud microphysical properties following the methods
developed by Lubin and other collaborating universities. In
addition to quantifying these cloud parameters, we will per-
form trace-gas emission and abundance studies of the late
winter, marine atmosphere.

Small field campaigns and cooperative investigations
between many universities and geophysical disciplines will
benefit the advancement of antarctic science. We hope our
FTIR and supplementary data will complement radiometric
measurements made in the interior plateau at Amundsen-Scott
South Pole Station (Walden 1995) and the coastal Palmer
Station (Lubin 1994) and assist in quantifying the longwave
radiation budget across the entire antarctic region.

We would like to thank Martin Jeffries, sea-ice researcher
at the University of Alaska at Fairbanks, for inviting us to par-
ticipate in his dedicated cruise on the R/V Nathaniel Palmer.
We would like to thank the Atmospheric Technology Division
at the National Center for Atmospheric Research for providing
us with the radiosonde system and support and the Antarctic
Support technicians for their assistance during the cruise.

This work was supported by National Science
Foundation grant OPP 95-23260 to the University of Alaska at
Fairbanks.
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Support and services

Support Office for Aerogeophysical Research (SOAR):
West antarctic field activities (1994-1996)

THOMAS G. RICHTER, JEFFREY L. WILLIAMS, and DONALD D. BLANKENSHIP, Institute for Geophysics, University of Texas,
Austin, Texas 78759

ROBIN E. BELL, Lamont-Doherty Earth Observatory, Palisades, New York 10964

irborne research platforms are well suited to the study of
A.Earth processes in remote regions. The mission of the
Support Office for Aerogeophysical Research (SOAR), a facili-
ty of the National Science Foundation's Office of Polar
Programs (NSF/OPP), is to make airborne geophysical obser-
vations available to the broad research community of geolo-
gy, glaciology, and other sciences. The Institute for
Geophysics at the University of Texas at Austin, Lamont-
Doherty Earth Observatory of Columbia University, and the
Geophysics Branch of the U.S. Geological Survey have the
major responsibilities for SOAR. SOAR's central offices are
located in Austin, Texas.

SOAR was chartered by a cooperative agreement between
the National Science Foundation and the University of Texas at
Austin. The facility goal is to develop, maintain, and operate a
suite of geophysical systems aboard a Twin Otter aircraft for
research in Antarctica. Much of the equipment, staff, and expe-
rience for SOAR were drawn from the Corridor Aerogeophysics
of the Eastern Ross Transect Zone (CASERTZ) science project
which developed this capability for the Twin Otter (Behrendt et
al. 1994; Bell et al. 1993, pp. 571-577; Blankenship et al. 1993;
Brozena et al. 1993).

The SOAR research aircraft provides a unique platform
for the simultaneous collection of geophysical and navigation
data. The geophysical instrumentation includes a gravimeter,
magnetometer, laser altimeter, and ice-penetrating radar. The
positioning instrumentation consists of single-frequency
global positioning system (GPS) receivers for navigation,
dual-frequency GPS receivers for postprocessed positioning
(allowing differential carrier phase positioning), an inertial
navigation system for aircraft attitude, and a precision pres-
sure altimeter (table). The survey aircraft is a De Havilland
DHC-6 Twin Otter modified to accommodate the geophysical
and navigational equipment. The most visible modifications
are large wing-mounted radar antennas below the wings and
the towed magnetometer sensor "bird" stowed below the aft
fuselage (figure 1).

Along with the hardware suite, robust data-acquisition
and quality-control systems have been developed by SOAR.
Measurements from each geophysical system are tagged with

GPS time and recorded to disk. Continuous GPS positioning
data are collected independently of the main acquisition sys-
tem throughout each flight. Ground-based instrumentation
collects magnetics observations and information on the GPS
constellation. Data from each flight are downloaded and

Summary of geophysical and navigation equipment car-
ried aboard the SOAR aircraft during the 1994-1 996 field
seasons

Gravimeter	Modified Bell BGM-3 gravimeter
Gyro-stabilized accelerometer
Damping circuitry modified for airborne use
Track-line sampling distance approximately

70 meters
Precision of a few milligals

Magnetometer	Proton-precession magnetometer
Towed 30 meters below aircraft
Track-line sampling distance approximately

100 meters
Better than 1 nanotesla precision

Ice penetrating radar Pulsed, 60-megahertz ice-penetrating radar
10 kilowatts peak power
2,000 digitized sweeps stacked
Track-line sampling distance approximately

20 meters

Laser altimeter	Diode-pumped YAG laser
1.7 kilowatts peak power
Operating limit in excess of 1,500 meters
Single pulse accuracy approximately 0.1

meter
Track-line sampling distance approximately

8 meters
Surface elevations repeatable to within 0.25

meter when combined with GPS data

Navigational systems Carrier-phase differential GPS
Laser-gyro inertial navigation system
Precision pressure altimeter
Combined system resolution of

approximately 0.1 meter
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quality checked within a
few hours of landing, allow-
ing detection and correc-
tion of equipment malfunc-
tions with minimal disrup-
tion to the survey schedule.

As an NSF facility,
SOAR's fundamental goal is
to meet the experimental
objectives of its client sci-
ence projects. Presently,
SOAR has two clients work-
ing under separate propos-
als: a collaborative West
Antarctic Ice Sheet Project
and the University of Wis-
consin-Madison. The sci-
ence objectives of these
researchers require SOAR to
complete an aerogeophysi-
cal survey of a 200,000-
s 4uare-kilometer region
with an orthogonal survey
grid and a 5.3-kilometer
line spacing. This work started during the	(a)
1994-1995 antarctic summer field season and will
be completed in the 1996-1997 season.
Ultimately, three adjacent regions are to be cov-
ered (figure 2):

the divide of the west antarctic ice sheet that
overlies the Byrd Subglacial Basin (BSB on fig-
ure 2),

• the onset of ice stream D that overlies the
lithospheric accommodation zone between
the Byrd Subglacial Basin and the interior
Ross embayment (WAZ on figure 2), and

• the trunk of ice stream D in the interior Ross
embayment (TKD on figure 2).

For the 1994-1995 and 1995-1996 seasons,
SOAR was based at Byrd Surface Camp. During
these two seasons, the surveys of the BSB and

(b)WAZ were completed with a total of 120 survey
flights gathering 67,000 line-kilometers of data.
During its first field season, SOAR completed 32
survey flights in BSB. The second season
(1995-1996) was much more ambitious, and 88
survey flights were completed. For 1995-1996, the
sustainable rate for typical 4-hour survey flights

Figure 2. SOAR survey areas for the 1994-1996 field
seasons shown on surface and bedrock topography of
central West Antarctica (South Pole at upper right cor-
ner). The three targets are outlined with blocks: Byrd
Subglacial Basin (BSB), the Whitmore Accommodation
Zone (WAZ), and the trunk of ice stream D (TKD). A.
Survey areas on the ice surface map. B. Survey areas on
the bedrock topography map.

Figure 1. The SOAR aircraft configured for survey operations. Note the radar antenna under each wing and the
towed magnetic sensor stowed underneath the tail of the aircraft.
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was 2.5 to 3.0 flights per day with approximately 1 day of bad
weather every 3 days. During this season, SOAR maintained
around-the-clock flight operations with one scheduled break
per day to avoid collecting magnetics data during the worst of
the diurnal geomagnetic field instabilities. GPS satellite visibil-
ity was good all of the time and did not pose a constraint on
flight scheduling. For 1996-1997, the SOAR base-of-operations
will be Siple Dome Camp. Seventy-two survey flights are
planned to complete the West Antarctic Ice Sheet and
University of Wisconsin Projects.

Following each field season, the data for the year are orga-
nized and distributed to the client investigators. Currently, the
data provided are raw, unprocessed instrument readings with
time stamps. Starting with the 1997-1998 field season, SOAR
will begin to provide various levels of processed products.

The SOAR facility has large and diverse logistical require-
ments and was assisted by individuals and organizations in its
field preparations and deployments. Operation and mainte-
nance of the Twin Otter survey aircraft were provided by
Kenn Borek Air, Ltd., through a contractual agreement man-
aged by Antarctic Support Associates (ASA). ASA and the
Naval Support Force Antarctica (NSFA) provided on-site
management and support at Byrd Surface Camp. The Bell
BGM-3 airborne gravimeter was on loan from the Naval
Oceanographic Office. GPS receivers were supplied by the

University Navigation Consortium (UNAVCO) and the
National Aeronautics and Space Administration. Cargo sup-
port was provided by a number of groups and was coordinat-
ed by Lee Degalen for the NSF at Port Hueneme, California.
SOAR would like to recognize the invaluable contributions to
its success by these persons and organizations.

The Support Office for Aerogeophysical Research is fund-
ed by the National Science Foundation under Cooperative
Agreement OPP 91-19379.
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Undergraduate research initiative: Antarctic marine geology
and geophysics

EUGENE W. DOMACK, Hamilton College, Clinton, New York 13323

A
new initiative for undergraduate research in Antarctica
was begun in 1996 with the establishment of a Research

Experience for Undergraduates (REU) site at Hamilton
College. Although undergraduate participation in antarctic
fieldwork and research has been conducted for a number of
years, no formal organization of undergraduate participation
was in place outside of those institutions that normally con-
duct antarctic science. The purpose of this program was to
allow undergraduate students from institutions across the
country to become involved in antarctic scientific work
aboard U.S. Antarctic Program vessels.

The program began with national advertisement in EOS,
Transactions of the American Geophysical Union and a mail-
ing to all geology departments in the country. Approximately,
100 letters of interest were entertained and, of these, about 50
resulted in applications for participation. Students were
selected based on letters of support, academic standing, and
willingness of a home institution sponsor to coordinate the
student research. Students were matched with principal
investigators from those programs that were awarded

National Science Foundation, Office of Polar Programs, grants
to work on U.S. Antarctic Program vessels (table). Available
space, research needs, and student background were all
important considerations in selecting students. Six students
were selected for the 1995-1996 field season and two students
were selected for the 1996-1997 season (table).

All students (figure 1) participated in a week-long seminar
at Hamilton College that was taught with help from Matt Kirby
(a past REU participant who now teaches science at Canisius
High School, Buffalo, New York), Scott Ishman (U.S. Geological
Survey, Reston, Virginia), and Stephanie Shipp (Rice University,
Houston, Texas). During the seminar, REU students were given
a chance to learn about the antarctic region through discus-
sions and exercises on geography, oceanography, marine geol-
ogy, glaciology, meteorology, and paleoclimate (figure 2). This
program followed the outline of a similar course that has been
offered at Hamilton College since 1987. Logistical information
was also reviewed at this time, and students were given some
preliminary information on their cruise objectives, methodolo-
gies, and expected shipboard behavior.
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1995-1996 field season
Matt LoPiccolo
Seth Haines
Koreen Mielke

Melissa Feldburg
Karl Anderson

Amelia Shevenell

E. Domack	D. Karl/Polar Duke
P. Manley	L. BarteklPalmer
W. Mode	L. Bartek/Palmer

S. O'Connell	S. Cande/Palmer
E. Cobabe	S. Cande/Palmer

E. Domack	L. Lawyer/Palmer

U

H
1996-1997 field season
Erik Jacobsen	E. Domack	R. Dunbar/Palmer
Ward Lyles	 P. Manley	S. Cande/Pa/mer	M

Figure 1. REU students and instructors at Hamilton College, August
1995. Left to right, Matt Kirby (Canisius High School, New York),
Melissa Feldburg (Wesleyan University, Connecticut), Matt
LoPiccolo (Hamilton College), Seth Haines (Middlebury College),
Eugene Domack, Koreen Mielke (University of Wisconsin-Oshkosh),
Amelia Shevenell (Hamilton College), and Karl Anderson (University
of Massachusetts).

Cruises took place aboard the R/V Polar Duke and R/V
Nathaniel B. Palmer (table) across regions that varied from
the Bransfield Strait (L. Lawyer) to the Ross Sea (L. Bartek).
Postcruise research took place at the home institutions and
involved data collected during the cruise or previously col-
lected marine geologic data. Projects ranged from multibeam
imaging of seamounts in the Amundsen Sea (M. Feldburg) to
paleoclimate records in glacial marine sediments of the
Antarctic Peninsula (A. Shevenell). Early indications are that
the program was a great success due in large part to the coop-
eration between principal investigators, home sponsors, and
the support staff at Antarctic Support Associates. Preliminary
publications are listed at the end of this article.

This program was supported by National Science
Foundation grant OPP 94-18153 to Hamilton College. We

Figure 2. Classroom instruction at Hamilton College prior to antarc-
tic field season, assisted by Stephanie Shipp (far right).

acknowledge the support of the prin-
cipal investigators (Steve Cande, Lou
Bartek, Larry Lawyer, Dave Karl, and
R. Dunbar) and home institution
sponsors (Patricia Manley, William
Mode, Suzanne O'Connell, and
Emily Cobabe).

Hamilton College
Middlebury College
University of

Wisconsin-Oshkosh
Wesleyan University
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Massachusetts	 water cycles in Andvord Bay, Ant-
3mllton College	 arctica: Evidence of high frequency

paleoclimatic fluctuations. (B.A. the-
milton College	 sis, Hamilton College, Clinton, New

iddlebury College	 York.)
LoPiccolo, M. In preparation. Produc-

tivity and meltwater cycles in
Andvord Bay, Antarctica. Sedimen-
tology.

Shevenell, A.E. 1996. Record of Holocene paleoclimatic change along
the Antarctic Peninsula: Evidence from glacial marine sediments,
Lallemand Fjord. (BA. thesis, Hamilton College, Clinton, New York.)

Shevenell, A.E., and E.W. Domack. In preparation. Record of
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Evidence from glacial marine sediments, Lallemand Fjord. In M.
Banks and M.J. Brown (Eds.), Climate of the Southern Hemisphere
(Special publication). Tasmania: Royal Society of Tasmania.
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Straten, B.T. 1996. Evidence for gravity flows as sediment transport
systems from high resolution seismic reflection data and piston
cores taken from Admiralty Bay, King George Island, Antarctica.
(B.A. thesis, Hamilton College, Clinton, New York.)

Undergraduate participants in 1995-1996 and 1996-1997antarctic field seasons

Publications resulting from
this program
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The geodesy and mapping program of the United States in
Antarctica

JERRY L. MULLINS and LARRY D. HOTHEM, U.S. Geological Survey, Reston, Virginia 22092

T
he National Science Foundation (NSF) through the U.S.
Geological Survey (USGS) supports geodesy and mapping

in Antarctica. During the 1995-1996 season, the USGS direct-
ed its antarctic geodesy and mapping program toward man-
agement of the global positioning system (GPS) base station
at McMurdo, the establishment of GPS geodetic control,
topographic and satellite image mapping, seismology, man-
agement of the Scientific Committee on Antarctic Research
(SCAR) Library for Geodesy and Geographic Information, and
the publication of a new antarctic gazetteer.

The USGS continued its management of the International
GPS Geodynamics Service (IGS) geodetic station at McMurdo
station. The station, named MCM4, is located at the Radarsat
facility. A Turbo Rogue 8000 receiver capable of obtaining cen-
timeter-level positional accuracy is operated at the station.
The data support activities such as improving and extending
the International Earth Rotation Service Terrestrial Reference
Frame, monitoring deformation of the solid Earth, variations
in sea level, ice sheets, and monitoring the ionosphere.

The USGS participated in the SCAR Epoch 96 continent-
wide GPS campaign conducted between 20 January and 10
February 1996. The campaign connected antarctic GPS geo-
detic stations to stations on other continents as part of a geo-
detic network for geodynamics investigations. Also, the cam-
paign connected rock-based stations to the global
International Terrestrial Reference Frame. During the cam-
paign, the USGS operated GPS stations at McMurdo Station
and Amundsen-Scott South Pole Station. These geodetic data
will be used to study geodynamics affecting the Antarctic and
adjoining tectonic plates.

The USGS's geodetic field crew established geodetic con-
trol in the Shackleton Glacier area. The geodetic control will
be used to support large-scale mapping of Vinson Massif and
Bennett Platform. Also, USGS conducted geodetic surveys on
Ross Island, White Island, Cape Roberts, and Marble Point
and to the tide gauge at Cape Roberts. This geodetic network
will assist in defining a sea-level tide datum for the McMurdo
Sound area.

In January 1995, USGS surveyors conducted a geodetic
survey to establish the position of the true South Pole (geo-
detic marker) at Amundsen-Scott South Pole Station. Using
this season's observations and data from previous surveys, it
has been determined that the ice sheet at the South Pole
moves 9.98 meters per year in a northwesterly direction. The
team installed a permanent brass marker identifying the
1995-1996 austral summer position.

Cheryl Hallam managed the digital cartography and geo-
graphic information system (GIS) program at McMurdo
Station during the summer season. The program provided

assistance to the automatic geophysical observations project,
long-duration balloon program, the ecology and physiology
of sea-ice brine microalgae, South Pole inland traverse, and
the long-term ecological research project. Researchers' data
were incorporated into a digital database where they became
available for integration using GIS analysis.

The USGS's mapping program includes 1:50,000-scale
topographic maps for areas in the McMurdo Dry Valleys. The
mapping is being conducted in cooperation with the Land
Information New Zealand. Under this cooperative program,
the USGS obtains the aerial photographs, establishes the geo-
detic control, and performs the aerotriangulation. New
Zealand performs the stereocompilation, collects digital carto-
graphic data, prepares the shaded relief data, and provides
color separates. The USGS will print the maps. The maps cover
the Taylor and Wright Valleys, the Convoy Range, and Royal
Society Range in the McMurdo Dry Valleys area. These
1:50,000-scale, 15-minute topographic maps have 50-meter
contour intervals and 25-meter supplemental contours. The
maps will include existing and new place names approved by
the U.S. Board on Geographic Names (BGN). Five maps cover-
ing part of the Royal Society Range were published in August
1993 and seven additional maps will be published in 1997.

The USGS published the second version of the advanced
very-high-resolution radiometer digital image map of
Antarctica at 1:5,000,000 scale. This version contains contour
data, permanent station locations, and BGN place names.
This map was printed in July 1996. Also, a large-scale pho-
tomap of McMurdo Station was published in November 1995.

The USGS's South Pole seismic program continued
operation during the 1996 austral winter season. The seismic
station serves as a key station in the Worldwide Standardized
Seismograph Network. These data are used by the USGS
National Earthquake Information Center to help locate
earthquake epicenters and origin times for seismic wave
propagation.

The USGS manages the SCAR geodesy and geographic
information library for the U.S. Antarctic Program. The library
is the official depository and distribution point for antarctic
photographic and cartographic products produced by the
United States. The library has approximately 450,000 black-
and-white and color aerial photographs of the Antarctic dat-
ing from Operation Highjump (1946-1947) through the 1995
field season. The library also houses geodetic control records,
satellite images, maps, charts, and publications. These maps,
charts, and publications are exchanged with other nations
under the provisions of the Antarctic Treaty.

A new edition of the U.S. antarctic gazetteer, Geographic
Names of the Antarctic, containing approximately 13,000 offi-

ANTARCTIC JOURNAL - REVIEW 1996
267



cial decisions of the BGN was published in November 1995. It
was compiled and edited by Fred G. Alberts. The gazetteer
catalogs decisions made through 1994 in the same format as
the 1980 edition, including name, geographical coordinates,
descriptive text, and reason for naming. As in the 1980 edi-
tion, variant (unofficial) names will appear as cross-refer-
ences to the official entry. All variant names will also be listed
along with the related official name.

In parallel with publication as a textual reference, the
information in the new gazetteer was converted to a digital
database as part of the Geographic Names Information
System (GNIS) of the United States. The digital file will be
released in the near future to the Internet as a digital gazetteer
with software for searching and analyzing the data.

These programs were funded by National Science
Foundation grant OPP 91-14787.

Subsurface soil temperature measurements at McMurdo
Station, Antarctica

MARK A. TUMEO, Department of Civil and Environmental Engineering, University ofAlaska Fairbanks, Fairbanks, Alaska 99775
MARK A. CUMMINGS, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

O
ver the past 20 years as the U.S. antarctic research effort
has expanded, McMurdo Station, the main U.S. facility in

Antarctica, has grown in size and complexity. The increased
activity at McMurdo has meant an increase in the introduc-
tion of hydrocarbon contaminants through fuel spills on the
ice and soil around the station.

When considering movement of fuel spills in an area
where the soil freezes intermittently (called the active layer) or
has a permanently frozen layer (called permafrost), under-
standing the freeze-thaw patterns of the soil is essential.
Freeze-thaw cycles greatly affect contaminant movement
through the processes of exclusion and immobilization
(Iskandar and Jenkins 1985; Zukowski, Tumeo, and Lilly 1989;
Zukowski and Tumeo 1991; Tumeo and Davidson 1993).

Because soil temperatures in or around McMurdo
Station have not been measured, the depth to permafrost or
the nature of the active layer was not known. To gain this
information, a string of thermistors was installed at the site
of an accidental fuel release near the J-1 fuel storage tank at
McMurdo. This article reports on the subsurface tempera-
tures found at the spill site and their potential effects on
contaminant migration. This project was part of a 3-year
study to address fundamental questions that surround the
analysis of hydrocarbon contamination movement in polar
regions.

Site description and methodology

I
n mid-February 1991 during a transfer of fuel from tank J-
2 to J-1, approximately 11,400 liters of JP-8 was spilled at

a site located in the pass between McMurdo Station and
Scott Station on Ross Island. In 1993, this spill site was
selected as a study site to track the movement of the conta-
minant plume.

Grain size distribution (ASTM sieve method), percent
organics (loss on ignition), and hydraulic conductivity (auger
hole method) were used to characterize the soil conditions

around the spill site. On 24 January 1994, a thermistor string
was installed 120 centimeters (cm) into the ground near the
spill to measure seasonal temperature changes in the soil
subsurface. Before installation, each thermistor was calibrat-
ed to within ±0.3 1 of 0°C in an ice bath. During installation,
ice-rich frozen ground was encountered at a depth of approx-
imately 25 cm. Eight thermistors were mounted at the follow-
ing depths from the soil surface: 10.2, 20.3, 30.5, 40.6, 61, 81.3,
101.6, and 121.9 cm. Temperature measurements have been
taken weekly since the thermistors were installed.

Results

Soil characterization. The soil around McMurdo and the
spill site is basically crushed volcanic rock. Permeability
and particle-size distribution indicate the soil is a silty-
sand material with an average particle size of about 2 mil-
limeters and a hydraulic conductivity of about 10-3 cm per
second. Virtually no organic matter (less than 0.6 percent
as measured by loss-on-ignition test) is present.

The major source of smaller particles is human activity
(heavy equipment used in the support of McMurdo Station
and related activities). Particle-size distributions for soil
collected from the first 15-cm and from 115-cm indicate a
poorly sorted, or well-graded, material. The surface soil is
slightly more coarse than the deeper soil, consistent with
the theory that the fines migrate downward with infiltrat-
ing surface water.
Soil temperature profiles. The table contains the soil tem-
peratures measured with depth at the spill site from
January 1994 through July 1996 (30 months). The figure
shows the temperature profile for the top 30.5 cm of the
soil profile.

The data collected to date indicate that the permafrost
layer is approximately 10 cm below the surface. Cores
taken in the area show that ice-rich permafrost occurs at
23.4 cm below the surface.
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Soil temperatures measured at McMurdo Station, January 1994 through July 1996
NOTE: nd denotes no data.

01/27/94	-1.6	-1.9	-2.2	-2.5	-3.0	-3.8	-4.5	-5.2

02/04/94	-4.0	-4.1	-4.0
	-4.1	-4.2	-4.7	-5.3

	
-5.8

02/11/94
	-6.7	-6.1	-5.7

	-5.4	-5.1	-5.4
	-5.8
	-6.2

02/19/94
	-8.5
	-7.6
	-7.2
	-6.7
	

-6.5
	-6.7	-7.0

	-7.1

02/25/94
	-12.6
	-11.6
	-10.9
	-10.3
	-9.1	-8.9

	-8.7
	-8.4

03/03/94	-16.9	-15.5
	-14.4	-13.6

	-12.4	-11.5
	-10.9
	-10.4

03/11/94
	-17.1
	-16.7
	-16.4	-16.1	-15.2	-14.5

	-13.8
	-13.1

03/18/94
	-19.7
	-18.4	-17.4

	-16.7
	-15.5
	-14.8
	-14.3	-13.9

03/25/94
	-21.3	-20.8

	-20.3
	-19.8	-18.6

	-17.5
	-16.6
	-15.8

04/01/94
	-19.2	-19.5	-19.4	-19.3	-18.7	-18.0

	-17.4	-16.8

04/08/94
	

-16.6
	-17.9
	-18.4
	-18.6
	-18.4
	-17.9
	-17.5
	-17.0

04/15/94	-19.1
	-18.3	-17.7	-17.4	-16.8	-16.6	-16.5

	-16.3

04/22/94
	-21.3	-20.3	-19.5	-18.8

	-17.9
	-17.4	-17.1	-16.8

04/29/94
	-22.9
	-21.9
	-21.1
	-20.6
	-19.6
	-19.0
	-18.6
	-18.1

05/06/94
	-22.6
	-22.7	-22.5

	-22.3
	-21.5
	-20.8
	-20.1	-19.5

05/13/94
	-26.8
	-25.0
	-23.7	-22.8

	-21.6
	-20.9
	-20.4	-19.9

05/21/94
	-25.7	-25.7	-25.5

	-25.3
	-24.5
	-23.8
	-22.9	-22.2

05/31/94
	-29.6
	-28.6
	-27.8
	-27.1
	-26.0
	-25.1
	-24.3
	-23.6

06/03/94
	-30.6
	-29.4	-28.4	-27.7	-26.5

	-25.5
	-24.8
	

-24.0

06/10/94
	-22.8
	-22.8
	-22.8
	

-23.0
	-23.2
	-23.5	-23.5

	-23.3

06/17/94
	-21.7	-23.0

	-23.6
	-24.1
	-24.2
	-24.0
	-23.7
	-23.2

06/24/94
	-26.6
	-25.8
	-25.1	-24.6	-23.7

	-23.1	-22.7	-22.4

07/02/94
	-23.7	-24.3	-24.5	-24.6

	-24.3	-23.9	-23.5
	-23.0

07/09/94
	-26.9	-26.4	-25.9	-25.6	-25.0

	-24.4	-24.0
	-23.5

07/18/94
	-23.0	-22.6	-22.3	-22.2	-22.1	-22.5	-22.9	-22.9

07/22/94	-26.0
	-25.8
	-25.3
	-24.9
	-24.1
	-23.5
	-23.2
	-22.9

07/30/94
	-27.9
	-27.2	-26.7	-26.3	-25.6

	-25.2
	-24.7
	-24.2

08/05/94	-30.9
	

-30.0
	-29.3
	-28.6
	-27.3
	-26.5
	-25.8
	-25.2

08/15/94
	-31.8
	-30.6
	-29.6
	-28.9
	-27.7	-26.9

	-26.4
	-25.8

08/20/94
	-33.1	-32.7	-32.0	-31.4

	-30.2	-29.3
	-28.5	-27.7

08/30/94
	-22.2	-23.9

	-24.9	-25.7
	-26.6
	-27.1
	-27.3
	-27.1

09/06/94
	-29.6
	-28.4	-27.6

	-27.0
	-26.1
	-25.6
	-25.4
	-25.1

09/13/94	-30.0
	

-29.8
	-29.4
	-29.1
	-28.2
	-27.5
	-27.0
	-26.5

09/20/94	-29.3
	

-29.6
	

-29.6
	-29.5
	-28.9
	-28.4	-27.9

	-27.3

09/26/94
	-28.8
	-28.5	-28.2

	-28.1
	-27.8
	-27.6	-27.3	-27.0

10/05/94
	-21.8	-21.6	-21.5

	-21.9
	-22.6
	-23.6
	-24.4	-24.7

10/11/94
	-19.6
	-20.2
	-20.5	-20.8

	-21.2	-21.9
	-22.4
	-22.6

10/19/94
	-20.9	-21.4	-21.6	-21.9	-22.2

	-22.5
	-22.8
	-22.8

10/25/94	-19.4	-19.4	-19.4	-19.5	-19.9
	-20.5
	-21.1	-21.4

11/01/94	-14.0	-15.7	-16.6
	-17.5
	-18.4	-19.4

	-20.0
	-20.4

11/08/94
	-8.9
	-11.5	-12.8	-13.8	-14.9

	-16.2	-17.3
	-17.9

11/14/94
	-8.3
	-9.0	-9.5

	-10.3	-11.7	-13.4
	-14.8
	-15.6

11/22/94	-9.0
	-9.5
	-9.7	-10.1

	-10.6
	-11.8	-12.9

	-13.7

11/29/94
	-9.0
	-9.2
	

-9.3
	-9.8	-10.6	-11.7	-12.7

	-13.3

12/06/94	-4.1
	-5.5	-6.2

	-7.1
	-8.3
	-9.7	-10.9

	-11.7

12/12/94	-0.6
	-2.0	-3.0

	-4.1	-5.8	-7.6
	-9.0
	-10.0

12/20/94	-0.1
	-1.4	-2.2	-3.0

	-4.5
	-6.1
	-7.6
	-8.5

12/27/94	-0.6
	-1.4	-2.0

	-2.8
	-4.0
	

-5.5
	-6.7
	-7.7
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Soil temperatures measured at McMurdo Station, January 1994 through July 1996 (Continued)
NOTE: nd denotes no data.

01/03/95	-0.9	-1.0	-1.5	-2.2	-3.4	-4.8	-6.1	-7.0
01/10/95	-0.2	-1.1	-1.7	-2.4	-3.3	-4.6	-5.6	-6.4
01/17/95	-0.7	-1.4	-1.8	-2.3	-3.1	-4.3	-5.3	-6.0
01/23/95	-0.8	-1.3	-1.7	-2.2	-3.0	-4.1	-5.1	-5.7
01/31/95	-1.0	-1.4	-1.8	-2.3	-2.9	-4.0	-4.8	-5.5
02/06/95	-2.3	-2.6	-2.7	-3.0	-3.2	-4.0	-4.8	-5.3
02/14/95	_.77	-6.8	-6.1	-4.8	-5.1	-5.2	-5.5	-5.7
02/21/95	-6.2	-6.9	-7.0	-7.1	-7.0	-7.0	-7.1	-7.0
02/28/95	-9.5	-9.5	-9.2	-8.8	-7.9	-7.5	-7.4	-7.4
03/07/95	-11.6	-11.2	-10.8	-10.5	-9.8	-9.4	-9.1	-8.9
03/14/95	-17.2	-15.8	-14.8	-14.1	-12.8	-16.0	-11.2	-10.6
03/21/95	-20.2	-19.1	-18.1	-17.3	-15.7	-14.5	-13.7	-13.0
03/28/95	-18.0	-18.1	-17.9	-17.8	-17.1	-16.5	-15.9	-15.2
04/04/95	-22.6	-21.6	-20.8	-20.1	-18.9	-18.0	-17.3	-16.5
04/12/95	-18.4	-19.1	-19.4	-19.6	-19.5	-19.2	-18.7	-18.1
04/18/95	-23.3	-21.8	-20.8	-20.0	-18.9	-18.2	-17.8	-17.4
04/25/95	-29.5	-27.6	-26.3	-25.2	-23.4	-21.9	-20.7	-19.7
05/02/95	-29.5	-28.5	-27.5	-26.6	-25.1	-23.8	-22.8	-21.9
05/08/95	nd	-23.4	-23.4	-23.4	-23.1	-22.9	-22.6	-22.1
05/16/95	-24.2	-24.7	-24.5	-24.2	-23.4	-22.8	-22.3	-21.8
05/23/95	nd	-28.8	-28.1	-27.5	-26.1	-24.9	-24.0	-23.4
05/31/95	-30.8	-29.2	-28.1	-27.3	-25.9	-24.9	-24.2	-23.6
06/06/95	-24.2	nd	-25.3	-25.6	-25.8	-25.5	-25.1	-24.6
06/13/95	-26.5	-26.3	-26.1	-25.9	-25.5	-25.2	-24.8	-24.2
06/20/95	-28.1	-27.5	-26.8	-26.2	-25.2	-24.6	-24.1	-23.7
06/27/95	-23.5	-23.4	-23.3	-23.4	-23.5	-23.7	-23.8	-23.6
07/04/95	-21.7	-22.2	-22.4	-22.6	-22.7	-22.8	-22.8	-22.7
07/11/95	-28.4	-27.6	-26.8	-26.2	-25.1	-24.2	-23.6	-23.1
07/18/95	-25.0	-26.4	-26.7	-26.8	-26.2	-25.6	-25.0	-24.4
07/25/95	-27.3	-26.9	-26.4	-26.1	-25.5	-25.0	-24.6	-24.2
08/01/95	-24.7	-25.2	-25.3	-25.5	-25.6	-25.5	-25.3	-24.9
08/08/95	-24.5	-24.7	-24.6	-24.7	-24.7	-24.7	-24.7	-24.5
08/15/95	-20.9	-23.5	-24.7	-25.5	-25.8	-25.6	-25.2	-24.8
08/22/95	-24.1	-25.2	-25.5	-25.6	-25.2	-24.9	-24.6	-24.2
08/29/95	-30.1	-29.0	-28.1	-27.4	-26.2	-25.3	-24.7	-24.3
09/05/95	-33.2	-31.9	-30.8	-29.9	-28.5	-27.4	-26.6	-25.9
09/12/95	-33.2	-32.7	-32.0	-31.3	-30.0	-28.9	-28.1	-27.4
09/19/95	-26.0	-25.6	-25.3	-25.2	-25.0	-25.1	-25.3	-25.3
09/26/95	-22.2	-22.6	-22.8	-23.0	-23.1	-23.6	-24.0	-24.1
10/03/95	-18.9	-19.7	-20.2	-20.7	-21.5	-22.3	-22.8	-23.0
10/10/95	-20.5	-20.8	-20.8	-21.0	-21.2	-21.7	-22.0	-22.2
10/17/95	-15.6	-16.8	-17.6	-18.4	-19.5	-20.5	-21.2	-21.7
10/24/95	-17.6	-18.1	-18.3	-18.6	-18.9	-19.5	-20.0	-20.2
10/31/95	-17.1	-17.2	-17.3	-17.6	-18.0	-18.8	-19.3	-19.5
11/07/95	-14.0	-15.0	-15.4	-15.9	-16.5	-17.4	-18.2	-18.5
11/14/95	-9.2	-10.4	-11.1	-12.0	-13.4	-14.9	-16.1	-16.7
11/21/95	-8.4	-8.8	-9.3	-10.0	-11.3	-12.7	-13.9	-14.6
11/28/95	-4.1	-4.8	-5.6	-6.6	-8.3	-10.1	-11.6	-12.6
12/05/95	-1.4	-2.4	-3.3	-4.5	-6.1	-8.0	-9.5	-10.5
12/12/95	-0.8	-2.0	-2.7	-3.6	-5.0	-6.7	-8.2	-9.1
12/19/95	-1.7	-1.7	-2.1	-2.7	-4.0	-5.6	-7.0	-7.9
12/26/95	1.0	-0.2	-1.1	-2.0	-3.3	-4.9	-6.2	-7.2
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Soil temperatures measured at McMurdo Station, January 1994 through July 1996 (Continued)
NOTE: nd denotes no data.

01/02/96	-0.6	-0.6	-0.7	-1.4	-2.6	-4.1	-5.5	-6.3
01/09/96
	1.6	-0.2	-0.9	-1.5	-2.4	-3.7	-4.9	-5.7

01/16/96	-0.3	-0.4	-0.8	-1.3	-2.3	-3.6	-4.7	-5.4
01/23/96	-0.6	-0.5	-0.7	-1.2	-2.1	-3.3	-8.4	-5.1
01/31/96
	0.7	-0.4	-0.8	-1.3	-2.0	-3.2	-4.1	-4.8

02/07/96
	0.1	-0.4	-0.7	-1.2	-2.0	-3.1	-4.0	-4.6

02/13/96	-5.7	-4.0	-2.9	-2.4	-2.2	-3.0	-3.9	-4.5
02/20/96	-10.2	-8.8	-7.8	-7.1	-5.8	-5.1	-5.2	-5.3
02/27/96	-9.8	-9.9	-9.7	-9.4	-8.5	-7.9	-7.5	-7.1

03/05/96	-15.3	-13.8	-12.8	-12.1	-10.8	-9.8	-9.2	-8.8
03/12/96	-15.9	-14.5	-13.7	-13.1	-12.1	-11.5	nd	-10.7
03/19/96	-18.9	-16.4	-16.4	-15.7	-14.3	-13.4	-12.8	-12.5
03/26/96	-20.2	-18.6	-17.6	-16.9	-15.7	-14.9	-14.2	-13.7

04/02/96	-20.1	-19.7	-19.0	-18.3	-16.9	-16.1	-15.5	-15.0
04/09/96	-19.7	-19.4	-19.0	-18.7	-17.9	-17.3	-16.7	-16.1
04/16/96	-13.8	-14.8	-15.2	-15.5	-15.8	-16.0	-16.1	-15.9
04/23/96	-17.6	-17.3	-16.9	-16.7	-16.2	-15.9	-15.7	-15.4
04/30/96	-22.7	-21.0	-19.8	-22.5	-17.9	-17.1	-16.6	-16.2

05/07/96	-22.6	-21.2	-20.3	-19.5	-19.1	-18.1	-17.4	-16.5
05/14/96	-18.8	-18.5	-18.2	-18.1	-17.7	-17.6	-17.5	-17.4
05/21/96	-24.7	-23.3	-22.2	-21.5	-20.1	-19.2	-18.6	-18.1
05/27/96	-30.8	-28.8	-27.3	-26.2	-24.3	-22.9	-21.9	-21.1

06/04/96	-27.1	-26.9	-26.5	-26.1	-25.2	-24.2	-23.4	-22.6
06/11/96	-30.5	-29.1	-28.1	-27.5	-26.2	-25.1	-24.2	-23.4
06/18/96	-24.8	-24.7	-24.4	-24.2	-23.7	-23.5	-23.3	-23.0
06/25/96	-21.3	-21.6	-21.7	-22.0	-22.3	-22.8	-22.8	-22.6

07/02/96	-22.2	-23.3	-23.6	-23.7	-23.3	-22.9	-22.5	-22.2
07/09/96	-29.9	-28.7	-27.5	-26.7	-25.2	-24.1	-23.4	-22.8
07/16/96	-23.2	-23.8	-23.9	-23.9	-23.6	-23.3	-23.1	-22.7
07/23/96	-27.7	-27.0	-26.4	-26.0	-25.3	-24.8	-24.4	-23.9
07/30/96	-30.2	-29.4	-28.7	-28.1	-26.8	-25.8	-25.1	-24.4
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Implications of data on contaminant movement	 In the future, this excess water conceivably could saturate
areas of the active layer.

I
n ice-rich permafrost, the pores of the permanently frozen
soil are filled with ice, thereby creating an effective barrier

against downward migration of water and/or contaminants.
The fact that the active layer is only approximately 10 cm
deep, whereas ice-rich permafrost does not occur until 25 cm
means that approximately 15 cm of frozen soil is not saturat-
ed, and contaminant can move freely through it. More impor-
tant, the data indicate that there is probably not a zone of
exclusion caused by freezing at the spill site. The fact that a
zone of permanently frozen, non-saturated soil lies above the
ice-rich zone means that the freezing front does not typically
involve the freezing of pore water in the active layer. Instead,
water will move downward into the permanently frozen
non-ice-rich soil, and flow laterally across the top of the ice-
rich layer, until it either freezes or exits the system through
exfiltration or evaporation.

The one caveat to this conclusion is that if the water bal-
ance in the area is such that excess water is entering the sys-
tem and adding to the ice-rich layer—in essence moving the
ice-rich layer closer to the surface—a time may come when
the active layer does have a saturated zone. In such an
instance, exclusion could become an important factor in con-
taminant migration. In the and climate of McMurdo, under
normal circumstances there would probably not be enough
excess water to result in an exclusion zone, but water is often
applied into the roads in the summer months to control dust.
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The Amundsen-Scott South Pole Station water well:
A new source of micrometeorites

S. TAYLOR and J. LEVER, Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire 03755-1290
R. HARVEY, Department of Geological Sciences, Case Western Reserve University, Cleveland, Ohio 44106-7216
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W
e have collected thousands of micrometeorites from the
bottom of the Amundsen-Scott South Pole Station

water well using a collector that we designed, built, and cali-
brated. The collector suctions and filters the particles on the
ice surface as it traverses the well bottom. Preliminary results,
based on two of the five samples returned, indicate that we
may have the world's largest, best-dated, and best-preserved
collection of micrometeorites. Also, because the area suc-
tioned and the depositional age are known, further analysis of
this collection will yield a measure of the terrestrial flux of
50-1,000-micron (gm) micrometeorites, the dominant mass
contributors to the Earth. The micrometeorites we collected
fell to Earth between 1100 and 1500 AD.

Micrometeorites are submillimeter, terrestrially collected
extraterrestrial particles. Like meteorites, micrometeorites

range from unaltered primordial materials to those that have
seen extensive differentiation and alteration. They are the
dominant mass contribution to the present-day Earth at
about 100 tons each day (Love and Brownlee 1993). Although
ubiquitous in terrestrial environments, micrometeorites are
difficult to find and collect because they occur in low concen-
trations and generally weather rapidly. It is therefore neces-
sary to find deposits where they are concentrated and pre-
served. Antarctica, with its cold climate and lack of terrestrial
debris, is an excellent environment in which to look for
micrometeorites.

The South Pole water well (SPW\'V) is a 24-meter (m)
diameter by 16-rn-deep melt pool 100 in the snow sur-
face at the South Pole (figure 1) and supplies drinking water
for the Amundsen-Scott South Pole Station. The well was
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constructed during the 1992-1993 austral summer, and it has
melted over 8,000 tons of firn and ice to date. A pump draws
water from about 2 m below the water surface. About 10 per-
cent of the water is consumed, and the rest is heated, using
waste heat from the station, and returned to the well. This
warm water melts more ice, and the well grows with time, pri-
marily downward (i.e., through older ice). Micrometeorites
that originally fell on the snow surface are liberated at the
melting front and remain on the well bottom to form a lag
deposit. The depositional age of these particles is known
because the age of the ice is known as a function of depth
(Kuivinen et al. 1982).

Our objective was to collect all 50-1,000-lim micromete-
orites, without regard to density, shape, or magnetic suscepti-
bility, from a large, known area of the well bottom. Our princi-
pal task was to build a collector that met strict operational
requirements: it must not threaten water quality, it must
descend through a 30-centimeter-diameter well neck and sur-
vive a cold soak at -50°C, and it must operate remotely in
about 20 m of water at a distance of up to 200 m below the
snow surface.

Our collector (figure 2) suctions and internally filters par-
ticles from the ice while traversing the well bottom. We control
it from the surface via a waterproof electromechanical cable
and use an underwater video system for visual feedback. The
main body is a machined and folded sheet of low-density
polyethylene that holds a polyester filter fabric (53-gm open-
ings). When it is folded, a 2-millimeter-wide gap remains
through which the pump draws water and entrained particles.
The water flow is high enough (>1 meter per second) to entrain
all particles, and the filter is immediately downstream of the
intake slot to minimize particle damage and loss. A thin strip
of polyethylene forms a check valve to seal the slot when the
pump is off. A waterproof aluminum housing contains the
pump, drive motors, and electrical connections. Spiked stain-
less steel wheels at opposite ends of the collector, powered by
independent drive motors, move the collector around the bot-
tom. The camera and light are suspended about 5 meters from
the well floor by a split-out from the cable.

Prior to our deployment in December 1995, no informa-
tion existed on the bottom topography of a water well. We
found that the SPWW bottom had a gently curved central
plateau (about 17 m 2) sculptured at its periphery into fairly
steep arcuate dips that were 0.3-0.6 m below the plateau and
1-3 m wide (figure 3). These dips led to smaller plateaus (2-8
M2) . Associated with most sculptured features were visibly
dark pockets of particulates, mostly iron-oxide grains derived
from the water-supply system. On the plateau areas, particles
were visible but not concentrated into pockets. The local sur-
face was quite smooth (perhaps 1-millimeter depressions
over 1-5-millimeter scales). Large circulation cells, estab-
lished by the injected water and free convection along the
walls, and local instabilities in these cells are probably
responsible for the sculptured features.

During 2 weeks in December 1995, we deployed and
retrieved the collector six times; as a result of this effort, we
now have five filter bags (one filter was deployed twice) con-

South Pole Water Well
Winch
Room

24m
Figure 1. Approximate size and shape of the South Pole water well in
December 1995.

taming a total of about 200 grams of material. The collector
maneuvered easily over the well's central plateau, and we
devoted one collection (number 3) exclusively to it. We col-
lected from five adjoining areas (about 10 m2 total), including
three particle pockets. Areas suctioned were visibly clean and
indicate a high-efficiency particle pickup based on our labo-
ratory experience (Taylor et al. in press).

We processed a pocket sample and the central-plateau
sample in our field laboratory to assess the collector's perfor-
mance. The material in the filters was backflushed into a stack
of stainless steel sieves, using well water, and sorted into
53-106-nm, 106-250-rim, 250-425-jim, and more than 425-
jim size fractions. Most of the materials in the samples were
rust grains, derived from the well pump. Wood fragments and
copper weld droplets were also found. To assess the meteorit-
ic component, we removed all spherical particles from the
250-425-jim size fraction using a binocular microscope.

Surface

T
60m

1500 AD

7Dm

8Dm

9Dm

lOOm

1000 AD11Dm
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Cosmic spherules were then separated opti-
cally by their surface texture and color.

Upon our return to Hanover, New
Hampshire, a subset of these spherules were
mounted in epoxy and sectioned. Both their
distinctive mineralogy and bulk chemistry
indicate they are extraterrestrial. We found
the full range of expected morphologies for
cosmic spherules from glass spherules to
unmelteci particles. Silicate spherules having
barred olivine textures are the most com-
mon type.

About 0.1 percent of the 250-425-tim
size fraction of both samples examined were
cosmic spherules. If this percentage repre-
sents the fraction of meteoritic material in all
our samples, we will have about 0.2 grams of
micrometeorites. For two reasons, however,
we think this value is a minimum. First, we
have not counted unmelted micromete-
orites. These were abundant in the melted
blue antarctic ice (Maurette et al. 1991), and
we therefore expect to find many unmelted
micrometeorites in our samples. Second, the
melted meteoritic content was greater (0.2
percent) in a subsample of the 106-250-tm
size fraction, the size fraction that also con-

Figure 2. Schematic of collector and cross section of the collector arm. (LDPE denotes tains the largest total mass collected. Thus,
low-density polyethylene.)	 the five SPWW samnles should contain the

Micrometeorite Collector

Center of Well

Camera and Lamp

Collector
Overall Length ..... 120 cm

Maximum Height...... .23 cm
Width ....... 20 cm

Folded LOP!	_--

Flow Cho m,
to Pump not

Altiminu-m Rib/0 ring
mm Intake Slot	 Mar Fabdo

Thin LOPE Strip

/N N	 /
N	/

N
N

Particulate Concentrations
30-60 cm Central Plateau

1-1.5 m _-	4	 4-5 m
30-60 cm

/
/

__1

—

Figure 3. Plan view of the bottom of the South Pole water well. Slope
changes are drawn in solid lines; dashed lines show areas we collect-
ed from but which were not imaged by the camera. The approximate
locations of particle pockets are shown with stipples. The collector is
1.2 m long.

world's largest collection of micrometeorites.
The combination of a large number of micrometeorites of
known depositional age makes the SPWW a unique and valu-
able source of micrometeorites.

We thank John Rand for his invaluable information about
the well and Michael Shandrick of Antarctic Support
Associates for assisting us at South Pole. This work was fund-
ed by the National Science Foundation grant OPP 93-16715;
Julie Palais is our project monitor.
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Effects of tourism on the reproductive success of Adélie
penguins at Palmer Station: Preliminary findings

DONNA L. PATFERSON, ERIC J. HOLM, KAREN M. CARNEY, and WILLIAM R. FRASER, Polar Oceans Research Group, Department of
Biology, Montana State University, Bozeman, Montana 59717

T
ourism in Antarctica has increased significantly over the
last 20 years, and predictions suggest this trend will con-

tinue (Enzenbacher 1994). The possibility that tourism may
negatively affect wildlife populations has thus become an
issue of increasing concern to both private and government
organizations (Fraser and Trivelpiece 1994), and penguins
have likewise become the focus of current efforts to under-
stand interactions between humans and wildlife (Wilson,
Taylor, and Barton 1990; Woehier et al. 1994; Fraser and
Patterson 1996; Giese 1996). Long-term research undertaken
at Palmer Station on Adélie penguins (Pygoscelis adeliae) was
recently expanded to include a human-impacts component.
Palmer Station is an ideal site for these studies because it is
both a favored stop for tourists and the location of two pro-
grams that not only have a broad ecosystem perspective
focused on the biology of Adélie penguins but also provide
background ecological data (see Fraser and Patterson 1996).
This article reports the preliminary results of one component
of this study for the seasons 1993-1994 through 1995-1996,
namely, the relationship between Adélie penguin breeding
success and the incidence of visits by tourists.

Our study is based on
Torgersen Island, which lies	 LOUDWATI
approximately 1 kilometer	 Norse! Point
northwest of Palmer Station (fig-	 Breaker Island
ure 1). For several seasons, Humble 1sl,
Torgersen Island has been divid-
ed into two areas, one open to
tourism and the other closed;
the latter serves as a control for
conducting research in the for-
mer. Palmer Station receives
approximately 12 ships per sea-
son (fewer than 1,300 tourists).
Typical visits to Torgersen
Island last about 4 hours, and a
new group of 10-50 tourists
arrives on the island every hour.
We monitored tourist visits by
censusing tourist numbers and
noting their position relative to
Adélie penguin colonies every
20 minutes. We then used these
data to establish tourism flow
profiles that allowed us to rank
penguin colonies according to
relative use (high, medium, and
low) by tourists. Adélie penguin

breeding success (number of chicks creched per pair) was
determined by comparing breeding sample groups (BSGs) in
tourist-visited and control sites. BSGs, each of which consisted
of five nests, were randomly placed in colonies throughout the
island and monitored daily to obtain data on egg laying, hatch-
ing, and chick survival. Between 150 and 200 nests equally
divided between the two areas on Torgersen Island were stud-
ied each season.

The spatial distribution of tourists during the 3-year
study is shown in figure 2. Tourism distribution exhibited a
nonrandom pattern; some colonies received disproportion-
ate amounts of activity. As figure 2 indicates, these patterns
remained quite constant between years, suggesting that
tourists visiting Torgersen Island tend to prefer (for reasons
not yet determined) spending more time in some areas than
in others.

Seasonal comparisons of the relationship between the
number of tourist visits and Adélie penguin breeding success
are summarized in the table. Reproductive success was com-
pared using the student's t-test at an alpha level of 0.05. The
three-season mean reproductive success for visited areas of
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Figure 1. Palmer Station, Antarctica, and vicinity. Adélie penguin colonies on surrounding islands are indi-
cated by shading.
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Figure 2. The spatial distribution of tourists on Torgersen Island in
relation to Adélie penguin colony study sites, 1993-1994 through
1995-1996.

1.53±0.35 chicks creched per pair is significantly higher
(t=2.00, df=89, p=0.049) than that for the control sites, where
only 1.38±0.36 chicks were creched per pair. Although values
for the 1995-1996 season suggest that a large increase in
tourists (605 vs. 450 in 1994-1995) depressed reproductive
success in the visited sites (1.56±0.28 vs. 1.47±0.38 chicks
creched per pair, respectively), this is not the case. Further
examination of the tourist-visited areas indicated that in high
and medium use areas, mean productivity remained consis-
tent (1.58±0.31 chicks creched per pair) with previous sea-
sons. In the low use area, however, productivity dropped to
only 1.08±0.36 chicks creched per pair thus depressing the
overall mean for the visited sites.

Factors that potentially influence Adélie penguin repro-
ductive success are numerous and complex (Reid 1968;
Wilson et al. 1990; Fraser et al. 1992; Fraser and Trivelpiece
1994). Based on the preliminary evidence resulting from this
study, it appears that tourism as it is currently regulated at
Palmer Station does not affect Adélie penguin reproductive
success. As such, our results diverge from those of Giese
(1996) but support the hypothesis (cf. Fraser and Patterson

1996) that environmental factors associated with variability in
the breeding habitat (i.e., snow deposition, colony aspect,
predation) may be more influential in determining the fate of
nesting Adélie penguins than tourism.

This research was supported by National Science
Foundation (NSF) grants OPP 93-20115 and OPP 95-05596 to
William R. Fraser. Additional support was provided by National
Oceanic and Atmospheric Administration/ National Marine
Fisheries Service contracts to William R. Fraser and NSF grant
OPP 90-11927 to William R. Fraser and Wayne Z. Trivelpiece.
We are grateful for dedicated field assistance from Brent
Houston, Tracey Mader, Laura Somervill, and John Carlson
throughout this project. We thank the Antarctic Support
Associates staff of Palmer Station for addressing the logistical
needs of our project, especially Bob Gowdy and Herb Baker for
their exceptional assistance with boating requirements.
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Seasonal comparisons of Torgersen Island visits by tourists and Adélie penguin reproductive success (chicks creched per
pair)

	

1993-1994	6	400	 15	15	150	1.55±0.44
	

1.27±0.54	1.41±0.51

	

1994-1995	5	450	25	15
	

200	1.56±0.28
	

1.39±0.22	1.47±0.27

	

1995-1996	9a	605	25	15
	

200	1.47±0.38
	

1.48±0.34	1.47±0.36

	

Mean: 1.53±0.35
	

1.38±0.36	1.45±0.38

aincludes one Spanish naval ship which visited Torgersen Island on 9 December 1995 and two private yachts which landed eight passengers
on 2 January 1996.
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