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Cover. Schematic presentation of the sampling and data
acquisition systems used during the 1989 Research on
Antarctic Coastal Ecosystem Rates (RACER) program In
the northern Gerlache Strait. The research vessel Polar
Duke supported most of these activities.
TOP (from left): Automatic weather station (AWS #9301)
on RACER rocks (64°6'S 61°35'W) measures wind speed
and direction, air temperature, relative humidity, and barometric pressure on a continuous basis and transmits
these data to laboratories in the United States via the
ARGOS satellite link (top right).
MIDDLE (from left): A free drifting sediment trap array
collects passively sinking particles for chemical and microbiological analyses; standard plankton net (top) and
multiple opening and closing net and environmental
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sensing system (MOCNESS) are used to determine macrozooplankton distribution and abundance; CTD-rosette
system acquires continuous data on water temperature,
salinity, and light transmission as a function of water
depth and collects water samples from discrete depths;
an In situ buoy measures the rates of phytoplankton photosynthesis; ARGOS satellite-tracked Lagrangian drifters (TRISTARS) determine the pattern of water motion in
the study area.
BOTTOM: Moored, time-series sediment traps provide information on the temporal variability of particle
flux in the study area. The preliminary results of the
1989 RACER field program are included in this volume
on pages 126-172. (The cover illustration was prepared
by David Karl and Nancy Hurlbirt of the University of
Hawaii.)
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U.S. antarctic activities, 1989-1990
Results from projects conducted by U.S. scientists contribute
to our understanding of ecological and environmental problems, such as global climate change and ozone depletion. Studies of the dynamics of the antarctic ice sheets and geologic
evolution of the continent provide a record of natural global
change as it has occurred in the past, clues to what is occurring,
and models of what may occur in the future. By studying how
the ocean, ice, atmosphere, and marine ecosystem interact,
scientists are learning about how such interactions may affect
climate worldwide. Additionally, the continent's cold, dry environment, as well as the near-space conditions above Antarctica, provide astronomers and astrophysicists with a unique
platform from which to view changes in stars and galaxies over
billions of years.
Research projects, which are part of the U.S. Antarctic Program, are conducted by scientists from universities and colleges, private organizations, and Federal agencies. To support
these researchers, the United States employs ships, aircraft,
and military and civilian personnel. The National Science
Foundation (NSF) plans, funds, and manages both research
projects and support operations, while the U.S. Navy, the
Coast Guard, other military organizations, and a civilian contractor (Antarctic Support Associates) provide logistic support
in Antarctica.
The 140 papers in this issue of the Antarctic Journal of the
United States reflect the scope of this program, as well as the
changes and advances in the U.S. program. The papers, prepared by program participants, describe field work during 19891990, preliminary analyses of data, studies of data gained earher, and the activities of support organizations in the field and
the United States. The assistance of the principal investigators
and project directors is gratefully acknowledged.
Science highlights
Ozone depletion and the effects of enhanced exposure to ultraviolet
(UV) radiation. In 1989, ground-based, balloon-borne, and satellite-borne instruments recorded levels of ozone depletion
equal to those recorded in 1987—the most severe depletion
on record. At McMurdo Station, University of Wyoming researchers launched 39 instrumented balloons between 23 August and 30 October 1989. The data obtained by their instruments
confirmed that the rates and magnitudes of depletion in 1989
were similar to 1987. In both years, they observed almost complete destruction of ozone at times at altitudes between 14 and
18 kilometers; however, in 1989 atmospheric warming and the
breakup of the polar vortex limited the duration of the "ozone
hole." Comparison of the data from 1987 and 1989 suggests
that only certain minimum meteorological conditions are required for chemical destruction of ozone to occur and that
prolonging those conditions probably does not lead to significant additional depletion.
At Palmer Station, University of California and University
of Chicago investigators used a scanning spectroradiometer
(the ultraviolet-radiation monitor installed by NSF) to make
hourly ground-based measurements of solar ultraviolet irradiance. With these measurements they not only are able to
define the ultraviolet (UV) radiation environment of the region
but also can derive the column density of atmospheric ozone
above the station for nearly every day-light hour—a level of
resolution not generally available from other measuring systems. At this resolution they can detect large, rapid changes
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in the amount of ozone present in the atmosphere and UV
radiation reaching the surface because of changing ozone
abundance. During the 1989 austral spring, they found that
the level of ozone depletion over the Antarctic Peninsula was
lower than it had been during the 1988 austral spring, although
it ended 10 days earlier than in 1988.
The springtime ozone depletion has resulted in unseasonably elevated levels of ultraviolet-B (UV-B) reaching the Earth's
surface. UV radiation at the UV-B range of wavelengths (290
to 320 nanometers) has lethal effects on living systems. For
marine ecosystems, the effects are not as direct or as obvious
as some of the effects on humans. Concern about the ecological
impact of enhanced exposure to UV radiation has prompted
biologists to focus not only on assessing how ecosystems are
being affected but also identifying repair and protective mechanisms used by antarctic species to survive exposure to UV
radiation.
Biologists from the University of California at San Francisco
collected 57 species (fish, invertebrate, and algae) from marine
habitats near Palmer Station during the 1988 austral spring.
Working in the their laboratory during 1989, they analyzed
these samples and were able to isolate eight amino-acid compounds known to protect marine organisms in temperate and
tropical regions. These compounds, mycosporine -like aminoacid compounds or MAAs, absorb light from the ultraviolet
portion (280 to 400 nanometers) of the solar spectrum. In 86
percent of the antarctic organisms that they studied they found
at least one MAA. Eight MAAs, in total, were identified. Seven
of these were known previously from tropical and temperate
marine organisms; the eighth, which was found in 60 percent
of the antarctic organisms, has not been identified in organisms
from other latitudes.
This group also examined the ability of organisms to repair
DNA damage caused by exposure to UV radiation. Their preliminary findings show the ability of phytoplankton to survive
the effects of UV-B varies greatly from species to species.
A second group researchers from Scripps Institution of
Oceanography found that UV-B (280 to 320 nanometers) and
shorter wavelengths of UV-A (320 to 340 nanometers) may
inhibit primary production. However, they point out that normal levels of exposure to UV-B and exposure to UV-A, which
is not affected by changes in ozone abundances, also can affect
primary productivity.
(Reports on this research appear on pages 241-243 and 173177 of this issue of the Antarctic Journal of the United States.)
Research on Antarctic Coastal Ecosystem Rates (RACER). During
the pilot program for RACER, which was conducted during
the 1986-1987 austral summer, participants recorded extraordinarily high planktonic biomass and rates of primary production in a 5,000- square-kilometer area of the northern Gerlache
Strait. Because of these observations, they returned to study
the onset of the bloom. In October 1989, 22 investigators, representing 10 countries and 8 institutions, collected data and
conducted experiments in a 4,000- square-kilometer area of the
northern Gerlache Strait and the southwestern Bransfield Strait.
This area incorporates physically different ocean regions—open
water (Bransfield Strait), deep water (Croker Passage), coastal
shelves, and several large embayments. It also embraces the
gradient of planktonic biomass, as well as the Bransfield current and an intense frontal region projecting across the northeastern portion of the Gerlache Strait.
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The project comprised four consecutive 5-day cruises from
30 October to 24 November 1989 during which two modes of
sampling were conducted—a time-series station occupied for
four 3-day periods that were separated by 2.5-day periods for
"fast" sampling over a grid of 37 stations. Sampling and measurements at the time-series station included conductivitytemperature-depths casts to approximately 300 meters, water
sampling at 10 depths to 200 meters, MOCNESS tows for zooplankton at nine depths to 300 meters, oblique tows with a
"fast net" for krill, productivity measurements of in situ carbon-14 and nitrogen-is, and sedimentation rates at five depths
conducted with free-floating sediment traps deployed for 2
days. At each fast-grid station, similar water-column measurements were made and MOCNESS and fast-net tows were
done routinely at 16 stations. An automatic weather station
also was installed at 64°04'S 61°36'W to continuously measure
air temperature, relative humidity, barometric pressure, incident solar radiation, and wind velocity.
Observations and preliminary results include:
• Lagrangian drift observations (measurements of the speed
direction of an ocean current made with a drifter attached
to a subsurface drogue) revealed that the spatial scale of
persistent circulation patterns is small. Biological processes
that depend on upper ocean circulation have similar spatial
scales. One of the 18 drifters remained for 70 days inside
one embayment where a intense bloom had been observed.
This confirmed the hypothesis that the longest residence
times are over the continental shelf and that in such areas
isolated communities can be nurtured to maturity before
being transported to the open ocean.
• The accumulation of phytoplankton biomass in the eastern
Gerlache Strait and the depletion of nutrients in the shallow
upper mixed layers (10 to 25 meters) confirm that spring
blooms occur in antarctic coastal waters when vertical mixing
rates are reduced.
• Primary productive rates recorded during the second, third,
and fourth study period were significantly higher than the
"net" photosynthetic rates calculated by some researchers.
This fact suggests that heterotrophic organisms recycle considerable amounts of organic material within the euphotic
zone (the upper level of the marine environment down to
the lowest level at which sufficient light for photosynthesis
penetrates).
• Preliminary qualitative observations indicate that the flora
of this area is dominated by diatoms in areas with high
chlorophyll biomass, while the lower biomass stations are
dominated by flagellates.
• Preliminary analysis of data related to the krill population
in the region show that 90 percent of population is immature
krill between 25 and 33 millimeters in length. Small juveniles
and large subadults were also observed in the northern and
eastern regions of the study area near the Antarctic Peninsula.
(Reports on this research appear on pages 126-172 of this
Antarctic Journal of the United States.)
Observations of terrestrial life in antarctic dry valley lakes. Al-
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though most life in the antarctic region is found in marine
communities, in ice-free areas some terrestrial life forms have
adapted sufficiently to be able to survive the harsh environment. The small lakes that dot the McMurdo Dry Valleys and
are fed by glacial meltwater streams are one of the types of
habitats that support terrestrial organisms.
Working at Lake Bonney (77°43'S 162°23'E) in Taylor Valley,
biologists from Montana State University and the University
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of California at Berkeley focused on how phytoplankton have
adapted to low levels of light that can penetrate the ice that
covers the lake. Lake Bonney, whose water is permanently
stratified, has a surface area of 2.87 square kilometers, is anaerobic below about 20 meters, and is permanently covered
with 4 meters of ice. Glacial meltstreams fed the lake but for
only about 4 weeks during the austral summer.
Their preliminary data shows that the phytoplankton in Lake
Bonney form and maintain three distinct layers above the
chemocline. Photosynthesis in each of these layers is apparently adapted to the ambient irradiance regime and may be
regulated by temperature and nutrients to some degree.
(Reports on this research appear on pages 221-228 of this
Antarctic Journal of the United States.)
Earth sciences. Much of the research conducted in Antarctica
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focuses on understanding the continent's role in global processes and exploring the life and geologic history of the region.
However, scientists also take advantage of the continent's unique
environmental and geologic conditions to test theories that
have more general applications.
University of Pennsylvania geophysicists have developed a
method for analyzing exposure times and erosion rates of exposed bedrock surfaces. This method is based on the accumulation of radioactive nuclides produced by high-energy
nuclear reactions induced by cosmic rays on major elements
that make up common minerals. In earlier laboratory tests on
antarctic samples, they found that antarctic erosion rates are
commonly as low as iO centimeters per year and that, on
nunataks, bedrock exposed only a few meters above the modern ice surface yields exposure ages of approximately 1 million
years.
During the 1986-1987 austral summer, Ohio State University
researchers systematically sampled sites on the floor and walls
of Wright Valley, southern Victoria Land. University of Pennsylvania researchers obtained 65 samples for analysis. Focusing on concentrations of beryllium-10 and aluminum-26, they
used their new method to analyze 58 of the 65 samples. Their
data show that the samples have been exposed to direct bombardment by secondary cosmic rays between several hundred
thousand years to about 1 million years and that the erosion
rates during the period of exposure were as low as 10 centimeters per year. These results confirmed that their procedures will enable them to reconstruct the comparative exposure
histories for different parts of the McMurdo Dry Valleys. With
additional samples, they hope to construct a detailed postglacial history for the dry valleys.
(Reports on this research appear on pages 14-18 of this issue
Antarctic Journal of the United States.)
Winter Weddell Gyre Study, 1989. In the southern oceans (par-
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ticularly in the Weddell Sea region), ocean, sea ice, and atmosphere interact in subtle ways that influence regional and
global climate. The Weddell Sea is one of the few oceanic
regions with deep vertical mixing. About 70 percent of Antarctic Bottom Water, which sinks below warmer, non-polar
ocean waters and spreads northward to provide the oceans
worldwide with bottom water, is formed in the Weddell Gyre
and along its periphery.
Continuing their effort to improve understanding of how
these phenomena interact, U.S. scientists from Lamont-Doherty Geological Observatory, Oregon State University, the U.S.
Army's Cold Regions Research and Engineering Laboratory,
the University of Massachusetts, and the University of Kansas
worked with German, Soviet, and British investigators in a
month-long study of the Weddell Gyre in September and OcANTARCTIC JOURNAL

tober 1989. Two icebreaking research ships, Akademik Fedorov
(Soviet Union) and Polarstern (German), supported scientists
conducting various investigations. Among the U.S. studies
were:
• physical oceanography, including conductivity-temperature-depth measurements, water sampling, current measurements, and temperature/salinity measures;
• nutrient, oxygen, and biomass chemistry to provide an accurate, precise set of chemical data to quantify Weddell Gyre
circulation and heat, salt and chemical transports related to
the gyre at the end of the austral winter and to acquire more
data on rich algal blooms found during a 1986 Polarstern
cruise;
• remote sensing of sea ice and studies of sea ice properties;
• feasibility tests of passive microwave techniques to measure
sea-ice thickness;
• optical measurements of sea-ice properties;
• and radar backscatter measurements of sea ice.
Although data analysis was still in process at the time that
these reports were submitted for publication, some prelimi nary observations are presented in this volume.
(Reports on this research appear on pages 110-125 of this
issue of the Antarctic Journal of the United States.)
Astrophysics at Amundsen-Scott South Pole Station. The South
Pole combines unique environmental and geographical features that are attracting astronomers to this distant site. Here,
they are able to make measurements at wavelengths that are
hampered by the absorption and emission of the Earth's atmosphere. Because water vapor is nearly absent in the atmosphere above the central plateau, the infrared skies are
clearer and darker than anywhere else on Earth. These environmental conditions overcome daily variations in temperature
that lead to atmospheric noise and wind at higher latitudes,
as well as much of the infrared background radiation. The
elevation of the antarctic plateau significantly reduces the atmospheric path that light must traverse, and the geographic
singularity of a polar site reduces systematic errors in searches
for cosmic-microwave background anisotropies.
Although solar and upper atmosphere observations have
been made from Amundsen-Scott South Pole Station for many
years, during the 1988-1989 season several new projects were
begun. Among these projects, which continued during 19891990 austral winter, were a joint U.S./British project called the
South Pole Air Shower Experiment (SPASE) and operation of
an atmospheric Cherenkov telescope.
SPASE is an array of 16 plastic scintillators that are used to
determine the direction and energy of incident-charged cosmic
rays and gamma-rays from the extensive air showers created
in the atmosphere. Operation of the array was continuous at
an efficiency level of 85 percent from the 1988-1989 austral
summer, through the 1989 winter, and into the 1989-1990
austral summer. To enhance the array's sensitivity, researchers
added a "guard-ring" of eight detectors during the 1989-1990
austral summer. They also added a 6-millimeter layer of lead
above each detector to improve the relative timing accuracy of
the individual detectors. Data analysis showed that the addition of the lead sheet improved the angular resolution by
about 30 percent.
The atmospheric Cherenkov telescope is a simple gammaray telescope made up of two lenses with 45-centimeter aperture and photometers at their foci. The experiment is designed to demonstrate the possibilities of operating a telescope
like this at the South Pole, to assess the effect of aurora on the
telescope, to search for gamma rays from supernova 5N1987A,
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and to correlate data with the SPASE array. Although blowing
snow and extremely low temperatures caused some problems
during the 1989 winter, the telescope operated for 42 24-hour
days, with some stretches as long as 4 to 6 days. To put this
observing time in perspective, researchers note that at no other
location has an atmospheric Cherenkov detector operated for
more than 12 hours at a time. Their 1989 tests also showed
that aurora will not restrict the operation of Cherenkov telescopes at the South Pole but cloud cover does present some
limitations.
(Reports on this research appear on pages 270-271 and 273275 of this issue of the Antarctic Journal of the United States.)
Support operations

1989-1990 austral summer activities. The 1989-1990 austral
summer began on 21 August 1989 with the eight round-trip
flights by the U.S. Navy's Antarctic Development Squadron 6
(VXE-6) and the 109th Tactical Airlift Group of the Air National
Guard (ANG) of Schenectady, New York, to McMurdo Station
from Christchurch, New Zealand. These flights brought cargo
and mail to winterers on Ross Island, along with support personnel and scientists conducting early season research.
Between August 1989 and April 1990, more than 300 NSFsupported researchers conducted 94 projects on the continent
and in surrounding waters. They worked at three U.S. stations
(McMurdo, Amundsen-Scott South Pole, and Palmer), at remote field camps, aboard a U.S. Coast Guard icebreaker and
a research ship, and with antarctic programs of other countries.
Supporting these investigators were approximately 650 employees of a civilian contractor (Antarctic Support Associates),
724 members of the Naval Support Force Antarctica (NSFA),
the Antarctic Development Squadron Six (VXE-6), 109th Tactical Squadron, and other military units, 160 Coast Guard personnel, and 45 civilian crew members aboard the supply ship
and tanker.
Military personnel, under the command of the Commander,
Naval Support Force Antarctic (CNSFA), flew airplanes and
helicopters, managed the operation of the supply ships (Green
Wave and Gus W. Darnell), provided health care and weather
forecasting services, operated the long-range communications
system at McMurdo Station, and performed some maintenance
work at McMurdo Station. Employees of NSF's new civilian
contractor, Antarctic Support Associates (ASA), provided
support at McMurdo Station and operated Williams Field
(McMurdo Station's skiway on the Ross Ice Shelf), AmundsenScott South Pole and Palmer stations, the ice-strengthened
research vessel Polar Duke, and remote field camps.
At McMurdo Station, ASA employees continued work on
the science and technology laboratory, which is scheduled to
be completed during the 1993-1994 austral summer, erected
the steel structure for a fourth new dormitory, completed related work on the other new dormitories, and began an upgrade of the station's utilities system. During the austral summer,
ASA employees managed temporary camps on the Siple Coast
where glaciologists continued their studies of the west antarctic
ice sheet.
VXE-6 crews flew 3,294 flight hours with ski-equipped
C-130 Hercules (LC-130) airplanes and 1,623 hours with UHiN helicopters. With support from the U.S. Air Force and the
Royal New Zealand Air Force, they transported 3,838 passengers to and from Antarctica and delivered a total of 5,444,364
pounds of materials and fuel that included 2,951,676 pounds
of cargo, 92,001 pounds of mail, 36,344 gallons of jet petroleum
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fuel, and 208,559 gallons of diesel fuel arctic. Additional air
support was provided by the New York Air National Guard
who not only assisted with winter-fly-in but also flew their
LC-130 airplanes to transport people, cargo, and fuel from
McMurdo Station to inland sites.
Air operations highlights. On 4 October 1989, the first U.S. Air
Force C-5 air transport to fly to Antarctica landed on the seaice runway near McMurdo Station. A wheeled airplane like
the C-141 Starlifter, the 248-foot-long C-5, the largest airplane
operated by the United States, has a wingspan of 223 feet and
can carry a maximum load of 261,000 pounds. On its first flight
to McMurdo Station, the airplane carried 72 USAP personnel,
two fully-assembled UH-1N helicopters, and cargo—a load
totally about 168,000 pounds or about three times more than
the average C-141 carries to McMurdo Station. Although Air
Force crews made only two C-5 flights to McMurdo Station
during October 1989, the capability of the airplane to transport
not only larger amounts of cargo but also fully-assembled helicopters enabled the United States to begin science operations
earlier than ever before.
Another highlight was the first wheeled landing by a USAP
LC-130 on an unprepared "blue ice" (extremely hard glacier
ice) runway on 28 January 1990. In the future, this site on the
Mill Glacier near the Beardmore Glacier, as well as other sites
in the region, may enable USAP to use larger wheeled airplanes to bring cargo and personnel further inland. From such
a site, USAP, for example, could transport via airplane equipment and construction materials and then move these materials via an oversnow traverse to the South Pole.
Polar Duke arrives at McMurdo Station. Polar Duke, the icestrengthened research ship leased by NSF's contractor ASA,
made its first voyage from the Antarctic Peninsula to McMurdo
Station, arriving at McMurdo on 9 February 1990. Operations
were slightly delayed because ice clogged the 32-nautical-milelong channel from the ice edge to the station. To avoid significant delays the Coast Guard icebreaker Polar Star brought
passengers and cargo to Polar Duke at the ice edge. During the
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research ship's stay in the Ross Sea area, it supported five
science projects; on the cruise back to Palmer Station, a marine
geological investigation and seismic survey were conducted.
Safety, environment, and health initiative. USAP continued the
effort to clean-up U.S. antarctic station during the 1989-1990
season. At McMurdo Station, personnel began separating plastic, metal, and burnable wastes and macerating and diluting
waste water. More than 1,800,000 pounds of explosives, recyclable material, old rolling stock, scrap metal, radioactive
and hazardous waste, and other scrap were removed from the
station by the Green Wave in February 1990.
At Palmer Station, efforts focused on cleaning up the area
around the station and the site of old Palmer Station. To assist
in the clean-up, ASA, at NSF's request, chartered MIV Erebus,
a 180-foot Chilean barge, to remove construction debris and
other accumulated trash. USAP managers also visited East
Base, an abandoned U.S. station on the Antarctic Peninsula,
to evaluate what clean-up efforts would be necessary at this
site.

Budget

Fiscal 1990 support of the U.S. Antarctic Program, provided
through the National Science Foundation, totalled $151,470,000
in the following categories:
• U.S. Antarctic Research Program: total amount awarded to
institutions for scientific projects in astronomy and astrophysics, atmospheric sciences, biological sciences, earth sciences, glaciology, oceanography, climate studies, and
information and advisory service—$16,980,000.
• operations support: direct support (costs normally included
in a grant for work at institution but provided in Antarctica
from program resources), construction, and procurement by
the NSF contractor—$54,780,000
• logistics support: logistics support in Antarctica provided
via the Department of Defense—$79,710,000
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Uplift of the shoulder escarpment
of the west antarctic
rift system and its relation
to Late Cenozoic climate change
JOHN C. BEHRENDT

U.S. Geological Survei
Denver Federal Center
Denver, Colorado 80225

ALAN COOPER

U.S. Geological Survey
Menlo Park, California 94025

The Cenozoic West Antarctic rift system (Behrendt and Cooper
in press) extends over a 3,000-by-750-kilometer, largely icecovered area from the Ross Sea to the Bellingshausen Sea,
comparable in area (Tessensohn and Woerner in press) to the
Basin and Range Province and the East African rift systems
(figure 1). A spectacular Cenozoic rift-shoulder scarp extends
from northern Victoria Land to the Queen Maud Mountains
to the Horlick-Whitmore-Ellsworth mountains along which
peaks reach 4-5 kilometers maximum elevation. The rift shoulder has maximum present relief of 5 kilometers in the Ross
embayment and 7 kilometers in the Ellsworth Mountains/Byrd
Subglacial basin area. The west antarctic rift system is characterized by bimodal alkaline Cenozoic volcanic rocks (LeMasurier 1990) in Marie Byrd Land and the Transantarctic
Mountains bordering the Ross embayment ranging from about
Oligocene to the present. In contrast, Jurassic tholeiites (Ferrar
dolerites, Kirkpatrick basalts) marking the Jurassic Transantarctic rift (Schmidt and Rowley 1986) crop out coincidently with
the late Cenozoic volcanic rocks only along the section of the
Transantarctic Mountains from northern Victoria Land to the
Horlick Mountains (Craddock et al. 1969). The Jurassic tholeiites continue to be exposed (including the Dufek intrusion)
along the lower-elevation (1-2-kilometer) section of Transantarctic Mountains to the Weddell Sea, whereas the late Cenozoic alkalic volcanic rocks are exposed throughout Marie Byrd
Land (figure 1) to the southern Antarctic Peninsula but not in
the Ellsworth Mountains area.
We examined the amount of uplift of the rift shoulder in the
west antarctic rift system in light of extreme elevations (figure
2). The steep scarp suggests a youthful topography; it is interpreted to be the expression of a major normal or extensional
fault that defines the boundary of the Cenozoic west antarctic
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rift system and the rift shoulder. If a maximum uplift of 5-6
kilometers in the southern Victoria Land or 10 kilometers in
northern Victoria Land (Fitzgerald 1989) area is correct, then
1-2 kilometers and as much as 6 kilometers, respectively, of
erosion has occurred from the highest topography in these two
areas to result in the maximum altitude of about 4 kilometers
observed now. The variation of the high topography seen in
figure 2 along the rift shoulder is probably caused by erosion
and differential uplift (Behrendt and Cooper in press). We
interpret that the main cause of uplift, along the west antarctic
rift shoulder, is late Cenozoic tectonism associated with rifting,
probably as modeled by Stern and ten Brink (1989), for a continental lithospheric plate heated at the free edge.
The maximum elevations (figure 2) vary from about 4 kilometers in Victoria Land and the Queen Maud Mountains (figure 1), dropping to about 3 kilometers in the Horlick and
Whitmore mountains (perhaps resulting from a greater rate of
erosion) and rising again to 5 kilometers in the Ellsworth
Mountains. In contrast, elevations along the Transantarctic
Mountains are much lower toward the Weddell Sea (see the
solid-line profile of figure 2). The lower topography at the
Weddell Sea end of the Transantarctic Mountains is not a part
of the late west antarctic rift, but appears to be significantly
older than that of the Cenozoic west antarctic rift shoulder.
Because the Jurassic Dufek intrusion is faulted by this older
uplift, however, it must post-date its emplacement.
Fitzgerald (1989), using fission track dates, identified 5-6
kilometers of uplift in the Transantarctic Mountains of southern Victoria Land beginning about 60 million years ago and
calculated an average uplift rate of about 100 meters per million
years since that time. Seismic reflection data from the Ross Sea
adjacent to the Transantarctic Mountains show several angular
unconformities that have been interpreted by Cooper et al.
(1987) as evidence for episodic uplift. Therefore, we infer that
the uplift of the Transantarctic Mountains and entire rift shoulder was also episodic, probably being as much as an order of
magnitude faster at times (probably including the present) than
the mean rate of 100 meters per million years calculated by
Fitzgerald (1989) for the last 60 million years. Various lines of
geomorphic, glacial geological, sedimentalogical, paleontological, and geophysical evidence, led Behrendt and Cooper (1990)
and Behrendt and Cooper (in press) to conclude that the Transantarctic Mountains part of the rift shoulder (and possibly the
entire shoulder) has been rising at a rate of the order of 1
kilometer per million years probably since early of mid-Pliocene time rather than the 100 meters per million years average
since 60 million years ago.
It is interesting to note that the estimated start (Behrendt
and Cooper in press) of the latest episode of uplift (2-4 million
years ago) is approximately coincident with the most recent
"warm conditions" cited by Webb (1990) for Antarctica. While
he notes that "overall the present Antarctic ice sheet appears
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to have had only a small effect on uplift of the Transantarctic
Mountains" (about 100 meters), we suggest that the converse
is not necessarily true. If uplift of about 1 kilometers per million
years since early- or mid-Pliocene did occur, it may in fact have
triggered the most recent advance of the east antarctic ice sheet
by a mechanism similar to that proposed for the norther hemisphere (winter cooling and increased precipitation caused by
mountain uplift culminating in the Plio-Pleistocene ice ages)
by Ruddiman and Kutzbach (1989) although their model suggested plateau uplift. We suggest a probable synergistic relation between episodic tectonism in the Cenozoic west antarctic
rift system and the waxing and waning of the antarctic ice
sheet (Webb 1990) approximately coincident in time with rifting, mountain uplift, and volcanism since Oligocene or earlier
time.
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The Ford Ranges provide the most widespread exposures
of pre-Cenozoic (more than 65 million-year-old) rocks in Marie
Byrd Land (Bradshaw, Andrews, and Field 1983; Adams 1987).
Geologic similarities have led previous workers to suggest that
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western Marie Byrd Land was adjacent to portions of New
Zealand and the Campbell Plateau prior to the late Cretaceous
and early Tertiary breakup of the southern margin of Gondwanaland (e.g., Cooper et al. 1982). The goal of our project is
to gain insight into the Mesozoic and Cenozoic tectonics of
West Antarctica, to explore geologic ties with New Zealand,
and to understand the geologic history of separation of New
Zealand and the Campbell Plateau from this margin of the
Gondwanaland supercontinent.
A multidisciplinary investigation of crystalline basement rock
in the Ford Ranges of Marie Byrd Land was initiated during
austral summer 1989-1990. Work was concentrated on the highgrade metamorphic rocks of the Fosdick Mountains and plutonic rocks in the adjacent Chester Mountains. The scientific
party consisted of Bruce P. Luyendyk, Stephen M. Richard,
and Christine Smith of the University of California at Santa
Barbara, and David L. Kimbrough of San Diego State University. Thirty-nine days were spent in the field area during December and January with logistic support by VXE-6 LC-130
flights. We completed an east-west traverse of the Fosdick
Mountains, with a linking north-south traverse to the Chester
Mountains, mapping, making detailed structural observations,
and collecting rock samples for paleomagnetic, geochronologic, and petrologic studies (figure).
Three major geologic domains were recognized in the base-

Generalized map of the Fosdick Mountains and Chester Mountains area adapted from Wade, Cathey, and Oldham (1977, 1978) showing
camps and traverses made during the 1989-1990 field season. BP denotes Birchall Peaks; Ml denotes Mount Iphigene; OG denotes Ochs
Glacier; MA denotes Mount Avers; ML denotes Mount Lockhart; BB denotes Bird Bluff; GN denotes Griffiths Nunataks; ON denotes O'Connor
Nunataks; MR denotes Mount Richardson; MG denotes Mount Getz; NN denotes Neptune Nunataks; MC denotes Mount Corey. (ml denotes
mile; km denotes kilometer.)

ment rocks. These are the Fosdick domain, consisting of migmatitic paragneiss, and orthogneiss; the Chester domain,
consisting mostly of granodioritic plutons; and the Mount Corey
domain, consisting of granite plutons. The contacts between
these domains are buried under the intervening glaciers, but
our observations suggest that a high strain zone separates the
Fosdick and Chester domains, and that the Mount Corey granitoids are younger than rocks in either of the other domains.
Fosdick domain. The Fosdick Mountains consist of a migmatite-gneiss complex of strikingly uniform lithologic character
from Birchall peaks at the west to Bird Bluff on the east. The
complex consists of interlayered migmatitic metasedimentary
rocks and granodiorite. These rocks provide the best opportunity for direct observation of the deeper levels of continental
crust in this segment of Marie Byrd Land. A small area of
heterogeneous high-grade paragneiss and lesser orthogneiss
at Scott Nunataks and Mount Swadener in the Edward VII
Peninsula are the only comparable rocks in the Ford Ranges
(Adams et al. 1988).
In rare places, the protolith of the Fosdick Mountains metasedimentary material can be seen to be dark gray feldspathic
sandstone and argillite, similar to pendants of Swanson Formation we observed in Chester Mountains granodiorite. The
mineral assemblage includes biotite, sillimanite, garnet, cordierite, quartz, and K-feldspar throughout the range. Granodiorite bodies are generally thick concordant layers. The
metasedimentary migmatite has a layered internal structure,
with dark and light layers of paleosome and neosome. Partial
melting was apparently quite advanced in the metasedimentary component, leading to the formation of block gneiss, in
which lenses of paleosome 1-4 meters in diameter are engulfed
in leucogranitic neosome. In the western part of the complex,
bodies of block gneiss have been mobilized and crosscut the
regional foliation. Distinctive subunits based on variations in
protolith character were not found.
4

Migmatization in the Fosdick Range was accompanied by
the intrusion of mafic dikes. The youngest dikes are vertical,
strike northerly in general, and consist of hornblende and calcic
plagioclase. Progressively older dikes are more deformed by
buckling and boudinage, rotated into parallelism with the enclosing gneiss, and metamorphosed to fine-grained biotitefeldspar granofels. Many of the blocks in the block gneisses
are relict mafic dikes.
The foliation in the migmatite defines a gentle, upright antiform, with limbs dipping approximately 200 on both flanks
of the range. Foliation is defined by compositional banding in
the gneiss; no lineation has been observed. Numerous extension faults cut the foliation at a low to moderate angle. These
faults were observed to form conjugate sets in any given outcrop, suggesting bulk flattening of the gneiss. Intrusion of
neosome along many of these fault planes suggest that they
are syn-metamorphic. Sparse intrafolial isoclinal folds were
also observed, but hinge lines could rarely be determined. The
foliation is folded into a large-scale close, recumbent fold pair,
with an east-trending hinge, along the northern side of the
range between Mount Lockhart and the Ochs Glacier.
Chester domain. The Chester Mountains consist of medium
grained biotite granodiorite. Pendants of dark gray sandstone
and argillite with sparse calcareous nodules are present. The
granodiorite is intruded by medium to fine-grained muscovitebiotite granite, abundant pegmatite dikes, and by mafic dikes
resembling those that intrude the Fosdick migmatite-gneiss
complex. At Neptune Nunataks along the south side of the
central Fosdick Mountains and at Griffith Nunataks to the east,
are outcrops of foliated granodiorite in which the foliation is
concordant to that in nearby Fosdick migmatite-gneiss exposures. Pegmatite dikes crosscut this foliation. These outcrops
may represent a deeper level of the Chester Mountains batholith. The presence of foliation in these rocks suggests increasing strain toward the contact with the Fosdick complex.
ANTARCTIC JOURNAL

Corey domain. Mount Corey and O'Connor Nunataks consist
of alkali granite, associated dikes, and minor intrusive rocks.
The granite is pinkish, medium grained, and equigranular.
Mafic minerals are hornblende and biotite at O'Connor Nunataks, and biotite at Mount Corey. A few pegmatite dikes are
present, but mafic dikes are absent, suggesting that this granite
is younger than the mafic dikes that intrude the Fosdick and
Chester domains. The only deformation features observed in
this domain are planar crush zones on Mount Corey and chioritic fractures at O'Connor Nunatak.
The outcrop pattern in the Fosdick Mountain area is consistent with the migmatite-gneiss complex forming the core
of a large-scale dome. The deepest crustal level is exposed
in the Fosdick Mountains, with the Chester and Mount Corey
domains representing successively higher levels. The antiformal structure of the range is related to the uplift history
of the migmatite complex. Halpern (1972) reports seven rubidium-strontium biotite ages from the Fosdick Mountains
that cluster from 92 to 102 million years and these ages are
regarded as a reliable estimate for the uplift and cooling of
the migmatite-gneiss complex. These cooling ages are similar
to those determined from metamorphic rocks in New Zealand that were uplifted in response to continental extension
preceding the breakup to the southern Gondwanaland margin (Tulloch and Kimbrough 1989). Our continuing research
is directed at determining the timing and causes of uplift of
the Fosdick migmatite-gneiss complex.
This research was supported by National Science Foundation grant DPP 88-17615.
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The West Antarctic Volcanological Exploration (WAVE) program is a multinational effort (by the United States, the United
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Kingdom, and New Zealand) to study in detail the geology of
volcanoes in Marie Byrd Land, West Antarctica. Marie Byrd
Land is Antarctica's largest but least studied volcanic province
(LeMasurier 1990). It includes 18 large (greater than 2,000meter elevation) stratovolcanoes and more than 30 smaller
eruptive centers. All of these volcanoes show alkaline compositions and are related to crustal extension associated with
continental rifting. Most Marie Byrd Land volcanoes have been
studied only on a reconnaissance level, primarily by helicoptersupported geological parties during the 1967-1968 and 19771978 austral summers (LeMasurier and Rex 1989; LeMasurier
1990).
During the 1989-1990 austral summer, a snowmobileequipped, six-person WAVE team performed 23 days of field
work at the southern end of the Executive Committee Range
in central Marie Byrd Land. Detailed geologic mapping and
sampling was completed on three volcanoes: Mount Waesche,
Mount Sidley, and Mount Cummings. This article reports some
of our initial field observations.
Mount Waesche. Mount Waesche (3,292 meters) is the southernmost and youngest of the Executive Committee Range volcanoes (figure). It is a coalesced doublet consisting of the
topographically subdued 1.5 million year old, 10-kilometerwide Chang Peak caldera with the younger (0.1 to 1 million
year old), higher symmetrical southern peak of Mount Waesche
proper developed on its southern flank (LeMasurier 1990). We
sampled the only three exposures on Chang Peak caldera and
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mapped approximately 80 percent of the exposures in the 2kilometer summit crater and southern flank of Mount Waesche's
southern peak.
The summit of Mount Waesche is formed by a scoria cone
topped by prominent (20-meter) rime ice towers. We found
no sign of recent thermal activity (such as fumarolic ice towers,
ice caves, or warm ground). Deposits around the summit crater
are dominantly pyroclastic and contain abundant hypabyssal
plutonic xenoliths. The western and southern slopes are dominated by intermediate-composition lava flows erupted from
summit and flank vents. Vent-proximal pyroclastic deposits

are present in small scoria cones along a radial rift zone in the
southwest quadrant of the volcano.
Debris from the xenolith-rich summit pyroclastic deposit has
been transported down the southern slope of Mount Waesche,
probably by a combination of glacial and solifluction/gelifluction transport processes. This transported debris forms a distinctive marker horizon for distinguishing older, eroded, debrismantled lavas from younger, little-eroded units. We interpret
this debris mantle as evidence for former advances of glacial
ice centered on Mount Waesche, rather than overriding by the
continental ice sheet.
Two interesting features were found in the ice sheet adjacent
to Mount Waesche. First, a vertically oriented sequence of 31
englacial tephra layers is present south of the mountain. Layers
range from faint dust bands to 4-meter thick beds containing
bombs as large as 2 meters. These tephra layers were probably
formed by Holocene activity, and may have potential for correlating and dating ashes in deep ice cores elsewhere in Antarctica (e.g., Palais et al. 1988). Second, a moraine ridge southeast
of Mount Waesche is composed of exotic rhyolite, basanite,
and mantle xenoliths; analysis of these lithologies may help
evaluate pre-Waesche activity.
Peralkaline rhyolites were collected at each of three outcrops
around the rim of Chang Peak caldera.
Mount Sidley. Mount Sidley (4,181 meters) is Antarctica's
highest volcano. It is a symmetrical stratovolcano topped by
a 5-kilometer-wide, 1,200-meter-deep caldera that is breached
on its southern side (figure). The reconnaissance work of
LeMasurier (1990) has shown that Mount Sidley consists primarily of 4.75 million year old lavas of predominantly phonolitic composition. We mapped approximately 90 percent of
the available outcrops on Mount Sidley, including the east and
west faces of the caldera wall.
Anorthoclase phonolite (kenyte) lavas dominate the basal
portion of the caldera wall sections and are also exposed on
the eastern, southeastern, and western flanks of Mount Sidley.
Most of these lavas show reddened, brecciated bases and tops
characteristic of subaerial eruption and emplacement, but some
show basal pillows and/or hyaloclastite indicative of limited
interaction with ice and show. The anorthoclase phonolite lavas are capped by an unconformity along which are discontinuous lenses of hyaloclastite and epiclastic sediment, probably
deposited in valleys or summit depressions of the developing
volcano. Overlying the unconformity are a variety of relatively
crystal-poor, intermediate to silicic lavas, some of which are
also exposed on the southern flank of the volcano.
The caldera rim is capped by a densely welded pyroclastic
fall deposit rich in hypabyssal plutonic xenoliths, probably
related to the caldera collapse event. Also exposed in the caldera wall are numerous dikes and one stock with an associated
hydrothermal alteration halo.
Several post-caldera-collapse units are present within the
caldera, including an extensive unwelded ignimbrite and more
local lavas, hydroclastic deposits, and tillites. Dating of these
units will help constrain the age of caldera collapse at Mount
Sidley. The stratigraphically youngest units on Mount Sidley
are mafic scoria cones containing abundant crustal and mantle
xenoliths.
Mount Cumming. A short visit was made to Mount Cumming, a small, poorly exposed volcano (figure) from which we
collected a representative suite of lava, welded pyroclastic fall,
and lherzolitic mantle xenoliths.
Laboratory work. Field data for Mount Waesche and Mount
Sidley have been compiled on enlargements of U.S. Geological
ANTARCTIC JOURNAL

Survey 1:250,000 scale maps. Laboratory work in progress includes argon-40/argon-39 dating and petrographic, geochemical, and isotopic analysis of lavas and pyroclastic rocks from
these volcanoes. These data are expected to help constrain the
volcanic and tectonic history of Marie Byrd Land. Analysis of
xenoliths will help determine the nature of crust and mantle
beneath West Antarctica.
This work was supported by National Science Foundation
grant DPP 88-16342. We greatly appreciated the LC-130 transportation provided by VXE-6. Bill Atkinson (New Zealand Antarctic Research Program) and Chris Griffiths (British Antarctic
Survey) assisted in the field. Philip Kyle has played a major
role in the conception and development of the WAVE project.
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Mount Erebus, on Ross Island, Antarctica, is a large (3,794meter), active volcano, which contains a convecting anorthoclase phonolite lava lake. From 1972 to 1984, Mount Erebus
had two to six small strombolian eruptions per day, some of
which ejected bombs onto the crater rim. Since 1985, eruptive
activity has been quiet, and although bombs are erupted, few
reach the crater rim. The bombs contain unusually large anorthoclase feldspar crystals (up to 9 centimeters in length), as
well as smaller crystals of clinopyroxene, olivine, magnetite,
pyrrhotite, and apatite (Kyle 1977). The anorthoclase feldspar
crystals contain abundant melt inclusions, which are trapped
during crystal growth due to irregularities on the crystal surface. Because melt inclusions quench rapidly and do not degas
during volcanic eruption, they can be used as indicators of the
volatile composition of a magma at the time of crystal growth
(Roedder 1984). Usually, volatiles are lost by degassing during
eruptions and magmatic convection in the lava lake, and there
is no direct method to determine the pre-eruptive volatile composition of the magma. By comparing the volatile contents of
melt inclusions and degassed magma (matrix glass), it is possible to assess changes in magma composition, particularly
volatile loss, during the volcanic eruption.
Melt inclusions in Erebus anorthoclase phenocrysts are large
and abundant (figure 1), representing up to 30 percent of crystal volume. There are two end-member types of melt inclusions, some large (up to 1,000 microns) and irregularly shaped
and others smaller (up to 100 microns) and rectangular. Small
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bubbles, probably caused by differential shrinkage of glass and
crystal during quenching, are found in most melt inclusions,
and appear to be more abundant in the irregular inclusions.
Clinopyroxene phenocrysts also contain melt inclusions, although these are not as abundant and large as those in feldspar.
Chemical analysis of melt inclusions is difficult due to their
small size. We have analyzed the major elements as well as
chlorine and sulfur contents of inclusions by electron microprobe, and water, fluorine, and a suite of trace elements by
ion microprobe. Both of these analytical techniques allow analysis of a 20-micron spot. Major, trace, and volatile element
analyses were also made of host feldspar and pyroxene phenocrysts. Results are given in the table. There does not appear

'a

Figure 1. Reflected light photomicrograph of melt inclusions in
anorthoclase feldspar from Mount Erebus, Antarctica. Two endmember types of melt inclusions are apparent—those which are
large and irregular, whereas the others are small and rectangular.
The field of view is approximately 2 millimeters.

to be any significant progression of melt-inclusion composition
of phenocrysts from core to rim nor is there any systematic
difference between the composition of large and small melt
inclusions. Melt-inclusion compositions from feldspar and pyroxene are identical, within analytical error. Apparently, there
are measureable differences between the phosphorus and boron contents of melt inclusions and matrix glass.
The similarity of major and most trace element compositions
between melt inclusions and matrix glass suggests that the
melt remained compositionally homogeneous during crystal
growth, and the melt inclusions represent true magmatic composition. An anomalous feature of the Mount Erebus magmatic
system, however, is that the volatile contents from melt inclusions and degassed matrix glass are virtually identical (figure
2) (for other systems, see Devine et al. 1984). The Mount Erebus
magma degasses continuously, and outputs of volcanic sulfur,
chlorine, and fluorine totalling several hundred tons per day
have been measured (Meeker et al. 1989). Water and carbon
dioxide are likely to be emitted as well, yet the similarity of
volatile contents between the matrix glass and melt inclusions
suggests that no significant gas is being lost between crystallization and eruption. This may be because melt inclusions

trapped magma which is not representative of bulk magma or
because the melt inclusions could have degassed after entrapment. These explanations, however, are unlikely: the first because of the strong similarity between major and trace elements
of melt inclusions and matrix glass and the second because of
the low bubble-to-glass ratio in the inclusions. The most plausible explanation is that the anorthoclase feldspar and clinopyroxene phenocrysts grew under near-surface conditions,
thereby trapping degassed magma. The solubility of volatile
components in a given magma is a direct function of pressure,
and as pressure decreases, the volatile component will exsolve
from the melt (Burnham 1979). Crystallization, therefore, may
have occurred at shallow depths in the magmatic system, but
due to the uncertainty in water solubility in phonolitic magmas, the exact depth is difficult to estimate (probably less than
500 meters, estimated following Burnham 1975, 1979). Degassing of water from the magma during ascent will cause
polymerization of the magma and may trigger rapid, low-pressure crystallization of anorthoclase feldspar.
This work was funded by National Science Foundation grant
DPP 87-16319. The electron microprobe used in this study was
purchased with the aid of National Science Foundation grant

Average major, volatile, and trace element abundances of melt inclusions, matrix glass, and phenocrysts from anorthoclase phonolite
bombs from Mount Erebus.
NOTE: Major elements, chlorine, and sulfur were analyzed by electron microprobe, all other analyses are made by ion microprobe. Errors of
determination for electron microprobe analyses are as follows, based on counting statistics: silicon dioxide ± 1 percent; aluminum oxide ± 1 percent;
titanium dioxide ±3 percent; ferrous oxide ±2 percent; magnesium oxide ± 15 percent; calcium oxide ± 10 percent; sodium oxide ± 1 percent;
potassium oxide ± 1 percent. Errors for chlorine and sulfur, based on replicate analyses of a standard are both around ± 100 parts per million. Ion
microprobe errors are ±0.1 weight percent of water, and ±15 percent for fluorine and other trace elements. Number of analyses range between 1
and 10 for each mean value shown. Dashes denote not measured.
Melt inclusions
Feldspar

Major elements (in weight percent)
Silicon dioxide
54.8
Aluminum oxide
20.5
Titanium dioxide
1.0
Ferrous oxide
5.2
Magnesium oxide
0.8
Calcium oxide
2.0
Sodium oxide
9.4
Potassium oxide
5.7
Volatile elements (in weight percent)
Water
0.2 (0.02)
Fluorine
0.27 (0.04)
Sulfur
0.065 (0.008)
Chlorine
0.17 (0.014)
Trace elements (in parts per million)
Lithium
45 (13)
Boron
32 (7)
Phosphorus
1,940 (250)
Rubidium
145 (18)
Yttrium
(4)
66
Strontium
199 (73)
Zirconium
1,572 (122)
Niobium
396 (31)
Barium
485 (152)
Cerium
287 (20)
Thorium
29 (6)
n (electron probe)
n (ion probe)

Pyroxene

54.5
20.4
1.0
5.6
0.9
2.1
9.6
5.4
0.1
(0.05)
0.29 (0.05)
0.053 (0.07)
0.18 (0.015)
(3)
36
(2)
15
1,371 (122)
142 (11)
60
(9)
182 (25)
1,607 (150)
372 (22)
480 (36)
320 (57)
23
(8)
8
4

Matrix glass

55.0
20.2
1.0
5.6
0.9
1.9
9.5
5.5
0.1 (0.08)
0.30 (0.02)

Phenocrysts
Feldspar a Pyroxene

62.9
23.0
0.1
0.2

49.7
3.3
1.5
9.2
1.0
22.4
1.0
0.0

2.8
7.5
3.8
0
-

0.06

0.18(0.01)
(1)
35
16
(4)
1,963 (280)
163 (15)
51
(5)
219 (14)
1,335 (39)
379 (27)
(4)
536
299 (26)
26
(6)

0
1
(1)
15
(6)
140 (19)
18
(3)
1
(1)
2,242 (77)
(2)
3
1
(1)
2,688 (213)
29 (4)
2
(1)
5
nab

a Major element analysis from Kyle (1977).
b Not applicable.
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EAR-8408163 (to P. Busek). Ion microprobe analyses were made
at the Arizona State University facility, and we would like to
thank R.L. Hervig for his invaluable advice and guidance.
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Figure 2. Diagram showing the mean water (1-120), fluorine (F),
chlorine (C), and sulfur (S) contents of melt inclusions (Ml) in feldspar and pyroxene vs. matrix glass, as analyzed by electron and
ion microprobe. Errors are ± 0.1 weight percent (Wt. %), ± 0.045
weight percent, ± 0.01 weight percent, and ± 0.01 weight percent
for water, fluorine, chlorine, and sulfur, respectively. The volatile
contents of the melt inclusions are similar to that of matrix glass.
A one-to-one correlation line is drawn. Note that only water deviates
from the one-to-one line, but not significantly due to the large analytical error.
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Mount Erebus, Ross Island, is a 3,794-meter-high, active
volcano which contains a permanent, active convecting lava
lake of anorthoclase phonolite magma. The lake was discov1990 REVIEW
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ered in 1972 and has varied in size and position within the
summit crater. Apart from a brief period in late 1984 when the
lake was buried by ejecta from an extended period of large
frequent strombolian eruptions, the lake has been a site of
continuous degassing. The emitted volcanic gases result in a
distinct plume which is dispersed over the southern Ross Sea
and Ross Ice Shelf. Since December 1983, we have measured
the sulfur dioxide emission rates from the summit crater of
Mount Erebus to monitor the activity and to give an estimate
of the contribution of Erebus to the pristine antarctic environment. To complement these measurements, we estimated
emission rates of other aerosols and gases in December 1986.
Here, we report on these measurements; further details of
results, analytical techniques, and discussion are given in Meeker
(1988).
Correlation spectrometer (COSPEC V) measurements of sulfur dioxide emissions were made using standard stationary,
ground-based, hand-held scans of a tripod mounted COSPEC
(Stoiber, Malinconico, and Williams 1983). In December 1986,
we collected nine sets of treated filters in the volcanic gas
plume on the crater rim of Mount Erebus. A 110-millimeter

diameter filter pack consisting of a 2-micrometer Zeflor Teflon
(PTFE) particle filter followed by four lithium hydroxide (7LiOH)
treated filters were used (Kitto, Anderson, and Zoller 1988;
Finnegan et al. 1989). The treated filters collected the acidic
vapor-phase species (e.g., sulfur dioxide, hydrogen chloride,
hydrogen fluoride, etc.), whereas the Teflon filters trapped the
solid particulate material. The filters were analyzed at Los Alamos National Laboratory by instrumental neutron activation
analysis; sulfur was also analyzed by ion chromatography.
Sulfur dioxide emission rates in December 1986 were 20 ±
11 megagrams (1 megagram = 10 6 grams) per day. This compares to 230 ± 90 megagrams per day in December 1983 (Rose,
Chuan, and Kyle 1985) and 25 ± 10 megagrams per day in
December 1984 (Symonds, Kyle, and Rose 1985).

Analyses of element concentrations for the filter packs are
determined in micrometers per cubic meter of air sampled.
Representative analyses of four sets of filters collected on three
consecutive days are given in table 1. Absolute values of elements vary widely on the filters and depend on the nature of
the plume and its dispersal over the collection site, the type
of volcanic activity and the collection position with respect to
the magma lake. Because the plume is highly diluted by the
atmosphere prior to sampling, it is more realistic to examine
the element enrichment in the volcanic emissions with respect
to their concentration in the magma. Enrichment factors (see
table 1 for definition) are, therefore, used. Table 2 lists bromine-normalized enrichment factors averaged for all nine filter
samples and normalized using measured or estimated abun-

Table 1. Representative analyses (in micrometers per cubic meter unless noted otherwise) of particle and treated filter samples
collected at Mount Erebus in December 1986. Calculated enrichment factors for the gas relative to the Mount Erebus magma are listed.
The magma element abundances are based on direct measurements except for indicated elements
where an average crustal abundance is used.

Element

Fluorine
Sodium
Aluminum
Sulfur
Chlorine

20 Dec'

728
127
12.2
164
1,709

21 Dec

658
132
7.0
171
1,784

22 Dec

228
30.9
5.0
62.7
664

Enrichment
factor x 105

35,500
185
19
24,920
99,433

Magma
(in parts per
million)

2,140
63,275
106,000
260
1,400

Potassium
Calcium
Scandiumd
Vanadium
Chromium

96
18.5
1.9
0.01
0.08

Manganese
Iron
Cobalt
Copper
Zinc

0.70
13.2
nd.
4.4
3.0

0.34
9.1
n.d.
n.d.
3.0

0.13
6.8
0.004
0.84
2.5

Arsenic
Selenium
Bromine
Rubidium
Molybdenum

2.0
0.04
3.0
0.70
nd.

1.5
0.04
4.8
0.81
0.02

0.36
0.05
1.6
0.16
0.07

31,133
88
100,000
643
2,269

3.6
1.4
3.57
109
16.2

Indium
Antimony
Cesium
Lanthanum
Cesium

0.18
0.07
0.02
0.03
0.05

0.20
0.03
0.04
0.02
0.03

0.04
0.007
0.007
0.011
0.046

132,365
9,190
1,206
26
232

o.i
0.5
2.0
207.6
57.3

Samarium
Europium
Ytterbium
Hafnium
Tantalum

n.d.
0.01
0.01
0.006
0.02

0.004
n.d.
0.01
0.008
0.01

0.001
0.001
0.023
0.055
nd.

43
341
870
83
97

Tungsten
Goldc
Mercury

0.04
0.62
nd.

n.d.
nd.
0.003

0.01
1.31
0.005

1,625
5,445
18,840

134
n.d.c
n.d.
n.d.
0.2

26.1
7.3
0.8
nd.
0.01

233
187
103
69
1,276

37,940
18,000
3.5
25
14

8
102
2,405
4,218
4,130

10,070
29,100
2.4
13
115

26
2.4
5.25
27.4
18.1
l.5f
0.023
0.08'

a Average of two filters.

X9 /Bra.
X magma/Brmagma
c nd. denotes not detected.
d In nanograms per cubic meter.
Germani (1980).
Taylor (1964).
b

Enrichment factor =
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Table 2. Calculated emission rate (in megagrams per day) of
some volatile elements from Mount Erebus in December 1986
and estimated emission rates in 1983 assuming the same
element-to-sulfur ratios as in December 1986.
Element

Fluorine
Sodium
Chloride
Potassium

1986

1983

41.8 ± 4.1
6.8 ± 1.6
107.0 ± 0.7
5.9 ± 1.8

484
78
1,234
68

Copper
Zinc
Arsenic
Bromine

0.2 ± 0.1
0.25 ± 0.1
0.09 ± 0.03
0.24 ± 0.05

NOTE: Calculations used the measured sulfur dioxide emission rates of
20 and 230 megagrams per day in 1986 and 1983, respectively.

dances of the elements in the phonolite magma. Indium is the
most enriched element in the volcanic plume relative to its
concentration in the magma and is followed by chlorine, fluorine, arsenic, and sulfur.
Absolute emission rates for selected elements have been
determined using the COSPEC 2 sulfur dioxide data and the
element/sulfur ratios determined from the filter packs (table
2). In December 1986, the emission rates of hydrogen chloride
and hydrogen fluoride were 107 and 42 megagrams per day,
respectively. These emission rates are significantly higher than
sulfur dioxide which commonly dominates over hydrogen
chloride and hydrogen fluoride at most other volcanoes around
the world. This is a function of the evolved nature of the
strongly undersaturated alkalic phonolitic magma. If the composition of the gas plume remains unchanged with time, then
the COSPEC results from December 1983 can be combined
with the 1986 treated filter data to give an estimate of the
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The dry valleys lie in the Royal Society Range of the Transantarctic Mountains in southern Victoria Land. The oldest exposed rocks in this area are the metasedimentary Skeleton
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hydrogen chloride and hydrogen fluoride emissions rates of
1,234 and 484 megagrams per day, respectively (table 2). These
estimated emission rates for 1983 are extremely high and suggest that Mount Erebus has been an important source of aerosols to the antarctic atmosphere.
This work was supported by National Science Foundation
grant DPP 85-19122. We appreciate the assistance of the VXE6 helicopter crews and ITT Antarctic Services personnel for
logistic support.
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Group of Cambrian or Late Proterozoic age. The Skeleton Group
is intruded by a suite of locally deformed granitic to dioritic
rocks (the Granite Harbor Intrusive Suite) which was emplaced
during the Ordovician Ross orogeny. Numerous series of mafic
to felsic late synorogenic dikes also of probable Ordovician age
(Berg 1988) cut this basement complex in many parts of southern Victoria Land. Gunn and Warrer (1962) have described the
geology of southern Victoria Land and Keiller (1988) has discussed the complex field relations of the dikes.
The synorogenic dikes include as many as four cross-cutting
sets of dark, mafic, aphanitic dikes (Angino, Turner, and Zeller
1962). Numerous geologists have referred to these dikes as
lamprophyres. These dark, mafic, aphanitic dikes, however,
do not contain euhedral mafic phenocrysts and thus do not fit
the classical definition of lamprophyres (Streckeisen 1979; Rock
1984). An extensive swarm of these dikes is well exposed in
eastern Wright, Taylor, and Victoria dry valleys. The field relations of this dike swarm, henceforth referred to as the dry
valleys mafic dike swarm, were examined and samples were collected at five localities (Nussbaum Riegel, Mount Insel, Mount
Cerebus, the Eastern shore of Lake Vanda, and on the ridge
11

crest west of the Meserve Glacier in Wright Valley). This article
classifies these dikes by describing their mineralogy and petrography and presents data of a reconnaissance geochemical
nature. These results are then compared to similar data derived
from caic-alkaline lamprophyres elsewhere in the world.
The mineralogy of all dikes is similar. Approximately 60
percent of each dike is composed of felsic minerals, largely
plagioclase. Most plagioclase crystals are andesine or oligoclase, occur as moderately zoned tablets or laths and are weakly
to moderately altered to a mixture of sericite and/or various
clay minerals. Amphibole is typically the most abundant mafic
mineral and occurs as euhedral to subhedral prismatic crystals
that are usually unaltered. Its pleochroic formula and absorption scheme are: Z = orange-brown, Y = pale orange-brown,
X = pale yellow; Z>Y>X. Some amphibole crystals have thin
rims of green actinolite (?). Biotite is present in all samples;
locally it is more abundant than amphibole or present only in
accessory amounts. Its pleochroic formula and absorption
scheme are Z = Y = dark red to red black, X = pale yellow;
Z = Y>X. Clinopyroxene grains, most of which are strongly
altered to mixtures of epidote and sericite, present in almost
all samples, but only in accessory amounts.
The groundmass contains abundant minute apatite needles,
minor quartz and carbonate, and sparse potassium feldspar.
Ocelli (globular structure) of epidote or of quartz rimmed with
sericite occur in about 30 percent of the thin sections. Two
types of chlorite occur interstitially in the groundmass or replace biotite. The overall groundmass texture is equigranular,
with individual grains ranging between 0.25 and 1.5 millimeters in diameter. Microphenocrysts of amphibole, biotite,

and less commonly plagioclase as much as 3 to 4 millimeters
in diameter occur sparsely in about half of the thin sections.
Electron microprobe analyses of the mafic minerals indicate
the amphiboles are magnesian hastingsite or ferroan pargasite
(Leake 1978), the pyroxenes are magnesium-rich augite (Morimoto 1988) and the micas are biotites containing subequal
amounts of the siderophyllite and annite molecules (Bailey
1984). Overall mineralogy and specific composition of the amphiboles and pyroxenes of the dry valleys mafic dike swarm
are similar to the mineralogy and mafic mineral compositions
described by Rock (1984, 1987) from spessartite lamprophyres
(a subtype of calc-alkaline lamprophyres composed dominately
of amphibole and plagioclase) elsewhere in the world. Biotites
in the dry valley mafic dike swarm have much higher iron-tomagnesium ratios than micas which generally occur in calcalkaline lamprophyres (Rock 1984, 1987).
Major, minor, and trace-element contents of 10 whole-rock
samples and rare-earth element compositions of three of these
samples are reported in the table where they are also compared
with averages of 129 worldwide spessartile lamprophyre analyses (Rock 1984). Dry valleys mafic dike swarm samples average 2.5 percent more silicon-oxide and 0.25-1.5 percent less
ferric oxide, magnesium oxide, and sodium oxide than Rock's
(1984) average spessartite lamprophyre. Values for all reported
major and minor element oxides, however, fall within the geochemical screens used by Rock (1984) to discriminate caic-alkaline lamprophyres. The volatile contents, especially carbon
dioxide, of the dry valley mafic dike swarm samples are considerably lbwer than average spessartite lamprophyre and approach those of "common mafic igneous rocks" (LeMaitre 1976).

Geochemical data from the dry valleys mafic dike swarm compared with average composition of worldwide calc-alkaline lamprophyres
A

B

Silicon oxide
Aluminum oxide
Ferric oxide
Ferrous oxide
Magnesium oxide

54.5 (51.9-58.4)
15.6 (14.5-17.3)
1.57 (1.24-2.23)
5.84 (5.24-6.88)
5.66 (2.49-7.02)

51.9
15.1
2.9
5.4
6.8

Calcium oxide
Sodium oxide
Potassium oxide
Titanium oxide
Phosphorus
oxide

7.33 (5.75-8.40)
2.92 (2.33-3.38)
2.36 (1.09-3.40)
1.04 (0.84-1.23)

Maganese oxide
Structural water
Adsorbed water
Carbon dioxide

A

Ca

Barium 794 (400-1,000)
Beryllium 2 (1-3)
Cobalt 28 (15-33)
Chromium 281 (6.450)
Copper 21(3-63)

Lanthanum
Cerium
Praseodymium
Neodymium
Samarium

7.0
3.2
2.4
1.3

Gallium 23 (21-25)
Lithium 39 (25-73)
Niobium 15 (12-17)
Nickel 83(2-170)

Europium
Gadolinium
Terbium
Dysprosium

1.81
6.9
1.0
5.1

0.31 (0.21-0.43)

0.4

Lead 14 (5-26)

Holmium

0.97 (0.84-1.05)

0.14 (0.11-0.19)
2.02 (1.32-2.52)
0.15 (0.07-0.35)
0.12 (0.02-0.46)

0.1
2.4

Rubidium 85 (50-130)
Scandium 18(11-26)
Strontium 615 (550-690)
Thorium 6 (4-10)
Vanadium 109 (67-140)

Erbium
Thulium
Ytterbium
Lutetium
Normalized rare-earth ratio

2.7
(2.4-3.0)
0.36 (0.31-0.42)
2.4
(2.0-2.8)
0.35 (0.30-0.42)
7.4
(4.5-10.1)

Yttrium 26 (22-30)

Europium anomaly

0.82 (0.76-0.85)

Zinc 196 (130-225)

Y.14 rare-earth elements

_b

1.1

33.0 (24.9-39.6)
66.5 (49.9-79.2)
7.8
(5.8-9.2)
33.7 (27.5-38.1)
6.7
(5.7-7.3)

170

(1.68-1.90)
(6.4-7.5)
(0.9-1.2)
(4.8-5.4)

(136-194)

Zirconium 196 (130-225)
a Column heads: A. Average and range of 10 dry valley dike analyses. B. Average of 129 worldwide spessartite lamprophyres (Rock 1984). C. Average
and range of three dry valley dike analyses.
b Not reported.

NOTE: Rapid rock major-element analyses by J. Ardith, J. Bartel, E. Brandt, S. Roof, K. Stewart, and J. Taggart of the U.S. Geological Survey.
Methods used are described by Shapiro and Bannock (1962) and are supplemented by atomic absorption. X-ray fluorescence trace element analyses
by C. Gent and B. King of the U.S. Geological Survey, Inductively coupled plasma emission spectroscopic rare-earth element analyses by J. crock
and K. Kennedy of the U.S. Geological Survey. Major elements in weight percent; trace and rare-earth elements in parts per million. Not detected or
at limit of determination for all McMurdo Dry Valley samples: silver, arsenic, gold, boron, bismuth, cadmium, germanium, molybdenu, tin, tantalum,
uranium, and tungsten.
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In the JUGS total alkali-silicon oxide classification of volcanic
rocks (Le Bas et al. 1986) five of the analyses are basaltic andesites, three are potassic trachyandesites and two are andesites. In Macdonald and Katsura's (1964) classification the three
trachyandesites lie in the alkaline field whereas the remaining
seven analyses are tholeiitic. All dry valleys mafic dike swarm
analyses plot in Rock's (1987) caic-alkaline lamprophyres field.
CIPW norms (not listed in the table) were calculated using the
ferric oxide-to-ferrous oxide ratio (0.18) of the least oxidized
sample. Two of the trachyandesites are olivine-diopside-hypersthene normative, the other eight analyses are quartz-diopside-hyperthene normative. There are no appreciable
geochemical or mineralogical differences or trends apparent
between younger and older dikes, between margins and interiors of individual analyzed dikes or between dikes from
different locations.
Average trace-element contents of the dry valleys mafic dike
swarm samples fall within the ranges quoted by Rock (1987)
for calc-alkaline lamprophyres, but these ranges are so large
as to be almost meaningless. A much better way of comparing
trace-element data is to examine a spidergram (figure 1) of
mid-ocean ridge basalt normalized elemental abundances. Although the dry valley mafic dike swarm samples contain some-

500
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 2. Average chondrite-normalized rare-earth element pattern
for dry valleys mafic dike swarm samples compared to average
chondrite-normalized rare-earth element pattern for worldwide calcalkaline lamprophyres. Latter data modified from Rock (1987, figure
8). Normalizing values are from Nakamura (1974). (Chemical symbols are: La, lanthanum; Ce, cerium; Pr, praseodymium; Nd, neodymium; Pm, promethium; Sm, samarium; Eu, europium; Gd,
gadolinium; Tb, terbium; Dy, dysprosium; Ho, holmium; Er, erbium;
Tm, thulium; Yb, ytterbium; and Lu, lutetium.)
cc
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0
0
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Figure 1. MORB-normalized spidergram comparing average distribution of various elements in dry valleys mafic dike swarm samples
with those of average worldwide calc-alkaline lamprophyres (Rock
1984). Normalizing values are from Pearce (1982). (Chemical symbols are: Sr, strontium; K, potassium; Rb, rubidium; Ba, barium;
Th, thorium; Nb, niobium; Ce, cerium; P, phosphorus; Zr, zirconium; Hf, hafnium; Sm, samarium; Ti, titanium; Y, yttrium; Yb, ytterbium; Sc, scandium; and Cr, chromium.)
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what less barium, cerium, and thorium than average calc-alkaline
lamprophyre, the two trends on the spidergram are very similar to each other including the characteristic niobium depletion. Figure 2 compares chondrite-normalized rare-earth element
profiles for worldwide calc-alkaline lamprophyres with similar
data from the dry valleys mafic dike swarm. These samples
have several times (3-5) less total normalized light rare-earth
elements than average calc-alkaline lamprophyre and also display small (0.82) negative europium anomalies, whereas average calc-alkaline lamprophyre do not have europium
anomalies. The two trends are otherwise similar in their overall
slope and pattern.
Geochemistry, mineralogy, and composition of specific mafic
minerals from the dry valleys mafic dike swarm are with few
exceptions, similar to spessartite-type calc-alkaline lamprophyre from the rest of the world. The dry valleys mafic dike
swarm crystallized from a volatile poor, silicon-oxide enriched
calc-alkaline lamprophyre magma with a lower-than-average
content of ferric oxide, magnesium oxide, sodium oxide, barium, cerium, thorium, and light rare-earth elements. The dry
valleys mafic dike swarm does not possess one of the characteristic features of lamprophyres (euhedral mafic phenocrysts) except on a microscopic basis and are best referred to
as "microlamprophyres."
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This research was supported by National Science foundation
grant DPP 83-18183 to the U.S. Geological Survey. A previous
version of this manuscript benefited from reviews by P.D.
Rowley and M.A. Kuntz of the U.S. Geological Survey.

References
Angino, E.E., M.D. Turner, and E.J. Zeller. 1962. Reconnaissance
geology of lower Taylor Valley, Victoria Land, Antarctica. Geological
Society of America Bulletin, 73, 1,553-1,562.
Bailey, S.W. 1984. Classification and structures of the micas. In S.W.
Bailey (Ed.), Micas (Reviews in mineralogy, vol. 13). Washington,
D.C.: Mineralogical Society of America.
Berg, J.H. 1988. Mafic and ultramafic inclusions in lamprophyre dikes
from the Royal Society Range of the Transantarctic Mountains. Antarctic Journal of the U.S., 23(5), 30-31.
Gunn, B.M., and C. Warren. 1962. Geology of the basement rocks
between the Mawson and the Mulock Glaciers, South Victoria Land,
Antarctica. New Zealand Geological Survey Bulletin, 71, 1-157.
Keiller, I.G. 1988. Comments and observations on dyke intrusions of
the Wright Valley. New Zealand Antarctic Record, 8(3), 25-33.
Leake, B.E. 1978. Nomenclature of amphiboles. American Mineralogist,
63, 1,023-1,052.

Exposure ages and erosion rates
for bedrock surface samples
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and nunataks
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We have developed a method of studying geologic processes
that occur within the top few meters of the Earth's surface
(e.g., Klein et al. 1986). The method is based on the accumulation of radioactive nuclides produced by nuclear-spallation reactions induced by cosmic rays on major elements
constituting common minerals. The production rate of these
nuclides is low, ten to a few hundred atoms per gram per year;
their measurement was not possible before the advent of accelerator mass spectrometry, which is capable of measuring
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less than 1 million atoms at isotopic ratios as low as 10-16
(Klein, Middleton, and Tang 1982; Middleton et al. 1983; Middleton and Klein 1986).
Application of the method to problems of geologic interest
is based on the reduction in the production rates, of radionuclides produced in situ, by the overburden of material that
has separated the sample in which they are measured from
the rock-air interface over the duration of the mean lives of
those nuclides. The radionuclides calcium-41, aluminum-26,
and beryllium-10 have half-lives that range from 100,000 to 1.5
million years, making it possible to study subaerial exposure
times of a few hundred to several million years. Erosion rates
of 10-2 to iO centimeters per year can be measured. Production rates are reduced by a factor of two under 120-150
grams per cubic centimeter of overlying material, equivalent
to 30-40 centimeters of rock or about 1.5 meters of ice.
Measurements of more than one radioactive product or of
a radioactive product and a stable one (such as helium-3 or
neon-21) often yield information that is qualitatively more valuable than that learned from measuring only one. The rate of
buildup of a radionuclide during exposure depends on its production rate; its decrease during burial depends on its halflife. The study of two or more radionuclides makes it possible
to distinguish single uninterrupted exposures from sequences
of exposures separated by periods of burial. In addition, comparison of two or more cosmogenic nuclides can be used to
eliminate ambiguities of interpretation that are caused by contributions from production sources not occurring within the
rock—specifically atmospheric production. In the case of beryllium-10 and aluminum-26, the relative production rates are
1:3 in quartz, but 300:1 in the atmosphere; thus, it is possible,
ANTARCTIC JOURNAL

by examining ratios of these two nuclides, to detect even small
atmosphere-derived contamination. Differences in the exposure environment of the recent past (approximately 10,000 years)
and over a longer term (approximately 100,000 to 1 million
years) can be established at a single sampling location by exploiting differences in half-lives. Also, by measuring two or
more nuclides produced by different production mechanisms
(e.g., beryllium-10 and aluminum-26, produced by high-energy secondary cosmic rays, and calcium-41, produced by thermal (very-low-energy) neutrons), it has been possible to
distinguish between erosional and exposure effects.
During a period of study of surface-rock samples contributed
from a variety of locations by Kunihiko Nishiizumi and John
Mercer, we learned that antarctic erosion rates are commonly
as low as 10 centimeters per year, and that bedrock exposures on nunataks only a few meters above the modern ice
surface yield exposure ages of the order of a million years
(Nishiizumi et al. in press); both discoveries provide new information that has helped to define the objectives of our continuing study of antarctic Quarternary environments.
During the austral summer of 1986-1987, Peter Webb and
his students from the Polar Studies Institute of Ohio State
University undertook a program of systematic sampling of

surface rock from localities on the floor and walls of the Wright
Valley. Samples were selected primarily to determine the duration of latest subaerial exposure of those localities—that is,
the time elapsed since each locality was last covered by a layer
of glacier ice thick enough to shield the rock from cosmic rays.
We acquired approximately 65 samples, of which 58 have been
analyzed thus far for one or more cosmogenic radionuclides
(see figure 1).
Because of the very substantial contribution of atmospherederived beryllium-10 adsorbed on the surfaces of clay minerals
intimately associated with the quartz samples we are investigating (from other localities as well as from the Antarctic), we
have developed a sample-preparation technique that enables
us to remove, via a process of systematic sequential dissolution, virtually all of the beryllium-10 that was not produced in
solid-state spallation reactions. Concentrations of beryllium10 in samples so treated are consistent with the assumption
that the measured beryllium-10 was produced entirely at the
ground surface during the period of time responsible for accumulation of the measured concentrations of aluminum-26.
Analytical results for the 58 samples thus far analyzed are
summarized in the table; the locations of samples are plotted
on figure 1. The data show that the areas of Wright Valley
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Summary of measurements on Wright Valley samples

Beryllium-b!
beryllium-9
(lo-12)

Beryllium-10/
gram
(106 atoms)

UflCb

86/01
86/02
86/03
86/04
86/05

1.15
0.66
2.11
1.48
0.27

12.43
6.82
22.59
9.28
2.30

1.9
1.9
1.9
1.9
4.0

86/06
86/07
86/09
86/10
86/11 a

0.31
0.19
0.21
1.11
0.60

2.89
2.42
1.74
10.99
7.40

4.0
4.0
4.0
4.0
4.0

86/12
86/13
86/14
86/15
86/16a

0.46
0.56
0.24
0.48
0.42

5.31
5.12
3.32
5.07
5.96

4.9
4.0
4.0
4.9
4.0

86/19
86/20
86/21g
86/22
86/23

0.37
0.35
0.17
0.40
1.40

4.86
4.52
2.21
5.18
17.67

4.0
4.0
4.9
4.0
4.0

86/24
86/25
86/26
86/27
86/28

1.47
2.36
2.34
1.57
1.17

19.57
30.98
33.01
21.36
15.95

4.0
4.0
4.0
4.0
4.0

86/29
86/30
86/31
86/33
86/34

1.35
0.33
0.82
0.64
0.33

17.28
4.47
10.90
8.17
6.29

4.0
4.0
4.0
4.0
4.0

86/35
86/36
86/37
86/38
86/39

0.56
0.46
3.96
3.15
3.05

8.02
6.36
54.87
39.92
49.56

4.0
4.0
4.3
4.3
4.3

86/40
86/41
86/42
86/43
86/45

1.02
0.43
0.43
0.32
0.15

23.13
11 .48
10.05
3.88
3.32

4.3
4.3
4.3
4.3
4.3

86/46
86/47
86/50
86/51
86/52

0.26
0.90
5.26
4.89
7.59

5.70
23.61
63.07
67.90
49.45

4.3
4.3
4.3
4.3
4.3

86/60
86/61
86/62
86/63
86/64

3.93
0.55
4.67
5.61
12.12

31.52
6.18
46.44
53.38
72.38

4.3
4.3
4.3
4.3
4.3

86/65
86/66
86/67
86/68
86/69

5.59
4.13
6.14
6.72
7.65

51.24
39.31
63.93
59.11
65.39

4.3
4.4
4.3
4.3
4.3

86/70

7.34

66.25

4.3

Sample number

(%)

Aluminum-26/
aluminum-27
(10-12)

UflCC
(%)

Aluminum-26/
gram
(106 atoms)

95

1.99

5.00

10.4

58
82
lii
58
3,645

2.83
1.35
1.41
8.11
0.38

5.00
5.00
5.00
5.00
5.00

13.6
9.1
7.9
39.9
30.7

57
67

4.46
2.18

5.00
5.00

20.8
16.2

8,246

0.19

5.00

34.1

39
38

3.59
3.13

5.00
5.00

20.8
15.9

Aluminum-27
(in parts per
million)

a The sample number is that assigned by the collector (Peter N. Webb).
b 1 6 uncertainty. Includes Poisson uncertainty and measurement reproducibility. All measurements made relative to standard for beryllium-10 (half-

life 1.5 million years). Standard was prepared by Kuni Nishiizumi at the University of California at San Diego.
18 uncertainty-dominated by reproducibility variability. The standard for aluminum-26 (half-life 0.7 million years) was made by diluting NBS standard.
NOTE: plank cells indicate "not measured."
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from which those samples were collected have been exposed
to direct bombardment by secondary cosmic rays for periods
of several hundred thousand to about a million years, and that
the rates of erosion that have prevailed over those surfaces
during that exposure duration have been as low as 10 centimeters per year. Analytical results are plotted on the graph
of figure 2, on which the concentrations of beryllium-10 and
aluminum-26 in antarctic samples are related to exposure time,
erosion rate since exposure began, and cumulative duration
of any protracted burial time since first subaerial exposure. A
detailed interpretation of these data will be published else-
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2x10
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where. While these results lead us to express confidence that
the procedures we have developed will enable us ultimately
to reconstruct comparative exposure histories for different parts
of this terrain, the distribution of samples we have thus far
acquired, collected as they were in conjunction with geologic
field work undertaken in pursuit of other objectives, do not
now permit us to reconstruct the post-glacial history of any of
the dry valleys in the detail that will be possible when these
results are supplemented by analyses of samples we plan to
collect in a series of follow-up field exercises.
During austral summer 1990-1991, we hope to extend our
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Figure 2. Graphical summary of beryllium-10 and aluminum-26 measurements of antarctic samples from the Wright Valley. The measured
beryllium-10 and aluminum-26:beryllium-10 ratios have been normalized to their saturation values by correcting production rates for altitude.
The upper line represents the ratio of alum inum-26:beryllium-1O as a function of beryllium-10 concentration during exposure; the numbers
above the line indicate the exposure time in years. The lower line shows the aluminum-26:beryllium-10 ratio as a function of beryllium-10
concentration when concentrations are determined by erosion; erosion rates are given in centimeters per year. All samples (but one) from
the Wright Valley plot below these lines, indicating that all have experienced significant periods of burial during the past 105 to 106 years.
An exposure model for samples collected near Lake Vanda is depicted in the graph. About 270,000 years ago, the samples began a period
of burial which lasted for approximately 250,000 years. The samples plot along the re-exposure line in a sequence representing approximately
20,000 years, with the length of time since burial increasing with distance from the Lake. All these samples come from about the same
elevation, 275 meters. Samples from nunataks, in contrast, show evidence of little or no burial.
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sample network to include an approximation (exposures permitting) of axial traverses along the three principal dry valleys,
as well as at least one full-width traverse across each valley to
the crest of the divide on either side. At the same time, we
plan to collect, in close association with the quartz that will be
our primary objective, mineral material likely to contain enough
calcium to permit determination of calcium-41 exposure ages
for the same localities. In addition, we plan to collect limestone
samples from a range of elevations on Nussbaum Riegel and
adjacent terrain to assist in our program of developing calcium41 as a third cosmogenic isotope for determining exposure
history. Duplicate samples of appropriate materials will be
provided to Mark Kurz of Woods Hole Oceanographic Institute
for measurement of the accumulated concentration of spallogenic helium-3, the basic of yet another method that Kurz is
developing for determining exposure ages and erosion rates
of Earth-surface materials.
We are indebted to Kunihiko Nishiizumi and John Mercer,
who provided us with appropriate samples for our initial measurements of concentrations of cosmogenic radionuclides in
antarctic materials, to Peter Webb and his students for providing us with the suite of samples collected during the 19861987 austral summer, and to Edward Zeller of the University

of Kansas for sending us limestone samples for analysis of
calcium-41. The research reported here was supported in part
by National Science Foundation grant DPP 87-17551.

Triassic osmundaceous ferns
from the Allan Hills,
southern Victoria Land

Some of the most interesting elements of this flora are several
ferns, one of which is referable to the Osmundaceae. The specimens consist of once-pinnate fronds with dimorphic, subopposite pinnae that are attached to the rachis at intervals of
approximately 2.0 centimeters. Vegetative pinnae are deeply
pinnatifid; the pinnatified segments arise at a slightly oblique
angle, with the tips slightly upturned (figure 1). Pinnae segments range from approximately 6.0 millimeters wide at the
point of attachment to less than 2.0 millimeters in the more
distal regions of the frond. Venation is of the open dichotomous type. This foliage would probably be assigned to Cladophiebis, a form genus for bipinnate Mesozoic fern foliage
which cannot be attributed to a family due to the lack of reproductive parts. Some Cladophlebis fronds were no doubt produced by osmundaceous ferns. What is most interesting about
the Allan Hills specimens is the nature and position of the
fertile parts. The fronds include reduced, modified pinnae approximately 1.0 centimeter long arising from the rachis at intervals of nearly 2.0 centimeters. Figure 2 illustrates four fertile
pinnae, all oriented in the same plane as the vegetative leaves
(part of a vegetative leaf is visible at the upper left edge of the
figure). Each fertile pinna is a nonlaminated unit which bears
numerous large, tightly compacted clusters of sporangia. The
clusters occur at intervals along the pinna rachis, similar to the
position of pinnae segments on vegetative pinnae. Like all
osmundaceous ferns, sporangia do not appear to be organized
into a distinct sorus; spores have not been recovered from the
specimen to date.
The Osmundaceae is an ancient family of ferns that can be
traced with confidence back to the Upper Permian (Taylor
1981). Almost all of the fossil evidence for the family consists
of permineralized stem segments that display the typical com-

THOMAS N. TAYLOR, EDITH L. TAYLOR,
BRIGITTE MEYER-BERTHAUD, and JOHN L. ISBELL
Department of Plant Biology
and
Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

N. RUBEN CUNEO
Museo Argentino de Ciencias Naturales "B. Rivadavia"
Buenos Aires, Argentina

During the 1989-1990 austral summer, extensive collecting
was initiated in the Allan Hills (Victoria Land) to document
Permian and Triassic fossil floras and their biostratigraphic
location in this region. One of the principal stratigraphic units
in southern Victoria Land is the Lashly Formation, an alluvial
sequence of Upper Triassic age (Barrett and Kohn 1975). The
Lashly Formation is divided into four members; Member C
consists of carbonaceous shaley siltstones and ripple-laminated
sandstones with abundant, well preserved megafossils (Gabites 1985).
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Figure 1. Portion of Cladophiebis pinna showing oblique insertion
of pinnatifid segments and upturned tips. (Bar scale = 1.0 centimeter.)

plex stele, fibrous organization of the cortex, and characteristic
leaf bases (Miller 1971). Living osmundaceous ferns are represented by three genera containing approximately 16 species.
Within the genus Osmunda, frond morphology varies from
species with fertile and sterile regions on the same frond to
those in which sporangia are borne on separate, completely
fertile fronds. The frond morphology of the Allan Hills specimens is identical to the extant fern 0. claytoniana—the interrupted fern, so named because of the presence of reduced
sporangial-bearing pinnae midway along the vegetative frond
rachis. In living specimens, the fertile region includes three to
five pairs of fertile pinnae. Both pinnules and rachis in the
fossils possess some cuticle. This feature provides the opportunity to examine epidermal characters such as stomata and
trichomes, the latter a characteristic feature of the abaxial surface of Osmunda pinnules.
Today the genus Osmunda can be found in temperate and
tropical regions of both the northern and southern hemisphere, with 0. claytoniana ranging throughout eastern North
America, eastern Asia and India. Osmundaceous remains have
previously been reported from Antarctica in the form of permineralized stems of Osmundacaulis from the Beardmore Glacier region (Schopf 1978) and fertile foliage of Todites from Hope
Bay in the peninsula (Gee 1989). Foliage assignable to Cladophiebis was also reported from the Allan Hills (Gabites 1985).
This article reports the first occurrence of fertile osmundaceous
foliage with fertile pinnae attached along the midpoint of the
rachis as occurs in living 0. claytoniana. It is surprising that
this highly distinctive frond morphology occurs within the
Osmundaceae as early as the Triassic, and it occurrence indicates that variation in frond morphology within the family
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Figure 2. Rachis showing reduced fertile pinnae bearing clusters
of large, spherical sporangia. Note attached portion of a vegetative
pinna at upper left. (Bar scale = 1.0 centimeter.)

diverged far earlier than the suggested Cretaceous appearance
of several extant taxa including 0. claytoniana (Miller 1971).
This work was supported in part by National Science Foundation grants DPP 86-11884 and DPP 88-15976. We are especially appreciative of the logistic support provided by the U.S.
Navy VXE-6 Squadron.
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A Late Triassic flora
from the Allan Hills,
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In this article, we describe the occurrence of a well-preserved
Late Triassic flora from the Allan Hills, southern Victoria Land.
The plants are preserved as impression/compressions in gray,
fine-grained siltstones that outcrop along the western side of
the eastern arm of the Allan Hills. In some instances, cuticles
are present. Collections were made from three different horizons during the 1989-1990 austral summer. The two upper
horizons are within Member C of the Lashly Formation and
the third collection comes from siltstone lenses on a sandstone
platform within Member B of the Lashly.
Plant level 1. The largest collection of megafossils occurs at
this level in a unit that varies from approximately 20 centimeters to 1.0 meter in thickness. One of the most common
elements of the flora is an osmundaceous fern, in particular
specimens that include both vegetative and reproductive parts.
Also present are several species of the seed fern Dicroidium.
One species, D. cf dutoitii, is often associated with large, stalked
cupule-like structures. Each flattened cupule measures approximately 1.0 centimeter in diameter and is attached to a
slender stalk. The specimen illustrated in figure 1 is compressed from the stalk side and shows the region of stalk
attachment. In none of the specimens has it been possible to
identify whether the cupules are uni- or multiovulate, although
on some specimens the surface is irregular, suggesting that
there were several ovules produced by each cupule. Associated
with the cupules are clusters of elongate pollen sacs with individual sporangia that measure approximately 2.0 millimeters
long.
Also included in the flora from level 1 are several foliage
types. One of these is similar to cf. "Johnstonia" trilobita, which
was previously described by Townrow (1967a) from the Allan
Hills. Our preliminary observations suggest that the pinnules
in the present material are similar in size but possess a more
acute distal tip. Another possible seed fern foliage type that
is relatively common at this level-is Diplasiophyllum acutum.
Also present are long (8.5 centimeter) strap-shaped leaves with
parallel veins, which morphologically resemble leaves of the
Desmiophyllum or Heidiphyllum type (figure 2). They also share
some similarities with leaves described by Plumstead (1962)
from southern Victoria Land as Zamites, and from Livingston
Island as Sphaenobaiera (Banerji and Lemoigne 1987). The level
I flora also includes a leafy axis (figure 3) similar to Phyllotheca
(Townrow 1955). The leaves are attached along an axis at in20

Figure 1. Flattened cupule of a seed tern. (Bar scale = 1 centimeter.)

ternodal distances ranging from 2.0 to 3.0 millimeters. Each
leaf is 3.0 to 4.0 millimeters long and approximately 1.0 millimeter wide. A single ginkgophyte leaf was also found at this
level. Reproductive organs include numerous, isolated seeds,
one cone about 3.0 centimeters long and two other slightly
larger cones with scales of the Rissikia type (Townrow 1967b).
Plant level 2. The plants occur in a siltstone lens approximately 2 meters below level 1, with the most common element
being Dicroidium cf. dutoitii. Cupules are also present, together
with clusters of pollen sacs similar to Pteruchus or Antevsia.

-

1Z
Figure 2. Desmiophyllum leaf showing parallel venation. (Bar scale
= 1 centimeter.)
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• A very high percentage of the plants at all three levels contain some cuticular remains. The presence of cuticle on plant
parts from Antarctica is relatively rare; when present, it provides an important set of diagnostic features that can be
used along with morphology to establish the relationships
among disarticulated plant organs.
In addition to the impression/compression floral elements,
the sandstone platform in Member B (level 3) also contains
scattered peat rafts containing silicified plants (Gabites 1985).
Numerous silicified trunks are also present on the platform,
some up to 8.0 meters long. In many of the trunks, it is possible
to see well-developed growth rings in the wood. Triassic silicified plants have also been reported from Fremouw Peak
(Beardmore Glacier area) and have provided a great deal of
information about the plants from this period (Taylor and Taylor 1989). The peat at the Allan Hills locality is more compacted
and degraded than that from Fremouw Peak, but plant organs
are still recognizable. The presence of plants preserved as both
impression/compressions and as silicified permineralizations
at the same locality affords the rare opportunity to study not
only the morphology but also the anatomy of a particular plant
organ. The impression/compression data can be used in biostratigraphic and biogeographic correlations, while information
obtained from the silicified plants can be used in a more biologic and evolutionary context.
This work was supported in part by National Science Foundation grants DPP 86-11884 and DPP 88-15976. We are especially appreciative of the logistic support provided by the U.S.
Navy VXE-6 Squadron.

Figure 3. Portion of a sphenophyte shoot. (Bar scale = 1 centimeter.)

Leaves of the Desmiophyllum type are abundant at this level.
Several coniferous shoots, some containing short shoots, are
also common. These resemble vegetative conifer remains included in the genus Brachyphyllum.
Plant level 3. A few plant fossils were also found in siltstone
lenses in Member B of the Lashly Formation. These include
Dicroidium odontopteroides and fragments of several fern pinnae.
The plant fossils from the Allan Hills site are of special interest for several reasons:
• Each of the levels examined appears to contain different
plant assemblages. Pteridophytes are the most common element in level 1, with osmundaceous ferns the principal component of the flora. At level 2, ferns are absent and seed
ferns are the most common flora element. This level also
contains conifers, but forms that are different from those
encountered in level 1. Although plant remains are rare in
level 3, they are different from those encountered at either
level I or 2.
• Levels 1 and 2 contain both vegetative and reproductive
remains. This greatly increases the opportunity to demon strate a relationship between fertile and sterile organs of the
same plant, and thus makes it possible to reconstruct the
entire organism.
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Depositional setting
of Permian and Triassic
fossil plants in the Allan Hills,
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Sedimentology and paleobotany of Permian and Triassic rocks
in the Allan Hills were examined during the 1989-1990 austral
summer by a four-person field party from Ohio State University. Plant fossils were collected from the Permian Weller Coal
Measures and Members B and C of the Triassic Lashly Formation. These strata were deposited in a variety of fluvial
depositional settings, which included both braided and meandering stream environments.
The upper 70 meters of the Permian Weller Coal Measures
are exposed in the Allan Hills and consist of interstratified
sandstone, siltstone, mudstone, and coal. Fine- to mediumgrained sandstone dominates in the lower part of the exposed
section. Within these sandstones, the presence of large lateralaccretion surfaces suggests that deposition occurred on meandering-stream point bars. Vertebraria sp. occurs on the upper
portion of some lateral accretion deposits. The location of these
in situ roots indicates colonization of the upper point bar by
glossopterids.
Near the top of the Weller, coarse-grained sandstone predominates. Deposition of these sandstones by braided streams
is indicated by the following features:
• occurrence of internal horizontal bedding surfaces suggesting deposition from migrating bars,
• abundance of sandstone-filled abandoned channels suggesting a multi-channeled setting, and
• low paleocurrent dispersion suggesting deposition from low
sinuosity streams.
Fossil plants in the Weller Coal Measures occur within finegrain sequences associated with both meandering and braided
stream sandstones. Fossils were collected as compressions and
impressions from strata directly above and beneath coal seams,
from mudstones contained within abandoned channels, and
as silicified peat within coal seams.
Member B of the Triassic Lashly Formation is 54 to 70 meters
thick and consists almost entirely of fine- to medium-grained,
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volcaniclastic sandstone. The following features suggest that
this unit was deposited by sandy braided streams:
• large sandstone-filled channels indicating multiple channels,
• numerous internal scours suggesting discharge fluctuations,
• structures which suggest downstream migration of channel
bars, and
• low dispersion of paleocurrents, indicating deposition from
low-sinuosity streams.
Silicified peat and wood contained within Member B were
collected on the upper surface of a 1-by-1.5 kilometer wide
platform exposed along the eastern arm of Allan Hills. At this
site, silicified peat occurs as blocks 0.2 and 0.5 meter thick and
0.1 to 3 meters in diameter. Peat blocks are scattered across
two bedding plane surfaces and occur on the tops of dunelike structures within the sandstone. Logs as much as 8 meters
in length also occur and are oriented sub-parallel to Triassic
paleocurrent directions (north-northeast).
Peat, which typically develops in areas isolated from clastic
influx (McCabe 1984), must have been eroded from areas of
the alluvial plain where new channels were developing. These
peat rafts were probably eroded and transported during floods.
Deposition on the tops of sand bars and bed forms occurred
during falling water stage (Gabites 1985). Alteration and devitrification of volcaniclastic rock fragments and volcanic glass
(cf., Korsch 1974) probably served as the source of silica for
silicification.
Fining-upward sequences within Member C of the Lashly
Formation contain fine- to medium-grained sandstone, siltstone, mudstone, and coal. The occurrence of large lateralaccretion surfaces within sandstone bodies implies deposition
from meandering streams. Plant fossils were collected from
siltstone units and occur as impression/compressions containing preserved cuticles. The siltstones are finely laminated and
were probably deposited from suspension within floodplain
lakes.
This work was supported in part by National Science Foundation grant DPP 88-15976.
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Marine microfossils
in till clasts
of the Elephant Moraine
on the east antarctic ice sheet
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Till clasts emerging from the ice underlying the Elephant
Moraine near 76°17'34.9"S 157 0 20'04.9"E (Cassidy et al. 1983)
contain marine microfossils of Late Tertiary age. This fact indicates that deposits of marine sediment are present under the
east antarctic ice sheet as originally proposed by Webb et al.
(1984).
The Elephant Moraine is a deposit of clasts and fine-grained
sediment on the east antarctic ice sheet about 80 kilometers
northwest of Allan Hills, southern Victoria Land. A Landsat
photograph of this area was published by Cassidy et al. (1983).
The moraine, which is about 6 kilometers long and 1.5 kilometers wide, is surrounded by blue-ice areas on which a large
number of meteorite specimens has been collected (Cassidy
1980; Cassidy et al. 1983; Cassidy and Schutt 1984, 1985; Huss
et al. 1988; Lipschutz 1988). The geology and origin of the
Elephant Moraine were discussed by Faure and Taylor (1985),
whereas Faure and Sutton (1985) reported thermoluminescence glow curves of sandstone clasts in the moraine. Subsequently, Faure, Taylor, and Jones (1986) and Faure et al.
(1988) described thinly layered, black calcite boulders from the
Elephant Moraine and attributed them to deposition by subglacial hotsprings.
Nodules of clay-rich, pebbly sediment occur in bands of
sediment-rich ice within the Elephant Moraine. The bands follow the outline of the moraine and can be traced individually
for several kilometers. A glacial origin of these nodules is indicated by the presence of faceted and striated clasts. In addition, loose sediment is presently accumulating in the moraine
where sediment-rich ice is ablating by sublimation as shown
in figure 1. The Elephant Moraine also contains clasts of a
diamicton composed of stones in a gray clay-rich matrix. These
clasts are highly indurated and do not disaggregate when immersed in water, unlike the clay-rich till nodules.
Sixteen samples (12 nodular till samples, 3 diamictons, and
1 sample of loose sediment from the surface of the ice) were
examined for the presence of microfossils (Harwood 1986a).
Thirteen of these samples yielded marine diatoms, silicoflagellates, ebridians, radiolarians, sponge spicules, chrysomonad cysts, pollen, and microclasts of diatomaceous marine
sediment. The microfossil assemblages include marine diatoms
Actinocyclus actinoch ilus and Thalassiosira len tiginosa which range
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Figure 1. Bands of sediment-rich ice underlying the Elephant Moraine give rise to loose sediment when the ice ablates by sublimation.

from mid-Pliocene to Recent. In addition, a large number of
Miocene and possibly older diatoms of marine origin are listed
in the table. Two of the three highly indurated diamicton samples contain diatom fragments, ebridians, and pollen which
suggests that they may have formed under similar circumstances as the nodular till. The sample of loose sediment from
the ice surface also contains microfossils. A selection of the
microfossils recovered from the Elephant Moraine is pictured
in figure 2.
Many of these microfossils were also recovered by Harwood
(1983, 1986a, 1986b) from till of Late Tertiary (Neogene) age in
the Wisconsin Range, the Dominion Range, and from Mount
Feather in southern Victoria Land. These glacial deposits are
commonly correlated with the Sirius Formation defined by
Mercer (1972, 1981) on the basis of till on the summit of Mount
Sirius near the Walcott Névé. The significance of the discovery
of marine diatoms in till deposits in the Transantarctic Mountains was evaluated by Webb et al. (1983, 1984).
These authors proposed that the microflora in the glacial
deposits on the high plateaus of the Transantarctic Mountains
was originally deposited in marine embayments which occupied the subglacial Wilkes and Pensacola Basins of East Antarctica at various times during the Neogene. If this is true,
then the volume of the east antarctic ice sheet has fluctuated
significantly during the Neogene (Harwood 1985; Mercer 1985).
Harwood and Webb (1990) suggested that the east antarctic
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Microfossils recovered from till clasts in the Elephant Moraine
Diatoms
Actinocyclus actinochilus
Actinocyclus ingens
Chaetoceros spp.
Coscinodiscus marginatus
Coscinodiscus oclusiridus
Coscinodiscus spp.
Cymatosira biharensis
Denticulopsis hustedtii
Nitzschia spp.
Paralia sulcata
Rhizosolenia styliformis
Rhizosolenia spp.
Rouxia spp.
Stellarima microtrias
Stephanopyxis grunowii
Stephanopyxis turns
Synedra bradyl
Thalassionema nitzschioides
Thalassiosira lentiginosa
Thalassiosira spp.
Thalassiothrix longissima
Trinacria excavata
Xanthiopyxis ovalis
Others
Distephanux speculum (silicotlagellate)
Pseudammodochium sp. cf . P. dictyoides (ebridian)
Chrysophycean cysts
radiolarians
sponge spicules
terrestrial palynomorphs

ice sheet was reduced to only one third its present volume
during the early to middle Pliocene Epoch.
The presence of marine microfossils in till clasts of the Elephant Moraine strongly supports an east antarctic source for
diatoms in the Sirius Group and confirms that deposits of marine sediment of Neogene age exist under the east antarctic
ice sheet. The presence of such deposits requires the conclusion that the ice sheet withdrew from the western flank of the
Transantarctic Mountains and permitted seawater to enter the
continent. The ice sheet may have retreated because of climatic
warming in Pliocene time (Harwood 1985) or because of basal
melting by geothermal heating (Faure et al. 1988). Subsequently, the ice sheet readvanced in post-Mid Pliocene time,
overrode the Transantarctic Mountains, and redeposited the
marine sediment it had transported in basal ice.
This research was supported by National Science Foundation grants DPP 83-14136, DPP 87-14324, and DPP 87-16088.
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Figure 2. Assemblage of selected microfossils recovered from till in the Elephant moraine. 1. Stephanopyxis grunowli; 2. Thalassiosira
lentiginosa; 3. Stephanopyxis turns; 4. Distephanus speculum (silicoflagellate); 5. Pseudoammodochium sp. cf. P. dictyoides (ebridian); 6.
Paralia sulcata; 7. Rhizosolenia sp.; 8. Trinacria excavata; 9. Thalassionema nitzschioides; 10. Stellarima microtrias.
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The Permian and Triassic rocks of the Beacon Supergroup
in the vicinity of the Beardmore Glacier contain deposits of
silicified peat first described by Schopf (1970). The original
discovery by John Mercer and John Gunner was on the southeastern spur of Mount Augusta (84°47'S 163°15'E) overlooking
the Beardmore Glacier. Well-preserved glossopterid plant fragments from this locality were later studied by Pigg and Taylor
(1985).
A second deposit of silicified peat occurs on Fremouw Peak
(84°17'S 164°18'E) adjacent to the Walcott Névé in rocks of the
lower Middle Triassic Fremouw Formation. Taylor and Smoot
(1985) described woody tissue of Cycadales from this locality.
Wood from the silicified peat deposits on both Fremouw Peak
(Middle Triassic) and Mount Augusta (Middle to Late Permian)
shows evidence of decay by fungi that is similar to whitepocket
rot attributed to extant members of Basidiomycotina (Stubblefield and Taylor 1985).
The flora preserved at Fremouw Peak contains herbaceous
ferns, foliage of the seed fern Dicroidium, gymnospermous wood
and seeds, fungi, and remains of cycads (Smoot, Taylor, and
Delevoryas 1985; Stubblefield and Taylor 1986; Taylor, Taylor,
and Collinson 1986). The silicified peat from Fremouw Peak is
continuing to yield information on the anatomy of Triassic
plants including Dicroidiuni (Pigg and Taylor 1987), reproductive organs of gymnosperms (Taylor and Taylor 1987), and
ferns (Milay, Taylor, and Taylor 1987). These plants apparently
coexisted in a forested swamp and accumulated to form heterogeneous peat which was broken up by a stream. Fragments
of this peat were redeposited in the stream, rapidly buried in
medium-grained volcaniclastic sand, and later silicified (Taylor, Taylor, and Collinson 1986).
The deposit at Mount Augusta, now known as the "Skaar
Ridge site" (Taylor et al. 1986), is located in the upper Buckley
Formation (Late Permian) and contains silicified remains of
Vertebraria and Glossopteris, including plant organs, underground axes, and leaves. In addition, Taylor et al. (1986) reported finding moss leaves, axes, and attached rhizoids as well
as gymnospermous seeds containing well-preserved embryos
(Smoot and Taylor 1986). Although this deposit is more than
26

5 million years older than the silicified peat on Fremouw Peak,
it probably formed and was preserved under similar circumstances.
The macroflora at Fremouw Peak and at Skaar Ridge is preserved as amorphous carbon embedded in chert. Therefore, it
should be possible to determine the isotopic composition of
carbon not only in bulk samples but also in selected plant
organs. To test the feasibility of this idea, we have measured
the isotopic composition of carbon in the two samples of silicified peat from Fremouw Peak (shown in the figure) and from
Skaar Ridge.
The two specimens were sawed into four pieces (sample
671, Fremouw Peak) and two pieces (sample 672, Skaar Ridge)
which were crushed in a steel mortar and treated with reagentgrade hydrofluoric acid in a fume hood for several days. The
particles of amorphous carbon released by the acid treatment
were recovered and washed repeatedly with tap water and
with demineralized water. (A saturated solution of sodium
chloride was used in the separation of carbon from sample 671
but not in the case of sample 672.) Copious amounts of carbon
were recovered from both samples. Aliquots of the carbon were
combusted in pure diatomic oxygen to form carbon dioxide
which was analyzed to determine the isotopic composition of
the carbon, expressed as the delta carbon-13 parameter relative

SILICIFIED PEAT
Triassic
Fremouw Peak, Antarctica

Sample 671, silicified peat from the Fremouw Formation (early Middle Triassic), was collected from Fremouw Peak, Walcott Névé.
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Isotopic composition of amorphous carbon from silicified peat
deposits in the Beacon Supergroup, Transantarctic Mountains
Sample

671A
671B
671C
671D
672A
672B

Locality

Delta carbon-13, permil

Fremouw Peak
Fremouw Peak
Fremouw Peak
Fremouw Peak
Skaar Ridge
Skaar Ridge

-23.8, -23.8
-24.0, -24.1
-24.2
-23.6
-24.4
-24.7

I Krueger Enterprises, Inc., Cambridge, Massachusetts.

to the PDB standard (Faure 1986). The results are listed in the
table.
All of the carbon samples are depleted in carbon-13 by about
24 permil or 2.4 percent relative to the isotope standard (PDB).
Therefore, the isotopic composition of this carbon is similar to
that of modern "C3" plants that fix carbon from the atmosphere by the Calvin cycle and whose delta carbon-13 values
range from about -23 to -34 permil (Deines 1980; Hoefs
1987). Another group of plants ("C4," including corn and tropical grasses) fix carbon by a different photosynthetic process
known as the Hatch-Slack cycle. Such plants have systematically different delta carbon-13 values between -6 and -23
permil.
The initial results in the table indicate that the Permian and
Triassic peat contains "C3" rather than "C4" plants. The small
differences in the delta carbon-13 values of the individual pieces
of each specimen (671: -23.8 to -24.2 and 672:- 24.4 to -24.7
permil) indicate that the carbon in the peat is not isotopically
homogeneous. Such internal variations may be caused by the
well-known isotopic diversification of carbon in different plant
organs and in different biogenic compounds. In addition, the
isotopic composition of carbon may have been altered by the
preferential decomposition of certain chemical compounds
(cellulose, lignin, lipids, etc.) after the plant remains were deposited to form peat.
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Depositional architecture
of the Lower Permian
Weller Coal Measures,
southern Victoria Land
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Sedimentologic studies of the Weller Coal Measures were
conducted at Beacon Heights, Mount Fleming, and Allan Hills
in conjunction with paleobotanical studies by E.L. Taylor and
T.N. Taylor during the 1988-1989 and 1989-1990 field seasons.
Sedimentation patterns within the Weller are complex. Facies patterns, depositional textures, clast compositions, and
paleocurrent data suggest that deposition occurred within a
narrow, elongate basin bounded on both sides by actively
uplifting paleogeographic highs. Basin fill consists of axial lacustrine and marginal alluvial deposits. Coarsening-upward
sandstone sequences along the flanks of the basin and a change
in facies from braided stream to meandering stream to lacustrifle toward the axis of the basin suggest that low-gradient
humid alluvial fans prograded into the basin from the sides.
Regional flow was longitudinal down the basin toward the
northwest.
Three environmental facies were identified: lacustrine,
meandering stream, and sandy braided stream. The distribution of these facies is shown in the figure. Coal seams are
associated with both fluvial settings.
Lacustrine facies. Throughout much of the outcrop belt, a 50meter-thick interval containing fine-grained sandstone, siltstone, and mudstone occurs. The following features suggest
that this unit was deposited in a lacustrine setting:
• laminated siltstone deposited from suspension;
• 0.1- to 0.6-meter-thick graded sandstone beds containing
horizontal stratification, ripple cross-stratification and climbing ripple stratification deposited from underfiow currents;
and
• horizontal and vertical trace fossils, which suggest standingwater conditions.
At Aztec Mountain, a 5-meter-thick "Gilbert Delta" occurs
within fine-to medium-grained sandstone. Foreset beds within
this unit interfinger with underlying mudstones. Paleocurrent
directions parallel the dip of foresets.
Meandering stream fades. Tabular sandstone units (which
measure 3 to 15 meters thick; contain lateral-accretion bedding;
have channel fills of fine-grained sandstone, siltstone, and
mudstone; and demonstrate high paleocurrent dispersion) are
similar to deposits of modern meandering streams. Coarsegrained sandstones containing these features occur in the lower
Weller and contain pebbles similar in composition to those in
the underlying Metschel Tillite. In the upper Weller, at the
Allan Hills, fine- to medium-grained sandstone with well developed lateral accretion bedding occurs. These types of sandstones units have not been described at other sites.
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Depositional facies of Weller Coal Measures in southern Victoria
Land, interpreted from outcrops and published sections (Askin et
al. 1971; Barrett and Webb 1973).

Braided stream facies. Coarse-grained sandstone sheets, 3 to
20 meters thick, contain features that are characteristic of lowsinuosity braided streams. These features include:
• sandstone-filled abandoned channels, which suggest deposition within multiple-channel rivers;
• low paleocurrent dispersion, which suggests low channel
sinuosity; and
• cross-stratification bounding surfaces that dip in the direction of paleocurrents, suggesting downstream migration of
bars.
Pebbles are common within these sandstones and consist of
quartz, quartzite, volcanic, metamorphic(?), and feldspar clasts
derived from older Paleozoic strata and basement rocks.
The Weller outcrop belt has an east-west width of 60 kilometers and a north-south length of more than 220 kilometers.
Coarse-grained alluvial deposits occur along western and eastern margins, while lacustrine deposits predominate at the center. Lacustrine sediments are exposed as far north as Mount
Bastion and as far south as the Warren Range. Maximum lacustrine thicknesses occur along a line extending from Shapeless Mountain to Mount Feather. Symmetrically away from
this line, interfingering of lacustrine and alluvial deposits occurs with a progressive change from coarse-grained meandering to the braided-stream deposits that occur toward the margins
of the outcrop belt. Paleocurrent directions display a crude,
but similar, symmetry. At Mount Fleming, west of the axis,
Pyne (1986) reported northeast paleocurrent directions; whereas,
at Aztec Mountain, east of the axis, westward flow across the
ANTARCTIC JOURNAL

"Gilbert Delta" occurs. These regional patterns suggest that
Weller deposition occurred within a narrow elongate basin.
Basin width was probably 100 to 150 kilometers.
Throughout southern Victoria Land, an upward-coarsening
sequence occurs in the upper Weller, which is contemporaneous with an influx of extra-basinal clasts and temporal changes
in depositional environments. At Aztec Mountain and Mount
Fleming, coarse-grained braided-stream sandstone directly overlies lacustrine deposits, while at Allan Hills, fine- to mediumgrained meandering-stream sandstone is progressively replaced by coarse-grained braided-stream deposits.
Temporal and spatial changes in grain size, depositional
environments, and the influx of extra-basinal clasts suggest
progradation of humid, low-gradient alluvial fans into the basin
from the margins. Coarsening-up sequences suggest uplift along
the margins of the basin. The presence of coal shows that
humid conditions prevailed during Weller deposition and suggests that climatic factors were not a major control on changing
sedimentation patterns.

This work was supported by National Science Foundation
grant DPP 88-15976.
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This article summarizes work on the late Precambrian to
early Paleozoic basement of the Transantarctic Mountains from
1 June 1989 through 1 June 1990. It supplements previous
reports in the Antarctic Journal oft/ic U. S. (e.g., Borg et al. 1989).
Details of analytical results and our interpretations are given
in recent publications (Borg and DePaolo in press; Borg and
De Paolo 1990; Borg, DePaolo, and Smith 1990).
In the central Transantarctic Mountains, between the Nimrod and Shackleton glaciers, we have identified three lower
crustal provinces based on oxygen, strontium, and neodymium isotopic compositions of circa 500 million-year-old granitoids (Borg et al. 1990). We have also identified two distinct
isotopic reservoirs in the supracrustal metasedimentary basement rocks of the region. Analytical work is underway on rocks
from the Byrd to Mulock glaciers area in an effort to trace these
crustal provinces northward (see Borg et al. 1989). However,
consideration of existing oxygen and strontium isotopic data
on crustal xenoliths from the McMurdo Volcanic Province along
with new neodymium and strontium isotopic data on four
1990 REVIEW
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Figure 1. Neodymium and strontium isotopic compositions (€) of
xenoliths from the McMurdo Volcanic Province compared to lower
crustal provinces and supracrustal basement rocks of the central
Transantarctic Mountains. All compositions are calculated at 500
million years ago, the age of the granitoids used to define the lower
crustal provinces in the central Transantarctic Mountains. These
data suggest that the lower crust in southern Victoria Land is similar to the lower crust represented by the Beardmore Glacier Block
in the central Transantarctic Mountains.

lower crustal granulite xenoliths provide additional insight to
this problem. Berg et al. (1985) found that oxygen and strontium isotopic compositions of xenoliths from the greater
McMurdo region defined two spatially separate populations;
the suite from the Transantarctic Mountains is characterized
by 8180 values between 9.5 and 12.0%, and strontium-87/stron29

Figure 2. Isotopic compositions (€) of neodymium, strontium, and
oxygen for the xenoliths from the McMurdo Volcanic Province compared to lower crustal provinces of the central Transantarctic
Mountains as defined by circa 500 million-year-old granitoid rocks.
Neodymium and strontium isotopic compositions for granitoids
and xenoliths are calculated for 500 million years ago. The diagram
displays granitoid data plotted against distance along section A-B
In the central Transantarctic Mountains (see figure 3) along with
the interpretation of lower crustal provinces from Borg et al. (1990).
The three crustal provinces defined by the circa 500 million-yearold granitoids are: MRB, Miller Range Block; BGB, Beardmore Glacier Block; GHB, Gabbro Hills Block. Xenolith compositions are
shown as bands representing the range of compositions for each
geographic xenolith group (TM-suite is the Transantarctic Mountains xenolith suite and RE-suite is the Ross embayment xenolith
suite as defined by Berg et al., 1985) for each of the isotopic systems. The range of strontium isotopic compositions of the Ross
embayment-suite at 500 million years ago was calculated from data
In Stuckless and Ericksen (1976). This diagram is used to infer
lower crustal correlations along the trend of the Transantarctic
Mountains; specifically, the diagram indicates that the Transantarctic Mountain suite xenoliths most likely represent lower crust
similar to the Beardmore Glacier Block and that the Ross embayment suite xenoliths might represent lower crust similar to the
Gabbro Hills Block.
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tium-86 (measured) between 0.700 and 0.710, while the suite
from the Ross embayment is characterized by 818 Q between
7.7 and 9.5%o and strontium-87/strontium-86 (measured) between 0.708 and 0.714. Based on these data, they suggested
that the Transantarctic Mountains/Ross embayment structural
boundary is developed along an ancient lower crustal boundary. The xenoliths we analyzed correspond to the Transantarctic Mountain suite of Berg et al. (1985). Figure 1 shows the
neodymium and strontium isotopic compositions of the xenoliths calculated for 500 million years ago along with fields for
the lower crustal provinces and supracrustal rocks of the central Transantarctic Mountains at 500 million years ago. Figure
2 compares the isotopic compositions of the xenoliths to the
central Transantarctic Mountains basement provinces in terms
of position in a west-to-east transect across the range. Because
Transantarctic Mountain suite xenoliths plot in the field of the
Beardmore Glacier Block, we infer that the lower crust in southern Victoria Land is similar to the crustal basement represented
by the Beardmore Glacier Block. Based on the strontium isotopic compositions, the Ross embayment suite xenoliths appear to be similar to the Gabbro Hills Block of the central
Transantarctic Mountains.
Combining these inferences from the isotopic data with inferences from our fieldwork in the region between the Shackleton and Mulock glaciers (Borg et al. 1989), we can speculate
about the distribution of lower crustal provinces along a large
segment of the Transantarctic Mountains. The arrangement of
provinces we propose is shown in figure 3. The new isotopic
data on the xenoliths provide tangible evidence that the lower
crust represented by the Beardmore Glacier Block continues
northward at least to southern Victoria Land. Furthermore,
the inference of a large right-lateral strike-slip fault beneath
the Byrd Glacier (cf. Borg et al. 1989) is strengthened with
these data.
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Figure 3. This map of the Transantarctic Mountains in the vicinity
of the Ross Ice Shelf shows our working hypothesis for the distribution of lower crustal provinces. This interpretation is based
on the inferences from the isotopic compositions shown in figure
2 and on our inference from field work that the entire north side of
the Byrd Glacier is equivalent to the Miller Range Block (Borg et
al. 1989). This distribution of provinces is consistent with a minimum of about 120 kilometers of right-lateral offset on a strike-slip
fault beneath the Byrd Glacier. The three crustal provinces defined
by the circa 500 million-year-old granitoids are: MRB, Miller Range
Block; BGB, Beardmore Glacier Block; GHB, Gabbro Hills Block.

Mesozoic and Cenozoic
structural patterns in the
Transantarctic Mountains,
southern Victoria Land
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The Transantarctic Mountains represent a major intracontinental mountain belt developed along the crustal boundary
between the subcontinents of East and West Antarctica. The
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Transantarctic Mountains appear to be a rift-margin uplift related to extensional tectonism within the Antarctic Plate during
the Mesozoic and Cenozoic (Fitzgerald et al. 1986; Stern and
ten Brink 1989). Structural analysis of brittle fault arrays and
igneous dike swarms of Jurassic and Cenozoic age was carried
out in the Transantarctic Mountains in southern Victoria Land
during the 1989-1990 field season (figure 1). Displacement directions during rifting are being reconstructed from the regional orientation patterns of these structures.
The field party, including Michael Gibson (geologist), Chuck
Kroger (mountaineer), and me, was deployed to Marble Point
on 7 November 1989 and traversed to Granite Harbor by snowmobile. Structural observations were made at all coastal exposures along the southern margin of Granite Harbor, and
westward along Mackay Glacier at Mount England, Mount
Suess, and Pegtop Mountain. We then traversed southward
to examine coastal exposures between Cape Roberts and Marble Point and inland exposures across the Wilson Piedmont
Glacier at Mount Doorly. In December 1989, field work was
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I.
50 km
N=81.
Figure 1. A. Location of the study area in the Transantarctic Mountains of southern Victoria Land; box shows approximate area of figure
lB. B. Geologic sketch map of study area. [Black denotes exposed basement rocks beneath the Kukri peneplain (dashed line); stipple
denotes Beacon and Ferrar Supergroup rocks. AH denotes Allan Hills; CH denotes Coombs Hills; SM denotes Shapeless Mountain; OR
denotes Olympus Range; MF denotes Mount Fleming; BH denotes Beacon Heights; PM denotes Pegtop Mountain; MS denotes Mount
Suess; ME denotes Mount England; GH denotes Granite Harbor; SC denotes Spike Cape; and DS denotes Doorly Spur; TAM denotes
Transantarctic Mountains; and km denotes kilometers.] Lower hemisphere stereographic projections show representative structural data
from the study area. [A-D show Jurassic faults and dikes; E-H show Cenozoic faults. A, C, and E-H show great circle traces of fault
planes; dots are striae on fault planes; arrows show motion of hanging wall above fault plane. B and D show contoured pole to en echelon
segments of Ferrar dike planes and great circles indicating average dike orientations.]

conducted from helicopter-deployed camps at Allan Hills,
Coombs Hills, and Mount Fleming. Three additional field days
were carried out with helicopter support at Shapeless Mountain, the Olympus Range, and in the Beacon Heights area.
This study focused on mesoscopic fault arrays, which can
be used to define regional strain and paleostress patterns where
the slip direction on the fault plane is marked by striae and
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the sense of displacement can be determined. Striated mesoscopic fault planes were found at every locality visited in the
study area. Offset markers including bedding in Beacon strata,
compositional layering in metasedimentary rocks, and gneissic
banding, pegmatite veins and mafic inclusions in granitic rocks
(figure 2), were used to determine displacement sense wherever possible. Where markers were absent, displacement sense
ANTARCTIC JOURNAL
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Figure 2. Mesoscopic normal fault offsetting pegmatite vein in Larsen Granodiorite at Cape Geology, Granite Harbor. Pencil is parallel
to striae on polished fault surface.

was determined from intersection relations of minor fractures
with the fault plane, tool marks, or accretionary fiber steps on
the fault surface, and from the arrangement of bridge structures between en echelon strands of a fault zone (Gamond 1987;
Petit 1987). The magnitude of fault displacement, where demonstrable, ranged from a few centimeters to a few meters
but may be significantly greater across prominent fault zones
in granitic rocks where markers are absent.
The widespread emplacement of Ferrar dolerite sills and
dikes along with the extrusion of the Kirkpatrick Basalts along
the length of the Transantarctic Mountains indicates that the
area was the site of crustal extension associated with the initial
fragmentation of the Gondwanaland supercontinent in the Jurassic (Kyle, Elliot, and Sutter 1981; Elliot in press). It has been
suggested that major translational motion accompanied crustal
extension between East and West Antarctica at this time (Schmidt
and Rowley 1986; Grunow, Kent, and Daiziel 1987; Elliot in
press). To test these kinematic scenarios, a systematic investigation of orientation patterns and intersection relations of
Jurassic Ferrar dolerite dikes and associated faults was carried
out at exposures along the plateau margin of the Transantarctic
Mountains, where dike swarms had been reported by earlier
workers (Grapes, Reid, and McPherson 1974; Korsch 1984;
Pyne 1984; Bradshaw 1987).
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The Ferrar dikes occur in en echelon arrays (figure 3) that form
two prominent swarms with north-northwest to north-northeast and east-northeast to east-west trends at all localities (figure 1). Mutual crosscutting and abutting relations indicate that
emplacement of these subperpendicular swarms overlapped
in time. Well-developed slickenfibers on dike margins and along
planes extending from the tips of en echelon dike segments
indicate that the dikes dilated penecontemporaneous fault
planes. Mesoscopic normal faults are present at all localities,
and the association of these faults with dolerite dikes, clastic
dikes, and volcanic breccias indicates they are Jurassic in age.
The normal faults occur in two conjugate sets striking northnorthwest/south-southeast and east-northeast/west-southwest
(figure 1). These orientation patterns indicate that the Jurassic
faults and dikes formed in a triaxial strain field in which extension occurred in both northeast-southwest and northwestsoutheast horizontal directions, and shortening occurred in the
vertical direction. The northeast-southwest extension direction
is consistent with formation of the dominant trend of the
Transantarctic Mountains and associated offshore rift basins
in the Jurassic. Structures transverse to the Transantarctic
Mountains trend may also have formed at this time in response
to the along-axis component of extension. The triaxial strain
regime is not compatible with the translational motions proposed for this period.
Renewed rifting commenced in the Eocene, associated with
initiation of Transantarctic Mountains uplift as dated by apatite
fission-track ages in southern Victoria Land (Gleadow and Fitzgerald 1987) and faulting and volcanism in the Terror Rift within
the offshore Victoria Land Basin (Cooper, Davey, and Behrendt 1987). Faults in exposures along the Transantarctic
Mountains front in southern Victoria Land have consistent
north-northeast to northeast strikes and moderate dips to the
southeast and, less commonly, to the northwest (figure 1). The
faults have dominantly normal dip-slip displacement, with
subordinate oblique-slip displacement with normal and rightlateral components. Superposed striae on some faults indicate
subsequent right-lateral strike-slip motion. Fault arrays along
the major transverse morphologic break in the Transantarctic
Mountains marked by Granite Harbor and Mackay and New
Glaciers consist of northeast-southwest to east-west striking
conjugate fault sets with normal or normal-oblique displacements (figure 1). This suggests that the area represents a major
cross-strike graben structure, consistent with the interpreta tions of Gunn and Warren (1962) and Fitzgerald (1987). Because
all of these faults occur in areas where Fitzgerald (1987) has
documented Cenozoic offsets of fission-track profiles, these
patterns are inferred to reflect the geometry of Cenozoic rifting.
The systematic clockwise rotation of the faults with respect to
the north-northwest Transantarctic Mountains trend indicates
a significant component of right-lateral shear displacement along
the Transantarctic Mountains, reflecting a markedly oblique
opening direction during Cenozoic rifting (Withjack and Jamison 1986).
These structural results from southern Victoria Land substantially modify the established view of the kinematics of
rifting associated with uplift of the Transantarctic Mountains.
Jurassic fault arrays and dike swarms document extension both
perpendicular and parallel to the trend of the Transantarctic
Mountains. The principal structural trends in the Transantarctic Mountains and in associated offshore basins of the Ross
embayment may thus have been established during Jurassic
rifting. Cenozoic fault patterns, in contrast, indicate extension
oblique to the Transantarctic Mountains trend. Cooper, Davey,
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Figure 3. East-northeast-trending swarm of Jurassic Ferrar dikes (large arrows) cutting subhorizontal Beacon strata at Mount Aeolus in
the Olympus Range; small arrow on flank of Mount Aeolus marks a north-northwest dike of a subperpendicular swarm.

and Hinz (in press) suggested that a reorganization of plate
motions in the Eocene caused a modification of the regional
stress regime within the Antarctic Plate that was associated
with the onset of Transantarctic Mountains uplift and reactivated rifting and volcanism in the western Ross Sea. My structural data suggest that this event involved transtensional
reactivation and oblique extension in the Transantarctic Mountains, producing pull-apart structures rather than renewed
spreading perpendicular to the earlier rift trend. The regional
extent of the Jurassic and Cenozoic structural patterns documented in southern Victoria Land and the applicability of the
proposed kinematic models to the Transantarctic Mountains
as a whole will be established during the 1990-1991 field season
in the Beardmore Glacier area.
This research was supported by National Science Foundation grant DPP 88-16932.
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This article summarizes results of geologic field work conducted in the Nimrod Glacier area of the central Transantarctic
Mountains during 1989-1990. Our field party established two
camps in the Geologists Range and Miller Range to study basement metamorphic rocks of the Precambrian Nimrod Group
(figure 1). The principal goal of the project is to improve our
understanding of the tectonic evolution of these metamorphic
rocks with respect to development of the ancient continental
margin along the eastern edge of the antarctic craton. Our work
during the 1989-1990 season focused on field relations between
lithotectonic units, mega- and mesoscopic structural relations,
and collection of samples for quantitative petrologic and thermochronometric analysis. A New Zealand field party reconnoitered the Geologists Range in 1961-1962 (Grindley 1962),
but no detailed report of the geology in this range has previously been published.
Field relations in the Geologists Range. Metamorphic rocks of
the Nimrod Group are exposed in the Geologists Range along
the Endurance and Quest Cliffs areas (figure 1). They may be
divided into four principal units based on lithological and
structural grounds. The first, exposed in the southern end of
the range, consists of complexly folded layered amphibolitic
gneiss, rich in modal hornblende and plagioclase. This unit is
structurally higher than other Geologists Range units and may
be correlative with the Miller Formation as regarded by Goodge
et al. (in press). The other units, exposed in both areas of the
Geologists Range, include metasedimentary schists, a biotitehornblende granodioritic orthogneiss, and calc-silicate gneiss.
These three units are correlative with units of the Nimrod
Group exposed in the Miller Range exclusive of the Miller
Formation. The metasedimentary schists constitute a lithologically varied assemblage of interlayered pelitic schist, micaceous quartzofeldspathic schist and gneiss, micaceous
quartzite, amphibolite, and caic-silicate gneiss. A metasedimentary origin for the bulk of this unit is reflected by compositional layering on a scale of centimeters to meters.
1990 REVIEW

Mt. Summerson

mylonitic lineation

0

10 km
16OE
Ross
Ice Shelf

8245S

n

GRj

Polar Plateau
Ph

MR

<I,

Mt. Albright

155E

Polar
plateau

315e

le
ee5

Figure 1. Geologic sketch map of the Geologists Range. Inset shows
location in the Nimrod Glacier area. The Precambrian Nimrod Group
is divided into four metasedimentary and meta-igneous units, as
described in text, shown in legend generally in ascending structural
position. These rocks are tentatively correlated with Nimrod units
in the Miller Range. Post-tectonic granite of the Mount Summerson
pluton is probably correlative with other approximately 500 millionyear-old granites in the central Transantarctic Mountains. Tectonites of the Nimrod Group display uniformly gently plunging northwest-trending elongation lineations. These tectonites enclose several
tectonic blocks of mafic and ultramafic rocks in the Mount Albright
area. (km denotes kilometer.)

In general, rocks in the Geologists Range were metamorphosed in at least the middle amphibolite facies. Representative metamorphic assemblages include garnet + aluminumsilicate + mica pelitic schist, garnet + hornblende amphibolite, and diopside + wollastonite calc-silicate gneiss. Aluminum silicates include both kyanite and sillimanite. Structurally
enclosed within metasedimentary tectonites in several places
(particularly in the Mount Albright area) are tectonic blocks
(!^ 10 meters) of mafic and ultramafic rocks (figure 1). Rims of
retrograde(?) amphibolite around the mafic blocks suggest that
the block interiors may not be isofacial with the enclosing
matrix.
Metamorphic rocks in the Geologists Range exhibit penetrative L-S tectonite fabrics consisting of a generally southwestdipping mylonitic foliation and gently northwest- or southeastplunging mineral elongation lineation. Nimrod tectonites form
a continuous structural zone of ductilely deformed rocks at
least 13 kilometers in thickness. Field assessment of strain
variation through this zone was not possible. Mesoscopic and
35

microscopic structures record a consistent top-to-the-southeast
sense of shear (figure 2), similar to kinematic indicators in
tectonites of the western Miller Range (Goodge et al. in press).
Large-scale folds in the layered metasedimentary sequence,
particularly in the Mount Albright and Mount Ronca areas,
plunge north to northwest subparallel to mylonitic lineation.
Metamorphic rocks in the northern part of the Endurance
Cliffs area are intruded by the Mount Summerson granite (figure 1), which is correlative with a suite of approximately 500
million-year-old post-tectonic granites exposed throughout the
central Transantarctic Mountains (Borg, DePaolo, and Smith
1990).
Field relations in the Miller Range. Due to an abbreviated field
season, we concentrated our field work in the Miller Range in
the northern region near the head of the Argosy Glacier. Geologic relations in this area are described by others (Grindley,
McGregor, and Walcott 1964; Gunner 1969; Grindley 1972;
Gunner 1976; Adams, Gabites, and Grindley 1982; Goodge et
al. in press), and we will not elaborate on them here. Lithologically varied metamorphic rocks in this area are similar to
those exposed in the Geologists Range, and they are strongly
ductilely deformed in a shear zone originally mapped by Grindley (1972) as the Endurance thrust.
We completed a detailed transect normal to strike of tectonite
foliation in the vicinity of Argosy Glacier. Metamorphic rocks
along this approximately 30-kilometer transect exhibit penetrative ductile shear fabrics of similar type and orientation to
those that occur in the Geologists Range. We, thus, view the
Endurance thrust as a distributed zone of ductile shear with
an exposed structural thickness of approximately 15 kilometers. Kinematic indicators throughout the zone record tectonic
displacement in a top-to-the-southeast direction parallel to mylonitic elongation lineation. Based on arguments outlined by

-
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Figure 2. Photo of metasedimentary unit in Geologists Range,
showing thin layering of tectonite foliation and southeast-dipping
shear bands indicative of top-to-the-southeast shear. View is to the
southwest with elongation lineation in the plane of the photo. Pen
is 14 centimeters long.
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Goodge et al. (in press), this shear zone may represent a structural juxtaposition between Miller Formation and the other
Nimrod units. High-temperature pelitic tectonites containing
kyanite enclose tectonic blocks of possible eclogite near the
head of Argosy Glacier. From the coexistence of kyanite and
muscovite in the ductile tectonites, we infer that the shear zone
formed at depths of at least 24 kilometers (Goodge et al. 1990).
We consider the ductilely deformed rocks in the Geologists
and Miller ranges to constitute a single tectonic zone of considerable structural thickness. Ductilely deformed tectonites in
both of these ranges are an important element of the Precambrian evolution of the Transantarctic Mountains. Petrologic
features of these rocks and their structural fabrics reflect a midto deep-crustal setting during Late Proterozoic to early Paleozoic continental-margin orogenesis. Ongoing research includes structural and kinematic analysis, analysis of pressure
and temperature conditions during synkinematic metamorphism, and thermochronometry of metamorphic and other events.
We thank the LC-130 crews of the U.S. Navy VXE-6 squadron for assistance in completion of our field work, and Michael
Roberts for his contributions to the field party. This work was
supported by National Science Foundation grant DPP 88-16807.

References
Adams, C.J.D., J.E. Gabites, and G.W. Grindley. 1982. Orogenic history of the central Transantarctic Mountains: New K-Ar age data on
the Precambrian-Lower Paleozoic basement. In C. Craddock (Ed.),
Antarctic geoscience. Madison: University of Wisconsin Press.
Borg, S.G., D.J. DePaolo, and B.M. Smith. 1990. Isotopic structure
and tectonics of the central Transantarctic Mountains. Journal of Geophysical Research, 95, 6,647-6,669.
Goodge, J.W., S.G. Borg, B.K. Smith, and V.C. Bennett. In press.
Tectonic significance of Proterozoic ductile shortening and translation along the Antarctic margin of Gondwana. Earth and Planetary
Science Letters.
Goodge, J.W., V.L. Hansen, S.M. Peacock, and B.K. Smith. 1990.
Deep-crustal ductile deformation within the central Transantarctic
Mountains. EQS. Transactions of the American Geophysical Union,
71, 643.
Grindley, G.W. 1962. New Zealand Antarctic Expedition 1961-62.
Beardmore-Nimrod region. New Zealand Alpine Journal, 49, 41-46.
Grindley, G.W. 1972. Polyphase deformation of the Precambrian Nimrod Group, central Transantarctic Mountains. In R.J. Adie (Ed.),
Antarctic geology and geophysics. Oslo: Universitetsforlaget.
Grindley, G.W., V.R. McGregor, and R.I. Walcott. 1964. Outline of
the geology of the Nimrod-Beardmore-Axel Heiberg Glaciers region,
Ross Dependency. In R.J. Adie (Ed.), Antarctic geology. Amsterdam:
North-Holland Publishing.
Gunner, J.D. 1969. Pet rogra phy of metamorphic rocks from the Miller Range,
Antarctica. (Institute of Polar Studies, Report No. 32.) Columbus:
Ohio State University.
Gunner, J.D. 1976. Isotopic and geochemical studies of the pre-Devonian
basement complex, Beardmore Glacier region, Antarctica. (Institute of
Polar Studies, Report No. 41.) Columbus: Ohio State University.

ANTARCTIC JOURNAL

Thrinaxodon from Graphite Peak,
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During the 1985-1986 austral summer, vertebrate specimens
were collected from both the late Early to early Middle Triassic
upper Fremouw Formation (Hammer 1990; Hammer, Collinson, and Ryan 1990) and the Early Scythian (earliest Triassic)
lower Fremouw Formation (Hammer et al. 1986; Hammer 1989)
in the Beardmore Glacier region. The primary vertebrate localities in the lower member of the formation in this area were
Coalsack Bluff and Graphite Peak (see Hammer 1989; Hammer
1990). The Graphite Peak material consists mainly of disarticulated to partially articulated specimens of Lystrosaurus murrayi but includes a single right maxilla and mandible of
Thrinaxodon (see reconstruction in the figure).
Thrinaxodon is a small, carnivorous cynodont (Therapsida)
that shows a mixture of advanced and primitive cynodont
features. It belongs to the family Galesauridae, and like other
galesaurids, it has a reduced number of incisors and postcanines compared to more primitive cynodonts. A single species
of the genus, Thrinaxodon liorhinus Seeley (1894) has been described from both the basal Triassic Lystrosaurus Zone of South
Africa and the lower Fremouw Formation of Antarctica (Colbert and Kitching 1977). Of the fourteen antarctic specimens
referred to Thrinaxodon by Colbert and Kitching (1977), 12 were
from a single locality, Thrinaxodon Col, on the flank of Mount

Kenyon in the Cumulus Hills near the Shackleton Glacier,
while the other two were from Graphite Peak.
The Thrinaxodon maxilla (AMNH number 26101)* from
Graphite Peak under consideration here is a negative impression in very well cemented, siliceous siltstone. A positive latex
peel was made for study purposes. The specimen shows the
four right incisors typical of galesaurids plus one from the left
side. The right canine and five postcanine teeth are also preserved. The postcanines show the typical tricuspid pattern of
Thrinaxodon liorhinus, with a large central cusp flanked by anterior and posterior cingulum cusps. The tooth bearing portion
of the maxilla measures 4 centimeters in length. Posterior to
this section the specimen consists of a poorly exposed thin
edge of bone that extends for another 3 centimeters. Only the
ventral edge of the right mandible is exposed, because its dorsal portion is overlapped by the maxilla.
Overall the specimen shows no features that would make it
a new species of Thrinaxodon. It is, however, very fragmentary,
and hence, it is only questionably referred to Thrinaxodon liorhinus.
This research was supported by National Science Foundation grants DPP 85-11334, DPP 86-14140, and DPP 84-18428 to
W.R. Hammer. The reconstruction was done by William J.
Ryan, III.

*AMNH denotes American Museum of Natural History.
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Field collection
for apatite fission track
analysis, Ellsworth Mountains
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We collected rock samples for fission track analysis in the
Ellsworth Mountains during the 1989-1990 austral summer to
provide an understanding of the tectonic history of this crustal
block. In broader terms, the study will attempt to relate the
uplift history of the Ellsworth Mountains to the tectonic evolution of West Antarctica.
Because the put-in date was delayed, we had to abbreviate
the original field plan, which included collections in the Heritage Range (figure 1). We were put in on 21 November 1989
5 kilometers west of Mount Gardner in the central Sentinel
Range (figure 2).
On this expedition, all samples were collected from quartzites of the Crashsite Group, mainly from the Howard Nunataks
Formation (Craddock et al. 1986). Sample size was typically
about 5 kilograms.
Over the span of 4 days, we collected a "vertical" profile of
26 samples from the Vinson Massif covering 2,500 meters of
relief from the summit (4,897 meters) to the head of Nimitz
Glacier (1,400 meters). On the first day, we covered the lower
ridge line from the terrace to the west of Vinson Massif down
to Nimitz Glacier, with access by snowmobile from the west
side of the glacier (figure 2). On the second day, we covered
the western ridge line of the Vinson Massif from about the
2,900-meter level down to the terrace at the foot of the massif.
Access was by snowmobile down a drift on the north of the
glacier draining the face of Vinson Massif. On the third day,
we drove by snowmobile to the head of this glacier and climbed
to the 3,800-meter level of the summit plateau, placing a tent
and collecting down from 4,000 meters to the snowmobiles.
On the fourth day (30 November), we drove to the head of
the glacier, climbed to the tent, where we rested and cooked
a meal, and then continued to the summit. From there, we
sampled down to the previously collected level. The summit
day took 18 hours, basecamp to basecamp.
Subsequently, the party traversed down Nimitz Glacier to
Bowers Corner (figure 1) collecting on both sides of the glacier.
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Figure 1. Location map, Ellsworth Mountains. (km denotes kilometer.)

A 400-meter profile (5 samples) was collected at Bowers Corner
extending the Vinson profile to the lowest elevation in the
Sentinel Range (690 meters). From there, collections were made
on the northern side of Minnesota Glacier from Nunatak 690
ANTARCTIC JOURNAL

on the eastern side of the range, to the southern end of the
Bastien Hills on the western side (figure 1). On the return
traverse to basecamp, we made collections from six localities
in the Bastien Hills. Collections were also made from several
localities on nunataks and spurs in the vicinity of the basecamp.
Our collections from the 1989-1990 austral summer provide
a composite vertical profile of the Sentinel Range totalling approximately 3,000 meters, a transverse profile of the range,
and a suite of samples surrounding Nimitz Glacier. These samples offer the potential of determining the uplift history of the
range, including time of initiation of uplift, average uplift rate,
and whether multiple episodes of uplift occurred. Relative displacement across the range, and whether a major fault occurs
down Nimitz Glacier also may be determined. Returned samples are being prepared for counting and track length measurements in the Fission Track Dating Laboratory at Arizona
State University.
This work was supported by National Science Foundation
grant DPP 88-0981. Mountaineers Rob Hall and Mugs Stump
assisted throughout the field season.

Reference
Figure 2. Location map, central Sentinel Range. Snowmobile routes
are indicated by dashed lines. Collecting routes are indicated by
dotted lines. (km denotes kilometer.)
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Stratigraphic data collected during our 1989-1990 field season in the Pensacola Mountains (figure 1) demonstrate that
the carbonate sequences outcropping in the Argentina and

Neptune ranges, contrary to prior views, do not overlap in
age. The succession in the Schneider Hills of the southern
Argentina Range consists only of Lower Cambrian limestones
that include extensive microbial reefs with individual thicknesses on the order of 200 meters. In contrast, the carbonate
succession of the central Neptune Range, represented by the
Nelson Limestone, was initiated in Middle Cambrian time and
is composed of lithofacies that accumulated on a shallow-ramp
in below fair-weather wave-base to subaerial environments.
Basal sandstones of the Nelson Limestone rest with angular
unconformity on the turbidite-rich Patuxent Formation (Schmidt
et al. 1965). A variety of explanations of these relationships is
possible, but we consider that both ranges have been affected
by early Middle Cambrian deformation.
Our field party consisted of the authors, Peter Braddock, a
mountaineer, and geological assistant who made many of the
initial collections of fossiliferous horizons. We were in Antarctica from mid-November 1989 until mid-January 1990. After
initial reconnaissance to locate suitable landing sites and to
air-drop four 200-liter (55-gallon) drums of fuel for use in the
Neptune Range, we were put in to the Argentina Range, 18
kilometers west northwest of Pujato Bluff at its southern end
(82°39'S 44°14'W) by LC-130 airplane. Our cargo included
camping gear, 200-liter (55-gallon) drums of fuel, four ski-doo,
and five Nansen sledges. A field camp was established adjacent to Pujato Bluff and was used for 8 days to examine and
collect from the sequence northward to Lisignoli Bluff. Camp
move by LC-130 was delayed by overcast weather and logistical
problems until mid-December when we were transported to
the west side of the Neptune Range with a landing 9 kilometers
south of the site of Camp Neptune (83°39'S 57°30'W). Three
tent camps (figure 1) were established sequentially to support
measurement and collection of sections on the ridge descend-

Figure 1. Map of part of the Pensacola Mountains showing features mentioned in the text. LC-130 airplane landing sites in the Schneider
Hills of the southern Argentina Range and in the Neptune Range are marked by an open star. Measured sections in the Neptune Range
are shown by open circles: 1 denotes ridge northwest of Mount Dover; 2 denotes south side of ridge beneath hill 1650, west of Nelson
Peak; 3 denotes ridge bounding south side of Miller Valley. (P denotes Pujato Bluff. R denotes Ruthven Bluff. L denotes Lisignoli Bluff.)
Based on Schmidt and Ford (1969) with corrections in location from U.S. Geological Survey 1:250,000 Reconnaissance Series maps of
Antarctica.
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ing northwest from Mount Dover (83°44S 55°51'W), on the
south side of the ridge beneath hill 1650, west of Nelson Peak
(83°41'S 55°20'W), and along the ridge bounding the south
side of Miller Valley (83°38'S 55°29'W).
Published information on the geology of the southern Argentina Range is limited. Cambrian carbonates were recorded
early in the exploration of the region (Schmidt and Ford 1969),
and these were shown to include middle Lower Cambrian
(Botomian) strata on the basis of contained archaeocyaths
(Konyushkov and Shulyatin 1980). The succession is well exposed along the west-facing bluffs of the Schneider Hills where
the beds dip steeply to the west and northwest (figure 2). Ice
cover between the bluffs and, more particularly, the presence
of 1-10-meter-thick shear zones in some of the thinner bedded
units precludes construction of meaningful detailed measured
sections. It is possible, however, to block out major features
of the stratigraphy. The lowermost unit consists of several
hundred meters of bioturbated carbonate wackestone and
packstone with scattered rather sheared pods of white boundstone typically between 0.5 and 10 meters across and less than
2 meters high. In the field, we regarded them as small cryptomicrobial reefs. In its lower part, this unit includes laterally
persistent grainstones, some of which are bioclastic with conspicuous archaeocyathan fragments, others are ooidal grainstones. Locally, the unit's upper beds contain small phosphatic
sclerites of Dailyatia similar to those found in the Shackleton
Limestone of the central Transantarctic Mountains. This part
of the succession accumulated under varying energy regimes
on a shallow carbonate-dominated shelf. It is overlain by an
extremely massive boundstone, on the order of 200 meters
thick, with grainstone and burrow-mottled flanking beds. Archaeocyathans occur sporadically in both the boundstone and
flanking beds, but they are not the principal, or even significant, binding organisms: this massive boundstone was constructed by microbes, principally cyanobacteria. Another,
probably stratigraphically higher, massive boundstone crops
out on the western face of Ruthven Bluff and trends northeast
toward Lisignoli Bluff (figure 1). It appears to be separated
from the lower boundstone by some 150-200 meters of thinbedded bioturbated limestones with scattered small boundstone mounds. The upper massive boundstone (figure 2), although thicker, resembles the lower one in many respects, but
it contains many irregular cavities, 50-100 millimeter in di-

ameter, lined with fibrous cement and occluded with ferroan
calcite or internal sediment (figure 3). This boundstone unit
also displays flanking beds (figure 2) of alternating grainstone
and burrowed packstone with calcite-filled burrows arranged
in subparallel zones up to 0.5 meter thick. The massive boundstones are unusual Early Cambrian reefs. They lack any indication of being constructed of small reef mounds or kalyptrae
and are abnormally thick for reefs of that age. In size, they are
rivalled only by those recently described from Virginia (Barnaby and Read 1990) and, like the North American structures,
they probably defined a rimmed platform margin.
The stratigraphic succession of the Neptune Range, some
200 kilometers to the southwest is markedly different. The
carbonate platform sequence, the Nelson Limestone, is Middle
Cambrian, probably middle to late Middle Cambrian in age
(Palmer and Gatehouse 1972). It developed on a topography
of marked relief constructed on the strongly deformed litharenites of the Patuxent Formation. Within distances of only
a few kilometers, thickness of basal conglomerates, sandstones
and siltstones varies between 10 and 110 meters. These lower
beds commonly show unidirectional planar or trough cross
bedding indicating westward sediment transport in a fluvial
environment. Vein-quartz pebbles derived from the Patuxent
Formation are the most conspicuous components in the field,
but large clasts, up to 150 millimeters in diameter, consist of
volcanic rock probably from the same source. Locally, the upper 20 meters of this terrigenous sequence is burrowed and,
by implication, represents marine deposition. Thickness of the
overlying limestone varies between 300 and 400 meters in part
because the top of the Nelson Limestone locally is defined
either by the conformably overlying volcanics of the Gambacorta Formation, the erosive basal beds of the younger unconformable Neptune Group, or is faulted (Schmidt et al. 1965).
Petrographic and paleontologic work remains to be completed, but field observation shows that the carbonates accumulated on a shallow platform or low-relief ramp. Only locally
are there indications of slope with soft-sediment slumping of
beds in units 0.15-2 meters thick. The lower beds typically are
burrow-mottled packstones and wackestones with rare interbedded grainstones that all represent deposition near fair-
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Figure 2. Massive reef and flanking beds on west face of Ruthven
Bluff, Schneider Hills. Photograph was taken looking east. Height
of cliffs is approximately 250 meters.
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Figure 3. Two occluded cavities in archaeocyathan bearing microbial boundstone forming the reef at Ruthven Bluff. (Scale with 10
millimeter divisions.)
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weather wave base. The sequence shallows up in to grainstones with some bidirectional cross-bedded intraclastic grainstones indicative of tidally influenced deposition and further
shallows into white-weathering fenestral limestone produced
in intertidal environments. In this middle part of the Nelson
Limestone, rare stromatolites and oncolitic grainstones also
occur. Some of the oncolites display well-developed pendant
cements suggesting local subaerial exposure. The upper beds,
where preserved, are interbedded oncoidal grainstones and
packstones together with bioturbated packstones that locally
carry abundant, but poorly preserved, trilobites. Limited observation suggests that the incoming of the Gambacorta volcanics abruptly terminated carbonate deposition.
The stratigraphic contrast of the Cambrian sequences in the
Neptune and Argentina ranges is one of the enigmas of the
Pensacola Mountains, and its explanation is seemingly tectonic. Our fieldwork has shown that there is no evidence for
overlap in age of the two carbonate sequences: none of the
carbonate platform deposits of the Neptune Range is Early
Cambrian, and Middle Cambrian rocks have not been recognized in the Argentina Range. Strike-slip movements may have
had a recurring role in complicating the history of the region,
but nevertheless strong pre-middle Middle Cambrian deformation clearly had an effect in the Neptune Range and possibly
the Argentina Range as it did in the central Transantarctic
Mountains. In our scenario, the Neptune Range succession
documents Middle Cambrian marine inundation of a new mar-

Preliminary palynology
and stratigraphic interpretations
from a new Cretaceous-Tertiary
boundary section from Seymour
Island
ROSEMARY

A. ASKIN

Department of Earth Sciences
University of California
Riverside, California 92521

Preliminary palynological results for newly collected samples help locate the Cretaceous-Tertiary boundary on Seymour
Island, northeastern Antarctic Peninsula. Sampling of this new
16-meter Cretaceous-Tertiary section (89/1) was completed in
January 1989 by D.H. Elliot and W.J. Zinsmeister (with members of the Instituto Antartico Argentino) (Zinsmeister 1989).
A total of 161 samples was collected at 0.1-meter intervals from
beds with typically Maastrichtian invertebrate fossils through
beds rich in glauconite (beginning at 7.6 meters) with sparse
megafossils (Zinsmeister personal communication). This report concentrates on 26 samples (89/1-8.5 to 89/1-11.0, sample
numbers reflect the measured distance above the base of the
42

gin upon which carbonate deposition resumed at least 200
kilometers outboard from the oceanward edge of the Early
Cambrian carbonate platform.
This study has been supported in part by National Science
Foundation grant DPP 87-15768 to the University of Kansas
and DPP 87-16068 to the University of Nevada, Las Vegas.
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section) from the 2.5-meter glauconitic silty sand interval spanning the proposed boundary. Samples below and above this
interval contain, respectively, diagnostic upper Maastrichtian
and Danian palynomorph assemblages.
Dinoflagellate cyst (dinocyst) assemblages, along with ammonites (Macellari 1984, 1988) and foraminifera (Huber 1988),
are used to locate the Cretaceous-Tertiary boundary in a nearby
section (131) (Askin 1988b) that exhibits gradational change in
invertebrate faunas through a 30-meter transitional interval
(Zinsmeister et al. 1989). Dinocyst stratigraphy more precisely
resolves the Cretaceous-Tertiary boundary in this transitional
interval.
Dinocyst assemblages from section 89/1 show a similar trend
to section Bi where abundant Manumiella spp. (especially M.
druggii), with Exochosphaeridium bifidum, characterized the uppermost Maastrichtian (zone 4 of Askin 1988a). This dinocyst
flora is replaced by assemblages rich in Senegalinium obscurum,
with other typical Paleocene species (basal zone 5, Askin 1988a,
1988b). These Paleocene species show a gradual trend of first
appearances, starting in the uppermost Maastrichtian, although the change in dominant components from 86 percent
Manumiella spp. (in B1-108) to 68 percent S. obscurum in BI-ilO
(and 97 percent in BI-ill) is rather abrupt in these relatively
widely spaced (0.5-meter) samples. Sample B1-109 contains an
unusual transitional assemblage, with only 23 percent Manumiella spp., and a relatively high proportion of chorate dinocysts such as E. bifidum, Cordosphaeridium sp., Hystrichosphaeridium
tubiferum, etc., (and no S. obscurum). The boundary was proANTARCTIC JOURNAL

visionally placed (Askin 1988b) at the zone 4/zone 5 contact,
between B1-109 and Bi-ilO.
The figure shows trends in relative abundances of the principal dinocyst species through the 2.5-meter Cretaceous-Tertiary interval in section 89/1, occurrences of other diagnostic
palynomorphs, and selected parameters that illustrate offshore/onshore trends. The distribution of diagnostic taxa make
it difficult to place the Cretaceous-Tertiary boundary precisely.
The gradational nature of the transition on Seymour Island is
more apparent (than in Bi) in this closely sampled section.
Manumiella spp. and S. obscurum overlap (although the range

of Manumiella spp. may be extended upward by reworking).
Other "typically Paleocene" species (Alisocysta circumtabulata,
Cassidium fragile, Deflandrea cf. medcalfii) show gradual first appearance datums. Based on palynostratigraphy the Cretaceous-Tertiary boundary may be located at about 89/1-9.7 but
could be slightly below or above this level.
In the framework of sequence stratigraphy, dinocyst evidence for offshore/onshore trends helps interpret and correlate
the Seymour Cretaceous-Tertiary strata. For dinocyst assemblages, more offshore conditions and concurrent deeper water
are generally indicated by:

Distribution of selected palynomorph taxa and ratios In a 2.5-meter Cretaceous-Tertiary section (89/1) on Seymour Island.
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• higher marine diversity;
• lower dominance (Goodman 1979) vs. high dominance assemblages, tending toward monospecific, that are equated
with inshore, restricted conditions, (i.e., low salinity, estuarine/lagoonal);
• predominantly chorate vs. peridinioid dinocysts (e.g., higher
gonyaulacacean ratio of Harland 1973); and
• higher marine-to-nonmarine ratios, except when complicated, as on Seymour Island, by high dominance dinocyst
assemblages.
A "more-offshore" assemblage occurs in B1-109, and in 89!
1-9.7/9.8, and to a lesser extent in 89/1-10.1/10.2.
Interpreted in sequence-stratigraphy terms, the glauconitic
interval spanning the Cretaceous-Tertiary boundary on Seymour Island may represent a condensed section in a transgressive systems tract (Loutit et al. 1988; Van Wagoner et al.
1988). Sediments with abundant glauconite, occasional more
lithified beds (e.g., the ledge-forming, resistant sandstone bed
at 131-107) (Askin 1988b), and otherwise anomalous interval of
typically offshore dinocysts, are associated with beds containing a higher frequency of nonmarine palynomorphs including
atypical higher relative abuntlances of Botryococcus (fresh to
brackish water algae) and Azolla (aquatic fern), both of which
suggest wetlands, and beds with estuarine-lagoonal assemblages with almost monospecific dinocyst assemblages. This
interval is characteristic of a condensed section followed by
highstand systems tract deposits.
The B1-109 and 89/1-9.7/9.8 "more-offshore" assemblages
may be equated with the "maximum flooding surface" occurring at maximum marine transgression "associated with, or
after, the point of maximum rate of sea-level rise" (Loutit et
al. 1988). Correlation with other Cretaceous-Tertiary sections,
such as at Braggs in central Alabama, is possible using relative
sea-level changes and diagnostic systems tract deposits, surfaces, and boundaries. In the Braggs section, the maximum
flooding surface occurs approximately 1.5 meters above the
Cretaceous-Tertiary boundary in a glauconite-rich condensed
section, at the base of magnetic C29N, and within zone NP1
(Donovan et al. 1988).
Dramatic increase of volcanism near the Cretaceous-Tertiary
boundary on Seymour Island was reported by Macellari (1984).
Vigorous reaction with hydrofluoric acid (unusual for Seymour
samples) during sample preparation suggests presence of glassy
material and probable ash layers at 89/1-9.7, 10.1, 10.2, and
10.4. In the field, only 89/1-10.2 shows an obvious lithologic
indication, namely an orangish-weathering layer at this level.
I thank David H. Elliot, William J. Zinsmeister, and Instituto
Antartico Argentino for samples, Wendi W.-Williams for sample preparation, and Stephen R. Jacobson for manuscript review. This research was supported by National Science
Foundation grant DPP 87-16484.
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The fossil record of crabs and lobsters in the region of the
Antarctic Peninsula is truly remarkable. Since the first decapod
species was described from the vicinity of James Ross Island
(Weller 1903), about 30 taxa have been recognized, spanning
the time from Jurassic to Eocene, although none is known from
the Albian through the Santonian. This article records the occurrence of several fossil crab and lobster taxa from rocks,
ranging in age from Barremian to Campanian, on James Ross
Island, Antarctica. The discovery of decapod-rich assemblages
in pre-late Campanian rocks of western James Ross Island
offers a unique opportunity to expand our understanding of
the decapod Crustacea.
During the austral summer of 1986-1987, the late Reinhart
Forster and Michael Thomson, with an expedition of the British
Antarctic Survey, studied Cretaceous rocks cropping out along
the western margin of James Ross Island. They made an extensive collection of decapods from the Gustav Group at several sites. Edouardo Olivero, Research Scientist, Centro de
Investigaciones en Recursos Geologicos, Argentina, collected
fossil decapods from the lowermost formation within the Marambio Group, the Santa Marta Formation. Thus, a large collection of fossil decapod crustaceans from well-documented
and accurately dated rocks on James Ross Island is now available for study.
The Cretaceous rocks of the James Ross Island region have
been subdivided into two groups: the older Gustav Group,
which is thought to range in age from Barremian through
possibly Santonian (meson, Crame, and Thomson 1986) and
the Marambio Group, which spans the remainder of the Cretaceous and extends into the Paleocene (meson et al. 1986;
Olivero, Scasso, and Rinaldi 1986; Olivero 1988; Elliot 1988)
(figure). The Gustav Group has been subdivided into four
formations. The lowermost three, the Lagrelius Point, Kotick
Point, and Whisky Bay formations, represent deep-water, fine
sediments of slope apron and fan interchannel deposits and
as coarse sediments deposited as inner fan sediments (meson
1987). The overlying Hidden Lake Formation was deposited
in deltaic and inner-shelf habitats (Macdonald et al. 1988).
Trace fossils, attributable to the work of decapods, have been
identified throughout the group (meson 1987) and decapod
fossils have been collected at least within the Hidden Lake
Formation. The overlying Marambio Group has been subdivided into the basal Santa Marta Formation, which comprises
coarse to medium siliciclastic sediments deposited in inner
shelf habitats (Olivero et al. 1986; Olivero 1988), and the finer
grained Lopez de Bertodano Formation, which is representative of shelf sediments deposited generally below storm-wave
base (Macellari 1988). The fossil record of lobsters from the
Lopez de Bertodano Formation has been well documented
(Feldmann 1989; Feldmann and Tshudy 1989; Tshudy and
1990 REVIEW

Map of the James Ross Island region showing the distribution of
sedimentary rock units from which decapod crustaceans have been
collected and a stratigraphic column of Cretaceous and Paleogene
units. Compiled from Elliot (1988), Fleming and Thomson (1979),
lneson (1987), and Olivero et al. (1986).

Feldmann 1988) whereas no decapods have been described
previously from the Santa Marta Formation.
Preliminary examination of a small fraction of the fossil material from the Gustav Group and the Santa Marta Formation
suggests that at least six taxa are present, all but two of which
may be new. These fossils from James Ross Island are older
than any that have been studied previously on the eastern
margin of the Antarctic Peninsula and provide valuable information about the history of decapods in Antarctica in an interval about which we know nothing currently. Hoploparia stokesi
(Weller) and Metanephrops jenkinsi (Feldmann), which are present in both rock units, have been reported from the Lopez de
Bertodano Formation previously (Feldmann and Tshudy 1989).
In addition to these lobsters, crabs within the Raninidae and
the Calappidae have been recognized, as has a callianassid
ghost shrimp. A collection of large carapaces and claws from
a single locality possibly may be a new anomuran. These taxa
bear little resemblance to any previously described taxa from
Antarctica.
In addition to description of the decapod taxa collected from
James Ross Island, current research is focused upon expanding
our understanding of possible morphological stasis in the lobster species (Feldmann and Tshudy 1989), interpreting the evolutionary significance of a very early appearance of a raninid
which is morphologically "modern" in Antarctica, and continuing the documentation of high latitude origin of deep-water
taxa (Zinsmeister and Feldmann 1984).
Michael Thomson, British Antarctic Survey, has offered me
access to decapod collections in his care, and Edouardo Olivero
has, likewise, allowed me to study the material in the collections of Centro de Investigaciones en Recursos Geologicos,
Argentina. Without their kind cooperation, this work would
not be possible.
This research is supported by National Science Foundation
grant DPP 89-15439.
(Contribution 460, Department of Geology, Kent State University, Kent, Ohio 44242.)
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Meteorite studies_________________________

Natural thermoluminescence
measurements on meteorites
collected on the Lewis Cliff
blue ice field

interactions between ice and mountains which caused the meteorites to accumulate (Annexstad, 1986). Our laboratory has
been measuring the natural thermoluminescence levels of many
of these meteorites as a portion of their initial characterization.
This article reports on trends in our data from the meteorites
collected on the Lewis Cliff blue ice field and clarifies the trends
noted in our previous report, (Sears, Sears, and Myers 1989),
which were based on a smaller number of measurements.
Natural thermoluminescence levels in meteorites are a function of the number of electrons in metastable traps in a crystal
lattice, which, in turn, is determined by the mineralogy of the
meteorite, the amount of ionizing radiation that has passed
through the crystal lattice, and the effective temperature over
the recent (last few million years) history of the meteorite.
Natural thermoluminescence levels are very high in space but
decrease with time on Earth because of the higher temperatures and lower cosmic ray exposure. The decay is a secondorder process; the decrease is a factor of about 2.5 in
years

PAUL H. BENOIT, DEREK W.G. SEARS, and HAZEL SEARS

Cosmochemistri Group
Department of Chemistry and Biochemistry
University of Arkansas
Fayetteville, Arkansas 72701

Large numbers of meteorites are found each year on the
antarctic blue ice fields, providing a unique opportunity to
study both the meteorites themselves (Palme 1986) and the
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Figure 1. Sketch map showing the Lewis Cliff region and the blue ice field. Regions with circular shading are areas of moraine and snow.
Histograms of natural thermoluminescence values of ordinary chondrites from each of the indicated latitude ranges are shown on the right.
(krad denotes 1,000 rad.)

1990 REVIEW

47

(McKeever 1982; Sears and Hasan 1986; Hasan et al. in press).
Most meteorites have natural thermoluminescence levels of
30,000-100,000 rad, depending on how long they have been
on Earth. Samples with particularly long terrestrial histories
may fall to less than 5,000 rad. Samples with natural thermoluminescence greater than 100,000 rad have not only fallen
recently but also they must have been exposed to unusual
radiation fields or temperatures. Some meteorites with extremely low natural thermoluminescence levels (less than 5,000
rad) may have been reheated, either by close passage to the
Sun or by shock events in space (see McKeever and Sears 1980;
Melcher 1981). A very few samples which exhibit low natural
thermoluminescence levels may be the result of sampling too
close to the heat-altered surface of the meteorite produced
during atmospheric passage, though every effort is made to
avoid this during sampling.
To date we have measured the natural thermoluminescence
of approximately 700 antarctic meteorites, representing the vast
majority of samples suitable for this type of analysis. Approximately 220 of these samples are from the Lewis Cliff region
(84°16'S 161°25'E), collected during the 1985-1986, 1986-1987,
and 1987-1988 austral summers. The data for these samples
are listed in the Score and Lindstrom (1990) and Lindstrom
(1990). The Lewis Cliff site is a 2.3-kilometer wide, 8-kilometer
long, north-south tongue of ice, which is divided into an upper
and lower tongue by a step approximately half way along its
length (figure 1). A large number of meteorites were also collected from a gully (Meteorite Moraine) to the east of the tongue.
Figure 1 shows histograms of natural thermoluminescence
levels of ordinary chondrites collected on various portions of
the ice tongue. Histograms of all the Lewis Cliff ordinary chondrites, separated into upper tongue, lower tongue, and meteorite moraine, are shown in figure 2. Since our previous
report (Sears et al. 1989), we have found an additional four
ordinary chondrites which have natural thermoluminescence
levels less than 5,000 rad (LEW87033, LEW87043, LEW87048,
and LEW87143) and two with levels greater than 100,000 rad
(LEW87041 and LEW87123), all these samples being candidates
for unusual histories. The data seem to indicate distinct differences in the natural thermoluminescence levels of the meteorites from the different sampling localities. Considering only
those samples with natural thermoluminescence levels between 5,000 and 100,000 rad, the Lower Ice Tongue ordinary
chondrites have a lower average natural thermoluminescence
level (29,900 ± 2,400 rad) than either the upper tongue or meteorite moraine (41,600 ± 3,800 and 54,600 ± 4,800 rad, respectively). This difference is also observed in the median values
of the two ice tongues (24,200 and 38,500 rad for the lower
and upper tongues, respectively). The meteorite moraine samples have the smallest range, clustering fairly tightly around
50,000 rad (median value 51,000). This supports the idea (Score
and Cassidy personal communication) that many of the meteorite moraine samples are, in fact, fragments of single meteorite.
The differences in natural thermoluminescence levels in the
meteorites of the Upper and Lower tongues may also be the
result of fragments of a few large falls dominating the data
set. It is, however, possible that the differences reflect differences in the concentration mechanism in the two tongues. We
intend to investigate these possibilities in greater detail in the
immediate future.
We are grateful to Ben Myers, William Cassidy, Robbie Score,
Marilyn Lindstrom, and the antarctic meteorite working group
for their contributions to this work. This study was supported
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by National Science Foundation grant DPP 86-13998 and National Aeronautics and Space Administration grant NAG 9-81
(natural thermoluminescence).
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Meteorite studies:
Terrestrial and
extraterrestrial applications, 1990
MICHAEL E. LII'SCHUTZ
Department of Chemistry
Purdue University
West Lafayette, Indiana 47906

About 13,500 meteorite fragments (representing a smaller,
undetermined number of individual objects impacting the ice
sheet) have been recovered from Antarctica since 1969, mainly
by Japanese and U.S. teams. Although only a few hundred
samples have been studied in great detail to date, it is clear
that these meteorites generally contain a wealth of information
about extraterrestrial physical and chemical processes during
genesis of their parent bodies and about terrestrial processes
in and/or on the antarctic ice sheet. Their scientific potential
now is enhanced by the consensus of a July 1989 workshop,
that antarctic and non-antarctic meteorite populations have
markedly different properties (Koeberl and Cassidy 1990), an
idea originated by my group (Dennison, Lingner, and Lipschutz 1986). The reason for these differences is less certain,
and there is a substantial controversy about the relative importance of preterrestrial genetic processes and terrestrial alteration of the meteorites in and/or on the ice sheet.
My research group uses radiochemical neutron activation
analysis and atomic absorption spectroscopy to determine partper-million to part-per-trillion levels of 12 to 15 trace elements
in each sample studied. These elements—antimony, bismuth,
cadmium, cesium, cobalt, gallium, gold, indium, rubidium,
selenium, silver, tellurium, thallium, uranium, and zinc—are
important because of their chalcophile, lithophile, and siderophile geochemistry and especially because most are labile,
i.e., highly responsive to thermal processes which usually ac-
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company geochemical or cosmochemical fractionation. Hence,
in their absolute contents and relative abundance trends, these
elements can record various fractionation events, both preterrestrial and terrestrial, during residence in and/or on the ice
sheet.
Since no other laboratory in the world can determine most
of these elements at the levels found in meteorites, my research
group often is invited to join consortia (which involve a number of research groups in the world, each studying the sample
by its special techniques) to study important samples: four of
these studies were completed during the period of this study
and a number of others are in progress. Our data from consortium studies of four antarctic carbonaceous chondrites (Paul
and Lipschutz 1989, 1990), lunar meteorite Yamato 86032 (Wang
and Lipschutz 1990), and the Bholghati howardite (Wang, Paul,
and Lipschutz 1990) were summarized by Lipschutz (1989).
We will not repeat these summaries here but will add information obtained in the past year.
• The carbonaceous chondrite data are so provocative that we
have embarked on a systematic study of the antarctic population of such meteorites with striking results. Of the 13
additional antarctic samples measured to date, 10 exhibit
anomalous trace element patterns relative to their non-antarctic brethren (work in progress). Clearly some unusual
processes are at work.
• The number of known lunar meteorites has essentially doubled in the past year so that now ejecta from eight separate
impacts on the moon have been found in Antarctica. Trace
elements studies by my group are complete for three of these
and work is in progress on two others. Non-antarctic lunar
meteorites are unknown.
• Trace elements trends for non-antarctic carbonaceous chondrites and lunar materials returned by the six Apollo or three
Luna missions are very well known. In no case, do trace
element patterns (or petrology) for corresponding antarctic
samples show substantial evidence for alteration by terrestrial weathering. Since such samples should be especially
susceptible to terrestrial alteration, the absence of significant
terrestrial weathering effects is consistent with conclusions
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of earlier studies by my group that trace element trends in
samples of weathering types A to B essentially reflect only
preterrestrial processes.
Paul and Lipschutz (in press) report data for 15 trace elements, mainly labile ones, in 25 antarctic and 9 non-antarctic
eucritic (basaltic) achondrites. For a given element, antarctic
and non-antarctic noncumulate eucrites lie on the same uranium-normalized trend line indicating that all derive from the
same parent. The thermal process responsible for the uraniumnormalized trend could involve devolatilization of eucrite parent material or, as we prefer because of other data, condensation of volcanic emanations to differing degrees on pre-existing
eucrite (and related diogenite and howardite achondrites) parent rocks formed early in the Solar System's history, 4.5 x io
years ago. Antarctic eucrites have different—usually higher—
contents of labile elements, particularly thallium, than do nonantarctic eucrites. The difference cannot be due to the samples'
terrestrial history but must be preterrestrial in origin. By our
preferred scenario, antarctic eucrites received a greater average
complement of mobile elements, hence were presumably cooler
(and nearer the surface of the eucrite parent body) than were
non-antarctic eucrites.
While it is fairly easy to demonstrate an antarctic/non-antarctic genetic difference for meteorites of unique or rare types,
this demonstration is more difficult for the more numerous
ordinary chondrites. As a first step, it is necessary to establish
an unequivocal compositional difference. That, we have done
using the standard multivariate statistical techniques of discriminant analysis and logistic regression and a non-standard
randomization-simulation method that permits probability assignments on a distribution-free basis (Lipschutz and Samuels
in press). As input data, we used trace element data obtained
in my group for demonstrably unpaired antarctic chondrites
and falls. Using either method, we established an antarctic/
non-antarctic compositional difference for H4-6 or L4-6 chondrites beyond any reasonable doubt. As the next step, we must
show that the differences do not reflect trivial (terrestrial) causes
but, rather, (preterrestrial) genetic ones. This more difficult
task is in progress.
Finally, during the past year, colleagues from Purdue's Physics Department and I began the extended process of converting
an 8-megaelectronvolt FN Tandem Van de Graff accelerator
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into an accelerator mass spectrometer to serve the earth and
space science communities as a dedicated facility. The accelerator mass spectrometer has been shown to be an excellent
instrument for tracer and dating studies of antarctic (and nonantarctic) rock and ice samples. We intend to devote our efforts
primarily to measurements of radionuclides other than carbon14, especially calcium-41 (1.0 x 10 years), chlorine-36 (3.0 x
105 years), aluminum-26 (7.3 x io years), beryllium-10 (1.6 x
106 years), and iodine-129 (1.6 x 10 years), and anticipate our
first measurements early in 1991.
This research was supported in part by National Science
Foundation grants DPP 87-15853 and EAR 89-16667 and National Aeronautics and Space Administration grant NAG 9-48.
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Glacial geology
Late Cenozoic glacial history
of the Terra Nova Bay region,
northern Victoria Land, Antarctica
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In January and February of 1989 and of 1990, we carried out
a joint investigation of the late Cenozoic glacial history of the
Terra Nova Bay region on the west coast of the Ross Sea in
northern Victoria Land. Our purpose was to examine past
longitudinal profiles of outlet glaciers that drained through the
Transantarctic Mountains into Terra Nova Bay, some from the
inland ice sheet and some from local mountain accumulation
areas. By tying our new results to those previously obtained
farther north in the Rennick Glacier drainage system that flows
into the Pacific Ocean (Denton et al. 1986), we hoped to decipher ice-sheet behavior in northern Victoria Land during late
Cenozoic glacial cycles. Our project was jointly funded and
supported by Programma Nazionale di Ricerche in Antartide
(Italy) and by the Division of Polar Programs of the National
Science Foundation (United States).
The geography of Terra Nova Bay is dominated by long
outlet glaciers that flow through the high Transantarctic Mountains and terminate either in open waters of Terra Nova Bay
or in the Nansen Ice Sheet, which floats on inner Terra Nova
Bay. Campbell Glacier flows only from local mountain accumulation areas, whereas Reeves and Priestley Glaciers drain
both local accumulation basins and the peripheral Tabs Dome
of the east antarctic ice sheet. High plateau mesas between
outlet glacier troughs support ice caps that commonly spill
over plateau edges into these outlet glaciers.
A well-defined erosional trimline with distinct upper and
lower limits is etched into alpine ridges and spurs on valley
walls alongside Reeves, Priestley, and Campbell Glaciers. The
lower limit, which rises smoothly inland (figure), represents
1990 REVIEW

the maximum former expansion of these outlet glaciers. The
upper limit marks the maximum former extent of mesa ice caps
when they spilled down valley walls between exposed ridges.
A well-developed trimline on nunataks represent maximum
former thickening of these mesa ice caps.
At the head of Campbell Glacier in the southern Mesa Range,
the lower trimline matches that previously mapped in the Pacific Ocean drainage of the Outback Nunataks and Rennick
Glacier (Denton et al. 1986). Together, this overall trimline limit
marks the maximum recognized level reached by outlet glaciers
in northern Victoria Land.
In the absence of isotopic dates, Denton et al. (1986) postulated two widely differing age models (late Wisconsin and
pre-late Quaternary) for the trimline. Some insights in this
regard come from the Terra Nova Bay region. Here, Terra Nova
drift ("Younger" drift of Stuiver et al. 1981) is prominent near
the coast. This drift extends to 300-400-meter elevation in the
Northern Foothills (Baroni 1989), and it covers both Inexpressible Island and Tarn Flat. Terra Nova drift is commonly continuous but in places consists of scattered erratics resting on
bedrock. Exposed bedrock below the Terra Nova drift limit is
rarely striated in the coastal area. Terra Nova drift is little
weathered, shows common perched boulders, and in places
exhibits an ice core. In the Northern Foothills ice cores from
240-meter elevation exhibit a significant marine component.
On Tarn Flat, Terra Nova drift includes numerous eskers. In
Inexpressible Island and the Northern Foothills raised marine
beaches now up to 30 meters in elevation are cut into Terra
Nova drift (Baroni and Orombelli in press). Numerous radiocarbon dates from these beaches define an emergence curve
that shows declining rates of Holocene uplift that began shortly
before 7,505±230 (GX-14063) years ago (uncorrected for the
reservoir effect). Shells from marine muds included in Terra
Nova drift at about 200-meter elevation in the Northern Foothills date to more than 33,000 (GX-13605) (Baroni and Orombelli 1989). In all these characteristics, Terra Nova drift is similar
to the well-dated Ross Sea drift in the McMurdo Sound area
(Stuiver et al. 1981; Denton et al. 1986). We think it is highly
likely, therefore, that Terra Nova drift is late Wisconsin and
earliest Holocene in age.
The upper limit of Terra Nova drift rises inland alongside
outlet glaciers. The figure shows the Terra Nova profile for
Reeves Glacier derived from ice-free areas on the north valley
wall. Here, a sharp break in surface weathering characteristics
separates Terra Nova from older drift. In two localities, a sharpcrested moraine ridge occurs at this break. Below this break,
delicately perched boulders and polished and striated granite
bedrock are common; above the break both are absent. These
characteristics, including striated and polished bedrock below
the drift boundary, also occur at Skinner Ridge, where the
Terra Nova profile is at or close to the trimline.
The figure illustrates that Reeves Glacier was thicker along
its entire length when it stood at the Terra Nova drift limit.
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Thickening was greatest, however, in coastal regions, where
grounded ice filled Terra Nova Bay. The figure also illustrates
that the trimline is far above Terra Nova drift in the lower
reaches of Reeves Glacier, but that the trimline is close to or
at the Terra Nova limit in the upper reaches. This suggests
that the trimline may be metachronous, that is, old near the
coast and late Wisconsin and even early Holocene in the interior. The trimline profile also suggests that interior ice thickened only marginally when coastal ice levels rose to the trimline
level. To clarify and check our reconstruct profiles, we are
undertaking exposure-age dating of Terra Nova drift and of
the trimline.
A major remaining problem concerns interpretation of striated
surfaces and trimlines near thin mesa ice caps. Exposed bedrock surfaces adjacent to these caps in the Eisenhower Range
commonly exhibit polished and striated surfaces, and many
have angular and perched surface clasts. In all respects, these
striated surfaces and perched clasts appear as fresh as those
below the Terra Nova drift limit beside Reeves Glacier. Similar
high-elevation striated surfaces occur on granite mesas in the
Outback Nunataks farther north. Here Denton et al. (1986) and
Hofle (1989) interpreted mesa striated surfaces in term of icesheet overriding of the mesas. Hofle (1989) and Delisle et al.
(1989) placed such overriding at more than 3.2 million years
ago on the basis of an exposure age of bedrock near the present
ice surface of upper Rennick Glacier. Our new results suggest
caution, however, in inferring late Tertiary ice-sheet overriding, for in the Eisenhower Range, it is possible that mesa
striated surfaces reflect expansion of mesa ice caps during Terra
Nova glaciation. Solution of this problem awaits extensive
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mapping and exposure-age dating of high-elevation mesa
striated surfaces and perched erratics resting on them.
This work was support by National Science Foundation grant
DPP 86-13842.
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Denton et al. (1984) used glacial erosional features and unconsolidated glacial drifts superimposed on alpine topography
to infer ice-sheet overriding of the McMurdo Dry Valleys from
southwest to northeast in late Tertiary time. In contrast, Selby
(1986) and Augustinus and Selby (1990) suggested that overriding was not necessary to explain landscapes in the mountains of the western McMurdo Dry Valleys. Detailed studies
in Njord valley of the Asgard Range (Ackert 1990) and in Arena
Valley of the Quartermain Mountains (Marchant 1990) support
ice-sheet overriding. Here we present additional information
based on the surficial stratigraphy and morphologic features
of Sessrumir Valley, western Asgard Range.
The western Asgard Range features relict alpine glacial topography with a sinuous divide that separates upper Wright
from upper Taylor Valley. Sessrumir Valley is a north-facing
cirque-and-valley system (5.5 kilometers long by 3.0 kilometers
wide) that heads at the divide and opens onto upper Wright
Valley about 400 meters above the Labyrinth. Average valleyfloor elevations range between 1,500 and 1,600 meters, but rise
to 1,700 meters at the base of the cirque headwall. The headwall
itself reaches nearly 1,800 meters and the butte that forms the
eastern valley wall reaches 2,000 meters elevation.
Surficial deposits. The results presented here are based on
detailed descriptions of 174 cubic-meter soil excavations within
Sessrumir Valley. We collected 650 sediment samples for granulometric, shape, and lithologic analyses. Surficial deposits in
Sessrumir Valley were differentiated into four map units on
the basis of areal. distribution, geometric relationships, surface
1990 REVIEW

and internal weathering characteristics, lithologic and volcanic
ash constituents, and process-related features (i.e., glacially
molded and striated clasts, extensive bedding, fissility, and
ventifacted clasts). Figure 1 shows the main features associated
with each map unit.
Alpine drift is a coarse-grained, dolerite-rich deposit with
well-developed patterned ground that occurs adjacent to a
small alpine glacier in upper Sessrumir Valley (figure 2). This
drift, derived entirely from local bedrock, forms arcuate lobes
that parallel the alpine glacier front. Campbell and Claridge
(1978, 1987) recognized three separate phases of alpine drift.
On the basis of soil development and surface morphology,
they assigned the oldest drift to soil weathering stage 3. In the
McMurdo Sound region, soils exhibiting stage 3 weathering
profiles range back to 0.5-2.1 million years (Campbell and
Claridge 1975).
Asgard till is a silt-rich, unconsolidated deposit that occurs
in lower and central Sessrumir Valley. It contains granite erratics, striated clasts, and gravel ventifacts. Asgard till, which
represents an expanded tongue of the east antarctic ice sheet
that filled Wright Valley (Ackert 1990), projects into mouths
of several north-facing cirque valleys in the western Asgard
Range.
Asgard till is poorly dated. Several lines of evidence, however, all suggest a Pliocene age. First, Asgard till contains
highly vesicular volcanic ash disseminated in the less-than2.0-millimeter sediment fraction. Argon-40/argon-39 dating of
volcanic, anorthoclase crystals yields an age of 12.9 million
years and, thus, provides a maximum age for the drift (Ackert
1990). On the basis of distributions and elevations, outcrop
patterns, and lithologic analysis, Asgard till is correlated with
or predates Peleus till on the floor of central Wright Valley. In
turn, Peleus till is isotopically dated between 4.8±0.3 and
3.9--+-0.3 million years (Prentice et al. in preparation). Hence,
Asgard till is early Pliocene of pre-Pliocene in age. Such an
age for the Asgard till is consistent with soil weathering stage
4 profiles developed within Asgard till (Campbell and Claridge
1978).
Sandstone and dolerite colluvium occur throughout Sessrumir Valley. Commonly, such deposits contain highly oxidized sands and fractured gravel ventifacts; they lack striated
and molded clasts. The largest outcrop of colluvial sediments
occurs between 1,600 and 1,650-meter elevation on the west
valley wall (figure 2). This deposit, composed entirely of local
sandstone and dolerite bedrock, stratigraphically underlies Asgard till with a sharp, planar contact. Similar colluvial deposits,
exposed in hand-dug sections, also occur stratigraphically beneath Asgard till in central Sessrumir Valley.
Sessrumir till, a silt-rich and unconsolidated diamicton containing siltstone erratics and striated dolerite clasts, underlies
Asgard till and oxidized colluvium in several hand-dug exposures. Two outcrops of Sessrumir till occur in the central
portion of the valley (figure 2). Sessrumir till overlies striated
and molded bedrock indicating ice flow toward north 20° east.
Striated aztec siltstone erratics within Sessrumir till also suggest transport and deposition beneath northeast-flowing ice.
Aztec siltstone does not outcrop in Sessrumir Valley or within
adjacent valleys of the western Asgard Range. Rather, it occurs
as outcrops above 2,000-meter elevation in the Quartermain
Mountains about 30 kilometers to the southwest across Taylor
Glacier.
Erosional features. A series of anastomosing channels and
potholes is incised into the bedrock butte that forms the eastern
wall of Sessrumir Valley (figure 1). Denton et al. (1984) sug53

SURFICIAL STRATIGRAPHY AND GENERAL GLACIAL HISTORY
OF SESSRUMIR VALLEY, WESTERN ASGARD RANGE
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Figure 1. Surficial stratigraphy and general glacial history of Sessrumir Valley, western Asgard Range.

gested that these features formed subglacially beneath thick
northeast-flowing ice that overtopped the alpine divide in the
western Asgard Range. In contrast, Selby (1986) attributed
these features to meltwater flow alongside a local cirque glacier.
Sugden, Marchant, and Denton (Antarctic Journal, this issue)
demonstrate that the Sessrumir channel-and-pothole system
relates to subglacial meltwater erosion beneath regional overriding ice rather than to subaerial meltwater erosion associated with local cirque glaciers. They suggested that the
elevation of the bedrock channels, relative to the breached
headwall of Sessrumir Valley, requires that glacial ice overrode
the valley headwall and the bedrock butte of the eastern wall.
Now, this channel system and its related trough cut through
Asgard till, suggesting that glacial overriding occurred after
deposition of Asgard till. Because the valley shows no younger
till sheet, it is possible that the thickening outlet glacier that
deposited Asgard till was a prelude to overriding.
In sharp contrast to the situation at lower elevations within
Wright (Nichols 1965) and Taylor valleys, drift and colluvium
surfaces in Sessrumir Valley show no erosional features that
reflect subaerial water. For example, there are no subaerial
meltwater channels nor do slopes exhibit debris-flow channels
and levees. This implies that the warmer climatic regimes characteristic of lower elevations within Wright Valley have not
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expanded into adjacent Sessrumir Valley since early Pliocene
or even pre-Pliocene times.
Conclusions. Two points are clear from our research:
• The surficial geology of Sessrumir Valley records alternating
periods of glaciation and ice-free conditions, with irhportant
segments of the record dating to early Pliocene and perhaps
even pre-Pliocene times. We find no evidence of significantly
warmer-than-present climates preserved in the stratigraphic
record of Sessrumir Valley.
• Sessrumir Valley shows strong evidence of at least two periods of northeastward glacial overriding of the western Asgard Range. An early overriding event is inferred from the
Sessrumir till, which contains far-travelled siltstone erratics
indicating a northeasterly ice-flow direction. Northeasttrending bedrock striations beneath Sessrumir till are consistent with the probable provenance of these siltstone erratics in the Quartermain Mountains. A younger overriding
event is inferred from subglacial channels that are incised
in the eastern bedrock spur and Asgard till of Sessrumir
Valley (see also Sugden et al., Antarctic Journal, this issue).
Stephen Hinshaw and Christopher Grallert ably assisted in
the field. Thomas R. Fenn drafted figure 1. This work was
supported by National Science Foundation grant DPP 86-13842.
The U.S. Navy provided helicopter support.
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Channels and potholes occur in the mountains flanking the
McMurdo Dry Valleys. They have been described in the Quartermain Mountains south of Taylor Glacier, in the Asgard and
Olympus Range on either side of Wright Valley, and in the
Convoy Range (Denton, Kellogg, and Prentice 1983; Denton
et al. 1984). These features are one of several lines of evidence
used to infer that an ice sheet overrode the McMurdo Dry
Valleys area from the southwest to the northeast in late Tertiary
time. This view has been challenged by Selby (1986) and Augustinus and Selby (1990), who suggested that there are alternative explanations for the various line of evidence and that
these need to be scrutinized further. For example, they suggested that the channels and potholes were associated with
local ice. Here, we examine the morphology of one channel
system in Sessrumir Valley in the western Asgard Range (Ackert 1990) and conclude that it reflects subglacial meltwater activity and is likely to have been associated with overriding ice.
The channel system, which is 2.5 kilometers long and about
600 meters wide, is cut into rock slopes along the flanks of an
S-shaped butte marking the eastern wall of Sessrumir Valley.
It begins at an elevation of 1,710 meters in the south and falls
to 1,510 meters in the north. Figures 1 and 2 show a fieldbased geomorphological map of the central part of the channel
system and an oblique aerial photograph. The main channel
consists of five segments, each of which starts with a cliffed
"plunged pool" of 5-20 meters and runs for several hundred
meters before petering out at the next plunge pool. The channel segments increase in size to a maximum width of 145 meters and a depth of 25-50 meters. Tributary channels run into
the main channel from the slopes of the butte. They are cuffed
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Figure 1. Field-based geomorphological map of the central part of
the channel.

and sharply incised into a smooth bedrock slope with an overall gradient of 10-28°. The long profiles of the tributary channels are complex. Some fall continuously downslope to the
main channel. Others are discontinuous and the long profile
is interrupted by potholes and rock bars. Commonly, confluences are ungraded, and for example, tributaries may join each
other and the main channel by means of a cliff. The overall
pattern of the tributary channels is dendritic in that they tend
to merge into fewer, larger channels. There are, however, instances of bifurcation which lead to an anastomosing pattern.
In certain cases, rock channels 5-10 meters deep split and
rejoin at some point down-channel.
The channel system is associated with potholes tens of meters across and tens of meters deep. Typically the potholes are
circular in plan and have vertical or undercut sides. Cliffs may
surround the potholes on all sides or may be breached in one
or two locations. Ice pools occupy the bottom of many potholes. Potholes commonly occur in three locations: at the confluence of two or more channels, at sharp corners along a
channel, and on the gentle upper slope between the channels.
The morphology of the channel system is characterized in
detail by forms associated with geomorphological processes
that have occurred since their formation. These include sand
dunes in the lee of north-facing cliffs as well as fretted and
pitted rock surfaces. The floors of many channels are covered
by an armor of pebbles with ventifacted facets and desert varnish. These are commonly arranged into the form of ripples.
The continuity, sinuosity, and confluent pattern of the channels and their association with potholes all point to the role of
water in their formation. Several other features point to the
role of meltwater flowing hydrostatically in a subglacial environment. For example, these include the irregular long profiles, reverse gradients, anastomosing patterns cut into bedrock,
and ungraded confluences. Such features are well known from
mid-latitude areas of former glaciation (Sugden and John 1976)
and are explicable in terms of theories of subglacial hydrology
ANTARCTIC JOURNAL

Figure 2. Oblique aerial photograph of the central part of the channel system.

(Shreve 1972: Sharp, Gemmell, and Tison 1989). Large potholes
and their association with irregularities in a channel are also
most easily explained by the high velocity streams, heavily
loaded with debris, which are characteristic of subglacial regimes.
The channel system has been modified by wind and weathering since its formation. Fretting of the rock walls, salt weathering, sand dunes, and ventifacts arranged into ripples all add
detail to the morphology; however, wind action cannot explain
the characteristic features of water action listed above.
The overall pattern and site of the channels is consistent
with an origin beneath overriding ice. Firstly, the channels are
in the lee of a butte and their pattern suggests that meltwater
originated on the butte. The most likely explanation of this
pattern is that the meltwater was derived from a zone of pressure melting on the upstream side of the butte beneath overriding ice. Secondly, similar channels are also incised into
the saddles elsewhere in the main divide of the Asgard Range;
for example, the saddle in the headwall of the adjacent valley
at an altitude of 1,750 meters is cut by a rock channel tens of
meters deep which commences in a cliff at the actual divide.
This implies movement of meltwater across the mountains. A
third argument concerns the links between Sessrumir Valley
and the valley immediately to the east. The channel system
crosses from the former to the latter. This is a pattern pointing
1990 REVIEW

to regional ice flow rather than local ice flow confined to separate valleys.
Three points were made clear by our study:
• The pattern and morphology of channels and potholes has
revealed the existence of subglacial meltwater systems in the
Asgard Range. The pattern of the channels is consistent with
the hypothesis of overriding ice from the southwest.
• The relationship of the channels to the underlying topography implies that the main features, such as the butte,
were present before the overriding glaciation.
• Wind action accounts for the detailed morphology within
the channel system, including fretting, sand dunes, and
ripples.
This work was funded National Science Foundation grant DPP
86-13842. Helicopter support was provided by the U.S. Navy.
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Marine geology and geophysics
Climatic and oceanographic
controls upon antarctic fjord
sedimentation: Examples from
the Antarctic Peninsula and
South Shetland Islands

This article presents a summary of our completed studies on
modern surface sediments and related facies.
Though climate controls the rate and mechanism by which
terrigenous sediment is supplied to the glacial marine environment, our results demonstrate that the oceanographic and
physiographic constraints, which act to influence primary productivity and redistribute the sediment, may be more important to the resulting facies patterns as observed in the study
area. For example, the oceanographic regime within Admiralty
Bay (King George Island) is dominated by strong currents and
rapid exchange of waters with the Bransfield Strait (Sarukhanyan and Tokarczyk 1988; Domack et al. 1990). Hence, both
terrigenous and biogenic constituents are effectively reworked
and/or transported out of the system by currents and estuarine
overflows. The efficiency of the latter process is aided or hindered by the prevailing wind regime. Strong winds from the
west-northwest restrain down-fjord movement of the overflows and lead to enhanced suspended sediment concentrations (Domack et al. 1989, 1990). Bottom sediments are wellsorted silty sands and sandy silts with a dominance of volcaniclastic detritus. Diamictons occur within ice front aprons
and as residual (sandy) deposits in the outer bay (figure 1).
Meltwater-derived sediment is supplied to Admiralty Bay at
the rate of 200 tons per day (Pecherzewski 1980). Organic carbon contents are less than 0.80 percent and show little cor-
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In late December, 1987, and January, 1988, the RIV Polar
Duke conducted oceanographic and marine geologic investigations within bays and fjords along the western side of the
Antarctic Peninsula and South Shetland Islands. These investigations were undertaken to test hypotheses related to climate
and glacial marine sedimentation (Griffith and Anderson 1989)
and to establish modern parameters for biogenic and terrigenous facies changes. Initial results are presented in Domack and
Williams (1990), Domack et al. (1989), and Williams (1989).
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relation to ice front distance or texture. The carbon is dominated
by fragments of macroalgae which are in hydrodynamic equilibrium with sand-sized particles.
Fjords along the Danco Coast and Palmer Archipelago contain both terrigenous and biogenic facies (figure 2). Generally
cold summer temperatures limit surface melting and consequent runoff. Terrigenous sediment is supplied to the marine
environment at or near the front of fjord-head glaciers. Ice
rafting is at a maximum near the ice front because of debris
dumping, during calving, and because icebergs can become
concentrated by winds along the ice barrier (figure 2). terngenous particles, as coarse as very fine-grained sand, are transported out into the fjord at deep and mid-water depths by the
horizontal movement of cold tongues away from the ice front.
Short-term sediment supply rates via this mechanism may approach 173 tons per day for a single ice front system (Domack
and Williams 1990). Sediment gravity flows are also generated
and, together with particle settling from the cold tongues,
contribute to ponding of terrigenous sediments in ice-proximal
basins. Lateral deflection of turbid plumes by coastal currents
and Coriolis forces limits terrigenous sedimentation within the
central portions of large, complex fjord systems. This results
in a sharp facies change with biosiliceous pebbly muds of the
outer bay (figure 2). These sediments reflect high productivity
in the warm waters of the outer bay and ice rafting via icebergs
and sea ice. This facies is characterized by total organic carbon
contents in excess of 1.0 percent, opaline silica greater than 10
percent, and low sand contents (generally less than 5 percent).
Sedimentation rates are relatively high, at around 0.28 to 0.48
centimeters per year. Linear fjords contain a more gradual
terrigenous/biogenic facies transition that may extend for more
than 10 kilometers (Domack et al. 1989).
The facies variations between the subpolar and polar settings
so far examined along the Antarctic Peninsula reflect, in part,
differences in corresponding climates. However, comparisons
between systems that are fundamentally similar in bay ge60

ometry and current energy but significantly different with respect to climate are needed. A comparison to true polar fjords
found further south or along the eastern side of the Peninsula
may prove enlightening.
This study was supported by the National Science Foundation programs in Research in Undergraduate Institutions
and Research Experience for Undergraduates, as administered
by the Division of Polar Programs (DPP 86-13565).
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Preliminary results
of a high-resolution seismic
reflection survey of
the Ross Sea continental shelf
JOHN B. ANDERSON and

McMurdo Sound (McMurdo Sound Sediment and Tectonic
Studies and Cenozoic Investigations of the Ross Sea), will provide the basis for developing a high-resolution seismic stratigraphy for the late Paleogene and Neogene strata on the
continental shelf.
The Ross Sea continental shelf has long been recognized as
a key region in the investigation of the long-term glacial history
of Antarctica. During Deep Sea Drilling Project leg 28, four
sites were drilled on the continental shelf, explicitly to examine
the history of glaciation in the region (Hayes and Frakes 1975).
Unfortunately, recovery was poor at these sites, and the interpretation of the recovered strata has remained problematic.
For example, massive diamicts, as old as early Miocene age,
were recovered at all of the sites, but the subglacial versus
glacial marine origin of these diamicts remains controversial,
even after detailed sedimentologic analysis (Barrett 1975; Balshaw 1981). This is a crucial controversy because a subglacial
origin for these diamicts implies expansion of a marine ice
sheet onto the shelf; a glacial marine origin for these deposits
may imply the presence of tidewater glaciers in the region.
The former implies a polar climate; tidewater glaciers, in contrast, can exist in a temperate climatic setting.

Louis R. BARTEK

Department of Geology and Geophysics
Rice University
Houston, Texas 77251

Leg 2 of the 1990 RIV Polar Duke expedition to the Ross Sea
began on the morning of 11 February from McMurdo Sound
and ended on 17 March at King George Island. The scientific
objective of the cruise was to acquire high-resolution seismic
reflection data on the continental shelf that, in conjunction
with existing drill sites on the continental shelf (Deep Sea
Drilling Project leg 28 sites 270, 271, 272, and 273) and sites in
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While the recovery at sites 270 through 273 is too sparse to
allow confident paleoclimatic interpretations from lithologic
units, these sites provide a rare stratigraphic column with which
to conduct sequence stratigraphic studies in Antarctica. The
only other sites on the continental shelf are in Prydz Bay in
East Antarctica (Ocean Drilling Project leg 119, Barron et al.
1990). Recent seismic studies on the Canadian shelf (King and
Fader 1986) and in the North Sea (King, Rokoengen, and Gunleiksrud 1987) yielded important information about the nature
of seismic facies associated with both subglacial and glacial
marine sequences. These results provide a framework for seismic studies in Antarctica aimed at measuring the history of
glaciation on the continental shelf in areas, such as the Ross
Sea, where drill sites provide needed chronostratigraphic information.
The seismic facies work conducted by King and Fader (1986)
and King et al. (1987) relies on high-resolution (boomer, sparker, water gun) records. Although the Ross Sea seismic reflection database is considerable, these data constitute either
multichannel air-gun data, which lack the needed resolution
for seismic facies analysis, or high-resolution data (mostly sparker records) which consist of relatively short and discontinuous
lines. Hence, the existing data set (prior to this cruise) was
unsuitable for seismic facies and high-resolution sequence stratigraphic analyses. The objective of our cruise was to acquire
high-resolution data suitable for these types of analyses. Our
planned cruise track (figure 1) relied on existing data sets to
avoid structural features that disrupt the stratigraphic sequences on the shelf, especially in the western Ross Sea. Similarly, our tracklines crossed existing drill sites on the shelf
and in McMurdo Sound (figure 1).
Approximately 6,000 kilometers of seismic data was collected
within the Ross Sea, and 800 kilometers of data was acquired
in the transit from McMurdo to Palmer Station, including two
shelf transects offshore of Marguerite Bay (figure 2). Gravity
and magnetic data acquisition occurred throughout the cruise,
resulting in a total of about 8,000 kilometers of data.
Data acquisition employed a new seismic source, the generator/injector gun. This bubble-free air gun, developed by
Seismic Systems Inc., produces a "clean" outgoing signal in
the 0-128 hertz frequency range. During a brief servicing of
the generator/injector gun, a 100-cubic-inch Hamco water gun
provided the seismic source. The two data sets are very similar
in terms of resolution, however, the generator/injector gun
provided subbottom penetration between 1.5 and 2.0 seconds
compared to a 1.0-second Hamco record. Using a single-channel Litton-Teledyne streamer, both digital and analog data were
acquired. Data quality is very high (figure 3).
Only preliminary analysis of the seismic data has been performed to date. The results indicate that grounded ice sheets
existed on the Ross Sea continental shelf at least as early as
Early Miocene time. This is based on the first occurrence of
glacial erosional surfaces and till tongues, which are tied to
Deep Sea Drilling Project site 270 (figure 3). Following these
events, a period of extensive shelf aggradation and progradation in the late Miocene occurred. The Plio-Pleistocene strata
on the Ross Sea continental shelf vary considerably in thickness
and include at least four major glacial erosional surfaces separating packages of predominantly subglacial deposits. The
implications of an increase in the scale of glacial features during
late Pleistocene(?) time remain problematic. Perhaps this relates to the evolution of the present ice stream systems of the
region.
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The scientific staff on this cruise consisted of the following
persons.
• John B. Anderson (Rice University)—chief scientist
• Louis R. Bartek (Rice University)—chief geologist
• Carol Raymond (Lamont-Doherty Geological Observatory)
• Belen Alonso (Consejo Superior de Investigaciones Cientificas—Spain)
• Jose I. Diaz (Consejo Superior de Investigaciones Cientificas—Spain)
• Philip J. Bart (Rice University)
• Stephanie Staples (Rice University)
• Technical support staff
• Ken Foley (Rice University)
• Ken Griffiths (University of Texas)
We wish to thank Alan Cooper for information discussions
and assistance in planning our cruise track. Adrien Pascouet
and Jim Hedger of Seismic Systems, Inc., loaned us the generator/injector gun and trained us to use and maintain it. Rick
Shiftman of Teledyne Inc., provided assistance in streamer
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repair. Lastly, the highly professional crew of the Polar Duke
deserves a special word of thanks for making this a productive
and pleasant cruise. This project was funded by National Science Foundation grant DPP 88-18523.
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Seismic refraction surveys
of the Ross Sea
JONATHAN R. CHILDS, Gu y R. COCHRANE,
and ALAN K. COOPER
U.S. Geological Survey
Menlo Park, California 94025

GIULIANO BRANCOLINI
Osservatorio Geofisico Sperimentale
Trieste, Italy

Seismic refraction/wide-angle reflection experiments using
sonobuoys were conducted throughout the Ross Sea by the
U.S. Geological Survey in February, 1989, and January/February, 1990. These studies, aboard the research vessel Explora,
were carried out in conjunction with multichannel-seismic reflection and associated geophysical studies by the Osservatorio
Geofisico Sperimentale, as part of the Italian National Program
of Research in Antarctica. In 1989, the multichannel-seismic
and sonobuoy program included reconnaissance mapping of
the entire Ross Sea, concentrating over the central and southeastern Ross Sea. The 1990 survey sites lay primarily over the
Victoria Land Basin, a 10- to 14-kilometer deep sedimentary
basin lying off the western coast of the Ross Sea adjacent to
the Transantarctic Mountains. In 1989, 25 sonobuoys stations
were collected, of which 23 yielded usable data; in 1990, 31
sonobuoys were deployed, of which 29 were usable (table).
Seismic-refraction and wide-angle-reflection experiments
usually produce measurements of the sonic velocity to depths
much greater than accurately possible through multichannelseismic velocity analysis alone. The velocity structure determined from the sonobuoy experiments will allow detailed
mapping of the Western Ross Sea, in particular five sites proposed for the Ocean Drilling Program, and will enhance stratigraphic and structural interpretation of the multichannelseismic data throughout the entire Ross Sea.
Previous work and scientific objectives. Previous sonobuoy studies in the western Ross Sea are described by Davey, Bennett,
and Houtz (1982) and Davey, Hinz, and Schroeder (1983).
These experiments, however, were sparsely distributed and
generally short range (less than 15 kilometers). In 1984, the
U.S. Geological Survey conducted a more comprehensive multichannel-seismic survey of the western and central Ross Sea
with the R/V S.P. Lee, which included 24 sonobuoy stations.
The results of the U.S. Geological Survey sonobuoy survey
and the earlier work in the western Ross Sea are summarized
in Cooper et al. (1987b). The 1989-1990 ItaliAntartide surveys
represent the most comprehensive geophysical survey of the
Ross Sea since the 1984 U.S. Geological Survey efforts.
The primary objectives of the U.S. Geological Survey's participation in the Italian antarctic program were:
• to delineate more accurately the structural features of the
Ross Sea;
• to develop a model for the evolution of the antarctic outer
continental margin and its relationship to the abyssal plain;
• to develop a detailed velocity model over each of five sites
proposed for drilling under the Ocean Drilling Program
(drillholes 1-5, figure 1; Cooper et al. 1987c);

• to clarify the velocity structure of the sedimentary section
within the Victoria Land Basin, including the nature of the
U6 discontinuity (Cooper, Davey, and Behrendt 1987a), possible velocity discontinuities due to glacial epoches, and the
nature of the acoustic basement, including possible lowvelocity zones in the sedimentary section;
• to correlate stratigraphy from the MSSTS-1 and CIROS-1
drill-sites in the southernmost Victoria Land Basin to the
network of seismic lines 48 kilometers (30 miles) to the north
of the drilisites;
• to investigate the nature of deep reflectors under the Coulman High, a shallow basement structure that borders the
Victoria Land Basin to the east.
Geophysical systems. The geophysical data collected included
multichannel seismic reflection profiles, marine magnetics and
gravity, and echo sounder (bathymetry) data in addition to the
sonobuoy profiles. The multichannel-seismic system consisted
of a 120-trace, 3,000-meter charge-coupled analog streamer with
25-meter hydrophone groups. In 1989, 12-second records were
recorded at 4-millisecond sampling, with a source array that
consisted of 30 guns with a 44-liter capacity (approximately
2,650 cubic inches) fired at approximately 140 bar. The firing
interval was 50 meters (approximately 20 seconds at 5 knots),
resulting in 30-fold data coverage. In 1990, 6-second records
were recorded at 2-millisecond sampling, with a source array
that consisted of 14 guns with a 22-liter capacity (approximately
1,327 cubic inches) fired at approximately 140 bar. The firing
interval was 25 meters (approximately 10 seconds at 5 knots),
resulting in 60-fold data coverage.
Magnetic data were measured with a proton precession marine magnetometer and gravity data with a Bodenseewerk sea
gravity meter. Bathymetry was measured with a conventional
echo sounder and digitizing unit which worked reliably in
water depths less than 2,000 meters. Navigation control was
based primarily on global positioning system (GPS) with transit
satellite (NNSS) data and dead reckoning integrated during
periods when GPS was unavailable.
Sonobuoy system. Sonobuoys are expendable, floating radiotransmitters with a single hydrophone that is deployed to a
preset water-depth. The sonobuoys used in this experiment
were provided by the U.S. Navy, and consisted of three types:
Model 57-A (400-foot hydrophone depth), Model 53-B (400foot depth), and Model 41-B (1,000-foot depth). The sonobuoy
signal was received with a conventional very-high-frequency
radio receiver, recorded on analog tape and displayed with a
line-scan recorder. In 1990, the sonobuoy signal was also recorded digitally on an auxiliary channel of the multichannelseismic recording instrument; the multichannel-seismic recording parameters were 2-millisecond sample rate and 6-second record length, so the direct arrival beyond about 9 kilometers
and refracted arrivals at the farthest offsets were not recorded
digitally. The analog monitor output from the multichannelseismic master control unit was routed to the sonobuoy system
to be recorded on analog tape and displayed on the line-scan
recorder. The field time-break from the multichannel-seismic
master control unit triggered the sonobuoy system. The sonobuoy source was the multichannel airgun array as described
above. The final two sonobuoys (numbers 112 and 113) in 1990
were collected with the larger 28-gun array and 50-meter (20
second) firing interval.
Results. The sonobuoy stations are shown in figures 1 (1989)
and 2 (1990). Details of all sonobuoy stations are summarized
in the table. The range to which seismic energy was detected
varied from 2 to 29 kilometers, with a mean of 20 kilometers.
ANTARCTIC JOURNAL

Summary of sonobuoy locations and statistics

Sonobuoy

Line

CDPa start

CDPa end

Initial latitude
(S)

Initial longitude
(W)

HDGb

Initial
day/GMT'

Year

Digital
record?d

Rangee
(in kilometers)

14
16
16
18
19

1,113
443
1,600
738
1,098

1,600
900
1,985
1,064
1,575

- 74037.60'
- 73058.40'
- 74028.90'
- 75027.80'
—75°16.50'

168°14.20'
171031.40'
- 171030.10
- 174000.00'
- 172012.10'

040
180
180
000
270

022/1527
023/1256
024/1817
024/2341
025/0938

1989
1989
1989
1989
1989

No
No
No
No
No

20
10
16
12
19

19
23
26
27

2,363
2,984
153
2,268

2,665
3,596
694
2,800

- 75017.20'
- 75027.80'
- 75022.90'
73031.60'

- 170000.30
- 173020.00'
- 175015.00'
- 178035.90'

270
000
000
095

025/1622
028/0629
030/0358
031/1729

1989
1989
1989
1989

No
No
No
No

11
26
24
24

27
29
30
31
33

4,798
2,258
1,688
2,413
113

5,364
2,687
2,200
2,804
713

- 73034.90'
- 74022.70
76°22.40'
- 77027.00'
- 77026.80'

177023.00'
178057.90'
176004.80'
168°36.60'
174001.80

090
180
090
180
270

032/0722
033/1918
036/1054
037/2340
039/1759

1989
1989
1989
1989
1989

No
No
No
No
No

24
18
22
16
26

33
34
34
35
36

2,399
390
1,143
492
203

2,904
916
1,668
1,075
698

- 77026.60'
- 77026.70'
- 77°7.10'
- 76020.00
- 76017.20'

178043.70'
178030.40'
178°41.30'
179°45.60'
- 177000.00'

270
352
352
270
000

040/0611
040/2016
041/0020
041/1457
042/0301

1989
1989
1989
1989
1989

No
No
No
No
No

21
22
22
25
21

36
36
36
36

2,108
1,858
6,004
7,464

2,532
2,304
6,348
7,917

- 75026.00
- 73043.30
—71 052.40'
71013.80'

- 177000.20'
- 176058.50'
- 176051.00
- 176035.90'

000
000
000
350

042/1333
044/2109
045/2008
046/0505

1989
1989
1989
1989

No
No
No
No

2
20
2
18

57S
58S
59S
61S

5,626
880
430
370

5,770
1,700
1,313
1,350

- 74049.12'
- 74053.00'
- 74058.03'
_750399

165016.15'
165028.9'
164°42.41'
16806.69'

265
180
000
270

030/2122
031/0201
032/1225
033/0746

1990
1990
1990
1990

No
No
No
Yes

4
12
16
16

61S
62S
62S
63S
63S

1,400
755
3,205
1,398
1,578

2,390
1,652
3,900
1,572
2,513

- 75°2.60'
- 75022.13'
- 75054.50'
- 76'3.32'
- 7603.17'

164°55.41'
166039.24'
166020.96'
16502.96'
164055.34

270
190
190
270
270

033/2003
034/1940
035/0145
035/0821
035/0840

1990
1990
1990
1990
1990

Yes
Yes
Yes
Yes
Yes

13
23
16
4
25

645
65S
665
675
68S

220
2,024
1,025
738
630

900
2,524
1,840
1,700
1,685

- 75055.82'
- 75050.64'
75055.11
- 75056.23'
- 75055.36'

163047.61 '
164040.45
163043.12
163©57.51'
164012.68'

090
270
180
000
180

035/1533
036/0720
036/1515
036/2026
037/0546

1990
1990
1990
1990
1990

Yes
Yes
Yes
Yes
Yes

16
13
16
23
26

69S

1,400

2,440

- 76059!67'

164046.89'

100

037/2315

1990

Yes

29

69S
70S
715
72S
745

2,590
807
950
673
345

3,408
2,000
1,863
1,105
1,195

- 7701.49'
- 77°8.68'
7703559

16600.50'
166017.88'
164033.76'
164024.48'
166020.39'

090
210
030
180
006

038/0239
038/0810
038/1936
039/0823
039/2128

1990
1990
1990
1990
1990

Yes
Yes
Yes
Yes
Yes

16
29
13
9
21

75S
74S
74S
77S
78S

1,525
1,810
2,910
4,884
1,669

2,940
2,532
3,900
6,004
2,330

164°57.31'
166015.67'
166017.08
167°45.08'
166011.27'

275
000
000
320
180

040/0420
041/0026
041/0332
041/2104
042/1018

1990
1990
1990
1990
1990

Yes
Yes
Yes
Yes
Yes

29
27
23
27
14

79S
80S
81
82

3,200
1,396
160
3,100

4,167
2,470
630
3,456

- 76053.05'
76031.94
- 70017.23'
- 7501.65'
- 74051.00'
750374

169°14.25'
170025.45'
16908.70'
166051.19'

095
270
080
255

942/2135
043/1030
047/0404
051/0012

1990
1990
1990
1990

Yes
Yes
Yes
Yes

24
26
12
9

- 76057.02'
- 77°4.70'

-_74047.73,
- 74033.72'
- 63°0.70'

a Common depth point, for correlation with multichannel seismic profiles.
b Approximate course along which buoy was shot.
C
Day-of-year/Greenwich mean time.
d Indicates whether buoy was recorded digitally on auxiliary Sercel channel.
e Effective seismic range of buoy (in kilometers).
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Figure 1. Location map of the Ross Sea, with locations of 1989
sonobuoy stations. Arrow length is proportional to the range of the
sonobuoy (see table). Solid dots Indicate locations of Deep Sea
Drilling Project drillsites; open circles are locations of sites proposed for Ocean Drilling Project drilling (Cooper et al. 1987c). Also
Indicated are the locations of the CIROS-1 and MSSTS-1 drillsites.
Bathymetry is in meters. (km denotes kilometers.)

The mean range was diminished because several buoys were
terminated early due to unexpected ice obstruction. Preliminary results (without dip correction) were obtained on board
ship, using the method described by Childs and Cooper (1978).
Figure 3 shows two examples of sonobuoy records, from stations 98 and 105, and the corresponding near-trace reflection
profiles. Sonobuoy 98 was deployed over proposed Ocean
Drilling Project drillsite 3, at the western edge of the central
Victoria Land Basin, and sonobuoy 105 was at the southern
edge of the basin. Both were collected under ideal weather
and sea conditions. The shipboard results of the refraction
analysis are included in figure 3. Final interpretation of the
refraction results, however, await the processing of the multichannel-seismic reflection profiles, particularly for records
such as station 105 that were shot over relatively complex
structures.
As reported by Cooper et al. (1987b), the velocity structure
of the Ross Sea/Victoria Land Basin is characterized by distinct
refraction boundaries at some locations and by refraction-velocity gradients at others. Velocity gradients result in smoothly
increasing first arrivals rather than distinct straight-line refractions. A clear example of a velocity gradient are the first
arrivals at station 98 between offsets of 3 and 6 kilometers
(figure 3). In contrast, the refracted arrivals of station 105 at
the equivalent offsets are characterized by distinct slope breaks
(figure 3). In the shipboard analysis, velocity gradients were
approximated by a series of straight-line segments. More detailed analysis requires an inversion method, such as described
by Bullen (1979), or the modeling of sonobuoy results by raytracing, as was done by Cooper et al. (1987a), using the technique of McMechan and Mooney (1980).
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Figure 2. Locations of sonobuoy stations collected in 1990. Arrow
length proportional to range. (km denotes kilometers.)

Wide-angle reflections were not interpreted on board. Several sonobuoys profiles, however, had distinct wide-angle reflections at ranges from 20 to 30 kilometers, indicating a reflecting
interface at considerable depth. Similar wide-angle reflections
were reported by Cooper et al. (1987b; figures 6 and 9). Raytrace modeling indicated that these reflections originated from
an acoustic interface of unknown geometry at a depth of 16 to
18 kilometer (Cooper et al. 1987b). Modeling the data collected
during the 1990 survey may further illuminate the nature of
this boundary.
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Magnetic and
seismic-reflection observations
from the western Ross Sea:
More evidence of rift-associated
tectonic activity
in the Victoria Land Basin,
Antarctica
Louis R. BARTEK
Department of Geology and Geophysics
Rice University
Houston, Texas 77251
CAROL RAYMOND

Earth and Space Sciences Division
Jet Propulsion Laboratory
California institute of Technology
Pasadena, California 91109

The Ross Sea, the focus of this study, is a large embayment
of the antarctic coastline that lies at the boundary of the two
major subcontinents of Antarctica (East and West Antarctica).
The Ross embayment is best characterized as a broad rift (1,000
kilometers wide) Davey (1987). Cooper, Davey, Behrendt (1987)
attribute the formation of the Ross embayment to the breakup of Gondwanaland. Three major basins have been identified
within the Ross embayment: the Eastern Basin, the Central
Trough, and the Victoria Land Basin (Davey, Bennett, and
Houtz 1982). The Victoria Land Basin and the Central Trough
are thought to have formed by continued rifting, while the
Eastern Basin is thought to be a product of crustal downwarping (Davey 1987). The presence of numerous near-surface
normal faults and submarine volcanoes documents Cenozoic
rifting in the Victoria Land Basin (Cooper et al. 1987). In this
article, we report more evidence of rift-associated tectonic activity within the Victoria Land Basin.
During Leg 2 of the R'V Polar Duke expedition to the Ross
Sea seismic, gravity, and magnetic data were collected in the
western portion of the Ross. The scientific objective of the
cruise was to acquire a high-resolution, seismic-reflection database that will facilitate the development of a high-resolution
seismic stratigraphy for the late Paleogene and Neogene strata
of the continental shelf (see figures 1 and 2 of Anderson and
Bartek, Antarctic Journal, this issue, for the location of cruise
tracklines). Existing drill core from the shelf (DSDP leg 28 sites
270, 271, 272, and 273 (Deep Sea Drilling Project) and McMurdo
Sound (MSSTS-1 (McMurdo Sound Sediment and Tectonic
Studies) and CIROS 1 and 2 (Cenozoic Investigation of the
Ross Sea)) provide the chronostratigraphy for the high resolution seismic database. The drill sites in the Ross Sea are not
numerous, however, and they are widely dispersed, so an
attempt to make regional correlations in the Ross Sea demands
that stratigraphic continuity along the seismic profiles be maintained. Therefore, when planning our cruise tracks we used
existing data sets (Hinz and Block 1983 and Cooper et al. 1987)
to avoid the structural features that disrupt stratigraphic con68

tinuity. Our efforts to avoid structural complexity were temporarily foiled, however, in the western Ross Sea when we
crossed over an uncharted bathymetric feature that we interpret as a submarine volcano.
Seismic and magnetic data support the interpretation of this
feature, which is located on the eastern flank of the Discovery
Graben, on the Lee Arch, in the Victoria Land Basin (76°15.3'S
166°23.7'E) (see figures 24 and 25 of Cooper et al. 1987 for
locations), as a submarine volcano (figure 1 illustrates the location of the profile over the volcano). It appears to a part of
the chain of small volcanoes that lie on the axis of the Lee
Arch, south of 76°S (Total Magnetic Anomaly Map, Victoria
Land/Ross Sea, Antarctica 1987). The volcano was overflown
during the BGR-USGS GANO VEX IV aeromagnetic survey of
the Ross Sea in 1984-1985 (Duerbaum and Tessensohn 1986;
and Behrendt, Cooper, and Yuan 1987), and it lies in an area
that Davey and Cooper (1987) indicate has a free-air gravity
anomaly of zero. During the aeromagnetic survey, which was
flown at a height of 2,000 feet (610 meters), a 65-nanotesla
magnetic anomaly was recorded in this area (Duerbaum and
Tessensohn 1986; and Behrendt et al. 1987). This anomaly is
actually a narrow cone that is approximately 10 kilometers in
diameter. The crest of it lies at a depth of 158 meters and rises
approximately 500 meters above the surrounding seafloor and
the slopes on the flanks of this knoll are approximately 3 degrees. The massive acoustic character of the knoll (figure 2) is
similar to the acoustic character of the submarine volcanoes
and near-surface intrusions described by Behrendt et al. (1987),
Cooper et al. (1987), and Karl, Reimnitz, and Edwards (1987).
A 600-nanotesla anomaly, with a wavelength of approximately
10 kilometers and a sharp peak over the northeastern flank of
the knoll, was observed during our survey over the area (figure
2). The peak over the northeastern flank may indicate that it
was the most recently active portion of the volcano. Southwest
of the volcano, the presence of several subseafloor intrusions
is indicated by smaller, symmetrical short-wavelength anomalies of 100 and 200 nanoteslas (figure 2). The small intrusions
disrupt seismic reflectors near the top of the stratigraphic
succession (figure 2).
Stratigraphic and structural relationships in the seismic data
(figure 2) indicate that the rift-associated tectonic activity in
this area is late Cenozoic in age. Post-late Oligocene rocks lie
at a depth of approximately 0.5 seconds two-way travel time
below the seafloor in this area (Cooper et al. 1987, figure 9-B).
Downiap of reflectors, within a massive and hummocky wedge
of strata on the north flank of the volcano, onto a surface that
lies at a depth of approximately 0.53 seconds two-way travel
time below the seafloor (figure 2) suggests that volcanic activity
in this area was initiated in early Neogene time. The presence
of another massive and hummocky wedge of reflectors on top
of a near-surface unconformity that is late Miocene(?) to late
Pleistocene(?) in age (Karl et al. 1987) suggests that volcano
may still be active. Other evidence of recent rift-associated
tectonic activity includes the normal faults (figure 1) that dissect the Neogene (Cooper et al. 1987) strata in this area.
We wish to thank John Anderson, the Chief Scientist of the
leg 2 RIV Polar Duke 1990 cruise, for informative discussions
and for releasing data presented in this paper. We also thank
Alan Cooper for assistance in planning the cruise. Adrien Pascouet and Jim Hedger of Seismic Systems, Inc., loaned a generator injector gun to us and trained us to use and maintain
it. Rick Shiftman of Teledyne, Inc., provided assistance in
streamer repair. We thank the highly professional crew of the
RIV Polar Duke for their assistance during the cruise and SteANTARCTIC JOURNAL
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funded by National Science Foundation grant number DPP 8818523.
References
Anderson, J.B., and L.R. Bartek. 1990. Preliminary results of a highresolution seismic reflection survey of the Ross Sea continental shelf.
Antarctic Journal of the U.S., 25(5).
Behrendt, J.C., A.K. Cooper, and A. Yuan. 1987. Interpretation of
marine magnetic gradiometer and multichannel seismic-reflection
observations over the western Ross Sea shelf, Antarctica. In A.K.
Cooper and F.J. Davey (Eds.), The Antarctic Continental Margin: Geology and Geophysics of the Western Ross Sea. (Circum-Pacific Council
for Energy and Mineral Resources Earth Science Series, Vol. 5B.)
Houston, Texas: Circum-Pacific Council for Energy and Mineral Resources.
Cooper, A.K., F.J. Davey, and J.C. Behrendt. 1987. Seismic stratigraphy and structure of the Victoria Land Basin, western Ross Sea,
Antarctica. In A.K. Cooper and F.J. Davey (Eds.), The Antarctic Continental Margin: Geology and Geophysics of the Western Ross Sea. (Circum-Pacific Council for Energy and Mineral Resources Earth Science
Series, Vol. 5B.) Houston, Texas: Circum-Pacific Council for Energy
and Mineral Resources.
1990 REVIEW

Davey, F.J. 1987. Geology and structure of the Ross Sea region. In
A.K. Cooper and F.J. Davey (Eds.), The Antarctic Continental Margin:
Geology and Geophysics of the Western Ross Sea. (Circum-Pacific Council
for Energy and Mineral Resources Earth Science Series, Vol. 5B.)
Houston, Texas: Circum-Pacific Council for Energy and Mineral Resources.
Davey, F.J., D.J. Bennett, and R.E. Houtz. 1982. Sedimentary basins
of the Ross Sea, Antarctica. New Zealand Journal of Geology and Geophysics, 25, 245-255.
Davey, F.J., and A.K. Cooper. 1987. Gravity studies of the Victoria
Land Basin and Iselin Bank. In A.K. Cooper and F.J. Davey (Eds.),
The Antarctic Continental Margin: Geology and Geophysics of the Western
Ross Sea. (Circum-Pacific Council for Energy and Mineral Resources
Earth Science Series, Vol. SB.) Houston, Texas: Circum-Pacific Council for Energy and Mineral Resources.
Duerbaum, H.J., and F. Tessensohn. 1986. Aeromagnetic survey of the
Transantarctic Mountains and the Ross Sea, Antarctica. Bundesanstalt
für Geowissenschaften und Rohstofe (Circular 3.)
Hinz, K., and M. Block. 1983. Results of geophysical investigations in
the Weddell Sea and in the Ross Sea, Antarctica. Proceedings of the
11th World Petroleum Congress (London), PD 2, Westchester. New
York: Wiley and Sons.
Karl, H.A., E. Reimnitz, and B.D. Edwards. 1987. Extent and nature
of Ross Sea Unconformity in the western Ross Sea, Antarctica. In
A.K. Cooper and F.J. Davey (Eds.), The Antarctic Continental Margin:
69

Geology and Geophysics of the Western Ross Sea. (Circum-Pacific Council
for Energy and Mineral Resources Earth Science Series, Vol. 513.)
Houston, Texas: Circum-Pacific Council for Energy and Mineral Resources.
1300

1400

1300

1400
I

Total Magnetic Anomaly Map, Victoria Land/Ross Sea Antarctic. 1987. Sheet
6 (Franklin Island), GANOVEX IV 1984-1985, BGR (Bundesanstalt
für Geowissenschaften und Rohstofe)-USGS (U.S. Geological Survey). Hannover, Federal Republic of Germany.

1500

1600

1700

1600

1700

1800

0.0i..

U

C)
.!.

0.5

C)

E

IC)
>

I>'
(a

1.0

1.5

0.0

C)

,
i
,-,,
Direct Arrival
rrivaV'

1500

I

I

I-

I

PD-90-45

1800

Submarine
Volcano

0.5

E
I-

C)
>

I

Massive, Hummocky
Wedge of Strata
1.0

lntruslves
Sea floor

/
-'

Onlp

>,
Ca

\

_-----

0

Multiple

_ 1.5

Faults

Faults
ipIe
1300

1400

I

1500
I

I

10

kilometers

Post-Latel:ene
Surface

Vertical Exaggeration = 16x

1600
I

I

1700
I

I

1800
t

I

600500U,
4)

0

400-

Ca

3

300-

Figure 2. These profiles are, from top to bottom, high resolution air gun data, a line drawing interpretation, and magnetic data acquired
over a submarine volcano in the western Ross Sea.

70

ANTARCTIC JOURNAL

Bathymetry of the
Shackleton Fracture Zone,
Elephant Island and Clarence Island
regions, Antarctica
KEITH A. KLEPEIS
Institute for Geophysics

and

Department of Geological Sciences
University of Texas
Austin, Texas 78759

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

SALLY ZELLERS
Department of Geological Sciences
University of Texas
Austin, Texas 78713

JOHN MILLER and GARY NELSON
National Oceanic and Atmospheric Administration
Ship Surveyor
Seattle, Washington 98102

During January and February, 1990, the U.S. Antarctic Marine Living Resources (AMLR) Program used National Oceanic
and Atmospheric Administration's (NOAA) ship Surveyor to
conduct their second season of biological and oceanographic
investigations in the vicinity of the northernmost Antarctic
Peninsula. The Institute for Geophysics at the University of
Texas at Austin took advantage of the Seabeam system, a highresolution, multibeam sonar data acquisition system, to extend
our study of the Shackleton Fracture Zone and the continental
margins surrounding Elephant and Clarence islands (figure 1).
Improved global positioning system navigational control enhanced the new data coverage and our knowledge of the morphology and tectonic structure were greatly increased in the
100-nautical mile square region surrounding Elephant Island
(figure 2).
Elephant Island and the Shackleton Fracture Zone are in a
complex tectonic zone that includes both active extension and
transpression. The Shackleton Fracture Zone is now the
boundary between the antarctic and scotia plates and extends
from the southernmost tip of South America to the Antarctic
Peninsula where it intersects the continental shelf northwest
of Elephant Island (figure 1). Near this intersection, the Shackleton Fracture Zone is a left-lateral transpressional fault boundary (Dalziel 1989; Kiepeis et al. 1989). In the north Bransfield
Basin, south of Elephant Island, the northeast stepping normal
faults of the Bransfield Strait extensional system are thought
to terminate at the south end of Clarence Island (Law yer and
1990 REVIEW

Villinger 1989). In this same zone, the antarctica-scotia plate
boundary bends 1100 to the east where it continues as the South
Scotia Ridge east of Clarence Island. Previous studies have
suggested that this apparent bend may have in part produced
the compressional tectonic regime north of Elephant Island
and the extensional regime south of Clarence Island in the
North Bransfield Basin (Law yer and Villinger 1989).
Seabeam data collection during January, 1990, began south
of Cape Horn along a transect that paralleled the Shackleton
Fracture Zone ridge. At the request of the Pacific Marine Environmental Lab, NOAA ship Surveyor surveyed a course toward the South Shetland Islands. At the South Shetland Islands,
we profiled the axis of the South Shetland Trench on the way
to Elephant Island. During the AMLR 9001 and 9002 cruises,
we collected four new Seabeam profiles across the Drake Passage. Since Seabeam bathymetric data collection was a not-tointerfere program, little input could be made in the cruise
tracks.
The majority of Seabeam data were collected in a 100-by-100
nautical mile area surrounding Elephant Island along a predetermined survey grid designed to assess krill concentrations.
During the two cruises, over 2,800 nautical miles of Seabeam
data in this area were acquired. Although the February cruise
track replicated the survey grid conducted during January, it
did deviate about half the time so some new data generally
parallel, but slightly offset from the previous month's track,
were collected. Concentrated Seabeam coverage was obtained
in a 5-by-15 nautical mile section to the north and northeast
of Seal Island during seal and penguin tracking studies and in
a few other important areas when both time and weather allowed. The new data were used to correct some of the inadequately navigated bathymetric data acquired during the 1989
AMLR cruise. Some of the bathymetric trends that had not
been apparent the year before, became evident with the addition of the new Seabeam data (figure 2).
The previously collected bathymetric data had revealed the
presence of a deep, linear trough, located 20 kilometers to the
northeast of the Shackleton Fracture Zone (Klepeis et al. 1989).
The trough intersects the margin of Elephant Island where it
is paralleled on either side by two linear ridges. Multiple faults
were observed in the linear trough with single channel seismic
data collected on RIV Polar Duke (Kiepeis et al. 1989). The new
bathymetric data, revealed several important features including at least one other linear trough that intersects the continental margin north of Elephant Island and that is parallel to
the Shackleton Fracture Zone ridge and trough. The continental margin in the region of the second trough is intensely crenulated and is dissected by an intricate series of small ridges
and troughs. We note that these features are absent to the west
and southwest of the Shackleton Fracture zone and elsewhere
along the margins surrounding Elephant Island and Clarence
Island.
It is likely that, as with the linear troughs located closer to
the Shackleton Fracture Zone ridge, the newly identified trough
is associated with transcurrent motion along the antarctic-scotia plate transform boundary. As the Shackleton Fracture Zone
transform fault approaches the 1100 bend near Elephant Island,
the boundary seems to splay into a series of eastwardly stepping faults to accommodate the abrupt change in plate boundary orientation. The crenulations near the trough may be the
result of the intersection of these faults with the Elephant
Island shelf margin and the resultant production of numerous,
secondary fault scarps. The slope of the continental margin in
the region between the Shackleton Fracture Zone and Clarence
71
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Figure 1. Bathymetric map of the ocean floor and continental margin surrounding Elephant and Clarence islands. The map is a polar
stereographic projection. The bathymetric interval is 100 meters with every 500-meter line outlined in bold. Note the southeast trending
Shackleton Fracture Zone ridge in the upper left corner of the figure and the steep (greater than 23 0) continental margin north of the islands.
We have interpreted the margin's steep character and the long linear bathymetric canyons (see figure 2) to be controlled by faulting
associated with the Shackleton Fracture zone transform plate boundary. The box shows the location of the map shown in figure 2.

Island is up to 23° and supports this interpretation. Such a
slope is considerably greater than the slope of typical passive
margins and suggests a fault related origin for the margin
rather than a classical passive rift-related origin.
The participation of the University of Texas at Austin, Institute for Geophysics personnel aboard the NOAA ship Surveyor was supported by National Science Foundation grant
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DPP 86-15307. We thank Captain Turnbull, the NOAA officers,
and the staff of NOAA ship Surveyor for their help throughout
the AMLR 90 cruise. Special thanks go to Craig Berg for his
assistance in the implementation of our surveys in difficult
conditions and to the survey technicians for their excellent
work in Seabeam data acquisition, processing and data/trackline preparations.
ANTARCTIC JOURNAL

\\

-

I

(S
144 (;.1
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Figure 2.
Shackleton Fracture Zone (see text for further explanation). Map location is shown in figure 1. The dot-dashed line shows the axis of the
trough at the margin. The dashed lines show the position of the two linear ridges that parallel both sides of the trough (see text). The
dotted line shows the position of what we interpret to be the bathymetrical expression of a recently active fault associated with the
Shackleton Fracture Zone transform plate boundary.
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Calcareous nanofossil assemblages and the stratigraphic
ranges of many species, like those of other fossil groups, are
different in the high latitudes from those in the mid or low
latitudes. It is, therefore, usually difficult to correlate biostratigraphic zones established in the high latitudes with those in
the mid or low latitudes. This has hindered paleoceanographic
and paleoceanographic studies on a global scale.
Recent Ocean Drilling Program (ODP) drilling at site 689
(64°31.009'S 3°5.996'E, water depth 2,089 meters) on Maud Rise
off East Antarctica recovered a rather complete middle Eocene
through Oligocene carbonate sequence. This sequence is extremely rich in calcareous nanofossils and has yielded an excellent magnetostratigraphy (Barker, Kennett et al. 1990), and
thus offers for the first time an opportunity to correlate middle
Eocene through Oligocene calcareous nanofossil datums with
magnetostratigraphy in the southern ocean. Consequently, it
is now possible to correlate calcareous nanofossil zones in the
high latitudes (Wise 1983; Wei and Wise 1990a) with those in
the mid or low latitudes (Okada and Bukry 1980). Because this
is part of an ongoing study, the precision of biostratigraphic
correlation across latitudes will be further improved as more
data become available.
Correlation of the middle Eocene through Oligocene nanofossil species datums with magnetostratigraphy at ODP site
689 is summarized in the figure. The Neogene nanofossil datums at this site as well as several other southern ocean sites
are discussed elsewhere (Wei and Wise in press a). It is apparent from the figure that the relative stratigraphic sequence
of many nanofossil datums at site 689 is the same as that in
the mid or low latitudes (Okada and Bukry 1980), but the
positions of most of the datums relative to the magnetic time
scale are different from those observed in the mid latitudes
(Berggren, Kent, and Flynn 1985; Wei and Wise 1989). A synthesis of Eocene through Oligocene nanofossil magnetobiochronology of the southern ocean is presented in Wei and Wise
(in preparation). A brief comparison of the biomagnetostratigraphic correlations at site 689 and those recorded elsewhere
follows.
The first occurrence of Reticulofenestra umbilica is located near
the top of magnetic anomaly 20 at site 689, whereas it is placed
in the basal part of anomaly 20 by Berggren et al. (1985). Correlation of this nanofossil datum with magnetostratigraphy
varies from the base of anomaly 20 to slightly above anomaly
20 at a number of sites (Wei and Wise 1989). The last occurrence
of Chiasmolithus solitus at site 689 is approximately 41.3 million
years ago using the time scale of Berggren et al. (1985); that is
74

about 1 million years younger than that given by Berggren et
al. (1985) but is virtually the same age as at Deep Sea Drilling
Project (DSDP) site 516 in the mid latitude South Atlantic and
at ODP site 690 (116 kilometers southwest of site 689) (Wei
and Wise 1990a). The first occurrence of Chias,nolithus oamaruensis is located in anomaly 17N-3 at site 689 in contrast to
anomaly 17N-1 for the mid latitudes (Berggren et al. 1985).
This datum is apparently time transgressive across latitudes
and is a relatively difficult datum to use because some specimens of this species strongly resemble an earlier species, Chiasmolithus expansus.
The first occurrence of Isthmolithus recurvus falls within
anomaly 16N-2/3 at site 689, quite comparable with that at ODP
site 744 in the high-latitude southern Indian Ocean (Wei and
Thierstein in press) but more than 1 million years older than
that given by Berggren et al. (1985). The last occurrence of I.
recurvus at site 689 is, however, quite consistent with that given
by Berggren et al. (1985) and that observed at a number of
other southern high-latitude sites (Wei and Wise 1990a; Wei
and Thierstein in press), falling slightly above anomaly 13.
This well-defined age has played a critical role in dating the
glaciomarine sequences recovered in Prydz Bay (East Antarctica, Wei et al. 1988; Wei and Thierstein in press) and at the
CIROS-1 site in the Ross Sea (Wei in press). The last occurrence
of Reticulofenestra umbilica is located just below anomaly 12 at
site 689. The age of this datum at site 689 (33.2 million years
ago) is very consistent with that at DSDP site 528, ODP sites
690 (Wei and Wise 1990a), 744 (Wei and Thierstein in press)
and 748 (Wei, Villa, and Wise in press) but is 1.4 million years
younger than that given by Berggren et al. (1985).
The occurrence of Nannotetrina fulgens is so sporadic that the
first occurrence and last occurrence of this species is not useful
for biostratigraphy on Maud Rise (see also Pospicha!, Wei, and
Wise in press). Discoaster barbadiensis and Discoaster saipanensis,
the last occurrence's of which delimit the Eocene/Oligocene
boundary in mid or low latitudes, were not observed in the
upper Eocene sediment at site 689. Coccolithus formosus, Sphenolithus distentus, Sphenolithus ciperoensis, and Helicosphaera recta,
marker species used to subdivide the Oligocene in the mid or
low latitudes, were not found in the Oligocene sequence at
site 689.
On the other hand, the stratigraphic range of Reticulofenestra
oamaruensis, a cool-water species, and that of Reticulofenestra
reticulata, were found to be useful for the subdivision of the
middle Eocene/lower Oligocene in the southern ocean (Wei
and Wise 1990a; Wei and Thierstein in press; Wei et al. in
press). The first occurrence and last occurrence of R. oamaruensis are located within anomaly 16N-1 and just below anomaly 13, respectively, whereas the first occurrence and last
occurrence of R. reticulata are associated with anomaly 19N
and anomaly 16N-213, respectively, at site 689.
A useful nonconventional biostratigraphic event on Maud
Rise is the abrupt increase in abundance of cool-water taxa at
the bottom of anomaly 13 (see figure). This event coincides
precisely with a large isotopic oxygen-18 shift (Stott et al. 1990)
and suggests a sharp cooling in the surface waters of the southern ocean shortly after the Eocene/Oligocene boundary, which
is conventionally placed midway between anomaly 13 and 15
(Berggren et al. 1985). The association of a large isotopic oxygen-18 shift with the bottom of anomaly 13 (approximately
35.7 million years ago) has been recorded at a number of sites,
such as DSDP sites 522 (Oberhaflsli et al. 1984), 77, 292, 563,
and 593 (Hess et al. 1989), and ODP site 748 (Zachos et al. in
press). This event is apparently globally synchronous. Similar
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Correlation of middle Eocene/Oligocene calcareous nanofossil datums with magnetostratigraphy at ODP site 689. Calcareous nanofossil
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to site 689, an abrupt increase in abundance of cool-water taxa
coincident with isotopic oxygen-18 shift was observed at the
bottom of anomaly 13 at ODP site 748 in the southern Indian
Ocean (Wei et al. in press). We believe that the abrupt increase
in abundance of cool-water taxa is synchronous and a useful
biostratigraphic event in locating the bottom of anomaly 13
(approximately 35.7 million years ago) in the southern ocean.
This study was supported by National Science Foundation
grant DPP 89-17976 and grants from the U.S. Science Advisory
Committee. Samples were provided by National Science Foundation through the Ocean Drilling Program. Dennis S. Cassidy
kindly supplied helpful literature references.
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Land-ice studies
Short-term variations
in the flow of ice stream B,
Antarctica
W.D. HARRISON and K.E. ECIIELMEYER
Geophysical institute
University of Alaska
Fairbanks, Alaska 99775-0800

This is part of a multi-institutional project to study the dynamics of the ice streams of the Siple Coast, Antarctica. Our
observations have been carried out on ice stream B near Upstream B camp. We have searched for short-term variations in
flow as possible indicators of the flow mechanisms acting at
the base of the ice stream. It is known that processes at the
base must account for virtually all of the motion, at least in
the area of our observations (Blankenship et al. 1986; Engelhardt et al. 1990).

Measurements of surface velocity at 1-day and lower resolution have so far not revealed any variations (Harrison and
Echelmeyer 1989; McDonald and Whillans in press); however,
high-resolution vertical strain rate measurements, and the
counting of seismic event activity, do reveal variations. These
measurements were carried out at three sites separated by
distances of typically 3 kilometers, at ice depths of about 60
meters. Measurements began in late 1988 and continued through
early 1990, with time resolution of 1 hour. The strain resolution
was usually 2 parts per million and was measured with resistance wires about 1 meter long.
An example of the strain data is shown in figure 1. The
curvature in the first 75 days or so of the record is a transient
associated with the freezing in of the strain wire. Subsequently,
the strain is compressive (the strain decreases), and the rate
tends to increase with time; this effect is probably not associated with the transient. A short-lived event of rapid change
in strain rate occurs at about day 160. Events of this type were
not coherent at different sites and are probably due to changes
in local crevassing.
An expanded view of strain data from a different site is
shown in figure 2. The data were obtained from two different
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Figure 1. A year of strain data from site 3. The behavior for the first 75 days is dominated by a transient due to installation of the strain
wire. Note the event at about day 160. (ppm denotes parts per million.)
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wires at the same site. The different trends during this period
are partially due to transient effects, but these effects tend to
diminish with time. The difference may be primarily due to
crevassing or other inhomogeneity in the near-surface strain
field. While the wires at this site showed different trends in
the strain rates, two wires at a different site gave the same
strain rates.
The most striking feature of figure 2 is the diurnal oscillation
in the strain rates. We have sufficient control to eliminate virtually all possible instrumental effects. The diurnal variation
is intermittent and does not occur at all sites. The seismic event
rate also showed intermittent diurnal behavior, as seen in figure 3. Moreover, there was noticeably more seismic activity in
winter than in summer. The locations of the seismic events
were not determined and could have been near the surface.
The diurnal behavior, at least in the strain rate, is a surprising
and as yet unexplained feature. We are doubtful that it can be
explained by thermal stresses, as determined by Sanderson
(1978).

Ice flow
on deforming sediments:
Ice stream Band Lake Michigan?
RICHARD B. ALLEY

Earth System Science Center

and

Department of Geosciences
Pennsylvania State University
University Park, Pennsylvania 76802

The existence of a deforming bed beneath ice stream B (Alley
et al. 1986) remains probable but unproven. Identification of
the basal mechanism of ice-stream flow will allow us to concentrate on finding its parameters for numerical models, a
development which will lead to improved predictions of the
rate at which the ice sheet will respond to perturbations such
as those possibly caused by greenhouse warming or those
already triggered by past climatic changes. Ongoing field studies associated with the Siple Coast Project seek to identify the
mechanism of ice-stream lubrication unequivocally (Engelhardt et al. 1990).
Over the last year, I refined a possible one-dimensional steady
model for basal behavior and found that this model is consistent with available data (Alley 1990); this consistency continues
to favor the deforming-bed hypothesis. This model suggests
that ice streaming is initiated when enough basal meltwater
accumulates to raise basal water pressures quite close to flotation; a poorly consolidated bed that erodes easily to produce
1990 REVIEW
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sediments enhances lubrication and causes ice streaming upglacier of the point where it would begin over hard bedrock.
If the geothermal flux is low or subglacial aquifers are efficient,
ice streaming can be suppressed even if the bed is melted.
There may be two steady states for ice-surface profiles in some
regions:
• a steep surface slope that causes rapid internal ice deformation but drives basal meltwater through subglacial aquifers so it does not lubricate ice flow, and
• a gentle surface slope that slows internal ice deformation
but allows meltwater to accumulate at the bed and lubricate
basal sliding or bed deformation.
The next step in this modeling effort, now in progress, is to
conduct time-dependent simulations and check for consistency
with available data. If the model still appears to be adequate,
then we can begin to assess the stability of the ice-stream
system. Of course, further data from the ongoing Siple Coast
field programs are the most direct and valuable test of icestream dynamic controls, but modeling provides a useful adjunct.
The probability of a deforming bed beneath a large antarctic
ice stream raises further interest in the fast-moving ice that
drained the Laurentide ice sheet during the Late Wisconsinan,
and that deposited widespread till sheets. The antarctic deforming-bed model leads to a better understanding of how the
deposits of a deforming-bed glacier might.appear. Comparison
of predictions of the deforming-bed model and of other basal
models with observed characteristics of basal tills deposited
by the Lake Michigan lobe in Illinois shows that the deformingbed model fits the observations better than other models. It is
an interesting possibility that ice stream B and the Lake Michigan lobe may be quite similar in ice and sediment dynamics
(Alley et al. 1988; Alley in press).
This work was supported in part by National Science Foundation grant DPP 87-16016.
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Borehole geophysical observations
on ice stream B, Antarctica
HERMANN ENGELHARDT, NEIL HUMPHREY,

and BARCLAY KAMB

Division of Geological and Planetary Sciences
California Institute of Technology
Pasadena, California 91125

In recent years, the development of the hot-water drilling
technique for rapidly drilling deep boreholes through cold ice
to the base of the antarctic ice streams has opened the possibility to study the controlling mechanism for fast ice streaming
flow. This technique has been successfully tested and implemented during the 1988-1989 austral summer (Engelhardt et
al. 1989, 1990; Kamb 1990). In the 1989-1990 austral summer,
six boreholes about 1,060 meters deep were drilled on ice stream
B (83.5°S 138.2°W). In this article, we report on the geophysical
experiments and observations made in these boreholes.
Sampling of subglacial material. Samples for studying the physical properties of bottom materials were extracted by four different methods. Two of them, the jet sampling technique and
the adhesion method, were already used in the previous field
season (Engelhardt et al. 1989). This year, two new devices
were added:
• The split-tube corer—a short, split piece of heavy tubing,
62 millimeters in diameter—is driven into the bottom sediments using a heavy weight. The split tube can be readily
opened for removal of the core material. Samples of subglacial sediment 0.2 meter long were obtained.
• The piston corer is 6.5 meters in overall length. The core
tube, 50 millimeters in diameter with piston to fit, is 3.5
meters long; the rest of the length is a piece of heavy steel
(Shelby) tubing to drive the corer into the bottom. Although
the piston corer is more difficult to handle than the other
sampling devices, this sampling technique proved to be highly
advantageous. Four cores were retrieved: lengths 1.3, 2.0,
2.0, and 3.4 meters.
Preliminary examination of the cores show the general character of the material. It is a glacial till—a pebbly, sandy, silty
clay with a wide range of grain sizes typical of till, and lacking
bedded structure. Clasts up to 5 centimeters in size are present;
they are mainly granitic, but metamorphic lithologies are also
present. Scarce shell fragments are visible macroscopically,
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and microscopic organic remains (sponge spicules, diatoms,
etc.) are present though not abundant (Scherer 1989). The till,
therefore, is derived, at least in part, from open water marine
sediments. A wide variety of source materials has been mixed
together, as can be expected in a till.
The directly measured porosity of a sample from near the
top of the till is 40 percent. This value is high for a till and
probably indicates that the till has been dilated by recent shear.
A hydraulic conductivity of 2 x iO per millisecond was measured on a reconstituted sample. This low value, typical of
tills, precludes hydraulic conduction through the till layer as
a significant contribution to water flow at the base of the ice
stream.
Preliminary mechanical tests have been carried out on till
samples from which the coarser rock fragments (greater than
5 millimeters) have been removed. The shear strength is 0.020.04 bar, varying from sample to sample. The till behaves like
a perfectly plastic material with this low failure strength. Because of the low hydraulic conductivity, the shear strength
measured on the core samples is probably close to the in situ
value under the ice stream. The strength of the till is so low
that the till should be deforming under the ice, if the basal
shear stress approximates the regional average value of 0.2
bar. In fact, the till is by a wide margin too weak to support
the average basal shear stress. Therefore, the mechanical support and stability of the ice stream are called into question at
the locality studied (Upstream B). The areal coverage of the
investigation must be widened to provide a set of representative basal conditions broad enough to account for overall
mechanical equilibrium of the ice stream.
Till thickness. The length of the longest core extracted from
the till shows that the till is at least 3.4 meters thick. The depth
of the till was sounded by using the hot-water drill, which
penetrates into the till by hydraulic action. The drill went 5
meters into the till without any indication of encountering a
consolidated, impenetrable bottom. In two boreholes the drill
stem penetrated at least its full length (3.6 meters) into the till
in the pull-down that occurs on breaking through the bottom
of the ice and into the basal water system, as described later.
Ice deformation, till deformation, and basal sliding. The measurement of internal deformation of the ice, even the lowermost part, cannot be carried out accurately enough in one short
field season. For this reason, one borehole was left filled with
antifreeze in the hope that it can be reentered and the ice
deformation can be measured in the next field season.
A tubular mechanical tiltmeter was drilled 0.5 meter into the
till and left there 4 hours; upon removal the tube was bent 2
ANTARCTIC JOURNAL

centimeters from vertical, indicating this amount of relative
shearing movement over the 0.5-meter depth of penetration.
A piston core tube driven into the till for coring was left in
place for 6 hours. The 3.44-meter core tube was permanently
bent 39 millimeters from the vertical. Since the mechanical
strength of the till is low, only part of the till deformation has
probably been recorded in the bent tube. A careful interpretation of the bending profile is needed to determine how much
can be inferred from the bending about shear deformation in
the till and basal sliding at the top of the till.
A measurement of basal sliding was undertaken by emplacing a tethered stake into the till immediately below the ice
and observing the pull-in of the tether cable, which, if basal
sliding is occurring, should take place at the sliding rate. The
total pull-in was 22 centimeters, most of which occurred in the
first 2 hours. The result, taken at face value, would imply a
sliding rate of 1.5 meters per day, high enough to account for
the total motion of the ice stream.
The above results of the two types of observation of basal
sliding and sub-basal shear deformation are not consistent.
Further field measurements are needed to resolve this problem.
Basal water pressure. Pressure transducers at the base of the
ice could be installed in two boreholes. They monitor the water
pressure continuously over long periods of time, extending
long beyond the time when the borehole above is frozen shut.
The electrical connection to the surface is via an armored cable
that has proven to survive the ice pressure. A data logger
records the water pressure at a selected time interval from 5
minutes to 1 hour. The water pressure varies as the ice moves
over its bed. Sometimes short, very abrupt changes occur,
mostly to lower pressures, possibly caused by the formation
of cracks in the adjacent ice, into which water rushes and
freezes. Figure 1 shows the water pressure measured in borehole 3 at the bed of the ice stream 1,030 meters deep at this
site. The water pressure varies around the flotation level of
91.5 bar at which the water pressure at the bed is equal to the
ice overburden pressure (Engelhardt et al. 1990).
Basal electrical conductivity. Electrodes at the bottom of two
pairs of boreholes were used to measure the electrical resis-
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Figure 1. Water pressure in borehole 3 from day 325 (21 November)
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bar.
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Figure 2. Water level drop in borehole 5 when the drill reached the
bottom of the ice and the borehole connected to the basal hydraulic
system. (m denotes meter. min denotes minute.)

tance between the boreholes. One pair of boreholes was 20
meters apart, another 500 meters. The resistance was measured
at time intervals of 5 minutes using a resistance bridge and
both alternate-current and direct-current methods. The possibility of electrode polarization was tested by applying a range
of voltages and measuring the initial time dependence of the
current. The overall resistance is low and the time dependence
is small. Electrode polarization does not seem to play a significant role. The resistance between the boreholes 20 meters
apart was 300 ohms and between the boreholes 500 meters
apart 7,000 ohms. Depending on the assumed thickness of the
conducting layer (presummably the water-saturated till), an
electrical resistivity of the order of 30-50 ohm-meters is indicated. Once laboratory measurements of the electrical conductivity of the till are available, a thickness of the conductive
layer can be derived.
Basal hydraulic conductivity. The water level in the boreholes
during drilling stands at about 28 meters below the surface.
When the drill reached the bottom of the ice, the water level
drops rapidly to about 100-110-meter depth. Figure 2 shows
as an example the water level drop in borehole 5. About 2
cubic meters of water ran out of the borehole in less than 2
minutes. A hydraulic connection between the borehole and
the subglacial hydraulic system was quickly established, capable of accepting or delivering appreciable amounts of water.
Additional pumping of water into or out of the borehole did
not affect the water level.
Two boreholes were drilled 20 meters apart on a line perpendicular to the ice-flow direction. A third borehole was located 60 meters up-glacier from the center between the two
boreholes. Electrodes were emplaced at the bottom of the downglacier boreholes. A salt solution was injected for 10 minutes
at the bottom of the up-glacier borehole. Two hours after the
salt injection, the resistance between the down-glacier boreholes dropped by an order of magnitude (figure 3). This indicates a basal water flow velocity under the ice of 30 meters
per hour, which is much higher than the hydraulic conduction
that the till could accommodate, implying that the water is not
flowing through the till matrix but through open channels at
the ice-till interface.
Dedicated work was provided by our field assistants Harold
Aschmann, Matthias Blume, John Chadwick, Howard Con81
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Studies of internal
layering and bedrock topography
on ice stream C, West Antarctica
ROBERT W. JACOBEL

Physics Department
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During the 1987-1988 and 1988-1989 antarctic field seasons,
surface-based ice-radar profiling studies were done on ice
streams B and C by a collaboration between the U.S. Geological
Survey and St. Olaf College. The system used has been dis82
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cussed by Wright, Hodge, and Bradley (1989) and Wright et
al. (in press) and the field program and preliminary results are
described by Hodge, Jacobel, and Wright (1989). In this article,
we summarize progress to date on the analysis of a portion of
these data acquired near the Upstream C camp (136°33'W 82°24'S)
in 1988-1989.
Data were acquired along two transverse profiles 95 kilometers in length and 1 kilometer apart which extended across
the entire ice stream and into both marginal shear zones. Three
longitudinal lines 28 kilometers long and 1 kilometer apart
were profiled along the Ohio State strain grid, and a 5-by-12kilometer subsection of the strain grid was studied in detail
with profiles spaced approximately 1 kilometer apart. All data
on ice stream C were acquired at a 4-megahertz center frequency of the short-pulse radar. Data densities were either 2
or 4 meters per recorded waveform with each record resulting
from stacking (adding) 8,192 individually digitized returns acquired in the 2- or 4-meter interval. Figures in this report use
further data compression to fit profiles on a single page and
so do not depict the full resolution and details actually present
in the data.
Figure 1 shows a contour map and mesh diagram of ice
thickness beneath the center portion of the strain grid. Because
the surface elevations change by only a few meters in this area,
it is also a good approximation of the bedrock topography.
Overall relief is about 170 meters beneath ice which averages
about 1,000 meters in thickness. The transverse profiles which
intersect this grid show that it contains the highest bedrock
topography (shallowest ice) in this entire survey where thickness ranges from 938 to 1,340 meters. Thus, the strain grid is
coincidentally located nearly in the center of a local bedrock
high which slopes upward in the direction of flow.
ANTARCTIC JOURNAL
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Figure 1. Ice thickness contour map and mesh diagram (essentially equivalent to bedrock topography) for a 5-by-12 kilometer region of
the strain grid near the Upstream C camp. (km denotes kilometer. m denotes meter.)

There appears to be a strong correlation between the bedrock
topography, and surface features and velocities in the area,
even though ice stream C is nearly stagnant (Whillans, Bolzan,
and Shabtaie 1987). The Landsat thematic mapper image of
this portion of the ice stream taken at low angle Sun illumination shows patterns of streamlines diverging around the area
of the strain grid which appears to have a more undulating
surface and lower velocity. This suggests that local topography
is exerting a strong control on ice velocities in this area. In
addition to determining bedrock topography, the radar data
also give estimates of bed roughness. Together these results
will be compared with force balance model calculations of bed
stresses now being carried out by Ohio State from their strain
rate measurements.
A second focus of our investigation concerns the internal
layering, which is perhaps the most remarkable feature of these
radar data. Figure 2 shows a section of one of the longitudinal
profiles (line HH) along the right-hand margin of the map in
figure 1. This figure is a gray-scale reproduction of a color
original where color (hue) has been scaled to radar echo amplitude. The product has less contrast than the original color
image but adequately illustrates the points of this discussion.
Figure 2 is typical of most of the data and shows deformation
of the internal layers which bears no simple relation to the bed
or surface topography. The amplitude of the deformation is
1990 REVIEW

larger than the local bed relief and decreases upward throughout the section. A smooth shift in phase also occurs in the
vertical direction, with the phase shift increasing in the flow
direction. The magnitude of this phase shift allows a calculation of the accumulated vertical shear strain of the ice as it has
moved from the region where folding is produced, and this
shear strain can be used to infer the time since folding occurred.
Folding in the internal layers can be easily matched between
adjacent parallel profiles, and also between longitudinal and
transverse lines. We are currently constructing a contour map
of the deepest of these surfaces, similar to . the bed map in
figure 1, to further understand the dynamics of ice-stream
flow. Interpretation of this pattern of folding is not straightforward since it does not appear to correspond to anything
studied or seen before. Folding of internal layers in the ice
sheet near Byrd Station above the ice streams has been modelled by Whillans and Johnsen (1983) and bed topography
together with variable drag at the bed produces variations in
surface topography, strain rates, and deformation of internal
layers which correlate well with the data. In the present case,
however, there appears to be no simple correspondence between measured strain rate variations on the surface and the
pattern of internal layer deformation, or even with the bedrock
topography. The process producing these folds must, there83
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Figure 2. Longitudinal profile along the HH margin of figure 1. Flow is to the left. Ice surface is at 2.6 microseconds. Bed and associated
roughness features are seen at 13 to 15 microseconds (approximately 850 to 1,030 meters). Vertical exaggeration is approximately 5.6 to
1. Folded internal layering is evident throughout the section with a vertical phase shift increasing in the flow direction. This shift provides
a measure of the accumulated vertical shear strain and allows an estimate to be made of the time since the folding occurred. (km denotes
kilometers.)

fore, occur somewhere upstream, perhaps in a transition region where the onset of ice streaming occurs. Support for this
idea comes from the large accumulated vertical shear strains
which indicate a considerable length of time since the folds
were produced, and thus a location well upstream.
The 95-kilometer long transverse profiles also show folding
of the internal layers (figure 3). In this case, the profiles show
a variation in the wavelength of the folds which appears to
correspond to the features seen in the thematic mapper image
discussed above. In the "streaming" areas on either side of
the topographic high, wavelengths are about 1 to 2 kilometers
(sides of figure, + 20 kilometers to + 5 kilometers and - 10
kilometers to —30 kilometers), whereas in the region of the
central topographic high (center of figure, + 2 kilometers to
8 kilometers), the wavelengths are about 4 kilometers, in
both longitudinal and transverse profiles. Transverse folding
presumably results from compression and may also be initiated
at the onset of streaming where fast flow begins, although the
reason for the variations in length scale is not yet clear.
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Work on this data analysis has been supported by National
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Analysis of seismic data
from ice stream C
C.R. BENTLEY, S. ANANDAKRJSHNAN, S.R. ATRE,
and C.G. MUNSON

Geophysical and Polar Research Center
University of Wisconsin
Madison, Wisconsin 53706

In this article, we report on analyses of seismic data collected
around Upstream C camp during the 1988-1989 austral summer (Bentley et al., 1989).
Microearth quakes. Microearthquake activity near Upstream C
camp, monitored on a 7-by-4-kilometer array, was characterized by swarms of events separated by quiet periods. (There
are some indications that during the "quiet" periods there were
many events too small to activate the automatic trigger on the
seismic array.) The events within a swarm occurred within
seconds of each other, but the epicenters of those events were

separated by up to 3 kilometers. All of the events were within
20 meters (the error of location) of the bed. Most events have
essentially the same fault-plane solution, consistent with lowangle thrust faulting with the upper slab (the ice stream) moving in a direction approximately 300 to the left of downstream.
Spectral analysis indicates fault radii of 10 ± 5 meters and slips
of 50 ± 30 millimeters.
From the total activity, we estimate that at least 5 percent,
and perhaps substantially more, of the ice stream motion is
due to slip on faults. This is in striking contrast to ice stream
B, where the energy released by microearthquakes was found
to be only 1 part in 1010 of the total energy dissipated by the
ice stream (Blankenship et al. 1987a).
Seismic refraction studies. Secondary arrivals from the microearthquakes provided information about the Earth structure
beneath ice stream C. Figure 1 is a travel-time plot formed
from the P-wave seismograms for 15 microearthquakes. The
first arrival, marked P. is directly from the source; the second,
marked PrP, is refracted along the top of a layer with an apparent wave velocity of 5.3 kilometers per second. We have
successfully modeled these arrivals by the Earth structure shown
in figure 2. Thus, between the seismograph array and the
microearthquake foci, these data suggest that ice stream C is
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Figure 1. Travel time plot for microearthquakes near Upstream C. See figure 2 for explanation of the arrivals marked P and PrP and for the
model used to generate the fitted lines. (ms denotes milliseconds. m denotes meter.)
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underlain by a low-velocity sedimentary layer whose thickness, based on an assumed velocity of 2 kilometers per second,
is 400 ± 30 meters.
Analysis of the 1988-1989 long refraction profile, which was
shot from the center of the ice stream to ridge BC, gives similar
but somewhat conflicting results. The data recorded on the ice
stream, using the central line of the microearthquake array,
indicate that the sediment layer beneath the ice is only about
100 meters thick under that line (figure 3). Since both data sets
are good and the microearthquakes, which occur off the refraction line, sample a somewhat different portion of the bed,
we conclude that there must be rapid variations in layer thickness beneath this part of the ice stream, which is characterized
by a relatively high bed of considerable relief (Bentley, et al.,
Antarctic Journal, this issue, figure 2). The refraction results
yield a wave velocity beneath the sediments, 5.65 kilometers
per second, that should be close to the true velocity since the
refraction profile was reversed. The lower apparent velocity
from the microearthquake analysis is consistent with a sedimentary layer that is generally thicker where the microearthquakes occur than under the array. Efforts to reconcile these
data continue.
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Figure 3. Ray-path diagram and travel-time plot for the Upstream C end of the long-refraction profile. "SW" and "NE" are grid directions.
The rest of the profile extends grid northeastward to ridge BC. The microearthquake array used for recording lies between 0 and 7.5
kilometers. Solid circles denote observed travel times; travel times indicated by open squares and continuous lines are calculated from
the ray-path diagram. Numbers in the lower diagram are wave velocities in the corresponding layers; parentheses denote an assumed
velocity. (km denotes kilometer. sec denotes second.)
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Grid northeastward, under the smoother, deeper part of the
ice-stream bed, the sediment layer thickens to 500 meters (figure 3). A deeper layer with a wave velocity between 6.0 and
6.2 kilometers per second is also indicated by the data.
In the ice itself, the maximum wave velocity is an anomalously low 3,813±3 meters per second, more like velocities in
ice shelves than in the inland ice (Robertson and Bentley 1990).
Seismic reflection experiments. The seismic reflection experiments on ice stream C and the neighboring part of ridge BC
(from Upstream C to ridge BC, figure 2; Bentley, et al. 1989)
were designed to map the characteristics and extent, if any,
of a subglacial layer that might once have been like the deformable debris layer beneath ice stream B (Blankenship et al.
1987b; Engelhardt et al. 1990). The two profiles processed to
date show that the ice-sediment interface under ice stream C
is very different from that under ice stream B. The base of ice
stream B is strikingly smooth, particularly parallel to flow,
whereas the base of ice stream C is rough; irregularities typically have a wave length on the order of half a kilometer and
amplitudes on the order of 10 meters. The ice thickness changes
by as much as 200 meters over a distance of 7 kilometers (see
Bentley, et al., Antarctic Journal, this issue, figure 2). As around
Upstream B camp, however, the bed is smoother along flow
than across flow.
Both vertical and wide-angle reflections show the presence
of a subglacial layer that varies in thickness from 0 to 15 meters.
As at Upstream B, the lower boundary of the layer appears to
be at a nearly uniform depth beneath the ice in the direction
of flow but to vary in depth across flow. The phases of the
reflections imply that this layer has an acoustic impedance
slightly less than that of the ice, as does the deformable layer
beneath ice stream B. In contrast, lodged till or solid rock would
have an acoustic impedance greater than in the ice. This sug-

gests that there is still a soft layer beneath ice stream C even
though the ice stream is inactive. If our analysis is correct, it
implies that the shut-down of ice stream C (at least around
Upstream C) cannot be attributed to removal of deformable
sediments—more likely, it was loss of water pressure in the
sediments that was responsible. We speculate that pressure
loss was non-uniform, and that the irregularities in the icebed interface along flow developed while only portions of the
bed were mobile.
Geophysical and Polar Research Center contribution number
512.

Analysis of radar data

between the surface and bed of the ice stream at a location on
the ice plain. Eighteen transects were completed over a period
of 8 days.
Figure 1 is a comparison of two radar-reflection images of a
35-meter section of the line. Of particular interest is the transition area at flag 330 where a strong return becomes abruptly
weak in a distance of about a meter. Such transitions occur
several times along the 1-kilometer line. There was no discernable change in the surface location of these transition zones
over the duration of the experiment. Since the basal reflection
pattern moves with the base of the ice, this allows us to place
an upper limit on the differential motion between surface and
base of the ice of 0.1 meters per day, 7 percent of the 520meter-per-year velocity of the ice stream. This means that differential shear strain in the ice is no more than this (an expected
result) and that the base of the ice is moving without change
in configuration with or through a yielding bed (which could
be water).
Airborne radar. During the 1988-1989 austral summer, airborne radar was flown in gridded blocks, 110 kilometers on a
side, over much of the upstream portions of ice streams B and

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

NovicK,

Geophysical and Polar Research Center
University of Wisconsin
Madison, Wisconsin 53706

Radar fading-pattern experiment. During the 1987-1988 austral
summer, a fading-pattern experiment was performed near the
end of the season at Down B camp, on the ice plain of ice
stream B (Bentley, Blankenship, and Moline 1988). It consisted
of repeated radar reflection profiles run precisely over a 1kilometer line of negligible ice-bottom relief at a very low vehicle speed (approximately 2 kilometers per hour) to delineate
the detailed character of the bottom returns. The line was at
an angle about 20° to the flow direction. The purpose of the
experiment was to determine the differential movement rates
88
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Figure 1. Two detailed reflection images of the same small section
of the base of the ice on the "fading-experiment" line at Down B
camp. The triangles at the top denote flag markers 10 meters apart.
Recordings were 8 days apart, over which time the ice moved 11
meters to the left.

C and ridges AB and BC (Bentley et al. 1989). One transect,
approximately along the main seismic line at Upstream C, is
shown in figure 2. Preliminary unadjusted maps of surface
elevation and ice thickness have been created for these blocks.
Currently, crossover errors (discrepancies in the surface elevation and ice thickness measured on longitudinal and transverse flight lines at their crossing point) are being analyzed
and corrected for. These crossover errors are caused mainly
by navigational drift and changes in barometric pressure.
Crossover errors for surface elevation are treated as barometric rather than navigational (because of the small surface
slope) and are minimized in a least-square sense by applying
a height correction to each line. This minimization is a slightly
underdetermined problem that is made solvable by constraining the sum of all height corrections to be zero. In addition to
removing the large shifts due to inter-daily fluctuations in barometric pressure, this minimization also reduced the root-meansquare crossover error (in the one block examined to date) from
10 meters to 4 meters. Subsequent tying of surface elevation
to known ground control points (measured by I.M. Whillans
and associates at Ohio State University) will make the eleva tions absolute.
Crossover errors for ice thickness are treated as navigational
and are minimized by applying a uniform translation to the
position of each flight line while constraining the vector sum
of the corrections to be zero. This minimization reduced the
1990 REVIEW

crossover error for ice thickness (in the same block) from 40
meters to 25 meters. Ground control points will again be used
to locate the grid properly.
An automatic picker has been developed by which the computer automatically picks the ice-surface and ice-bottom reflections. The picker allows the user to select a time interval
that brackets a section of an echo trace along a transect (see
figure 2) and have the program automatically pick the arrivals
within that interval. The program is interactive and mouse
driven. A typical user can pick the transmit pulse and the ice
surface and bottom echoes of a 1,000 trace file in about 5 minutes. The picker has worked well on traced with a signal-tonoise ratio as low as 2-to-I.
Short-pulse radar. The GSSI SIR-8 short-pulse radar was deployed on five profiles across the buried shear margin of ice
stream C to detect the depth of the buried crevasses (see map
in Bentley et al. 1989, for locations of profiles). A densityversus-depth curve obtained from a short-refraction seismic
experiment was used to calculate a radio-wave velocity-versusdepth curve that was then used to convert reflection time to
depth. Variations in depth to buried crevasses within individual profiles were found to increase with surface elevation slope
(determined by airborne radar). This suggests that changes in
surface slope affect the local accumulation rate.
After correcting the profiles for regional variations in accumulation rate along the ice stream (Whillans and Bindschadler
1988), it was found that there is no significant difference in
the time of burial of crevasses for the downstream four profiles—all four indicate a shut-off time between 100 and 150
years ago. The profile farthest upstream, however, indicates
an age of burial only about half that of the other profiles, which
suggests a more recent shut-down for the upstream portion
of ice stream C. Furthermore, open crevasses were seen from
the air within 10 kilometers of the ice-stream end of the profile
and at a few other nearby locations along the grid southwestern margin of the ice stream. Whether this indicates continued activity or a recent reactivation of the ice stream at its
upstream end is uncertain.
Buried crevasses were detected everywhere along the tens
of kilometers of lines that were profiled in the vicinity of Upstream C. Individual crevasses were correlated by profiling on
a 700-meter square grid near Upstream C camp. A primary set
of buried sub-parallel crevasses exists; the crevasses are aligned
very nearly along the axis of the ice stream. Unfortunately, we
cannot tell whether the crevasse orientation on the test grid is
representative of a more extensive region.
Geophysical and Polar Research Center contribution number
513.

References
Bentley, C.R., S. Anandakrishnan, S. Atre, and R. Retzlaff. 1989.
Geophysical studies at and around Upstream C camp, Siple Coast,
1988-1989. Antarctic Journal of the U.S., 24(5), 75-77.
Bentley, C.R., D.D. Blankenship, and G. Moline. 1988. Electromagnetic studies of the Siple Coast, 1987-1988. Antarctic Journal of the
U.S., 23(5), 56-58.
Whillans, I.M., and R.A. Bindschadler. 1988. Mass balance of ice stream
B, West Antarctica. Annals of Glaciology, 11, 187-193.

89

Ii 109
U)
V
C
0
U
a,
U)
0

8 7 6 5 43
\"

b..

U
E

10—

+ Al

W
I—

r

kV'

z
0

I

+i1Ilpi
..A

U
tL

ILL
a:

20

0

I
I
40
60
80
DISTANCE (kilometers)

100

120
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Glaciological observations
on Dyer Plateau,
Antarctic Peninsula
C.F. RAYMOND

and B.R. WEERTMAN

Geophysics Program
University of Washington
Seattle, Washington 98195

The British Antarctic Survey, Byrd Polar Research Center,
University of Washington, and the Polar Ice Coring Office
90

continued a cooperative program to obtain paleoclimate data
from near latitude 70°S in the Antarctic Peninsula. In 19891990, a field program was carried out on the crest of Dyer
Plateau (70°40'S 64°50'W), which included ice coring to 235meter depth, near-surface sampling in pits, and various geophysical measurements. This article summarizes geophysical
measurements carried out by the University of Washington.
Ultimately, these data will serve as input to flow models for
prediction of the distributions of age and finite strain beneath
the ice divide and adjacent flanks and as tests for evidence of
past variations in the mass balance and dynamics of the ice
sheet.
Geophysical measurements included geodetic surveying of
an extensive marker network, satellite location of three markers, radio-echo sounding traverses, marking of core holes for
vertical strain measurement, and snow accumulation.
ANTARCTIC JOURNAL
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the addition of a nonlinear compression preamplifier and higher
power impulse transmitter.
Bed echos were easily identifiable on all profiles except for
a few locations (figure 1). Measured depths ranged from 0.3
to 1.2 kilometer with large changes over short distances indicative of steep bed slopes in many locations. Because of the
rugged basal topography, accurate interpretation of the echos
requires migration. Figures 2 and 3 show echo profiles from
two lines crossing in the vicinity of the 1990 core site. The site
lies on the crest of a local east-west trending ridge in the subglacial topography. A preliminary depth determination at the
site (figure 1) is 348 meters. Based on the surface accumulation
rate measured over the year from the 1988-1989 to the 19891990 austral summer (0.53 meters per year ice equivalent), on
the firn density profile measured on the core, on the assumed
steady state, and on a simple approximation to a divide-like
flow pattern (Raymond 1983), the age of the deepest 1990 ice
samples from 235 meters would be approximately 1.2 x 10
years. Flow modeling in progress and eventual remeasurement
of the core hole for vertical strain rate will refine this estimate.

(S70'38'31
90 235 m core
Lrker pole
sition by satellite
ho sounding traverse
pographic divide

rn

Figure 1. Map of marker locations and radio echo sounding traverses. Dashed lines show parts of profiles where bed echos were
not detected. (m denotes meter. km denotes kilometer.)

A 23-marker array established and surveyed in 1988-1989
was resurveyed to determine relative surface velocity and strain
rate in a 3-kilometer square centered on the ice divide. The
results show strain rate perpendicular to the divide to be much
larger than the strain rate parallel to the divide in spite of along
divide slope variations. A larger scale array was expanded to
a total of 98 markers covering a band approximately 20-kilometer long across the divide and approximately 8-kilometer
wide parallel to the divide (figure 1). This array was surveyed
for the first time using approximately 750 observations of angles and distances. Relative coordinates have been determined
by least squared reduction of the residuals to the observation
set. These coordinates together with barometric leveling between the surveyed markers provide control for a detailed
topographic map of the surface, which provides geometrical
input for flow modeling. Transit satellite locations of three
markers fix absolute coordinates in the marker array.
Radio-echo sounding traverses were made along grid lines
of the marker array (figure 1) using a digitally recording, lowfrequency impulse radar system. The system was similar to
that described by Jacobel, Anderson, and Rioux (1988) with
1990 REVIEW

Figure 2. Radio-echo profile from a west-to-east trending line passing about 20 meters south of the 1990 core site (figure 1). Scatter
from the core-drill suspension cable and surrounding camp marks
the location of the core hole. Horizontal length of the profile is 4
kilometers with west on the left. The full vertical height is 11 microseconds travel time.
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Internal layering was detectable without any signal processing in roughly the upper third to half of the ice thickness
in almost all profiles and deeper in some profiles (figure 2).
Digital processing of the signals increases the depth to which
internal reflections can be detected. Environmental radio-frequency noise hampered detection of the weak signals from
internal layers. This noise was most serious during nighttime
hours, which limited the time over which profiling for internal
layering could be done successfully.
The geometry of the internal layering shows a clear relationships to the bed topography depending on whether the
profile is parallel to or transverse to the flow direction. Effects
from spatial gradients in accumulation rate are also apparent.
Analysis of the echo data has not progressed far enough to
identify definite evidence for past changes in the flow regime.
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Figure 3. Radio-echo profile from a north-to-south trending line
passing 250 meters west of the 1990 core site (figure 1). The white
vertical line marks the location on the line of closest approach to
the core site. Horizontal length of the profile is 1 kilometer with
north on the left. The full vertical height is 11 microseconds travel
time.
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Detailed glaciochemical
investigations in southern
Victoria Land, Antarctica—
A proxy climate record
PAUL A. MAYEWSKJ
Glacier Research Group
Institute for the Studi1 of Earth, Oceans, and Space
University of New Hampshire
Durham, New Hampshire 03824

The production of environmental change records using timeseries data retrieved from ice cores has seen minimal application in the Transantarctic Mountains despite the existence
of a well-developed lower resolution glacial geologic record
for this area which forms the primary basis for understanding
the glacial history of East Antarctica. In addition, records derived from marine and lake cores, glacier margin fluctuation
studies, measures of volcanic activity, and meteorological data
sets from within or close to the Transantarctic Mountains are
available for comparison. This emerging environmental database provides the tools needed to define the change characteristics, over a period of thousands of years, of several major
dynamic components in this region, e.g., climate, atmospheric
chemistry, sea-ice extent, volcanic activity, and atmospheric
turbidity.
During the 1987-1988 austral field season, several sites in
southern Victoria Land were investigated as potential core sites
(Mayewski and Twickler 1988). The site chosen for investigation during the 1988-1989 season was the Newall Glacier
(center point: 77°37'S 162°30'E) in the Asgaard Range.
The major goal of the 1988-1989 field program was the collection of two cores, 150 and 175 meters deep, which was
accomplished in conjunction with the Polar Ice Coring Office
(University of Alaska at Fairbanks). The drill site was located
in a relatively flat portion of the glacier close to the heads of
the Lacroix, Suess, and Canada glaciers of Taylor Valley. One
core was dedicated to the measurement of major anions, major
cations, and radionuclides (now completed at the University
of New Hampshire), carbon-14 dating (in progress by A. Wil-
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son, University of Arizona), and oxygen isotope measurements (P. Grootes, University of Washington). Preliminary
results appear in Mayewski, Lyons, and Twickler (in press).
The other core will be sampled in a similar fashion for purposes
of calibration and for gas studies (carbon dioxide and methane)
by M. Whalen (New York State Department of Health).
As an addition to our Newall Glacier glaciochemical program, we also conducted, during the 1988-1989 field season,
a pilot glaciochemical program at a site 33.6 kilometers east of
South Pole. The primary emphasis of this work was the retrieval of a high-resolution nitrate time-series since this chemical species plays a role as an end product in reactions involved
in ozone depletion. As part of this effort, we collected snow
samples for major anions and cations, oxygen isotopes, and
beryllium-7 at 1.6-kilometer intervals along the traverse from
South Pole to our remote site. At the remote site, we excavated
a 6-meter snowpit and collected:
• oxygen isotope and major anion and cation samples every
1 centimeter;
• continuous stratigraphy and density;
• radionuclide samples every 5 centimeters; and
• sulfur and nitrogen isotope and dissolved organic carbon
samples at selected levels.
Results of this study appear in Mayewski et. al. (1988), Dibb
et. al. (1990), and Mayewski and Legrand (in press).
This research was supported by National Science Foundation grant DPP 86-13786.
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The Allan Hills Icefield in Victoria Land has so far yielded
more than 1,700 meteorite specimens. In an attempt to provide
a quantitative measure of ablation and ice flow, a triangulation
network across the icefield was established in 1978 (see figure
1). Two baseline stations are located on bedrock of the Allan
Hills. Eighteen additional stations define a grid which extends
13 kilometers westward and across the area with the high
meteorite concentration. The grid was remeasured in 1979 (Nishio and Annexstad 1980) and 1981 (Schultz and Annexstad
1984) and revisited during the 1988-1989 austral summer. In
addition, a radio echo sounding survey from the Allan Hills
Icefield to the Mid Western Icefield* was carried out in 19881989 to determine bedrock topography (Delisle, Sievers, and
Schultz 1989; Delisle and Sievers in press).
In 1981 and 1988, the angles within the network were measured with a precision theodolite (Wild T2). An infrared distance meter (Wild DI4L) was used to measure distances between
grid points. This technique and the long lapse of the 7 years
between the two measurements made it possible to determine
direction and horizontal velocity of the ice flow with much
higher precision than at any previous time (e.g., uncertainties
of the ice velocity and direction of the most westerly station
are ± 8 centimeters per year and 8°, respectively.)
Ablation rates are obtained by comparing the heights of a
stake measured in different years. The mean annual ablation
rate, measured in 1988, of about 4.5 centimeters per year is
comparable to those measured in previous years (Annexstad
and Annexstad 1989). There is, however, a wide diversity between individual stations, and there are indications that the
annual ablation may take place on a few days with high temperatures (Delisle and Sievers in press).
The horizontal ice movement of the individual stations is
given in figure 1. At the most westerly stations, the ice moves
about 60 centimeters per year in an almost northern direction,
roughly parallel to the ice stream between the Allan Hills and

* The designations "Far Western Icefield," "Mid Western Icefield,"
"Near Western Icefield," and "Main Icefield" are not official names,
but the features are distinct geographic units.
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Figure 1. Direction and horizontal ice velocity of ice as measured
along the triangulation grid across the Allan Hills Icefield. (km denotes kilometer. cm/yr denotes centimeters per year.)

the Near Western Icefield which advances northwards in a
more than 1,200-meter deep depression toward the Mawson
Glacier (Delisle et al. 1989; Delisle and Sievers in press). Close
to the escarpment the flow of ice is in a northeast direction.
The ice velocity drops here to about 25 centimeters per yer.
East of the escarpment, a small valley has developed. Most of
the meteorites are found here and ice velocities drop to less
than 8 centimeters per year. From the radio-echo sounding
data, it is known that this valley is not caused by bedrock
topography. Meteorological processes seem to be a likely explanation (Cresswell 1988).
It should be noted that meteorites found on icefields west
of the south-north ice stream will never be transported to the
Allan Hills Icefield. It is suggested that a minor portion of the
ice of the south-north ice stream flows onto the high plateau
of the Allan Hills Icefield and, finally, drops into the high
ablation zone to the east of the escarpment (figure 1) and
deposits there meteorites.
In an attempt to model the ice flow of the high plateau of
the Allan Hills Icefield, we have used the following models:
• Case a: A 2-D-ice sheet with a thickness of 400 meters (alternatively 300 meters and 500 meters) and a length of 5
kilometers (figure 2, block a) is exposed at its surface to a
constant ablation rate of 5 centimeters per year from x = 0.5
kilometers to 5 kilometers.
• Case b: A linearly increasing ablation rate from a value of
3.5 centimeters per year at x=0.5 kilometer to 5.2 centimeters per year at x =5 kilometers is used. The underlying
assumption in latter case is that of an ablation rate dependence on the effectiveness of the fohn wind, which should
increase with drop of elevation.
An ice thickness of 400 meters corresponds roughly with the
measured value at the western border of the Allan Hills Icefield. The change of surface elevation and the shear stress
within the ice are each calculated as a function of time; the
horizontal and vertical ice velocities are each calculated as function of depth and the internal temperature field in the ice body.
Subice topography, as measured at the Allan Hills, is not included in this model. We take advantage of the fact that the
dominant driving force of ice movement is given by surface
slope.
Our ice velocity measurements suggest that about 90 percent
of the mass loss from the high plateau of the Allan Hills Icefield
ANTARCTIC JOURNAL

Figure 2. A. Numerical model on ice flow in 2-D for a 5-kilometer
long and 400-meter (alternatively 300-meter and 500-meter) thick
ice slab exposed to ablation at the ice surface. Shown is the calculated elevation drop, which for a 400-meter or 500-meter thick
ice sheet is the same within ±1.5 meter for constant (A) and linearly
increasing (B) ablation. Ablation loss is 225 cubic meters per year
per 1-meter slab width (A) or 196 cubic meters per year (B). Integration of horizontal velocity over height shows that in both cases
mass losses by ablation are compensated. Horizontal ice flow in
the case of a 300-meter thick ice sheet, however, is unable to adjust
within 5,000 years to make up the ablation losses. As a consequence, surface slope steadily steepens within this time period. B.
Horizontal velocity distribution for all cases. (km denotes kilometer.
rn/a denotes meters per year. m denotes meter.)

is due to ablation and only 10 percent due to ice flowing across
the escarpment. We believe, therefore, that our model describes in a good approximation the actual mass transfer and
mass balance on the high plateau.
We make use of ice-rheological parameters and basic equations given in Nye (1952) and Paterson (1981) and a computer
code as described in Delisle (1989). Ice-rheological parameters
have been calculated for a mean annual temperature at the ice
surface of -25 °C and a heat flow value of 60 milliwatts per
square meter from below.
The left side of the model ice sheet resembles in nature the
boundary between the Allan Hills Icefield and the ice stream
to the west. This is equivalent to the assumption of an unchanged ice level of the ice stream at least during the last few
thousand years. The consequences of an ice level changing in
time are pointed out below.
The calculations show a quasi-stationary ice slope profile
develops for an initially 400-meter thick ice sheet within about
2,200 years. Ice flowing from the ice stream towards the east
(to right hand side in figure 2) is balanced by the ablation
losses. The calculated total drop of ice level for case a is 76
meters (case b: 74 meters), which compares well with the measured drop of about 75 meters in the field (Delisle and Sievers
in press). The ice velocity given by the model are in general
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agreement with the measured values (compare figure 1 and
figure 2, block b).
Given a 500-meter thick ice sheet (which on the basis of our
calculations would acquire equilibrium within about 1,600 years)
total drop of ice surface for case a would only be 51 meters
(case b: 49 meters). Alternatively, a 300-meter thick ice sheet
would not reach equilibrium even after 5,000 years despite an
elevation drop of then more than 160 meters for case a (case
b: 150 meters) acquired at that time (figure 2, block a).
The results of our analysis are compatible with the assumption of essentially unchanged ablation rates on the Allan Hills
Icefield for at least 2,500 years and confirm the dependence of
the ice budget of the Allan Hills Icefield on the ice level of the
ice stream to the west and—equally important—on the ablation rate.
A only modest ice level rise of the ice stream would effectively decrease horizontal ice velocities and decrease surface
slope on the icefield at the same time (see figure 2). This is
seemingly a contradiction, but one has to keep in mind that a
thicker ice sheet— due to the larger mass involved—can compensate mass losses more effectively by compressive ice flow.
One might speculate that a reduced ice slope might cause less
ablation due to decreasing fhn winds, whose force depends
on slope. Fewer meteorites would then be uncovered across
the icefield. Presumably an ice fall would develop at the escarpment to the east. A fall of the ice level of the ice stream
(i.e., 300 meters), however, would even increase surface slope
and horizontal ice flow. Nevertheless, ice would then eventually be unable to move across the escarpment. The effectiveness of the Allan Hills meteorite trap would even increase
as it would develop into the same trap type as exists at Lewis
Cliff today.
With the results of this model in mind one wonders through
what changes the Allan Hills meteorite trap might have gone
during the climatic changes of the last 1 million years.
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