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The National Science Foundation is the United States Gov-
ernment agency charged with maintaining U.S. strength in
scientific research; improving science, mathematics, and en-
gineering education; and aiding in the dissemination of sci-
entific information. This responsibility is carried out largely
through grant programs for investigators at colleges univer-
sities, States and other institutions.

The Antarctic Treaty, which provides the legal framework for

the area south of 60 0S latitude, reserves the region for peace-
ful purposes and encourages international cooperation in sci-
entific research. The United States cooperates with treaty
nations in research and logistics. By Presidential directive,
the National Science Foundation is responsible for budgeting
and managing U.S. activities in Antarctica. This effort includes
the United States Antarctic Research Program, station and
research ship operations, Coast Guard icebreaker opera-
tions, and the U.S. Navy's Operation Deep Freeze.
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Cover. A scanning electron micrograph of Coelechinus
waptitcornis, a large (2.8-millimeter diameter) phaeodar-
ian radiolarian collected in the upper 200 meters of the
Weddell Sea in March 1986 during the 1986 cruise for the
Antarctic Marine Ecosystem Research in the Ice-Edge
Zone program. These protozoans consume a diversity of

organisms, including bacteria, diatoms, dinoflgaellates,
and small metazoans. M.M. Gowing and S.L. Coale dis-
cuss their 1986 study of these protozoans in a report that
begins on page 121 of this issue of the Antarctic Journal
of the United States. The photograph was taken by Marcia
M. Gowing, University of California, Santa Cruz.
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Antarctic Journal of the United States, established in 1966,
reports on U.S. activities in Antarctica and related activities
elsewhere, and on trends in the U.S. antarctic program. It is
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ber) with a fifth annual review issue by the Division of Polar
Programs, National Science Foundation, Washington, D.C.
20550. Telephone: 202/357-7817.

The Antarctic Journal is sold by the copy or on subscription
through the U.S. Government Printing Office. Requests for
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sent to Superintendent of Documents, U.S. Government
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The Director of the National Science Foundation has deter-
mined that the publication of this periodical is necessary in
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U.S. antarctic activities, 1987-1988

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

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

The 109 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, pre-
pared by program participants, describe field work during 1987-
1988, preliminary analyses of data, studies of data gained ear-
her, 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

National Ozone Expedition (NOZE II). During the 1987 austral
spring, scientists observed alarming, record-breaking changes
in the ozone level. Above Antarctica, the total amount of ozone
decreased by 50 percent in October 1987. Between 9 and 12
miles (15 to 20 kilometers), the amount of ozone dropped by
95 percent. The austral spring depletion (which in the past has
begun in September) persisted through October, did not begin
to recover until mid November, and extended into early De-
cember 1987—the longest recorded period of depletion since
scientists began monitoring the phenomena. Outside of the
depleted region above the tip of South America, scientists re-
corded the lowest ever levels of total ozone during an austral
spring.

Continuing research begun during the 1986 austral summer,
six teams of scientists participated in the second National Ozone
Expedition II (NOZE II) at McMurdo Station in August 1987.
University of Wyoming investigators launched 50 instru-
mented balloons between 29 August and 9 November to mea-
sure the abundance of atmospheric aerosols, water-vapor
concentration, and temperatures in the air column from the
surface to an altitude of about 18 miles (29 kilometers). Using
a millimeter-wave spectrometer, a team from the State Uni-
versity of New York (SUNY) at Stony Brook measured vertical
profiles of chlorine monoxide, nitrous oxide, hydrogen cya-
nide, and ozone, while investigators from the National Oceanic
and Atmospheric Administration (NOAA) Aeronomy Labo-

ratory in Boulder, Colorado, used a ground-based ultraviolet
spectrophotometer to determine nitrogen dioxide and ozone
levels in the stratosphere.

Two groups—one from SRI International and the other from
the National Aeronautics and Space Administration's (NASA)
Goddard Space Flight Center—used lidars (laser infrared ra-
dar). The SRI team located and determined the altitude of polar
stratospheric clouds and of stratospheric aerosol layers. The
NASA group measured the vertical concentration of ozone,
aerosols, and temperature. The sixth team from the University
of Denver measured the absorption of solar infrared radiation
and infrared emissions to determine the concentrations of sev-
eral stratospheric constituents.

To extend the data base on ozone depletion, NASA orga-
nized and supported the Airborne Antarctic Ozone Campaign,
which brought together 150 scientists from 19 organizations in
the United States, Great Britain, Chile, and Argentina. For 6
weeks in August and September 1987, two specially equipped
NASA airplanes—an ER-2 and a DC-8—flew approximately
109,000 miles (175,000 kilometers) over the Antarctic Peninsula
region and as far south as the South Pole. The ER-2, an ad-
vanced U-2, high-altitude airplane, made 12 flights at altitudes
between 8 and 12 miles (12 and 19 kilometers) along the Palmer
Peninsula to collect data on winds, atmospheric pressure, tem-
perature, and the distribution of such atmospheric chemicals
as ozone, chlorine monoxide, bromine monoxide, nitric oxide,
and water. The DC-8, which served as an airborne atmospheric
laboratory, flew 13 long-range, medium-altitude (up to 6 miles
or 10 kilometers) flights to measure the distribution of ozone
and other atmospheric chemicals.

Data from the NASA airborne studies and NOZE II inves-
tigations corroborated the results of the 1986 studies and sup-
ported the theory that chlorine monoxide, derived from
chlorofluorocarbons, is pivotal to the chemical processes de-
stroying the ozone layer above Antarctica. Investigators par-
ticipating in the NASA project found that chlorine-monoxide
levels were 100 times greater than those observed at mid-
latitudes. Nitrogen compounds were low within the hole, and
nitric oxide, nitrogen dioxide, and nitric acid decreased in
abundance toward the Pole. Bromine monoxide, which like
chlorine compounds is a by-product of industrial activities, was
present but at levels so low that the investigators did not be-
lieve that this compound had a significant part in ozone de-
struction.

At McMurdo Station, University of Wyoming researchers,
comparing their 1986 data to their 1987 data, found that strat-
ospheric temperatures were lower and that the springtime de-
pletion was greater, extended to higher altitudes, and occurred
more rapidly in 1987. Their data suggest that the cause of the
ozone reduction is an ozone sink (an area where ozone is
absorbed) between 7 and 14 miles (11 and 23 kilometers).

From their 1986 observations, SUNY investigators had de-
termined that between 10.6 and 27.9 miles (17 to 45 kilometers)
the vertical distribution of chlorine monoxide was divided into
two distinct components—a "normal" layer of chlorine mon-
oxide that peaks about 22.9 miles (37 kilometers) and also is
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present worldwide and a highly abnormal layer that peaks
between approximately 11.8 and 12.4 miles (19 to 20 kilome-
ters) and is only present during the formation of the ozone
"hole". Their 1987 observations not only confirmed these ear-
lier findings but also showed that different chemical reactions
occur in the two regions. In the upper stratosphere (above 22.9
miles or 37 kilometers), sufficient amounts of atomic oxygen
exist to join with chlorine and close the catalytic cycle before
ozone is destroyed. In the lower stratosphere, however, atomic
oxygen is essentially absent, and large concentrations of chlor-
ine monoxide exist. Under the correct light conditions, these
factors appear to bring about the chemical reactions that de-
stroy the ozone layer.

The SRI team reported that polar stratospheric clouds were
present at altitudes of 6.2 to 13.7 miles (10 to 20 kilometers)
on 16 out of 22 days of observations. They also reported that
significant changes in the vertical distribution of clouds oc-
curred at intervals as short as 5 minutes.

After two years of monitoring the changes occurring in the
antarctic stratosphere, scientists generally agree that chlorine
from man-made chlorofluorocarbons is the primary ozone-
destroying agent. Although they have not determined what
contributions are made by other chemical compounds, such
as bromine monoxide and nitrogen compounds, researchers
also agree that climate conditions unique to Antarctica are part
of the process. The strong polar vortex that is centered on the
pole, the extremely low temperatures in the lower strato-
sphere, and polar stratospheric clouds provide the environ-
ment in which the destructive chemical reactions occur. The
polar vortex, a strong belt of west-flowing winds, seal off the
antarctic stratosphere and prevent it from mixing with warmer
air and ozone from the northern latitudes. In this isolation,
temperatures drop below - 80°C, and polar stratospheric clouds
form around ice crystals in the atmosphere.

(Reports on this research appear on pages 157-166 of this
issue of the Antarctic Journal of the United States.)

Ultra-violet radiation studies. Because the ozone layer screens
out much of the solar ultra-violet radiation (UV) that is harmful
to humans, animals, and plants, scientists are concerned about
how decreasing amounts of ozone will affect antarctic flora
and fauna. Until the 1987-1988 austral summer, biologists had
no baseline data on the ability of antarctic organisms to repair
DNA molecules that have been damaged by enhanced expo-
sure to harmful wavelengths of UV radiation. As a result of
research during the 1987-1988 austral summer program in the
Antarctic Peninsula region, scientists now have the first evi-
dence that antarctic organisms can and do repair cell damage
in ways that are similar to organisms living in temperate waters.

During a 3-month investigation, University of California bi-
ologists studied how marine bacteria, diatoms, krill, macroal-
gae, limpets, sea cucumbers, starfish, and other organisms
respond to UV radiation. They evaluated the ability of these
organisms to repair DNA damage and attempted to determine
what methods these organisms use. For marine micro-organ -
isms, the primary method appears to be photoreactivation-
a system in which the presence of longer wavelengths of light
(310-480 nanometers) enables an enzyme to reverse damage
to DNA molecules. They noted that these organism appear to
use a higher wavelength of UV radiation to repair damage by
other wavelengths. More study is needed, however, before
the biologists understand how this process operates.

Although the University of California team does not believe
that the antarctic food chain will be destroyed by high levels
of UV-radiation exposure, they do believe that decreased pro-

tection from UV radiation may lead to a change in the com-
position of the antarctic marine population. Those species that
are most sensitive to UV radiation are likely to be replaced by
more tolerant organisms.

(A report on this research appears on pages 114-115 of this
issue of the Antarctic Journal of the United States.)

Antarctic Marine Ecosiste,n Research at the Ice-edge Zone
(AMERIEZ). During the third of four expeditions to the ice-edge
zone, biologists made an unanticipated discovery that will lead
to a better understanding of the antarctic marine ecosystem.
Making use of NSF's ice-strengthened research ship Polar Duke,
47 marine scientists worked for 70 days from June to August
1988 in the Weddell Sea region at latitudes that receive 5 to 6
hours of sunlight. Here, sequestered beneath the 3- to 6-foot
(1- to 2-meter) thick sea ice in finger- to arm-size holes, they
found krill at concentrations that rarely have been observed
in the open ocean.

Since biologists first began investigating life in antarctic waters,
they have wondered what krill did during the long polar win-
ter. This 1988 discovery suggests that the small shrimp-like
crustacean use the ice as a nursery for early developmental
stages. In the sea ice, krill can avoid predators with only a
small expenditure of energy. Additionally, biologists found a
flourishing community of algae and other micro-organisms in
the sea ice. These microscopic organisms provide a rich food-
source for krill.

Because the AMERIEZ cruise took place during the austral
winter, observations and data analysis were not available for
this issue of the Antarctic Journal. Reports on this cruise will
be published in the 1989 review issue.

Sip/c Coast glaciology. Because most of the west antarctic ice
sheet drains through fast-moving ice streams, a change in the
activity in this region eventually affects other parts of the ice
sheet. During two previous austral summers, glaciologists from
six universities and two government agencies have monitored
and studied the behavior and structure of two ice streams—
known as ice streams B and C—and the Crary Ice Rise. These
ice streams, which are like giant valley glaciers embedded in
more stagnant ice, stabilize the west antarctic ice sheet.

Although the final phase of the investigation will be con-
ducted during the 1988-1989 austral summer, observations are
reported in this issue of the Antarctic Journal. Based on their
measurements of accumulation and output of ice streams B
and C, Ohio University scientists found that ice stream B and
its catchment are slowly thinning, except for a region down-
stream from the catchment where the ice appears to be thick-
ening. In contrast, ice stream C is nearly stagnant.

At the Crary Ice Rise, NASA investigators measured tem-
peratures in holes drilled by a hot-water drill through the ice
to depths of 1,213 feet and 1,476 feet (370 meters and 450
meters) to determine when the ice rise grounded. These tem-
perature measurements suggest that the ice rise is very young
and that grounding occurred no more than 100 to 200 years
ago.

University of Wisconsin glaciologists and geophysicists con-
ducted seismic and electromagnetic surveys of the region to
describe the physical properties and configuration of the ice
streams and subglacial layer and to understand the dynamics
of the ice streams. They have found that these ice streams
differ from all other antarctic ice streams. The Siple Coast ice
streams lack deep subglacial valleys that are common to other
ice streams and outlet glaciers, are driven by stresses that
decrease continuously from the ice stream head to the ground-
ing line, and are characterized by rapid change through time.
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(Reports on this research appear on pages 54-63 of this issue
of the Antarctic Journal of the United States.)

Fossil discovery. Spanning more than 208,000 square miles
(540,000 square kilometers), the Ross Ice Shelf is a major fea-
ture of antarctic geography; however, little is known about the
environment beneath shelf, the type of sediments on the sea
floor underlying the shelf, or the stratigraphy of rocks. While
drilling on the Crary Ice Rise, NASA investigators unexpect-
edly recovered from a depth of about 1,476 feet (450 meters)
fossil-containing sediments that suggest that a productive ma-
rine environment existed at the time the sediments were de-
posited.

Analyzed by Ohio State researchers, these fossils of tiny ma-
rine organisms are helping paleontologists to construct a picture
of the environment of the Ross Sea embayment between 13 and
25 million years ago (the Miocene epoch). Generally, the sedi-
mentary events coincide with ice shelf and/or ice sheet retreat
and advance. From earlier studies at sites on the Ross Ice Shelf,
scientists have defined several periods of high marine produc-
tivity during the Early, Mid and Late Miocene. The Crary Ice
Rise sediments suggest that there was open water even more
recently than this in the last part of the Miocene epoch about 13
million years ago. Because these sediments have been eroded
by glacial processes, it is possible that open marine conditions
also may have existed in the Ross embayment after the latest
Miocene. Sediments from two other sites beneath the ice suggest
that the ice sheet in this region underwent complex changes
during the late Neogene—a geologic period that encompasses
between 2 million and 25 million years.

(Reports on this research appear on pages 36-37 of this issue
of the Antarctic Journal of the United States.)

Supernova investigation. On 8 January 1988, the largest high-
altitude balloon ever launched in Antarctica ascended from
Williams Field. The 11.6-million-cubic-foot balloon carried aloft
instruments to acquire data on the spectrum of gamma-ray
emissions from Supernova 1987A, along with a newly de-
signed gamma-ray detector that investigators were testing. Af-
ter reaching an altitude of 115,000 feet, the balloon drifted
eastward; it remained in the air for 3 days and was covered
about 198 miles (320 kilometers) from the Soviet station Vostok
in East Antarctica.

The research team consisted of 20 scientists and engineers
from seven organizations. The experimenter team hoped to
confirm that cobalt-56, an radioactive isotope of cobalt, was
produced during the supernova explosion. They also hoped
to learn about the speed at which shock waves move through
the mantle of the exploding star. Using a gamma-ray telescope
that detects gamma-ray emissions a photon at a time, they
found the evidence of gamma rays from the radioactive decay
of isotopic cobalt-56. However, these data also showed an
unexpected split in the cobalt-56 line. This finding, which was
later corroborated by more detailed analysis of the data, sug-
gested that the mantle of the supernova expanded asymmet-
rically with a velocity exceeding 186 miles (3,000 kilometers)
per second. Instead of expanding in a neat, spherically sym-
metric fashion, the supernova appears to have exploded asym-
metrically and ejected fingers of mantle material in directions
both toward and away from its solar system.

(Reports on this research appear on pages 187-190 of this
issue of the Antarctic Journal of the United States.)

Support operations

1987-1988 austral summer activities. The 1987-1988 austral
summer began on 26 August 1987 with round-trip flights by

the Antarctic Development Squadron 6 (VXE-6) 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 sea-
son research.

Between August 1987 and April 1988, approximately 280
NSF-supported researchers conducted 69 projects on the con-
tinent and in surrounding waters. They worked at four U.S.
stations (McMurdo, Amundsen-Scott South Pole, Siple, and
Palmer), at remote field camps, aboard a U.S. Coast Guard
icebreaker and a research ship, and with antarctic programs
of other countries. Supporting these investigators were more
than 500 employees of a civilian contractor (ITT/Antarctic Ser-
vices, Inc., ITT/ANS), 700 members of the Naval Support Force
Antarctica (NSFA), the Antarctic Development Squadron Six
(VXE-6) and other military units, 154 Coast Guard personnel,
and 45 civilian crew members aboard the supply ship and
tanker.

Military personnel, under the command of the Com-
mander, Naval Support Force Antarctic (CNSFA), flew air-
planes and helicopters, managed the operation of the supply
ships (Green Wave and Paul Buck), provided health care and
weather forecasting services, operated the long-range com-
munications system at McMurdo Station, and performed some
maintenance work at McMurdo Station. ITT/ANS employees
provided support at McMurdo Station and operated Wil-
liams Field (McMurdo Station's skiway on the Ross Ice Shelf),
Amundsen-Scott South Pole, Siple, and Palmer stations, the
ice-strengthened research vessel Polar Duke, and remote field
camps.

At McMurdo Station, ITT/ANS employees completed two
new dormitories and a heavy-vehicle maintenance shop. Ad-
ditionally, they tested a new air-cushioned vehicle, which ar-
rived in February 1988. The vehicle can carry more than 3,000
pounds of cargo or 17 people at speeds of more than 35 miles
per hour. Since it hovers a fraction of an inch above the surface
on an air cushion, its footprint is so light that the density of
the supporting surface is of no consequence. NSF plans to use
the vehicle to support research on the sea ice and to transport
cargo and personnel to and from the ice-shelf runway.

VXE-6 crews flew more than 3,200 miles with ski-equipped
C-130 Hercules (LC-130) airplanes and more than 1,100 hours
with UH-1N helicopters. With support from the U.S. Air Force
and the Royal New Zealand Air Force, they transported 4,000
passengers and more than 3,700,000 pounds of cargo to and
from Antarctica. For the first time, additional air support was
provided by the New York Air National Guard who flew their
LC-130 airplanes 85 hours to transport 56 people, 143,000 pounds
of cargo, and 2,800 gallons of fuel from McMurdo Station to
inland sites.

Construction of a new science laboraton begins. ITT/ANS con-
struction personnel began work on the site for the new science
facility, which is scheduled to be completed by the end of the
1993-1994 austral summer. This new laboratory will provide
scientists with not only adequate work space but also modern
equipment. The building is designed for maximum flexibility
so that as the science program changes, it will he possible to
alter the building to meet new demands.

To commemorate the beginning of work on this new facility,
a ground-breaking ceremony was held on 9 January 1988. Dr.
Peter Wilkniss, Director of NSF's Division of Polar Programs,
hosted the ceremony, which was attended by the residents of
McMurdo Station and distinguished visitors from the National
Science Board and the U.S. Congress.
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LC-130 recovery conpleted. After nearly 17 years, the LC-130
Juliet Delta "321" returned to McMurdo Station. Under cloud-
filled skies at 11 p.m. on 10 January 1988, the airplane arrived
at Williams Field and was greeted by a small group of civilian
and U.S. military personnel. Owned by the National Science
Foundation, it is one of six LC-130 airplanes operated by VXE-
6 in support of the U.S. antarctic program.

The recovery of Juliet Delta "321," which crashed in Decem-
ber 1971 in East Antarctica, began in 1985 with reconnaissance
flights to the crash site. In November 1986 six ITT/ANS em-
ployees made a 135-mile (217-kilometer) traverse from the coast
to the crash with the assistance of the French antarctic pro-
gram. After working 1 month for 10 to 12 hours every day,
they were able to tow the disabled airplane to the surface from
a 33-foot (53-meter) deep pit. By early January 1987 an in-
spection team had determined that the airplane could be re-
paired. VXE-6 aircraft maintenance personnel removed the four
engines and three propellers and returned them to McMurdo
for shipment to the Naval Aviation Depot (NAD) in Cherry
Point, North Carolina, where they were repaired.

In November 1987, a 17-man crew from NAD and Lockheed
Georgia Corporation flew from McMurdo Station to the crash
site and began repairs to ready the airplane for flight. They
replaced the four rebuilt engines, propellers, and flight con-
trols, as well as repaired the main nose gear, nose-gear landing
struts, skis, instrumentation, and radome. They also repaired
the airplane's left side where the propellers ripped through
the hull and replaced other hull sections.

On 8 January 1988 an NAD inspector certified that the air-
plane was ready for flight. VXE-6 crews ran final tests, and at
6:10 p.m. Juliet Delta "321," accompanied by an escort LC-
130, took off and headed toward McMurdo Station. At Wil-
liams Field, additional repairs were made and a second in-
spection conducted before the a;plane began its trip to
Christchurch, New Zealand. Once in Christchurch, Air New
Zealand, under a recently signed contract with the U.S. Ant-
arctic Program, began to prepare the airplane for its flight back
to United States. The airplane is scheduled to return to the
U.S. in 1989.

Budget

Fiscal 1988 support of the U.S. Antarctic Program, provided
through the National Science Foundation, totalled $124,660,000
in the following categories:

• total amount awarded to institutions for scientific projects
in atmospheric sciences, biological sciences, earth sciences,
glaciology, oceanography, and information and advisory
services $13,520,000 and direct support (costs normally in-
cluded in a grant for work at institution but provided in
Antarctica from program resources) $19,100,000. This com-
prises $32,620,000 in total science support.

• construction and procurement $25,900,000

• logistics and support $66,140,000.
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Terrestrial geology and geophysics

Closure in Gondwanaland
distribution of conchostracan

genus Leala

P. TASCH

Department of Geology
Wichita State University
Wichita, Kansas 67208

In a memoir recently published (Tasch 1987), a "note added
in proof" was appended. It referred to information received
from a colleague, Shekkar Chandra Ghosh, in the Geological
Survey of India. He reported the fortuitous discovery of a leaiid
fauna by the Coal Division (Geological Survey of India) during
field work that included sampling the Pali Formation (Madhya
Pradesh), central India.

A Leaia zone some 2 meters thick had been uncovered in a
small hillock in the red shale of the Upper Pali Formation (for
prior Pali Formation data cf. Sastry et al. 1977). The formation
contains a Glossopteris flora and is overlain by the Parsora For-
mation that has a Dicroidium flora. The age of the Pali For-
mation is Upper Permian.

At the time that this note was appended there was little to
go on beyond a series of sketches. Subsequently, rubber im-
prints of 60 individual specimens and photographs were sent
for examination. Study of this collection led to the determi-
nation that these genera were present:
• Leaia (Hemicycloleaia),
• Rostroleaia,
• two incomplete specimens,
• Cycloleaia (?) and Monoleaia (?), and
• Cyzicus (Euestheria).

The absence of Leaia in India had long puzzled me. Its oc-
currence in the other four southern continents and in the pre-

Drift configuration of these continents, indicated that Leaia
should occur there also.

The new data on hand permit the statement with greater
assurance that genus Leaia does occur in the late Paleozoic beds
of India. In turn, that genus can be added to the other four
genera (Palaeolimnadia, Estheriina, Cornia, and Cycles th erio ides),
the species of which occur in the rock column of each of the
five southern continents (Tasch 1987).

Shen (1984) described several ribbed conchostracans of Up-
per Permian age from the Sunan Formation of China. Among
others, he described Hemicycloleaia (= Leaia (Hemicycloleaia)
and Rostroleaia. These same two genera, among other leaiids,
are now known from the Pali Formation of India. Although
the same two genera are known from the Kouznetsk Basin,
U.S.S.R., they are in Lower Permian beds (Novojilov 1956).
Was there a Chinese ribbed-conchostracan egg dispersal to
India during Upper Permian time? Present evidence suggests
the plausibility of that event. (Cf., Tasch 1987 for a Middle
Devonian-Lower Carboniferous Australian-Chinese connec-
tion which also involves Leaia and Rostroleaia).

The antarctic Ohio Range Leaia zone must now be placed in
this enlarged context.
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Late Triassic flora
from Mount Falla,

Queen Alexandra Range

EDITH L. TAYLOR and THOMAS N. TAYLOR

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210

During the 1985-1986 field season, we made a collection of
compression fossils from the north face of the western spur of
Mount Falla (84°21'S 164°42'E; Barrett and Elliot 1973). The
material occurs in level 14 of Barrett's type section of the Falla
Formation, approximately 140 meters above the base of the
section (Section F2 in Barrett 1969; Barrett, Elliot, and Lindsay
1986) within fine-grained medium to dark-gray shale. Based
on the occurrence of palynomorphs comparable to Norian rocks
in Australia, this part of the Falla is believed to be Late Triassic
in age (Taylor, Taylor, and Farabee Antarctic Journal, this issue).
One of the unique aspects of this flora is the presence of intact
cuticle on many of the plant fragments. To our knowledge,
preservation of this type has not previously been recorded
from Antarctica.

Included in this flora are four or five species of the common
foliage type Dicroidium (figure 1). Dicroidium, which is thought

Figure 1. Dicroidium frond with cuticle. x 1.

to represent foliage of the Mesozoic seed ferns included in the
Corystospermales, is commonly the dominant element in floras
of similar age throughout Gondwanaland. A number of other
foliage types are present, including small filicalean fern fronds
and cycadophyte pinnae. Strap-shaped leaves with parallel
venation (approximately 1.0 centimeter wide) also occur at this
locality. These leaves are morphologically similar to those placed
in such genera as Heidiphyllum (Retallack 1981), Podozamites
(Anderson 1978) and Sphenobaiera (Anderson and Anderson
1983). Their exact identification will depend upon cuticle prep-
arations. Preliminary observations suggest that Lepidopteris,
another common pteridosperm foliage type, is not present.

Perhaps the most interesting aspect of this florule is the
presence of well-preserved reproductive organs. One of these
is a small, branched axis approximately 4.0 centimeters in length
(figure 2). The structure dichotomizes once with a small, unio-
vulate cupulate-like structure borne at the end of each di-
chotomy. Morphologically, this reproductive organ resembles
the genus Umkomasia (Thomas 1933), which has been attributed
to the Corystospermales. This genus has previously been found
in South Africa (Anderson and Anderson 1983) and Natal
(Thomas 1933).

Another reproductive organ present in the Mount Falla flora
is more cone-like in its morphology and measures approxi-
mately 2.5 centimeters in diameter and 3.5 centimeters in length.
This fructification consists of a central axis which bears helically
arranged appendages that are slightly reflexed at their distal
ends (figure 3). The fructification is robust, with the axis ap-
proximately 5.0 millimeters in diameter and sporophylls ex-
tending to nearly a centimeter in length.

At this point, the analysis of the Mount Falla flora is based
on a limited number of specimens; however, it appears to be
relatively diverse and includes several major orders of plants.
Cuticle preparations are being made from this material and
these will provide exact identifications of the floral elements.
Detailed information on such a diverse flora can be used to
develop a more accurate biozonation of the Upper Triassic in
the central Transantarctic Mountains and improve correlation
with other Gondwanaland floras. In addition, the recovery of
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Figure 2. Umkomasia-like reproductive organ. x 1.3.
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Figure 3. Reproductive organ with helically arranged appendages.
x 1.6.

a palynoflora from the Falla Formation (Taylor et al., Antarctic
Journal, this issue) allows for correlation of both microfossils
and megafossils from the same stratigraphic level. The data
from both of these sources will then be useful in reconstructing
paleoenvironments for the Falla Formation.

This work was supported in part by National Science Foun-
dation grants DPP 82-13749 and DPP 86-11884. We wish to
acknowledge the field assistance of David H. Elliot and the
members of the U.S. Navy VXE-6 Squadron.
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Fluvial architecture
of the Fairchild and Buckley

formations (Permian),
Beardmore Glacier area

J.L. ISBELL and J.W. COLLINSON

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Low-sinuosity braided streams deposited Permian sedi-
ments within a Late Paleozoic to Early Mesozoic foreland basin
that occupied the site of the present Transantarctic Mountains
(figure 1). The Permian fluvial sequence begins with the Fair-
child Formation, a 230-meter thick multistoried sandstone. The
overlying Buckley Formation is more than 750 meters thick
and consists of interstratified sandstone, siltstone, shale, and
coal. Channel-form sandstone predominates at the base of the
Buckley, while fine-grained, interchannel units increase in
abundance and thickness upward. Sedimentological features

of interchannel members indicate that channel-belt avulsion
occurred. Fluvial architecture of the formations resulted from
the interaction between subsidence and channel avulsion. Dur-
ing Fairchild deposition, slow basin subsidence relative to avul-
sion preferentially preserved channel-form sandstones; fine-
grained sediments were removed by floodplain scour during
avulsion events. The progressive increase in floodplain de-
posits up the Buckley section resulted from an acceleration in
subsidence rates. Evidence for increased rates of subsidence
and changes in sandstone provenance and paleocurrent trends
demonstrate migration of the basin axis toward the craton.
Encroachment of a foreland fold/thrust belt is hypothesized as
the driving mechanism for basin migration (figure 1, blocks c
and d).

The Lower Permian Fairchild Formation consists almost en-
tirely of interconnected channel-form sandstone bodies that
occur as sheets, 5 to 20 meters thick and tens to hundreds of
meters wide (figure 2). Shale and siltstone make up less than
2 percent of the formation. Sandstone composition is arkosic
and paleocurrents trend both transversely into the basin from
the craton and longitudinally down the axis of the basin toward
the present Weddell Sea (figure 1, block c).

The Fairchild Formation was deposited by sandy braided
streams flowing off the east antarctic craton and by braided
streams that flowed longitudinally down the basin axis. Sand-
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Figure 1. Location and paleogeographic maps of the Transantarctic
Basin and associated areas during the Permian. Paleoslope within
the basin is indicated by solid arrows for statistically valid paleo-
current data and by dashed arrows for poorly constrained data.
(km denotes kilometer.)

Figure 2. Generalized braided-stream model for avulsion and sub-
sidence controlled deposition in the Fairchild and (lower and upper)
Buckley Formations. Fluvial architecture and vertical profiles result
from the interaction between braided stream deposition, channel-
belt avulsion, and basin subsidence. (m denotes meter.)

stone composition and paleocurrent orientations show that
deposition took place on the cratonic side of the foreland basin.

The Lower to Upper Permian Buckley Formation is divisible
into upper and lower members based on sandstone compo-
sition and paleocurrent orientations. The lower member con-
sists of arkosic sandstone that was deposited by streams flowing
off the craton and axially down the basin toward the present
Weddell Sea (figure 1, block d). In the upper Buckley, sand-
stone composition changes abruptly from arkosic to volcani-
clastic. Concommitant with the influx of volcaniclastics was a
1800 reversal in paleocurrent orientations (Collinson and Isbell
1986).

In the lower member of the Buckley Formation, channel-
form sandstone bodies predominate. Stratigraphic trends dis-
play an upward increase in abundance and thickness of fine-
grained deposits (figure 2). In the upper member, fine-grained
deposits, 5 to more than 50 meters thick, separate channel-
form sandstone bodies.

Channel-form sandstones consist of sheet-like bodies 10 to
20 meters thick and 2 to more than 10 kilometers wide. Inter-
nally, numerous 1- to 2-meter thick scour-bounded, fining-
upward cycles occur (figure 2). Abandoned channels are sand-
filled and lateral accretion surfaces are rare or do not occur.

Fine-grained deposits between channel-form sandstone bod-
ies consist of interstratified sandstone sheets, siltstone, shale,
and coal. Sandstone sheets are 0.1 to 5 meters thick and are
laterally continuous for tens to hundreds of meters. Paleocur-
rent orientations commonly change between these sandstone
sheets. Thin-bedded sandstones are abundant in strata be-
neath channel-form sandstones; however, they are less com-
mon in strata directly overlying channels. Coals, 0.1 to 10
meters thick, occur anywhere within inter-channel deposits,
but most commonly underlie channel-form sandstone bodies.

The Buckley Formation was previously interpreted as a
meandering stream deposit, partly because of the large pro-
portion of fine-grained beds (Barrett, Elliot, and Lindsay 1986).
However, we interpret the formation as a braided-stream de-
posit because it has these properties:
• sandstone sheets with large width to thickness ratios,
• sandstone-filled abandoned channels,
• scour-bounded, fining-upward cycles, and
• absence of lateral accretion surfaces. Fine-grained sediments

between sandstone bodies are flood-plain and flood-basin
deposits. Thin sheet-sandstones were deposited as crevasse
splays.
Bank erosion and small-scale migration (kilometers) of braided

channels produced channel-form sheet sandstones. Large-scale
channel migration was by avulsion (tens of kilometers). Evi-
dence for avulsion includes:
• interstratified channels and overbank deposits,
• an abundant crevasse splays directly below channels,
• a decrease in splay abundances directly overlying channels,
• changes in paleocurrents between splay packages, and
• the common occurrence of coal beneath channel sandstones.

Coal/peat typically forms in flood basins where clastic influx
is minimal. This indicates isolation of coal-forming environ-
ments away from sedimentation in active channel belts
(McCabe 1984). The Buckley Formation is unusual in that it
contains both overbank deposits and evidence of channel-
belt avulsion. These two features are rarely described for
braided-stream deposits, but may be common in rapidly
subsiding basins.
Late Permian paleogeography was characterized by changes

in both paleocurrent trends and sandstone composition. Vol-
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sibly density stratification in the deeper part of the basin help
to explain differences in the styles of deltaic progradation be-
tween the Ellsworth Mountains and Beardmore Glacier region.

The distribution of trace fossils throughout the basin sug-
gests a greater marine influence in the Ellsworth Mountains.
In the Polarstar Formation a variety of trace fossils, including
Phycodes, Chondrites, and Rhizocoralliurn, suggests a marine en-
vironment (Collinson, Vavra, and Zawiskie, in press). In the
Mackellar Formation a low diversity ichnofauna includes small
bibbed endostratal trails (Isopodichnus), and small looped en-
dostratal trails suggest freshwater to slightly brackish condi-
tions. A marine connection easily could have existed along the
paleo-Pacific margin. The basin narrowed sufficiently toward
the Beardmore Glacier area that restricted circulation, and fresh-
water drainage from land may have kept the embayment rel-
atively fresh. Barrett (1981) compared the seaway in which the
post-glacial black shales were deposited to the Baltic Sea of
similar extent and in which salinities are greatly diminished.

The research for this paper was supported by National Sci-
ence Foundation grants DPP 78-21129 and DPP 84-18354 to
James W. Collinson and DPP 84-18445 to Molly F. Miller and
Julia M.G. Miller.
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Figure 2. Typical large-scale coarsening upward cycles in Mackellar
and Polarstar Formations. Sedimentary structures are similar, but
in detail, sandy units in the Mackellar Formation fine upward; those
in the Polarstar Formation coarsen upward. (m denotes meter.)

marine fans that reached far into the basin. By the coalescence
of fans and the progradation of fine-grained delta-front and
braided-stream deposits, the Beardmore end of the basin rap-
idly filled both from the sides and longitudinally, as indicated
by sediment transport directions (figure 1, blocks c and d). By
the time braided streams reached the Ohio Range, the climate
had become warm enough to support coal-swamp vegetation.
Bradshaw, Newman, and Aitchison (1984) suggested that here
coal-bearing sandstones above the black shales are deltaic ma-
rine based on sedimentologic and trace fossil evidence. Beyond
the Ohio Range, the basin subsided more rapidly, as indicated
by the much greater thickness, and was deeper, as suggested
by sedimentologic features in the basal black shales in the
Ellsworth Mountains. Because the climate was warmer by the
time the deeper end of the basin was filled, coal measures,
rather than braided-stream deposits, directly overlie the post-
glacial black shale sequence. The lack of cold water and pos-
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Palynostratigraphy
of the Falla Formation

(Upper Triassic),
Beardmore Glacier region

THOMAS N. TAYLOR, EDITH L. TAYLOR,
and MICHAEL J. FARABEE

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

In the Transantarctic Mountains, the Falla Formation ranges
from 150 to 530 meters thick and consists of volcaniclastic sand-
stones and tuffs, interbedded with carbonaceous shale (Bar-
rett, Elliot, and Lindsay 1986). The unit is disconformable with
the underlying Fremouw Formation that is regarded as Lower/
Middle Triassic in age. Plant megafossils have been reported
from the lower portion of the formation (Barrett et al. 1986;
Taylor and Taylor, Antarctic Journal, this issue), but to date
there are only two reports of palynomorphs from the Falla
Formation (Kyle and Fasola 1978; Kyle and Schopf 1982).

During the 1985-1986 austral summer, samples were col-
lected from shales and coals in the type section of the Falla
Formation (level 13A, section F2, Barrett 1969; Barrett et al.
1986) and processed using a combination of palynological tech-
niques (Farabee, Taylor, and Taylor in press). Specimens col-
lected by James M. Schopf during the 1969-1970 field season
(level 8, section F2 of Barrett 1969) were also examined. To
date the palynoflora recovered consists of 44 pollen, spore,
and acritarch species that are assignable to 36 form genera
(table).

The palynology of the Falla Formation represents a com-
ponent of a large-scale program which seeks to define more
accurately a biostratigraphic framework for the Permian and
Triassic sediments in the central Transantarctic Mountains.
The megafossils recovered from a few sites in the Transan-
tarctic Mountains provide little biostratigraphic resolution; even
the silicified peat from Fremouw Peak and Skaar Ridge (Taylor,
Taylor, and Collinson 1986), while biologically important, con-
tributes relatively little information on the precise stratigraphy
of the region. Thus, the discovery of a relatively rich and di-
verse palynoflora in the Falla Formation offers the first op-
portunity for accurate biostratigraphic correlation of the
sediments. In addition, Falla Formation palynomorphs do not
appear to have been subjected to as high a degree of thermal
alteration as Fremouw and Permian assemblages (Kyle and
Fasola 1978; Kyle and Schopf 1982).

Based on the taxa recovered to date, we can conclude that
the palynomorphs from the Falla are most similar to those from
southern Australia and Tasmania (e.g., Playford 1965; Helby,
Morgan, and Partridge 1987). Of the taxa recovered from the
Falla Formation to date (table), only Protopinus stabilis appears
to be restricted to Antarctica. A number of the palynomorphs
from the Falla have stratigraphic ranges indicating a Late Trias-
sic age. Several taxa correspond with subzone C of Kyle's
(1977) informally proposed Alisporites zone (figure 1) that was
suggested for Triassic localities in the Feather Conglomerate
and Lashly Formations in southern Victoria Land. However,
the presence of certain taxa in the Falla samples, notably Po-

Palynomorphs recovered from the Falla Formation

Acanthotriletes bradiensis
A. tereteangulatus
A. cf. levidensis
Alisporites australis
A. parvus

A. sp.
Anapicu/atisporites cooksonae
Apiculatisporis globosus
Asseretospora gyrata
Baculatisporites comaumensis

Cadargasporites sp.
Ca/amospora tener
Circulisporites parvus
Con verrucosporites cameronhi
Craterisporites rotundus

Cycadopites follicu/aris
C. giganteus
C. cf. deterius
Deltoidospora directa
Dictyophyl/idites morton/i

Distriatites insculptus
Entylissa sub granulosus
Inaperturopollenites ma gnus
Indotriradites splendens
Laevigatosporites sp.

Neoraistrickia tayloril
Osmundacidites wel/manni
Playfordiaspora cance//osa
Pityosporites antarcticus
Platysaccus queenslandi

Polycingulatisporites crenulatus
Polypodiisporonites ipsviciensis
Protohaploxypinus sp.
Protopinus stabilis
Pteruchipollenites thomasii

Punctatisporites leighensis
Punctatosporites walkomi
Stereisporites antiquasporites
S. perforatus
Tubercu/atosporites Cf. aberdarensis

Uvaesporites verrucosus
Verrucosisporites carnarvonensis
Vitreisporites pa/lidus

lycingulatisporites crenulatus (figure 2), suggests our samples are
assignable to Kyle's subzone D. The occurrence of P. crenulatus
in the Falla samples, along with taxa more typical of de Jersey's
(1975) Craterisporites rotundus zone (figure 3), suggests an age
no older than early Norian for these rocks. The co-occurrence
of taxa found in both subzones C and D of Kyle suggests our
material may be near the boundary of these two sub-zones.

The discovery of well-preserved palynomorphs in the Falla
Formation offers the opportunity to correlate more accurately
sediments exposed in the central Transantarctic Mountains of
Antarctica with those from other Gondwanaland continents.
Continued palynostratigraphy of Beacon Group sediments will
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Figure 3. Craterisporites rotundus. x 800.

not only provide a much needed stratigraphic framework for
the area, but will also provide valuable details regarding the
evolution, distribution, and migration of Late Permian and
Triassic floras.
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The Cynognathus zone
(late Early Triassic)

vertebrate fauna from Antarctica

WILLIAM R. HAMMER

Department of Geology
Augustana College

Rock Island, Illinois 61201

During the last 2 weeks of the 1985-1986 austral field season,
a new fauna of Late Scythian (late Early Triassic) age temno-
spondyl amphibians and therapsid (mammal-like) reptiles was
collected from the Gordon Valley in the Beardmore Glacier
region of the central Transantarctic Mountains (Hammer et al.
1986; Hammer, Ryan, and DeFauw 1987; Hammer; Collinson,
and Ryan in preparation). The fossils occur in an 8-meter thick
quartzitic sandstone near the base of the upper Fremouw For-
mation (Collinson and Isbell 1986; Hammer et al. in prepara -
tion). Of the nearly 50 specimens recovered from this
assemblage, approximately half are identifiable to genus.

To date, six genera occur in this fauna, three therapsids and
three temnospondyls. The temnospondyl material, however,
is more abundant and better preserved than the reptilian ma-
terial. In fact, two of the three reptiles are represented by single
incomplete cranial fragments. This bias is apparently taphon-
omic, since the fossils occur in a channel sand. The more highly
aquatic temnospondyl amphibians were living in the channels
while the terrestrial therapsids were on the floodplains. Thus,
the reptilian material required transportation into the drainage
system as large clasts while the depositional environment
equaled the life environment for the amphibians.

Two of the therapsids are closely related to South African
forms. Age equivalence with the South African Cynognathus
zone (Kannemeyeria zone, according to Keyser and Smith 1978),
has been established by the presence of the South African
cynodont (carnivorous therapsid) Cynognathus sp. (figure) and
an incertae sedis member of the dicynodont (herbivorous ther-
apsid) family Kannemeyeriidae (Hammer et al. in preparation).
The third theriodont belongs to a new gomphodont cynodont
(herbivorous cynodont therapsid) genus. It shows the typical,
transversely widened postcanine teeth of a gomphodont, and

it has a large canine and diastema (gap in tooth row behind
the canines).

The temnospondyls are all new genera. Representatives of
the families Capitosauridae and Benthosuchidae occur, plus a
third form which shows some characteristics of both families.
These two groups are part of the same evolutionary complex,
hence both are classified in the superfamily Capitosauroidea.
The three antarctic representatives of this group apparently
evolved as endemic forms on that continent. It is of particular
interest that a benthosuchid occurs, since this family is not
found in Africa and is very rare in the Triassic of Gondwan-
aland in general. It is possible that the more derived capito-
saurs and the few benthosuchids from the other southern
continents might be the result of an evolutionary radiation
from the antarctic assemblage.

Overall the temnospondyls in the fauna are more endemic
than the reptiles, since they all represent new genera while at
least two of the therapsids show strong affinities to South
African forms. This is probably due to differing lifestyles, the
more terrestrial reptiles could migrate freely over low topo-
graphic barriers that might have existed between Antarctica
and Southern Africa during the Triassic, while the aquatic
temnospondyls would be more restricted by drainage divides
of any type.

This research is supported by National Science Foundation
grants DPP 86-11334 and DPP 86-14140.
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Lateral view of Cynognathus sp. mandible from Gordon Valley.
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Field collecting for apatite
fission-track analysis

of uplift history
of the Scott Glacier area,
Transantarctic Mountains

EDMUND STUMP and PAUL C. FITZGERALD

Department of Geology
Arizona State University

Tempe, Arizona 85287-1404

During the 1987-1988 field season, we undertook a sampling
program in the Scott Glacier area, for an apatite fission-track
study of the uplift history of the Transantarctic Mountains in
that area. Two collecting strategies were followed:
• regional collecting from summits with peak heights indi-

cated on the U.S. Geological Survey 1:250,000 topographic
maps, with the goal of determining the relative uplift
throughout the area, and

• collecting of vertical profiles at 100-meter elevation intervals
on high-relief exposures, with the goal of determining the
initiation time of uplift by defining the base of an uplifted
apatite annealing zone, as well as gathering information on
uplift rates. The data from the Scott Glacier area will be an
extension of other fission-track uplift studies in southern
Victoria Land (Gleadow and Fitzgerald 1987) northern Vic-
toria Land (Fitzgerald and Gleadow 1988), and the Beard-
more Glacier area (Fitzgerald 1986).
Our four-man (E. Stump, P.G. Fitzgerald, M. Stump, and

L. Dean) party occupied four tent camps during the 5-week
season (figure); ground transport was by snowmobile and
Nansen sled. We were put into the field by Hercules LC-130
aircraft at a landing site near the Ross Ice Shelf south of O'Brien
Peak. Nine peaks were collected in the vicinity of camp 1,
including a 400-meter profile on Mount Salisbury. From camp
2 on Dragon's Lair Névé vertical profiles were collected from
Mount Griffith, Mount Pulitzer, and Heinous Peak. The sam-
pling on Mount Griffith covered 2,300 meters of vertical relief,
on Mount Pulitzer, 1,200 meters, and on Heinous Peak, 2,300
meters. An additional 12 summit samples were collected in
the vicinity of camp 2. From camp 3 we collected a 1,800-meter
section on Mount Borcik. From camp 4 on the east side of Scott
Glacier we collected a 1,400-meter section on Mount Zanuck,
as well as a summit sample from Altar Peak.

In addition, we mapped a roof pendant of metamorphic
rocks at Cox Peaks which had been reported by Katz and
Waterhouse (1970). Lithologies are similar to those exposed
throughout the headreaches of Scott Glacier (Stump, Smit, and
Self 1986). These are a metavolcanic unit equivalent to the
Wyatt Formation, and an immature sedimentary unit probably
equivalent to the La Gorce Formation. However, in addition
to the typical association of metagraywacke and phyllite in the
La Gorce Formation, metasediments at Cox Peaks contain a
considerable fraction of monomict conglomerate with clast lith-
ology the same as the matrix. Wyatt and La Gorce Formations
in the Cox Peaks are in fault contact, with a right-lateral strike-
slip sense of movement indicated.

Returned samples are being processed through crushing,
heavy- liquid separation, mounting, etching, and irradiation
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for determination of apatite fission-track ages by the external-
detector method in the Fission-Track Dating Laboratory at Ar-
izona State University. As part of this project samples collected
by Fitzgerald (1986) in the Beardmore Glacier area during the
1985-1986 field season are also being analyzed.

Mugs Stump and Lyle Dean provided excellent mountai-
neering expertise, without which the collecting would not have
been so completely successful. This research was supported
by National Science Foundation grant DPP 86-12938.
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Fossils collected during the 1984-1985 and 1985-1986 field
seasons provided the first indication that the Shackleton Lime-
stone of the central Transantarctic Mountains had a well-pre-
served shelly fauna in addition to archaeocyathans that have
been known since early exploration of the continent (Rees,
Rowell, and Pratt 1987; Rowell et al. in press). Continuing
preparation and examination of these collections reveal that
the fauna is moderately diverse (figure), is entirely of middle
and late Early Cambrian age, and includes a number of widely
dispersed taxa in addition to genera that otherwise are known
only from Australia. It is the first in situ non-archaeocyathan
Lower Cambrian fauna recorded from the continent; however,
as yet we have recognized no species in common with the
broadly contemporaneous fauna reported from morainic boul-
ders on Mount Spann, near the Weddell Sea terminus of the
range.

Archaeocyathans are the most conspicuous fossils in the
Shackleton Limestone and are relatively well known having
been described most recently by Debrenne and Kruse (1986).
We are concerned principally with non-archaeocyathan taxa
because, prior to our work, none of these had been docu-
mented from the Shackleton Limestone. Most of our material
comes from the Churchill Mountains, between the Nimrod and
Byrd glaciers (82°30'S 161°E; 80030S 158°E), but outcrops at the
head of the Beardmore Glacier, where small knobs of Shack-
leton Limestone protrude through the ice southeast of Mount
Bowers (85°S 164°E), are also fossiliferous. Species richness is
modest; the maximum number of non-archaeocyathan species
that we have recorded from any one locality is only ten.

In addition to the archaeocyathans, several major groups of
animals are represented (figure, blocks A-S). They include
eodiscoid and polymeroid trilobites, phosphatic sclerites of the
problematic kennardiids, both inarticulate and articulate bra-
chiopods, hyoliths, at least two types of mollusk, and an enig-
matic species that shows some resemblance to a chondrophorine
float. Although individuals of these taxa may be common at
a particular collecting locality, in general, they are rare in the
formation as a whole.

All but one of the non-archaeocya than genera occur else-
where in the world: all but three of their species, however,
appear to be endemic to Antarctica. This level of specific ende-
mism contrasts markedly with that of the Archaeocyatha: De-
brenne and Kruse (1986) have shown that 16 of the 31
archaeocyathan species known from Antarctica occur also in
Australia. Thus, these organisms suggest a strong intraprov-
incial relationship between the two areas, a relationship sup-

ported by the distribution of the kennardiids. The geographic
occurrences of some of the fauna, however, indicate that prov-
incial relationships, in detail, were more complex.

Kennardiids were known previously only from southern and
central Australia, where they are represented by two genera
(Laurie 1986). Both occur in the Shackleton Limestone (figure,
blocks J, K, M, N, and R) and one of the species may be
conspecific with an undescribed Australian taxon. An unusual
platform-bearing elkaniid-like inarticulate brachiopod (figure,
block G) is very similar also to an undescribed species that
occurs in the Lower Cambrian of South Australia. These fossils
certainly are members of the same principal dade and their
presence reinforces the concept of faunal connectedness be-
tween the two regions.

The remainder of the fauna belongs either to cosmopolitan
genera that shed little light on provincial relationships [e.g.,
Lingulella (figure, block Q), Latouchella (figure, block L) and the
hyoliths], is unknown elsewhere (figure, blocks 0 and P), or
demonstrates that faunal connections existed with other parts
of the world. The trilobites, for example, show mixed affinities.
Wutingaspis and Yunnanocephalus (figure, blocks E and B) are
typically Chinese genera, although forms like Wutingaspis have
been recorded also in Australia. A surprising feature, is the
presence of several genera that otherwise are known only from
Siberia, such as Neopagetina, Onchocephalina, and Bergeron iellus,
(figure, blocks C, F, and A). Australaspis, initially described
from morainic boulders near the Weddell Sea (Palmer and
Gatehouse 1972), occurs in the Shackleton Limestone (figure,
block D): what may be the same taxon masquerades as Lem-
dadella in Spain and Morocco. The problematic Marocella mira
(figure, blocks H and I) was also recorded first from this region
(Geyer 1986). When the study of the Shackleton Limestone
fauna is complete, it will provide new insight into provincial
relationships and faunal pathways during Early Cambrian time.

We are indebted to Peter Braddock, Sarah Jones, Brian Pratt,
and Ray Waters for their companionship in the field and their
assiduous collecting. We are grateful to W.T. Chang, P.A. Jell,
A.R. Palmer, R. A. Robison, and E. L. Yochelson for their advice
and comments on various elements of the fauna. This study
has been supported by National Science Foundation grants
DPP 85-19722 to the University of Kansas and DPP 87-44459
to the University of Nevada, Las Vegas.
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Some fossils from the Shackleton Limestone. A. Bergeroniellus sp.. x6. B. Yunnanocephalus sp., x10. C. Neopagetina sp., x8. D. Aus-
tralaspis sp., x 6. E. Wutingaspis sp., x 3. F. Onchocephalinacr sp., x 4. G. Elkaniid-like lingulide, x 5. H and I. Marocella mira x 5, x 5. J,
K, M, N, and S. Dailyatia spp. x 20, x 20, x 22, x 20, x 24. L. Latouchella sp., x 9. 0 and P. Euomphalid mollusk x 5, x 5. 0. Lingulella sp.
x 10. R. Kennardia sp., x 24.
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Jurassic tholeiites of the Ferrar Group crop out in a linear
belt which extends along the Transantarctic Mountains from
Horn Bluff to the Pensacola Mountains. These rocks are char-
acterized by initial strontium isotope ratios which are anom-
alously high for basaltic rocks (average initial strontium-87/
strontium-86 equals 0. 7115, Kyle 1980). The extrusive phase of
this magmatic province, the Kirkpatrick Basalt, is found in
three distinct areas in northern Victoria Land, southern Vic-
toria Land, and the central Transantarctic Mountains.

Flood basalt sequences similar to the Kirkpatrick Basalt were
initially thought to have monotonously uniform chemistry.
More detailed chemical studies of several of these provinces
have shown significant variations in chemistry which have
been used to unravel the stratigraphy and structure of the
basalt sequences and provide a view of temporal variations in
magma evolution on a regional scale. In the case of the Kirk-
patrick Basalt, two chemically distinct groups, referred to as
the high-titanium and low-titanium units have been recog-
nized in northern Victoria Land (Siders and Elliot 1985).

The high-titanium unit, which occurs as the uppermost se-
ries of flows of the lava pile, has lower calcium content and
magnesium/iron ratio and higher silicon, iron, potassium,
phosphorus, titanium and incompatible trace element concen-
trations than the low-titanium unit. The chemistry indicates
that the high-titanium unit is more evolved, in particular to-
ward iron enrichment, than the low-titanium unit. The high-
titanium rocks are highly evolved and should, perhaps, be
called tholeiitic andesites. Siders (1983) has shown that the
high-titanium unit exhibits a remarkable internal homogeneity
with respect to most of the major and trace elements; for most
elements the reported variation is within analytical precision.
This homogeneity is attributed in part to the extremely fine
and uniform grain size of these rocks. Although the age is not
well constrained, the high-titanium rocks are not thought to
be substantially younger than the underlying low-titanium la-
vas (Elliot and Foland 1986).

The low-titanium flows, which make up the bulk of the lava
sequence in northern Victoria Land, show much greater chem-
ical variability both within and between flows (Siders 1983).
The low-titanium rocks are generally coarser grained and have
more variable textures. Chemical compositions of these flows
show distinct trends on chemical variation diagrams. Alumi-
num and calcium decrease with decreasing magnesium/iron
ratio whereas silicon, titanium, manganese, phosphorus, po-
tassium, sodium, and the incompatible trace elements increase
(Siders and Elliot 1985). Initial strontium isotope ratios of the
low-titanium rocks are high and variable (Mensing et al. 1984).

The chilled margins of sills in northern Victoria Land have
major and trace element compositions which overlap those of

the most evolved low-titanium flows and extend to more evolved
compositions (Haban 1984; Fleming 1986). In chemical varia-
tion diagrams, the low-titanium lavas and sills of the region
form smooth and continuous trends suggesting that they rep-
resent a single evolutionary sequence in which assimilation-
fractional crystallization processes may have a role (Mensing
et al. 1984). No intrusive rocks have been identified with com-
positions equivalent to the high-titanium unit.

Isotopic analyses of the high-titanium lavas in northern Vic-
toria Land show that the high-titanium unit has initial stron-
tium-87/strontium-86 ratios (0.7085-0.7095, Elliot et al. 1984)
which are lower than those of the underlying low-titanium
lavas (0.7098-0.7120, Mensing et al. 1984). This relationship
indicates that the high-titanium rocks could not have been
derived directly by crustal contamination and/or fractional
crystallization of low-titanium magmas. If the two units are
related at all, possible explanations for the more evolved com-
position and lower initial strontium-87/strontium-86 ratios of
the high-titanium unit must appeal to derivation of the two
units by separate evolutionary paths from a less evolved parent
magma. These isotopic and chemical relationships suggest that
there are at least two independent basalt lineages in the Ferrar
Group in northern Victoria Land.

Recently collected major and trace element data from lavas
in the Grosvenor Mountains confirm that a similar distinction
between high-titanium and low-titanium rocks can be made
in the central Transantarctic Mountains as suggested by Siders
and Elliot (1985). Twelve samples collected from the uppermost
flow of the lava sequence at Mount Bumstead, Mount Emily,
Mount Cecily, and Mount Raymond have a distinctive major
and trace element chemistry which is remarkably similar to
the high-titanium rocks in northern Victoria Land (figures 1
and 2). The flow has a diabasic appearance in the field; in thin
section the rocks contain plagioclase, augite, pigeonite, and
titanomagnetite in an abundant quartzofeldspathic mesostasis.
The flow can be followed in outcrop over large distances and
at all the localities examined it lies above an interbed. The
thickness of the flow ranges up to 66 meters at Mount Cecily,
but this represents a minimum thickness as the uppermost
portion of the flow has been eroded at all sections. Six samples
collected through the flow at Mount Cecily show that the
chemical composition is uniform despite its thickness and coarse
grain size (figure 3). The capping flows at Block Peak, Mauger
Nunatak, and Mount Block have a similar field appearance
and lie above an interbed but samples from these localities
have not yet been analyzed.

Previously published major element analyses of the upper-
most flow at Storm Peak and Mount Falla (Faure et al. 1974;
Faure, Pace, and Elliot 1982) suggest that high-titanium rocks
are also present in the Queen Alexandra Range which is ap-
proximately 100 kilometers to the north. The high-titanium
rocks in the Queen Alexandra Range have the same physical
appearance as those in the Grosvenor Mountains both in the
field and in thin section and also lie above an interbed. Two
strontium isotope analyses of these rocks have been reported
previously (Faure et al. 1974; Faure, Pace, and Elliot 1982). The
initial strontium-87/strontium-86 ratios fall within the range of
those reported for the high-titanium unit in northern Victoria
Land. The isotopic composition, therefore, is an additional
point of similarity between the high-titanium rocks in the cen-
tral Transantarctic Mountains and those in northern Victoria
Land. The major differences between the high-titanium rocks
in northern Victoria Land and the central Transantarctic Moun-
tains are their texture and field appearance: the high-titanium
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Figure 1. Geologic map of the upper Beardmore Glacier region.

rocks in northern Victoria Land are extremely fine grained and
contain abundant dark brown glass.

Previously published data show that the lavas which un-
derlie the high-titanium rocks in the central Transantarctic
Mountains are generally more evolved with respect to silica,
iron, and incompatible element enrichment than the low-ti-
tanium lavas in northern Victoria Land (figure 2). New anal-
yses of seven lavas which crop out at Mount Cecily show a

0.5	0.6	0,7	0.8	0.9	1.0
Fe 2 03T/(Fe2O3T+ MgO)

Figure 2. Chemical variation diagram showing composition of lavas
from the central Transantarctic Mountains. Fields for high- and low-
titanium rocks from northern Victoria Land (NVL) are outlined. (Data
from Elliot, 1971; Faure et al. 1974; unpublished data.

relatively restricted range of compositions (figure 3). The sec-
tion at Mount Cecily is incomplete and probably represents
only the upper part of the lava pile. Further study of lavas at
Mount Bumstead, where a more complete section is present,
is likely to reveal a greater range of chemistry and one that is
similar to that in the Queen A1exatdra Range.

The change from low- to high-titanium magma types pro-
vides an important datum which can be used to evaluate the
stratigraphic correlations previously proposed by Barret, Elliot,
and Lindsay (1986) and provides the first stratigraphic con -
nection between the basalt sequences in the Grosvenor Moun-
tains and the Queen Alexandra Range. Given the unusual
composition of the high-titanium rocks, the chemical similarity
between the uppermost lava flows in northern Victoria Land
and the central Transantarctic Mountains suggests that either
there is some intimate connection between the lava sequences
in northern Victoria Land and the central Transantarctjc Moun -
tains which are separated by 1,300 kilometers or, more likely,
the two units have a similar petrogenetic history. The change
from low- to high-titanium magmatism may, therefore, reflect
some fundamental change in source region or magma evo-
lution which is time dependent and may be related to a chang-
ing tectonic environment.

The work reported here is part of a continuing effort to
understand the stratigraphy and petrogenesis of the Kirkpa-
trick Basalt in the central Transantarctic Mountains through
an integrated study of major and trace elements and strontium,
neodymium, and oxygen isotopes.

We would like to thank Dan Larsen and Dave Buchanan for
their assistance in the field and acknowledge the support of

Figure 3. Stratigraphic section of the lava sequence exposed at
Mount Cecily. Location of the samples which have been analyzed
Is indicated. The uppermost flow of this section has a distinct
chemical composition referred to as the high-titanium unit.
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VXE-6 and the ITT/Antarctic Services, Inc., personnel at the
Beardmore Camp. We would also like to thank Richard Arculus
for his assistance with the X-ray fluorescence analyses which
were performed at the University of Michigan. Support for this
project was provided by National Science Foundation grant
DPP 84-19529.
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Basaltic lavas of Jurassic age are exposed in two separate
areas in the Beardmore Glacier region (figure 1). The lava se-
quences have a maximum thickness of a little over 500 meters.
A small number of widespread thick flows, generally fewer
than 10, are accompanied by a variable number of thin flows
of limited extent. The lavas are typical flood basalts with in-
dividual distinctive flows being identifiable over distances of
30 kilometers. A general description of the lavas is given in
Barrett, Elliot, and Lindsay (1986).

Most flows have a thin lower contact zone with amygdales
(zeolite tilled vesicles), a massive but irregularly jointed inte-
rior, and an amygdaloidal upper contact zone of variable thick-
ness. The uppermost parts of some of the upper contact zones
are intensely altered and are overlain by up to 1.5 meters of
fine-grained structureless rock (figure 2) which is interpreted
to be the result of weathering processes and, in a few cases,
soil formation. These units of structureless rock carry dispersed
angular to rounded clasts of amygdaloidal basalt similar to the
underlying altered lava. The clasts are randomly distributed,
show an overall decrease in size upwards, and occur to within
a few centimeters of the upper surface. The margins of the
clasts range between sharp and diffuse. The upper surface is
generally planar and horizontal, although disturbance by the
overlying flow is seen at some localities. The contact with the
underlying amygdaloidal basalt varies between sharp and hor-
izontal, diffuse and horizontal, and highly irregular. In the
latter case, the structureless rock fills crevices and hollows in
the amygdaloidal upper contact zone of the underlying lava.
The crevices are wedge shaped and as much as 1 meter deep,
and the upper surface of the flow may have a rounded or
bulbous form. The upper surfaces of some of these zones of
structureless rock carry woody-plant impressions. A few of the
units exhibit networks of tube-like bodies that branch down-
wards. These networks span a depth of 25 centimeters and
start 20-30 centimeters below the upper surface.

Microscopically, the structureless rock units consist of scat-
tered angular quartz and less common sodic plagioclase in
grains up to 0.1 millimeters across, set in a micro- to crypto-
crystalline siliceous matrix in which phyllosilicate shreds are
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widely, but sparsely, distributed. Only quartz has been iden-
tified by X-ray diffractometry. A few of the units contain abun-
dant hematite and are brick red. Small irregular areas of a
coarse-grained zeolite (clinoptilolite) occur in a few samples.
A few of these units contain tricuspate (bubble wall) shards in
the upper 60 centimeters and many contain straight to slightly
curved rods of similar appearance throughout most of their
thickness. The rods are probably fragments of larger shards.
The shards are replaced by zeolite or cryptocrystalline material.
The branching tube-like structures in one instance consist of
an unoriented orange-brown vermiculite. Other irregular to
rounded bodies of vermiculite and zeolite may represent cross
sections of the tubes.

The branching networks of tube-like bodies are similar to
root structures and suggest that soil-forming processes have
affected these rocks (Retallack 1988). Orientation of phyllos-
ilicates around the tubes (or roots) has not been detected mi-
croscopically; however, a weak blocky texture in one thin section
suggests the possibility of ped structure. In general, the fea-
tures to be expected in paleosols (Retallack 1988; Fastovsky
and McSweeney 1987) have not been observed. Titanium and
zirconium abundances in the one section analyzed so far do
not show the distribution commonly found in soils. Never-
theless, the plant remains on the upper surface, the branching
root-like structures, and the randomly distributed amygdaloi-
dal clasts are not inconsistent with these rock units being pa-
leosols. Those which lack the root-like structures are described
as weathering profiles even though they were probably af-
fected by soil-forming processes.

The delicate tricuspate shards are associated with scattered
quartz, uncommon plagioclase, and very sparse hornblende
and point to contemporaneous silicic volcanism. This com-
ponent of silicic ash occurs with amygdaloidal basalt clasts up
to tens of centimeters across in these unbedded rock units,
which might suggest deposition of the ash on a weathered
lava rubble and redeposition by mass-flow processes. The pres-
ervation of delicate shards and the wide area over which at
least one of these rock units is preserved would argue against
that mechanism. Rather, a process of vertical mixing of silicic
ash that was deposited on an already weathered basalt would
seem a more likely process. Such vertical mixing is character-
istic of vertisols in which surface material is washed down at
the beginning of the rainy season into the vertical cracks formed
in soils during the dry season.

Other processes must have affected the rocks, because the
matrix to the shards, mineral fragments, and basaltic clasts is
highly siliceous. Even those basalt clasts which are clearly
breaking down are not being replaced, as would be expected,
by clays and hydrated iron oxides but rather are apparently
replaced by siliceous material. A secondary silicification has
probably affected these rocks and replaced most of the normal
products of weathering.

Figure 1. Locality and geologic sketch map for the Beardmore Gla-
cier region.

Figure 2. A 1.5-meter-thick unit of structureless rock overlying highly
weathered amygdaloidal basalt at Mount Block. The structureless
rock, interpreted as a weathering profile, has a sharp and near
horizontal contact with the underlying flow (white arrow) and car-
ries amygdaloidal basalt clasts (indicated by black arrows) up to
30 centimeters across. Silicic shards are observed microscopically
throughout much of the thickness of the profile.
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The wood impressions, the occurrence of fossilized logs up
to 40 centimeters in diameter, and the presence of tree stumps
caught up in the flows (Barrett, Elliot, and Lindsay 1986), all
point to a climate suitable for the growth of vegetation. The
apparent growth rings in the wood have not been confirmed
microscopically (E.L. Taylor personal communication) and no
inferences can be drawn about the paleoclimate. On the other
hand, if the paleosols are in fact vertisols, then a strongly
seasonal climate with alternating wet and dry seasons is im-
plied.

The weathering profiles and paleosols are associated with
lacustrine interbeds and tuffs (Elliot, Bigham, and Jones in
press). They mark the longer intervals of time between lava
eruptions during which new drainage was established, shal-
low lakes formed in depressions on the lava plain, and weath-
ering proceeded to soil formation. The silicic ash shows that
the bimodal volcanism which is represented in the underlying
Prebble Formation (Larsen 1988) continued into Kirkpatrick
Basalt time. The bimodal volcanism is associated with Gond-
wanaland breakup (Elliot in press).

Fieldwork on which this report is based was supported by
National Science Foundation grant DPP 84-19529. Assistance
in the field was provided by D. Buchanan, T. Fleming, and D.
Larsen.
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Geochemical record of provenance
in fine-grained Permian clastics,
central Transantarctic Mountains
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During the austral summer of 1985-1986, we collected ap-
proximately 310 samples of fine-grained clastics from 24 mea-
sured sections in the Permian sequence of the central
Transantarctic Mountains (figure). Our fieldwork and our col-
laborative efforts with other sedimentologists from Ohio State
University and Vanderbilt University were summarized by
Krissek and Homer (1986). Our ultimate objective is to extract
provenance and paleoclimatic information from these fine-
grained sediments, using their mineral and chemical compo-
sitions and principles established by other workers (e.g., Grif-
fin, Windom, and Goldberg 1968; Keller 1970; Nesbitt and
Young 1982). Because the Permian sequence in the central
Transantarctic Mountains records the transition from a glacial
regime (Pagoda Formation), through subaqueous clastic de-
posits (Mackellar Formation), to fluvial sequences (Fairchild
Formation) with coals (Buckley Formation), such an exami-
nation promises to provide valuable insight into the timing
and nature of this paleoenvironmental change.

Krissek and Homer (1987) described the criteria used to iden-
tify samples that have experienced minimal post-depositional
alteration, and presented mineralogic data for 19 samples iden-
tified as least-altered." These samples are distributed both
stratigraphically and geographically throughout the study area,
and their compositions suggest that:
• Pagoda sediments throughout the study area were derived

from physically weathered source rocks;
• Mackellar sediments in the northern portion of the study

area were derived from a chemically weathered source, while
Mackellar sediments in the southern portion of the study
area continued to originate from a physically weathered
source; and

• Buckley sediments throughout the study area were derived
from chemically weathered sources.
An alternate indicator of weathering effects (the chemical

index of alteration, or CIA) can be calculated from the major
element geochemistry of fine-grained sediments (Nesbitt and
Young 1982), and our efforts during the past year have con-
centrated on using this approach to examine further the prove-
nance patterns outlined by the mineralogic data. The CIA is
proposed to be unaffected by post-depositional alteration (Nes-
bitt and Young 1982), and the lack of covariation between
vitrinite reflectance and CIA values in samples from the central
Transantarctic Mountains supports that interpretation.

To date, CIA values have been calculated for 27 samples;
these data are summarized in the table. A general increase in
the importance of chemically weathered sediments is recorded
by the upsection increase in average CIA values, supporting
the interpretation made earlier from mineralogic data. The in-
crease in CIA values is especially notable between the Mack-
ellar and the Fairchild formations, when sediment input
apparently shifted from a combination of physically and chem-
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Chemical index of alterationa
values for Permian samples from

the central Transantarctic Mountains

Number of	 Standard
Formation	Area	samples	Mean	deviation

Buckley	All	 9	79.1	5.8
Fairchild	All	 3	80.0	2.2
Mackellar	All	 13	74.0	3.3
Pagoda	All	 2	72.7	0.3

Buckley	North	 5	80.3	7.1
Central	3	76.8	3.0
South	 1	79.8

Mackellar	North	 3	76.6	2.1
Central	5	74.8	3.8
South	 5	71.6	1.2

a Nesbitt and Young 1982. (The chemical index of alteration (CIA) equals
[Al2031(Al 203 + CaO + Na20 + K20)] x 100, so that low values
indicate a predominance of physically weathered materials, while high
values indicate a predominance of chemically weathered materials.

removed), and are significantly larger than CIA values for the
Mackellar from the southern portion of the study area. This
pattern indicates that the northern and central parts of the
study area received chemically weathered material before the
southern part, and it supports the similar interpretation pre-
viously based on mineralogic data. CIA values within the Buck-
ley are relatively high and do not vary significantly across the
study area, indicating that chemically weathered source areas
were dominant during Buckley deposition, with only locally
important input of physically weathered detritus. This conclu-
sion also agrees with the interpretation of mineralogic data
from these samples.

The results of this study, combined with the results pre-
sented by Krissek and Homer (1987) indicate that the mineral
and chemical compositions of fine-grained sediments can pro-
vide valuable provenance information in the study of a dep-
ositional basin.

This project was funded by National Science Foundation
grant DPP 84-18354.

References

ically weathered source rocks to a predominance of chemically
weathered material. Mixing of physically weathered and chem-
ically weathered products appears to have remained important
locally during the deposition of the Fairchild and the Buckley
formations, however, in order to produce the low CIA values
observed in those units.

Geographic details of the shift from physically weathered to
chemically weathered sources are also apparent within the CIA
data for the Mackellar and the Buckley formations (table). Within
the Mackellar, CIA values for the northern and central portion
of the study area are similar (especially when one sample from
section MD that may be misidentified Pagoda mudstone is

Griffin, J., H. Windom, and E.D. Goldberg. 1968. The distribution of
clay minerals in the world ocean. Deep Sea Research, 15, 433-459.

Keller, W.D. 1970. Environmental aspects of clay minerals. Journal of
Sedimentary Petrology, 48, 788-854.

Krissek, L.A., and T.C. Homer. 1986. Sedimentology of fine-grained
Permian clastics, central Transantarctic Mountains. Antarctic Journal
of the U.S., 21(5), 30-32.

Krissek, L.A., and T.C. Homer. 1987. Provenance evolution recorded
by fine-grained Permain clastics, central Transantarctic Mountains.
Antarctic Journal of the U.S., 22(5) 26-28.

Nesbitt, H.W., and G.M. Young. 1982. Early Proterozoic climates and
plate motions inferred from major element chemistry of lutites. Na-
ture, 299, 715-717.

Palynostratigraphy
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Sequences of terrestrial sediments in Antarctica have proven
difficult to correlate and date accurately due to the generally
low recovery of microfossil assemblages. One of the principal
reasons that palynofloras have not been widely used in cor-
relating antarctic sediments is the assumption that excessive
thermal maturation has reduced the number of specimens
available for study, or badly degraded those remaining so that

diagnostic characters necessary in taxonomic distinctions are
impossible to resolve.

To date, Permian sediments in Antarctica have been dated
principally on the presence of Glossopteris remains (e.g., Bar-
rett, Elliot, and Lindsay 1986). In the absence of any animal
remains, more refined biostratigraphy is dependent upon the
use of palynological data. Previous studies (e.g., Kyle and
Schopf 1977) have commented on the effects of Jurassic vol-
canism on microfossils in underlying sediments. Despite a va-
riety of problems associated with thermal maturation and the
resultant effects, palynofloras can be recovered and thus offer
an opportunity for refined biostratigraphic correlation.

The existence of palynomorphs in the Buckley Formation
was reported by Tasch (1978) from Coalsack Bluff, Mount Sir-
ius, and Mount Picciotto in the central Transantarctic Moun-
tains, but taxonomic designations and illustrations were not
provided. Palynomorphs of Permian age have been recovered
from the Mount Glossopteris Formation and Queen Maud For-
mation by Kyle and Schopf (1982). The sediments were inter-
preted as Buckley-age equivalents based on other non-
palynological data. In addition, Kyle (1976, 1977) reported a
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palynoflora from the Weller Coal Measures in Victoria Land,
while Balme and Playford (1967), Kemp (1973), and Dibner
(1978) described similar assemblages from the Prince Charles
Mountains that have been considered Late Permian.

Here we report a well-preserved palynoflora (table) in the
Buckley Formation recovered from shale units from the north-
west face of Mount Achernar. The samples were processed
from shales at four horizons that occur between the highest
diabase sills. Sample preparation techniques are those outlined
in Farabee, Taylor, and Taylor (in press).

Based on preliminary results the section on Mount Achernar
is correlated with the Amery Formation in the Prince Charles
Mountains (Balme and Playford 1967), and also with the upper
portion of the Mount Glossopteris Formation in the Ohio Range
and Queen Maud Formation in the Nilsen Plateau (Kyle and
Schopf 1982). The following taxa occur in the Upper Permian
of Antarctica: Didecitriletes ericianus (figure 1), Protohaploxypinus
amplus (figure 2), P. limpidus, Praeco/ pat ites sinuosus, and Stria-
topodocarpites cancellatus. Kyle and Schopf (1982) have sug-
gested a correlation between the Weller Coal Measures and
Feather Conglomerate (excluding the Fleming Member) of South
Victoria Land with the Mackellar, Fairchild, and Buckley for-
mations of the Beardmore Glacier area. Two taxa, D. ericianus
and P. amp/us, occur in sediments from the Weller Member C,
as well as younger sediments in the Prince Charles and the
Transantarctic mountains. Kyle (1977) equated the Weller C
with Australian stage 4 (Lower Permian). All available data

Palynomorphs recovered from the Buckley Formation

Acanthotriletes cf. A. superbus
Calamospora cf. C. microrugosa
Camptotriletes cf. C. warchianus
Cannanoropollis sp.
Chordasporites sp.

Cycadopites cf. C. follicularis
Deltoidspora directa
Didecitriletes ericianus
D. Ion gispinosus
Granulatisporites trisinus

Horriditriletes ramosus
Laevigatosporites vulgaris
L. cf. plicatus
Lophotriletes novicus
Lunatisporites Cf. L. noviaulensis

Marsupipollenites triradiatus
Pilasporites calculus
Praeocolpatites sinuousus
Protohaploxypinus amp/us
P. limpidus

P. microcorpus
P. pennatulus
P. samoiovichii
Retusotriletes nigritellus
Striatopodocarpites cancellatus

S. fusus
S. gondwanensis
S. rarus
Vitreisporites signatus

Figure 1. Didecitriletes ericianus. x 800.

suggest that the Buckley, Amery, Mount Glossopteris, and
Queen Maud formations are, at least in part, stage 5 (Upper
Permian). It is noteworthy that Praeco/patites sinuosus has not
been reported from southern Victoria Land, although this taxon
occurs in all other Upper Permian sediments in Antarctica.
Palynomorphs have not yet been recovered from the lower
Feather Conglomerate (Kyle 1977).

The recovery of palynofloras from Permian and Triassic sed-
iments in the Beardmore Glacier area demonstrates the pres-
ence of these important biostratigraphic fossils in sediments
previously believed to have been unproductive. Moreover, their
occurrence provides the opportunity for more extensive and
refined correlation between the central Transantarctic Moun-
tains and southern Victoria Land, Prince Charles Mountains,
Australia, and other Gondwanaland sequences. We are con-
fident that other sections of the Buckley currently being pre-
pared for palynomorphs will offer the opportunity to define
local stratigraphic ranges and develop further distributional
data. Such information will ultimately contribute to a more
accurate placement of the Buckley Formation within a regional
stratigraphic framework.

Figure 2. Protohaploxypinus amplus. x 800.
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This research was supported in part by National Science
Foundation grant DPP 86-11884. The specimens were collected
by James W. Collinson, John L. Isbell, and the late James M.
Schopf of the Byrd Polar Research Center.
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Stratigraphic and structural data collected during our 1987-
1988 field season in the Churchill Mountains (figure) together
with isotopic and geochemical data necessitate a revision in
the stratigraphy of the pre-Devonian Paleozoic Byrd Group
and a reinterpretation of the regional geological history. We
conclude that there is no evidence for deep-water deposition
in the Shackleton Limestone, that the Dick Formation is part
of the basin-fill phase of sedimentation formed subsequent to
the initial episode of Paleozoic deformation, and that there is
no evidence for volcanic activity in the area during deposition
of the group. Although not the focus of our field work, we

also mapped post-Permian normal faults that confirm sub-
stantial extensional deformation in the central Transantarctic
Mountains, and we collected carbonaceous and silicified plant
fossils from a new locality (N-87-2; figure, block D) in sand-
stones of the Beacon Supergroup.

Our field team consisted of Margaret N. Rees, Albert J. Row-
ell, and two field assistants, Sarah Jones and Peter Braddock.
We were put into our first field area (figure, block C) by an
LC-130 ski-equipped Hercules airplane on the Nicholson Pen-
insula (80°42'S 159°22'E) on 23 November 1987 and picked up
there on 16 December. The put-in at our second field area
(figure, bock D), the Starshot Glacier (81°54'S 158°29'E), was
on 18 December, and we were pulled out on 6 January. Al-
though much was accomplished at localities M, N, and 0
(figure, block D), numerous days of poor visibility resulted in
only 1 day at locality P to examine the Starshot Formation, and
consequently, the relationships there are still unresolved.

Four formations have been referred to the Byrd Group:
Shackleton Limestone, Dick Formation, Douglas Conglomer-
ate, and Starshot Formation (reviewed in Laird 1981). The Lower
Cambrian Shackleton Limestone throughout the Churchill
Mountains represents only shallow-water carbonate shelf and
peritidal deposits (Rees, Rowell, and Pratt 1987; Rees, Pratt,
and Rowell in press). The limestone breccia sequence at Crack-
ling Cwm (figure, block C), which tentatively was interpreted
as a deep-water deposit in the Shackleton by Burgess and
Lammerink (1979), we consider to be a younger, very proximal
alluvial fan accumulation. It is fractured, deformed, and faulted
against a highly cleaved and isoclinally folded argillite, which
in turn is juxtaposed to deformed Shackleton. The breccia is
clast supported, matrix poor, and extremely poorly sorted with
clasts ranging from 0.5 centimeters to 10 meters. Most clasts
are dark gray mottled or white fenestral limestones; cyano-
bacteria-archaeocyathan boundstone clasts are very rare. Bed-
ding within large blocks is obvious, but within the breccia
sequence it can be traced laterally only a few meters. No fine-
grained, marine basin or slope interbeds nor clasts derived
from such occur in the sequence. This breccia sequence may
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be correlative, at least in part, with the Douglas Conglomerate,
which elsewhere in the Churchill Mountains is of similar lith-
ology (Rees and Rowell in press).

The Douglas Conglomerate at locality M (figure, block D)
unconformably overlies highly deformed Shackleton Lime-
stone (Rees, Rowell, and Pratt 1987; Rowell et al. in press);
however, at its type locality (Locality B, figure, block C; Skinner
1964, 1965), it gradationally overlies the fine-grained Dick For-
mation. The Douglas at localities A, B, C, and I (figure, block

C) interpreted as braid-plain deposits, is typically a massive,
crudely planar-, or trough-cross-stratified pebble-to-cobble
conglomerate with thin interbedded cross-stratified and rip-
pled sandstone. It is composed predominantly of limestone,
dolomite, and sandstone clasts with lesser amounts of mafic
volcanic and granitic clasts that collectively represent a recycled
orogen provenance (sensu Dickinson and Suczek 1979).

We interpret the Dick Formation to represent fine-grained
fluvial to marginal marine deposits and to be genetically related

24	 ANTARCTIC JOURNAL



to the Douglas not the Shackleton. The Dick at its type locality
(Locality B, figure, block C; Skinner 1964, 1965) is composed
of rippled and cross-bedded sandstones; abundant parallel-
bedded shales with rare mudcracks and rare horizontal traces;
rippled siltstones; and, near its top, thin conglomerate beds.
Its style and sequence of deformation is similar to that recorded
in the Douglas near Mount Hamilton (Rees et al. in press).
The Dick at locality E (figure, block C) is tectonically juxtaposed
to the Shackleton Limestone along a folded, sheared, and prob-
ably faulted contact. At that locality, thin polymictic limestone
conglomerates with compositions similar to those in the Doug-
las are interbedded with the Dick. These carbonate-rich beds
are depositionally unrelated to the Shackleton.

Snow bounded outcrops of volcanics at localities 17 and J
(figure, block C), initially included in the Dick Formation (Skin-
ner 1964, 1965), are pillow basalts that have a minimum age
of 586 ± 20 million years based on potasium/argon dates. As
such, they are not related to the Byrd Group. Major, trace,
and rare-earth elemental data suggest that the basalts were
generated by partial melting of mantle slightly enriched in light
rare-earth elements and indicate that they erupted either in an
oceanic or continental within-plate tectonic setting.

The Byrd Group and unconformably overlying Beacon Su-
pergroup are displaced along normal faults indicated on the
figure, block D. At locality M, the exact orientation or position
of the fault which lies in deformed Shackleton is not known,
but it displaces the Kukri unconformity down to the north
approximately 300 meters. The northern fault at locality 0
juxtaposes outcrops of Douglas Conglomerate and Permian
sandstones along a nearly vertical surface striking north 65°E
with northwest downthrow of approximately 500 meters. The
third fault, viewed only from a distance, trends northward
with down to the east displacement of approximately the same
magnitude.

We are grateful to Gary Girty and Daniel Krummenacher at
San Diego State University for the tentative potassium/argon
age dates. Plant fossils have been sent to Thomas and Edith
Taylor at the Department of Botany, Ohio State University.

This study has been supported by National Science Foundation
grants DPP 85-18157 and DPP 87-44459 to the University of
Nevada, Las Vegas, and DPP 85-19722 to the University of
Kansas.
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SCOTT G. BORG, DONALD J. DEPAOLO, and BRIAN M. SMITH

Berkeley Center for Isotope Geochemistry
Department of Geology and Geophysics

University of California
and

Earth Science Division
Lawrence Berkeley Laboratory

Berkeley, California 94720

Work during the last year (1987-1988) of this continuing
project has been devoted mainly to analytical work on granites
and metamorphic country rocks collected during the two pre-
vious field seasons in Antarctica (Borg et al. 1986, 1987).

Our original aims were to elucidate the petrogenesis of the
Early Paleozoic granitic basement of the Transantarctic Moun-
tains, and to use geographic variations of chemical and isotopic
compositions of the granites to infer the pre-Paleozoic crustal
structure and tectonic development of the region. Our expec-
tations for this work are being exceptionally well realized. We
have discovered clear isotopic patterns that are leading to a
comprehensive and unprecedented picture of the crustal struc-
ture and tectonics of the region, and its relation to the east
antarctic shield and the other parts of Gondwanaland.

Full samarium-neodymium and rubidium-strontium iso-
topic and concentration measurements have been completed
on 23 granites and 6 samples of metamorphic rocks. Another
10 samples of metamorphic rocks are in the analytical cycle.
Isotopic analyses of mineral separates from three of the sam-
ples were completed to check equilibration ages. Oxygen iso-
topic analyses have been completed on quartz separates from
the granites and on whole-rock splits from the metamorphic
rocks and non-quartz-bearing intrusive rocks. Uranium-lead
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isotopic work on zircon and sphene separates is underway on
six granite samples and on eight Precambrian metasedimen-
tary and metaigneous rocks. Major oxides (11) have been mea-
sured on 28 rocks and trace elements (18) have been measured
on 25 rocks by XRF spectrometry so far. Additional X-ray flou-
rescence work is in progress.

The data we have so far are very intriguing. Several graphs
summarizing our data along with a geologic and sample lo-
cation map are included. Immediately apparent is the wide
diversity of granites that are present, ranging from types de-
rived entirely from crustal sources to types which contain a
large mantle component (figure 1). Also apparent is that the
data define mixing arrays between a depleted mantle com-
ponent and crustal components. One array can be explained
by mixing of mantle-derived magmas with a crustal component
represented by the peraluminous granites in the Miller Range.
This Precambrian crustal block (the Miller Range block) has a
neodymium model age of approximately 1.8-2.0 billion years
and is not represented by metamorphic rocks exposed at the
surface. A second mixing array is less well defined but points

Figure 1. a. €Nd(i) vs. Es,(!). This figure shows a curved, concave
upward array typical of mixing curves between depleted mantle
and crustal sources. Early Proterozoic crust is defined by granites
in the Miller Range (labelled MRB, Miller Range block). A second,
Middle Proterozoic, crustal component distinguished in blocks c
and d is labelled CHB (Campbell Hills block). On this diagram, all
the data can be explained by a depleted mantle (DM) component
and the MRB crustal component. The CHB component is not clearly
evident and only causes a wide region in the overall array. Groups
of granites have been distinguished using all three isotopic sys-
tems. Group 1: Metaluminous granites which are mixtures of DM
and MRB. Group ic: Peraluminous granites derived entirely from
MRB. Group 2: Metaluminous granites which are mixtures of DM
and/or high ENd() group 1 magmas with the CHB crustal component.
Group 2c: Granites which are probably derived entirely from CHB.
Initial compositions are calculated at 500 million years except for
group 2c €5r(). Error introduced by age uncertainty is negligible
for ENd() and is generally small for Er() (equals approximately size
of the symbol for ±25 million years). Group 2c granites have high
rubidium-strontium and so the error introduced by the age uncer-
tainty is large. For these samples, an age of 480 million years has
been used with error bars representing ± 20 million years. This age
is used because it is close to the rubidium-strontium whole rock-
plagioclase age of 470 million years (minimum emplacement age)
obtained from a diorite in the Campbell Hills. b. €Nd(i) vs.
Figure lb shows the two different mixing arrays inferred from all
three isotopic systems. c. 180(0) vs. €sr(). Two mixing arrays are
apparent on this diagram. One between DM and MRB and another
between DM and/or low E Nd(l) group 1 magmas and CHB. One sam-
ple of diorite (85 DCT 6) from the Campbell Hills is anomalous and
may reflect either unusual petrogenesis or a DM component with
very low rare earth element concentrations. It is included with group
2 because of its proximity to the samples defining the CHB. The

180 value for this sample is not based on quartz but rather on
whole rock split with a fractionation adjustment of + 1.5 per mil to
compare it with the measurements made on quartz in the quartz-
bearing intrusives. Similarly, 8 180 values of three samples of mat ic
intrusives of group 1 are based on whole rock measurements with
adjustments of +1.5 per mil for comparison with the quartz sep-
arate data. These samples are distinguished by a short vertical line
extending down from their symbols on the figures. Symbols and
calculations as in figure la. d. 8 180(0) vs. €Nd(i). This diagram shows
the same mixing arrays as on figure ic. Sample 85 DCT 6 again
appears anomalous (see figure ic caption). Symbols and calcu-
lations as in figure la.
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to a crustal source which has a neodymium model age of ap-
proximately 1.6 billion years and is characterized by very high
isotopic oxygen-18. This Precambrian crustal component is la-
belled the Campbell Hills block on the diagrams and is also not
known from exposures of local metamorphic rocks.

Equally important to our study is the geographic distribution
of granite types. Major and trace element chemistry and pe-
trographic modal analyses show a general trend from pera-
luminous "true" granites in the Miller Range to granodiorites
and monzogranités in the axis of the range to granodiorites,
tonalites, diorites, and gabbros in the eastern part of the range.
Figure 2 shows the isotopic data projected onto a section per-
pendicular to the structural trends of the last folding event
before granite emplacement. These diagrams show the vari-
ation across the central Transantarctic Mountains from more
mantle-like values in the east to more crustal-like values in the
west. The peraluminous granites of the Miller Range block are
distinguished on the neodymium and strontium vs. distance
plots. Granites of the Campbell Hills block are also distinct,
especially on the neodymium and isotopic oxygen-18 vs. dis-
tance plots. Several conclusions can be drawn from these dia-
grams. First, the samples in the east, with €Nd > 0, ES, < 30,
and 180(Q) < 9.5, were probably emplaced in a tectonic set-
ting that was off the edge of Precambrian crust. Immediately
to the west is a transition to granites with more crustal char-
acter. Excluding samples from the Campbell Hills block, the
granites vary slightly in neodymium and strontium isotopic
compositions in the axis of the range (between distance marks
100 to 300 kilometers on the horizontal axes of figure 2, blocks
a—c). Just east of the Marsh Glacier (at distance mark 50 kil-
ometers) is a marked change of increasingly crustal character
toward the Miller Range where the granites are certainly de-
rived solely from a crustal source. The discontinuity at the
Marsh Glacier may represent a transition from normal thick-
ness continental crust in the Miller Range to thinned conti-
nental crust east of the Marsh Glacier during granite
emplacement. The Campbell Hills block is defined by a geo-
graphically restricted group of samples and represents conti-

Figure 2. a. €Nd(i) vs. distance in kilometers along A-B. This diagram,
along with figures 2b and 2c, emphasizes the importance of the
geographic distribution of the granite compositions. From west to
east, in general, the isotopic compositions of the granites change
from a crustal signature to more mantle-like signatures. Peralu-
minous granites in the Miller Range represent the MRB, a block of
Early Proteozoic crustal material. Immediately east of MRB, the
granites change to much higher €Nd(i), indicating a discontinuity in
the crust during granite emplacement. €Nd(I) values for group 1
granites are steady across the axis of the range indicating similar
crustal materials (possibly thinned MRB-type crust) and petroge-
netic processes involved in granite production. In the east, the
group 1 granites change to even higher €Nd(i) suggesting that these
granites were emplaced in a region not underlain by Precambrian
crust. Group 2 and 2c granites from the vicinity of the Campbell
Hills interrupt the pattern of group 1 granites and suggest the pres-
ence of a Precambrian crustal block (CHB) different (younger) than
the MRB. The geographic relations suggest that CHB is a block
accreted to the margin of Gondwanaland (the MRB in this region)
sometime before the granites were emplaced. See text for further
discussion. Symbols as in figure 1. b. €r() vs. distance in kilo-
meters along A-B. This diagram shows the same elements as in
figure 2a. See figure 2a caption and text for discussion. Symbols
and calculations as in figure la. c. 180(Q) vs. distance in kilometers
along A-B. This diagram again emphasizes the same elements de-
scribed in figure 2a and the text. Symbols as in figure la.
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Figure 3. Geologic sketch map, with sample locations and cross-section line A-B. Lined patterns in inset map show crustal/structural
elements inferred from the Isotopic data. The Inset map border corresponds to the border of the geologic map.

nental crust distinct from that in the Miller Range and distinct
from the thinned Proterozoic crust inferred to underlie the axis
of the range to the west and possibly south of the Campbell
Hills. It may be significant that the samples which appear to
be mixtures of depleted mantle and Campbell Hills block are
from areas peripheral to the Campbell Hills proper. These
magmas may not have had the opportunity to interact fully
with Campbell Hills type crust because they are on the margin
of that block.

With these four crustal/structural elements, we can construct
a picture of the margin of Gondwanaland into which plutons
of the Granite Harbor Intrusive Complex were emplaced. The
key elements are Proterozoic crust at the margin of the east
antarctic craton (Miller Range block), thinned Proterozoic ma-
terial immediately outboard, a block of extraneous crustal ma-
terial (Campbell Hills block) which has been accreted to the
Gondwanaland margin, and a region furthest outboard on the
margin characterized by no Precambrian continental crust. These
crustal provinces are depicted on an inset sketch map on the
geologic and sample location map (figure 3). Clearly, the tec-
tonic situation was not simple, but we are now able to see

some of the complexities. Incorporating information from the
supracrustal metamorphic rocks in the area will be very im-
portant to our project as we proceed to a fuller understanding
of the tectonic development of the region.

As a result of our analytical program, three abstracts (Borg
and DePaolo 1987a, 1987b, 1987c) with oral presentations and
three research reports (Borg and DePaolo 1986; Borg et al. 1986;
Borg et al. 1987) have been published. Two manuscripts dis-
cussing the results and implications of our isotopic analyses
are in preparation for submission to refereed journals. Field
mapping and analysis of structural data completed so far has
led to a published abstract (Goodge and Borg 1987), a research
report (Borg et al. 1987), and a manuscript in preparation.

Support for this work was provided by National Science
Foundation grants DPP 83-16807 and DPP 86-14649.
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The possible occurrence
of volcanic ash in till from

Victoria Land,
Antarctica
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Although the presence of volcanic glass shards in till from
Wright Valley was reported by Jones, Whitney, and Stromer
(1973), no further work has been done to follow up this dis-
covery. Therefore, eight till samples from five locations in
southern Victoria Land (five samples of Peleus and Jason tills
from Prospect Mesa and other locations in Wright Valley, and
three unnamed tills from Shapeless Mountain, Scallop Hill,
and Taylor Valley) have been analyzed as part of a preliminary
study to learn more about the presence of volcanic ash in glacial
sediment of Neogene age.

If a volcanic constituent is present in the glacial sediment,
it is likely to be concentrated in the clay-size fraction. There-
fore, the nonmagnetic fractions of the samples were sieved
and the clay-size fractions were isolated by settling from aqueous
suspensions. The clay-size fractions were analyzed by X-ray
diffraction using copper K-alpha X-radiation on a Diano Corp.
Model XRD-6 X-ray diffractometer.

The X-ray diffraction spectra of seven of the eight clay-size
fractions yielded only a few diffraction peaks of low intensity.
However, the till from Shapeless Mountain is a notable ex-
ception because this sample yielded peak intensities that are
five times greater than any of the other clay-size fractions. This
sample contains muscovite, serpentine, and chlorite all of which
are typical of metamorphic rocks.

The diffraction patterns of the clay-size fractions of the other
samples have an elevated base line at two-theta angles of less
than 20 degrees (figure). This suggests the presence of poorly
crystallized material such as volcanic glass or its alteration
products. The till from Taylor Valley (F80-22, figure) has a
lower base line than the other samples and contains a poorly
defined peak centered around 7.5 degrees two-theta. This peak
has tentatively been attributed to montmorillonite.

TWO THETA. DEGREES

X-ray diffraction patterns of the less than 2 micrometer fractions
of Neogene till from localities in southern Victoria Land. F80-3 and
4: Peleus till, Prospect Mesa, Wright Valley; F80-2 and 12: Jason
till, Prospect Mesa, Wright Valley; F80-6: Peleus till (?), Wright Val-
ley along Onyx River; SH: Scallop Hill, Black Island, McMurdo Sound;
F-80-22: till, Suess Pond, Taylor Valley. [S denotes sanidine, A
denotes amphibole, An denotes anorthite, and M denotes mont-
morillonite(?).]
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The well-defined peaks between 22.5 and 31 degrees two-
theta in the figure can be attributed to sanidine and amphibole
whereas the less intense, poorly defined peaks have been
matched with anorthite. The presence of sanidine, the possible
occurrence of montmorillonjte and anorthite, and the presence
of much X-ray amorphous material in the clay-size fractions
all support the hypothesis that these till samples contain vol-
canic ash. Presumably the ash was derived from local eruptive
centers in southern Victoria Land and is genetically related to
the McMurdo Volcanics. Further work is in progress to confirm

the presence of volcanic ash by measurements of the isotopic
composition of strontium.

This study was supported by National Science Foundation
grants DPP 79-20407 and DPP 87-14324.
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Mafic and ultramafic inclusions
in lamprophyre dikes

from the Royal Society Range
of the Transantarctic Mountains
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The Transantarctic Mountains in southern Victoria Land are
riddled with swarms of lamprophyre dikes (Smith 1924; Blank
et al. 1963; McKelvey and Webb 1962). These dikes typically
parallel the trend of the Transantarctic Mountains and are gen-
erally thought to have been intruded late in the Cambro-Or-
dovician Granite Harbor Intrusive event. An age of 470 million
years has been determined on what is apparently one of these
dikes (Jones and Faure 1967).

While conducting fieldwork on Cenozoic volcanic cones in
the Royal Society Range, we crossed two of the lamprophyre
dikes in the vicinity of Pipecleaner Glacier (78°17'S 162°40'E)
and Roaring Valley (78°17'S 163°15'E) and collected samples
out of general curiosity. One of the dikes appeared to have
small inclusions, although they appeared to be locally derived.
Because these samples were not obviously related to our re-
search project and did not appear to be of great import, they
were ignored for 2 years. Recently, closer examination and
thin-sectioning has revealed that these two dikes contain mafic
inclusions from the lower crust and ultramafic inclusions that
may be cognate or may be from the upper mantle.

One of the two dike samples is quite altered whereas the
other is extremely pristine. Both appear to be camptonites,
containing phenocrysts of olivine, clinopyroxene, biotite, and
very minor amphibole. The groundmass consists of biotite,
strongly zoned plagioclase, sanidine, carbonate, and anal-
cime(?). Ocelli of carbonate, sanidine, and biotite/amphibole
are abundant. Inclusions range from clinopyoxenite and wehr-
lite to pyroxene granulite and garnet granulite. The garnet
granulite contains garnet, clinopyroxene, quartz, plagioclase,
potassium feldspar, biotite, apatite, and zircon. The inclusion

has undergone moderate alteration, and if there was ortho-
pyroxene present, it has been lost to the alteration. Electron
microprobe analyses of the minerals in the garnet granulite
permit the determination of the pressure and temperature of
equilibration. Two-feldspar thermometry using the new model
of Fuhrman and Lindsley (1988) yields a temperature of about
900°C. The garnet-clinopyroxene-plagioclase-quartz barometer
of Newton and Perkins (1982) results in a pressure determi-
nation of 13.3 kilobars with the + 1.6-kilobar correction rec-
ommended by them. With the correction, this barometer has
been found to give results for garnet granulite inclusions in
the Cenozoic volcanic rocks that are in excellent agreement
with other barometers involving garnet-orthopyroxene (Berg
and Herz 1986; R.J. Moscati unpublished data).

These results suggest that the crust of the Transantarctic
Mountains at the end of the Granite Harbor Intrusive activity
was at least 45 kilometers thick. Because it seems statistically
unlikely that this one inclusion would come from the very
bottom of the crust, the crust was probably even thicker. Thus,
it appears that at the end of the Ross Orogeny, the Transant-
arctic Mountain crust was both thicker and cooler (by almost
100°C) than it is today (Berg and Herz 1986). We hope to collect
and study additional granulite inclusions from the lampro-
phyres in order to verify, refine, and extend these data. The
results should provide important new constraints on physical
conditions of the Transantarctic Mountains crust as far back
as the Ordovician and should add to our understanding of the
tectonic history of the transantarctic Mountains from the Ross
Orogeny through to the present.

This research was supported by National Science Founda-
tion grant DPP 86-14071.
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diatomaceous clasts

in sediments from RISP site J-9
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Diatom biostratigraphic study of diatom-bearing glacial and
glacial-marine sediments has inherent difficulties due to the
fragmentary nature of diatom assemblages and extensive sed-
iment reworking. These problems are the principal cause of
the conflicting interpretations of Ross Ice Shelf Project (RISP)
sediments based on diatom studies of Brady and Martin (1979)
and Kellogg and Kellogg (1981, 1986).

RISP included the collection of 58 sediment cores (1 meter)
from beneath the Ross Ice Shelf at site J-9 (82°22'S 168°38'W)
(Webb 1978, 1979; Webb, Ronan, and DeLaca 1979). A large
number of soft, semi-indurated sediment clasts, constituting
between 5 to 46 percent of all rock and sediment clasts, are
present in RISP sediments. These contain a considerably greater
number of diatoms (72 to 92 percent) than sediment matrix (27
to 45 percent) (Webb 1979).

Initial geologic interpretations of RISP sediments suggested
glacial-marine sedimentation at site J-9 during the middle Mio-
cene with coeval seasonal marine diatom productivity and
sedimentation (Webb et al. 1979; Brady 1978, 1979; Brady and
Martin 1979). This interpretation was challenged by Kellogg
and Kellogg (1981, 1983, 1986) who suggested the Miocene
diatoms are reworked from older diatomaceous sediments.
They claim the RISP sediments were deposited during a late
Pleistocene grounding of the Ross Ice Shelf, based on their
identification of diatoms they believe are restricted to the Pleis-
tocene. Our results are in partial conflict with both of these
interpretations.

The biostratigraphic approach we apply in this stud y em-
ploys techniques that enhance the recovery of whole, identi-
fiable diatoms from RISP sediments, which are described as
containing, "a virtual hash of centric [diatom] fragments which
are too small for positive identification" (Kellogg and Kellogg
1986). Our methods also minimize the confusion of microfossil

reworking by focusing attention on diatom assemblages within
reworked diatom-bearing sediment clasts. These semi-lithified
clasts are unaltered remnants of older sedimentary deposits
and their diatom assemblages reveal several distinct ages of
source sequences. An abundant supply of these diatomaceous
clasts was recovered in the >500 micrometer size fraction from
foraminiferal preparations of w3100 cubic centimeters of sed-
iment.

In the present study, smear-slides of 80 diatomaceous clasts
from various depths in four cores were examined. In addition,
six large clasts of diatomite (1-2 cubic centimeters) and six
matrix samples of glacial sediment from depth intervals cor-
responding to clast occurrence in core 78-16, in addition to six
matrix samples from six other cores, were washed through a
25-micrometer sieve. Microscope slides were prepared from
both the material trapped in the sieve and the fine fraction
(<25 micrometers). Whereas the coarse fraction (>25 microm-
eters) is dominated by nearly whole centric diatoms, the fine
fraction consists of pennate diatoms and abundant diatom frag-
ments. Both size fractions were thoroughly examined for all
sieved samples. Difficulties involved with identification of dia-
tom fragments, as described by Kellogg and Kellogg (1986),
are effectively eliminated by the enhanced recovery of whole
diatoms.

Three distinct Miocene diatom assemblages are identified in
RISP matrix sediments and clasts (figure). These assemblages
are further discussed in Harwood et al. (in press), with illus-
tration of key species. The oldest diatom assemblage is of mid-
dle lower Miocene age and was found in more than 90 percent
of the clasts studied. This assemblage is defined by the co-
occurrence of diatoms Asteroinphalus syinnietricus Schrader and
Fenner, Cijinatosira bi/iareusis Pantocsek, Rapliidodiscus martlan-
dicus Christian, Rhizosoleiiia barboi Brun, Stepliaiiopi!xis sp. C.
Harwood (1986a), Synedra jouseana Sheshukova-Poretskaya and
Tlialassiosirafraga Schrader (Coscinodiscus sp. 1 McCollum 1975),
in the absence of younger, middle Miocene diatoms. Nitzsc/iia
sp. A (identified as N. curta by Kellogg and Kellogg 1986 and
as N. truncata by Brady 1979, 1983) is common in these clasts.
This middle lower Miocene assemblage is abundant in RISP
matrix sediments.

A diatom assemblage of early middle Miocene age was found
in one sediment clast (RISP 78-16, 72-77 centimeters, clast AD).
The age of this clast is determined by the co-occurrence of
diatoms Actinocyclus ehrenbergii Ralfs, A. ingens Rattray, Den-

ticulopsis lauta Bailey, D. inaccollumii Simonsen, Eucampia ant-
arctica Castracane, Nitzsch ia grossepu nctata Schrader and Nitzsch ia
sp. 17 Schrader (1976), and the absence of upper Miocene
diatoms, such as Denticulopsis hustedtii (Simonsen and Kanaya)
Simonsen (figure). This lower middle Miocene assemblage is
common in RISP matrix sediments.
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Biostratigraphic ranges of diatom species in Ross Ice Shelf Project (RISP) sediments recovered from clast and matrix samples. Three
distinct assemblages are identified at right; middle lower Miocene, lower middle Miocene, and middle upper Miocene. No diatoms of
exclusively Pleistocene or Pliocene age were encountered. Range data are summarized from the diatom studies of McCollum (1975),
Schrader (1976), Weaver and Gombos (1981), Ciesielski (1983), Barron (1985), and Harwood (1986a, 1986b). Age calibration of diatom
zonation follows Barron (1985). (Ma denotes millions of years ago.)

The youngest diatom biostratigraphic markers in RISP sed-
iments are of middle late Miocene age. Diatoms of this age are
present in the matrix, along with the older, reworked diatoms
listed above, but are not found in any clasts. This assemblage
includes Actinocyclus ehrenbergii var. asteriscus Barron, Denti-
culopsis hustedtii and Thalassiosira oliverana (O'Meara) var. [iden-
tified by McCollum (1975) as Cosmiodiscus intersectus (Braun)
Jouse], among other diatoms listed in the previous assemblage
that continue from the middle Miocene (figure). The absence
of latest Miocene diatom Thalassiosira torokina Brady suggests
this assemblage is older than 6.6 million years (age from Cie-
sielski 1983). The presence of foraminifera Neogloboquadrina
pachyderma (Ehrenberg), identified in RISP sediments (Greene
personal communication 1988), suggests the middle late Mio-

cene assemblage is no older than 10 million years. These
datum levels establish middle late Miocene as the maximum
age of RISP sediments.

In contrast to the reports of Kellogg and Kellogg (1981, 1983,
1986), no diatoms indicative of a Pliocene or Pleistocene age
were identified in this study of RISP sediments. Several dia-
toms of this age reported by Kellogg and Kellogg (1981, 1983,
1986) either:
• are misidentified as Pleistocene and Pliocene species, in part

due to their attempt to identify diatom fragments. Fragments
identified and illustrated by Kellogg and Kellogg as Actin-
ocyclus actinochilus (Hustedt) Simonsen are actually from Au-
lacodiscus brownei sensu McCollum; Thalassiosira lentiginosa
(Janisch) Hasle is Actinocyclus elireizbergii Ralfs; micropho-
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tographs identified as Nitzschia interfrigidaria McCollum
emend. Ciesielski are of Nitzschia grossepunctata Schrader and
N. sp. 17 Schrader 1976; Asteromphalus parvulus Karsten is
A. symmetricus Schrader and Fenner; and Thalassiosira gracilis
(Karsten) Hustedt is Actinocyclus ingens Rattray with a frag-
ment of another diatom at its center.

or

• have stratigraphic ranges older than the Pleistocene age re-
ported by McCollum (1975); the principal stratigraphic ref-
erence used by Kellogg and Kellogg (1981, 1983, 1986). The
misleading late Pleistocene age ranges of several species in
McCollum (1975) is due to the absence in the Ross Sea of
latest Miocene through early Pleistocene sediments (figure
11 in McCollum). These and other aspects of previous dia-
tom study of RISP sediments are discussed in Harwood et
al. (in press).
The glacial event(s) which mixed and reworked the various

diatom assemblages occurred sometime, perhaps repeatedly,
from the late Miocene through Pleistocene time. The basal till
model of Kellogg and Kellogg (1986) and their suggested Pleis-
tocene grounding of the Ross Ice Shelf may be correct, but this
cannot be determined by diatoms present in RISP sediments.
Moreover, the absence of Pliocene and younger diatoms may
argue against redeposition and mixing by Pleistocene ice. Alley
et al. (in press) suggest that RISP sediments may represent a
"mobile drift" of glacial sediments that are mobilized during
Ross Ice Shelf grounding events, and flow seaward toward the
grounding-line. The models of Alley et al. (in press) and Kel-
logg and Kellogg (1981, 1986) depend upon RISP sediments
being basal till, or mobilized beneath grouned ice. Although
RISP sediments were included with other Ross Sea basal tills
in a review by Anderson et al. (1980 figure 11) [a reference
used by Kellogg and Kellogg (1983, 1986) to support their model],
this assignment may have been premature and a Miocene gla-
cial-marine origin is also plausable (Anderson personal com-
munication to D. Harwood).

The interpretation initially proposed by Webb et al. (1979),
Brady (1979), and Brady and Martin (1979), whereby, middle
Miocene diatoms represent in situ deposition in a glacial-ma-
rine setting, may also be a reasonable explanation for RISP
sediments, although our study would suggest a middle late
Miocene age for deposition. Lack of sediment clasts containing
the upper Miocene diatom assemblage and the absence of latest
Miocene and Pliocene diatoms, which would be expected con-
sidering the interpretation of Webb et al. (1983, 1984) for Pli-
ocene deglaciation of Antarctica, does not contradict the late
Miocene glacial marine interpretation for RISP sediment.

Several unanswered questions bear on this debate:
• Is an advancing grounded ice shelf a mechanism of erosion

or deposition?
• Are RISP sediments analogous to the "mobile drift" of Alley

et al. (in press)?
• How thick is unit 1 of RISP, and what lies beneath?—Late

Miocene sediments? Pliocene sediments? The Ross Sea? Un-
conformity?
At the present time, the differing interpretations of Brady

and Martin (1979) and Kellogg and Kellogg (1981) cannot be
specifically resolved. New diatom age data outlined in this
paper, however, more correctly define the debate. It is clear
that the problems addressed in this paper and the continuing
debate between the interpretations of Kellogg and Kellogg (1983)
and Brady (1983) can be resolved only by the recovery and
study of new material from beneath the Ross Ice Shelf through

stratigraphic drilling at ice rises and sediment coring from holes
such as site J-9 at numerous locations on the ice shelf.

The common diatomaceous sedimentary clasts recovered in
RISP provide insight on the depositional history of Miocene
marine sediments in West Antarctica and subsequent erosion
and transport to site J-9—either in floating ice or in basal debris
layers of a grounded ice sheet. Studying the reworked sedi-
mentary clasts led to the identification of several ages of dia-
tomaceous source sediments. These clasts also provided valuable
paleo-environmental information. In particular, the abundant
lower Miocene diatomite clasts contain up to 92 percent dia-
toms, have high organic content and paucity of clastic material.
These features indicate extensive siliceous productivity in the
interior of West Antarctica during the middle early Miocene
(Webb 1979), the virtual absence of marine ice cover, and little
to no input of ice-rafted detritus at this time. We interpret this
to reflect minimal ice at sea-level in West Antarctica, with
prolonged warm/interglacial conditions in Antarctica during
the early Miocene; a period bracketed between late Oligocene
and late middle Miocene glaciations.

This work was supported in part by National Science Foun-
dation grants DPP 84-20622 to P.N. Webb and DPP 87-16411
to D.M. Harwood. We thank D.S. Cassidy of the Antarctic
Research Facility, Florida State University, for providing sam-
ple material, and P.N. Webb and D.C. Greene for helpful
discussion. We acknowledge the hard and tedious work of D.
Kellogg and H.T. Brady on RISP diatoms and their inspiring
debate which, in part, prompted our study.
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Micropaleontological analysis
of sediments from
the Crary Ice Rise,

Ross Ice Shelf

R.P. SCHERER, D.M. HARWOOD,

S.E. ISHMAN, and P.-N. WEBB

Byrd Polar Research Center
Department of Geology and Mineralogy

Ohio State University
Columbus, Ohio 43210

During the 1987-1988 field season, glaciologists led by Rob-
ert Bindschadler (National Aeronautics and Space Adminis-
tration) drilled a hole through the ice at Crary Ice Rise (83°S
175°W; figure), a grounded region of the Ross Ice Shelf that
bisects Ice Stream B. At 480-meter ice depth, the drilling equip-
ment penetrated several meters of sediment, presumably the
sediment-shelf interface. Recovery of the drilling equipment
at the surface revealed sediment adhered to the lower 10 me-
ters of the drill string (Koci and Bindschadler, Antarctic Journal,
this issue). A portion of the sediment collected was provided
to micropaleontologists at the Ohio State University for anal-
ysis.

The Ross Ice Shelf spans more than 540,000 square kilo-
meters, but little is known about the modern sub-shelf envi-
ronment, the type of sediments that blanket the sea floor under
the ice shelf, or the underlying stratigraphic successions. These
sediments contain evidence bearing on the history of the west
antarctic ice sheet volume fluctuations. The presence of fos-
silized photosynthetic marine phytoplankton (diatoms and sil-
icoflagellates) in sub-ice-shelf glacial sediments implies
productivity in open marine conditions at the time of initial
deposition. Construction of an approximate chronology of ice-

shelf minima (i.e. open water) events in the Ross embayment
or in West Antarctica is made possible by identifying age-
diagnostic fossils in these sediments.

Initial study of sediments underneath the Ross Ice Shelf
began as part of the Ross Ice Shelf Project (RISP) of 1978 and
1979, when 58 short gravity cores were collected from site J-9
(82°22'S 68°38'W) (Webb et al. 1979; Webb 1978, 1979). Studies
of diatom assemblages within these sediments sparked a de-
bate regarding their age and mode of deposition (Brady and
Martin 1979; Brady 1979, 1983; Kellogg and Kellogg 1981, 1983,
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1986). A recent re-evaluation of diatoms from the Ross Ice Shelf
Project (Harwood and Scherer, Antarctic Journal, this issue;
Harwood et al. in preparation) sheds new light on the debate
by identifying distinct diatom assemblages within reworked
sediment clasts and in the sediment matrix. Harwood et al.
(in preparation) acknowledged the limitations of paleoenvi-
ronmental interpretation based on shallow sediment cores from
a single locality. Sediments recovered from the Crary Ice Rise
provide an important additional data point south of the open
Ross Sea.

Crary Ice Rise is a northwest trending dome located on the
southwest margin of the Ross Ice Shelf and is characterized
by complex ice-flow dynamics (Barrett 1975; MacAveal et al.
1987). The ice rise lies about 100 kilometers southwest of site
J-9, the Ross Ice Shelf site used during RISP, and differs greatly
in physiographic setting. The sea floor at RISP site J-9 underlies
237 meters of sea water and 420 meters of fast-flowing shelf
ice (Webb et al. 1979), whereas sediments collected from the
Crary Ice Rise are, at present, in contact with 480 meters of
nearly stationary ice (Koci and Bindschadler, Antarctic Journal,
this issue). The thermal profile of the ice at the Crar y Ice Rise
suggests it has been grounded for a few hundred years at most
(Bindschadler et al. in preparation). The history of previous
grounding episodes is unknown, as is the age and general
geology of the subshelf topographic high (Crary Mountains).
The effects of repeated grounding and ungrounding and "ice
rumpling" on the surficial sediments is also unknown. Almost
certainly, though, the effects of these glaciological processes
include extensive erosion, transport, and redeposition. The
erosional effects of a mobile ice grounding line is evidenced
by the extensive unconformity across much of the Ross Sea,
recognized in sediments acquired during leg 28 of the Deep
Sea Drilling Project (DSDP) (Hayes and Frakes 1975) and in
recent seismic data (Karl, Reimnitz, and Edwards 1987). Much
of the in situ Pliocene and Pleistocene sediment record is ab-
sent, precluding detailed reconstruction of the Ross Sea/Ross
Ice Shelf/west antarctic ice sheet system for that period. In
many cases, however, reworked fossils in glacial sediments
provide the only available evidence of sedimentary deposits
that have been eroded away or underlie vast areas now covered
by ice sheets or ice shelves (Webb et al. 1984).

Sediments from the Crary Ice Rise were processed for dia-
toms and foraminifera using standard methods. The sediment
matrix was carefully examined for small sediment clasts. Clasts
were removed for smear slide analysis. Percentage of organic
carbon and carbonate were determined using an automated
carbon analyzer. It must be noted that the sediment may have
been altered by the unorthodox collection methods (hot-water
ice-boring apparatus), making physical tests such as cohesive
strength impossible. Results of analyses performed on the Crary
Ice Rise sediments are compared with similar studies of RISP
sediments.

The sediment matrix recovered from the Crarv Ice Rise is a
gray marine diamicton, containing a rich but highly frag-
mented diatom assemblage with common sponge spicules.
Textural characteristics compare favorably with RISP sedi-
ments. Organic carbon in Crary Ice Rise sediments is less than
0.2 percent, similar to that of the thin (approximately 10 cen-
timeters), oxidized, uppermost sedimentary unit of RISP cores,
but about one half that the lower unit of RISP sediments.
Diatom assemblages in the Crary Ice Rise sediments differ from
RISP, as noted below.

RISP sediments contain diatom assemblages of mixed Mio-
cene ages, with the youngest unequivocal age of mid-Late

Miocene (Harwood et al. in preparation; Harwood and Scherer
1988). Two distinct diatom assemblages of Miocene age were
identified in clasts from RISP sediments. A third, younger
Miocene assemblage was recognized in the sediment matrix
by subtracting diatoms present in the older clasts (Harwood
et al. in preparation). The sediment clasts are thought to doc-
ument distinct sedimentary units. Studying microfossil assem-
blages in reworked sediment clasts allows a partial reconstruction
of the pre-erosion stratigraphic succession.

Five richly diatomaceous sediment clasts, similar in texture
to reworked lower Miocene clasts found at site J-9, were re-
covered from the Crary Ice Rise sediment (clasts B-F). These
small clasts (less than 3 millimeters) contain a low diversity,
latest Miocene phytoplankton assemblage. This assemblage is
defined by the co-occurrence of diatom species T/ialasswsira
torokina, Eucainpia antarctica, Denticulopsis liustedtii, Thalassiosira
oliverana var. A, Thalassiosira sp. B, and silicoflagellates Diste-
phanus pseudofibulum and D. holiviensis and the ebridian Pseu-
doaminodochiuin of dictioides. Absent from this assemblage are
diatoms restricted to the Pliocene or Quaternarv. The clasts
are buff colored and richly diatomaceous, but contain few spi-
cules. They also contain common, presumably ice-rafted lithic
grains suggesting deposition in highly productive waters in a
glacial-marine environment.

Subsequent to deposition in the Late Miocene, the sedi-
mentary unit was disrupted by glacial processes, resulting in
transport of discreet sedimentary clasts, as well as disasso-
ciated sedimentary particles. These reworked sediments be-
came incorporated into the glacial sediments at Crary Ice Rise.
Much of the diatom material found in the matrix is probably
derived from this Late Miocene deposit.

One large (3-centimeter) diamictite clast was recovered (clast
A). Although the sediment that makes up this clast appears
texturally similar to the matrix, diatoms are relatively rare in
clast A. Most stratigraphically significant diatoms found in
clasts B—F are present in clast A, suggesting a younger origin.
In addition, older reworked and benthic diatoms are also pres-
ent.

The Crary Ice Rise matrix sediments contain a more diverse
diatom assemblage than those found in reworked clasts, and
the matrix includes all of the diatoms found in clasts A—F but
are present in clast A. The diatom assemblage in matrix sed-
iments also includes diatoms reworked from older Miocene
sedimentary deposits, based on their known stratigraphic ages.
The order-reworked diatoms include Den ticulopsis maccoil ii in ii,
Nitzschia grossepunctata, and Nitzschia sp. 17 Scharder. RISP
sediments contain these diatoms, but lack the younger diatoms
Thalassiosira torokina and Thalassiosira sp. B and the silicofla-
gellates Distephan us pseudofihulum and D. Boliviensis.

Although many of the diatoms found in RISP and Crary Ice
Rise sediments live in antarctic waters today, no diatoms that
are known to be restricted to the Pliocene or Pleistocene have
been identified in Crary Ice Rise sediments. Therefore, the
specific age of the Crary Ice Rise sedimentary deposit cannot
be demonstrated based on diatoms; we can say only that the
age must be post-Late Miocene. Judging by the apparent youth
of the grounding event at Crary Ice Rise (Biridschadler et al.,
Antarctic Journal, this issue) we can surmise that the deposit
may have been actively mobile within the last hundred years.

Six specimens of foraminifera, representing five species, were
recovered from the T63 micron fraction of 100 cubic centimeters
of Crary Ice Rise matrix sediments. These include the calcar-
eous benthic species Astrononion antarcticus, Globocassiduii,ia
subiobosa, Nonioneila iridea, and Melonis affinis, and agglutinated
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species Textularia wiesneri. These foraminifera are known to
have long stratigraphic ranges in the Antarctic, being reported
throughout the Cenozoic record. These foraminifera are pres-
ent at site J-9 (Greene in preparation) and in modern antarctic
sediments.

Based on the diatom and silicoflagellate results, a picture
emerges of episodic marine productivity in the Ross Sea em-
bayment during the Miocene, punctuated by sediment erosion
and reworking. In a generalized (and almost certainly over-
simplified) view, these sedimentary events coincide with ice
shelf and/or ice sheet retreat and advance, respectively. Several
episodes of extensive marine productivity are apparent during
the Early, Mid, and Late Miocene, as evidenced at RISP. Sed-
iments from the Crary Ice Rise define a younger phase of
productivity and biogenic sedimentation during the latest Mio-
cene. The deposit itself was apparently disturbed, and sub-
sequently transported and emplaced at its present site. Because
these sediments are known to be eroded and reworked by
glacial-bed processes, the lack of unequivocally younger dia-
toms in these sediments does not necessarily imply that open
marine conditions have not existed in the Ross embayment at
anytime since the latest Miocene. Sediments from two sites
beneath the shelf suggest a complex late Neogene glacial his-
tory. New drilling technologies have made the penetration of
thick ice a fast and relatively simple endeavor. Thus, sample
coverage is expected to improve in the upcoming seasons. As
more sites become available, a more complete picture of sub-
ice-shelf sediments and west antarctic glacial history will be
possible.

We thank Robert Bindschadler, Bruce Koci, and Herman
Zimmerman for making sediments collected from Crary Ice
Rise available for study. The field program was funded by a
grant from the National Aeronautics and Space Administration
to Robert Bindschadler and colleagues. Microfossil work was
supported by National Science Foundation grants DPP 87-16261
(to Peter-Noel Webb) and DPP 87-16411 (to David M. Har-
wood).
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Total Organic Carbon content
and Rock Eval pyrolysis on

outcrop samples across
the Cretaceous/Tertiary boundary,

Seymour Island, Antarctica
ROSEMARY A. ASKIN

Department of Earth Sciences
University of California

Riverside, California 92521

STEPHEN R. JACOBSON

Chevron Oil Field Research Company
La Habra, California 90633-0446

Forty outcrop samples from Seymour Island, northeastern
Antarctic Peninsula, were run for Total Organic Carbon (TOC)
content and Rock Eval pyrolysis. These samples span 23.5
meters of section (figure 1) that includes the Cretaceous/Ter-
tiary boundary as defined by dinoflagellate cysts (section Bi,

between samples 109 and 110, Askin 1988b). The aim was to
evaluate preserved organic matter for quantity, quality, ther-
mal maturity, and environment of deposition, to recognize
changes in environmental conditions, if any, across the Cre-
taceous/Tertiary boundary.

These samples contain consistently low amounts of total
organic carbon with similar poor quality (virtually no hydro-
carbon generative potential) and are thermally immature (ta-
ble, figure 1). No significant variations in analytic data were
found across the Cretaceous/Tertiary boundary.

Outcrop samples were collected by F.C. Barbis and J.R. Ro-
binson in December 1983, mostly at 0.5-meter intervals, from
about 10-30 centimeters beneath the surface. Outcrop samples
are subject to weathering which may have affected the TOC
and pyrolysis results. The sediments are unconsolidated, mainly
sandy silts and silty sands, with some glauconitic and more
clayey beds (figure 1). All samples are rich in fossil pal yno-
morphs (Askin 1988a, 1988b). Samples were analyzed by Exlog/
Brown & Ruth Laboratories, Inc., Denver, Colorado.

TOC. TOG content of a sample includes the total sedimen-
tary organic matter and is affected by the clastic sedimentation
rate and the extent of degradation. Degradation includes ox-
idation in the depositional basin, diagenesis, and thermal al-
teration of organic matter due to burial depth or igneous activity,
as well as subsequent weathering at the outcrop.
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Figure 1. Location of Seymour Island, lithology in Cretaceous/Tertiary (KIT) boundary section Bi, and TOC trend for 40 samples. (m denotes
meter. T.O.C. denotes total organic carbon.)
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Results of Total Organic Carbon (TOC) analysis and Rock Eval pyrolysis

Sample	 Hydrogen
	

Oxygen
number	TOCa	 Slb	 5c	 S3 	 Tmaxe	 Index	 Index

Bi -126
	

0.44	 <0.10	 <0.10
	

0.66
	

153
B1-125
	

0.33
Bi -124
	

0.34
Bi -123
	

0.28
Bi -122
	

0.28
B1-121
	

0.28
Bi -120
	

0.33
B1-119
	

0.34
B1-118
	

0.15
B1-117
	

0.28
B1-116
	

0.37
131-115
	

0.27
B1-114
	

0.43	 <0.10	 <0.10
	

0.72
	

167
B1-113
	

0.33
B1-112
	

0.43	 <0.10	 <0.10
	

0.62
	

144
Bi-ill
	

0.37
Bi-ilO
	

0.45	 <0.10
	

0.21
	

0.79
	

175
Bi -109
	

0.27
B1-108
	

0.54	 <0.10
	

0.21
	

0.71
	

131
B1-106
	

0.40
Bi -105
	

0.40
Bi -104
	

0.37
Bi -103
	

0.35
Bi -102
	

0.48	 <0.10
	

0.19
	

0.46
	

39
	

97
Bi-101
	

0.39
Bi -100
	

0.39
B 1-99
	

0.35
B1-98
	

0.46
	

<0.10
	

0.26
	

0.54
	

57
	

117
B1-97
	

0.39
B1-96
	

0.46	 <0.10
	

0.19
	

0.44
	

42
	

96
B 1-95
	

0.47	 <0.10
	

0.26
	

0.47
	

55
	

101
B1-94
	

0.50
	

<0.10
	

0.22
	

0.53
	

44
	

106
B 1-93
	

0.50	 <0.10	 <0.10
	

0.46
	

93
B 1-92
	

0.50	 <0.10
	

0.20
	

0.53
	

39
	

105
B1-91
	

0.44	 <0.10	 <0.10
	

0.43
	

97
B1-89
	

0.50
	

<0.10	 <0.10
	

0.52
	

104
B1-88
	

0.45	 <0.10
	

0.20
	

0.53
	

46
	

117
B1-87
	

0.41	 <0.10
	

0,22
	

0.51	 54
	

124
B1-87B
	

0.60
	

<0.10
	

0.23
	

0.78
	

38
	

131
B1-86
	

0.34

a TOC is expressed in weight percent.
b 
5 denotes already generated hydrocarbons, in milligrams of hydrocarbons per gram of rock.

c S2 denotes hydrocarbons generated from kerogen during pyrolysis, in milligrams of hydrocarbons per gram of rock.
d S3 denotes carbon dioxide generated from kerogen, in milligrams of carbon dioxide per gram of rock.
e Tmax denotes temperature at maximum pyrolysis, in degrees Celsius.
Hydrogen Index equals S 2 x 100 ± TOC, in milligrams of hydrocarbons per gram of organic carbon.

g Oxygen Index equals S 3 x 100 ± TOC, in milligrams of carbon dioxide per gram of organic carbon.
h Insufficient S2 yield for accurate determination.

TOG in all 40 samples varies from 0.15 to 0.60 weight percent
(= 0.39) with 37 samples between 0.27 and 0.50 weight per-
cent. Samples above the Cretaceous/Tertiary boundary are
slightly leaner ( = 0.34, n = 17) than those below ( = 0.43,
n = 23). This may reflect differences in organic matter input,
organic matter dilution related to increased sandiness in the
stratigraphically higher samples, or increased oxidation in nearer
shore paleoenvironments above the boundary, as determined
from palynomorph assemblages (Askin, unpublished data).
TOG values of 0.50 and less are considered poor petroleum
source rocks (Peters 1986).

In the sample (109) below the presumed Cretaceous/Tertiary

boundary, TOG drops, then returns to the general trend in
the sample above (110). This variation is noted but is small
and probably not of sufficient magnitude to conclude confi-
dently anything about a boundary event.

Rock Eval pyrolysis. The four measurements of Rock Eval
pyrolysis are S, S2 , S3 . and Tnax (see table for explanation).
Parameters calculated from these analytic data evaluate the
"quality" of the organic matter, its organic facies (seitsu Jones
1987), and its extent of thermal maturation. In general, the
analytical reliability of Rock Eval pyrolysis data is suspect for
samples with TOG values less than 0.4 weight percent. There-
fore, Rock Eval was not attempted on such samples. Seventeen

38	 ANTARCTIC JOURNAL



of the 40 samples have TOC values of 0.41 to 0.60 weight
percent and were analyzed by Rock Eval.

None of the 17 pyrolyzed samples produced detectable S1.
S is a measure of mobile hydrocarbons in a rock sample.
Eleven samples produced detectable S 2 (0.19-0.26), which
measures hydrocarbons analytically pyrolyzed from kerogen.
Two samples with sufficient S 2 to measure 'rn,< showed the
organic matter in these samples is thermally immature (i.e.,
no significant amounts of the organic matter have been con-
verted to hydrocarbons). These maturity results are consistent
with unmeasurable Si values, and confirm low thermal ma-
turity based on yellow spore color (equivalent vitrinite reflec-
tance of approximately 0.4 to 0.6 percent), despite sometimes
abundant, more thermally mature reworked spores (Re, up to
0.9 percent). Fleming and Askin (1982) reported vitrinite re-
flectance values (0.28 and 0.30 percent R(, = thermally im-
mature) for samples of a nearby Early Tertiary lignitic coal lens
stratigraphically higher in the section. Vitrinite reflectance val-
ues of 0.69 percent R0 were reported (Palamarczuk et al. 1984)
for two samples near(?) the Cretaceous/Tertiary boundary on
Seymour Island, implying marginal maturity. The range of
vitrinite reflectance values for the 24 Campanian to Paleocene
samples analyzed by Palamarczuk et al. (1984) is 0.37 to 0.71
percent R0, with the lower values from samples in the upper
part of the section.

Organic fades. The term organic facies has been used many
ways in the literature (Jones 1987). The definition of Jones and
Demaison (1982) is followed here: "an organic facies is a map-
pable subdivision of a designated stratigraphic unit, distin-
guished from adjacent subdivisions on the basis of the char-
acter of its organic constituents without regard to the inorganic
aspects of the sediment." Jones (1987) used hydrogen-to-car-
bon (H/C) and oxygen-to-carbon (0/C) atomic ratios, or equiv-
alent Rock Eval pyrolysis parameters [Hydrogen Index (HI)
and Oxygen Index (01)] to categorize organic facies chemically.
The values obtained here are plotted on a Van Krevelen type
diagram (figure 2) to identify organic facies.

All 11 samples that provided both HI and 01 data belong to
organic facies CD to D of Jones (1987). This suggests that the
environment of deposition (or the environment of preserva-
tion) was probably relatively rich in oxygen, an environment
unfit for large accumulations of preserved organic matter. Ker-
ogen analysis of these samples is consistent with the pyrolysis
data, indicating vitrinite (woody material) and inertinite (oxi-
dized organic matter) are usually the prevalent maceral groups.

Conclusions. The following interpretations are tentative be-
cause some or all of the samples could have been affected
during outcrop weathering or shallow burial.
• Small amounts of organic matter are preserved in the 40

outcrop samples spanning 23.5 meters over the Cretaceous/
Tertiary boundary.

• The organic matter is oxygen rich and hydrogen poor, sug-
gesting a near shore oxic environment of deposition, or
weathering.

• Tmax and other data record a thermally immature environ-
ment, implying that the samples were never buried deeply
enough to have generated significant amounts of hydrocar-
bons.

• No major break in trend for the data was noted at the Cre-
taceous/Tertiary boundary. A trend of slightly decreasing
TOC, possibly within the margin of analytic and preserva-
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Figure 2. Van Krevelen type diagram for 11 samples, plotting whole
rock Hydrogen Index vs. Oxygen Index. Pathways are labelled with
kerogen types from which organic fades were determined. (mg HC/
g Corg denotes milligrams of hydrocarbons per gram of organic
carbon. mg CO 2/9 Corg denotes milligrams of carbon dioxide per
gram of organic carbon.)

tional error, occurs from uppermost Cretaceous to basal Ter-
tiary. This trend, if real, is probably reflecting a
sedimentological change toward increasing siliciclastic in-
put, or toward more inshore, more oxic organic facies.
This research was supported by National Science Founda-

tion grants DPP 80-20095 and DPP 83-14186 (transferred to DPP
87-96243).
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Recent advances in the systematics
and distribution of fossil lobsters

from the Cretaceous and Paleocene
of James Ross Basin, Antarctica

RODNEY M. FELDMANN

Department of Geology
Kent State University

Kent, Ohio 44242

Fossil lobsters were first described from the James Ross Basin
by Stuart Weller (1903). He had been given the material by an
American artist, F.W. Stokes, who made a small collection of
fossils, including one lobster, while a participant in the Swed-
ish South Polar Expedition, 1901-1903. Stokes left the expe-
dition in 1902 and, having agreed not to divulge scientific
material until the expedition was concluded, promptly gave
the specimens to Weller for study (Andersson 1906, p. 34).
Weller (1903, p. 413) indicated that the material had been col-
lected in February, 1902, by Stokes, "at Admiralty Inlet, Louis
Philippe Land, south of South America." The precise site from
which the collection was made remains in question; however,
Andersson indicated (1906, p. 34) that Stokes' collection had
been made while the NordenskjOld wintering camp was being
established. Thus, the type locality of Hoploparia stokesi, the
lobster named by Weller and originally assigned to the genus
Glyphea, is probably locality 1 (Andersson 1906, p1. 6) in the
vicinity of Nordenskjöld's hut, Admiralty Sound, Snow Hill
Island.

Ball (1960) cited this locality, presumably as having been
visited by W.N. Croft during Operation Tabarin in 1945, but
listed (p. 5) only the serpulid worm, Rotularia cal/osa (Stoliczka)
as having been collected there. Because the focus of Ball's work
was on decapod crustaceans and serpulids, he cited only the
occurrences of these taxa. No other studies, to my knowledge,
have referred to fossil decapods collected from Snow Hill Is-
land.

In January, 1987, William J . Zinsmeister and I collected three
poorly perserved specimens of Hop/o paria stokesi from a locality
in the cliffs just above the base camp of Nordenskjöld and
northwest of a prominent basaltic dike which establishes, with
certainty, the occurrence of H. stokesi in this region of Snow
Hill Island (figure 1). Therefore, this site would appear to be
the type locality for the species.

In addition to the type locality, Ball (1960, pp. 11, 12) cited
several other localities from which the species had been col-
lected. Members of the Swedish South Polar Expedition col-
lected lobsters from Nordenskjöld's localities 2, 4, 5, and 6 on
Snow Hill Island, from locality 8(?) on southwestern Seymour
Island, and from locality 12 on Cockburn Island (figure 2). Croft
collected the species, along with a single specimen of another
lobster, Meyeria crofti Ball, at several localities in the vicinity of
Dagger Peak and The Naze, northeastern James Ross Island.
Subsequent to the work of Ball, Del Valle and Rinaldi (1975)
reported Hoploparia stokesi from a locality near the coast of Bahia
Lopez de Bertodano, north central Seymour Island, These re-
mained the only occurrences of fossil lobsters in the James
Ross Basin until supplemented by material collected in 1984-
1985 and 1986-1987 in conjunction with a detailed examination
of the paleontology of Seymour Island.

-

/'43

4

I

Figure 1. View of the type locality from which Stokes collected
Hoploparia stokesi looking eastward from Nordensjkäld's wintering
camp.

In 1984-1985, 58 specimens of decapods were collected from
two sites in north central Seymour Island, one of which may
have been the collecting locality of Del Valle and Rinaldi. All
but two of the specimens were Hoploparia stokesi; the others
documented Linuparus macellarii Tshudy and Feldmann (1988),
the first occurrence of palinuroid lobsters in Antarctica.

In 1986-1987, three species of macrurans, Hop/a paria stokesi,
Linuparus macellarii, and a new species, Metanep/irops jenkinsi
Feldmann (in press), were collected from a broad range of sites

5•,:c	
FORMATIONS
SOBRAL

EGA

3 •••	HUMPS	
SANTA MARIA

JAMES ROSS	T	COCKBURN	
LOCALITIES
*	7

SEYMO*UR

SNOW:LL/	20

Figure 2. Map of James Ross Basin showing the sites from which
fossil lobsters have been collected. Numbers correspond to Nor-
densjköld's collecting site numbers. Sites collected by Croft are
indicated by arrows, the location described by Del Valle and Rinaldi
is indicated by a star, and Olivero's locality by a square. Recent
collecting localities are indicated by dots in all regions except on
Seymour Island. On that island, the cross-hatched area represents
a broad terrain underlain by the molluscan units of the Lopez de
Bertodano Formation and the lowermost units of the Sobral For-
mation from which specimens have been collected. Map compiled
from Andersson (1906), Ball (1960), and original work on a base
map modified from Fleming and Thomson (1979). (km denotes kil-
ometers.)
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within the "molluscan units" (Macellari 1986) of the Lopez de
Bertodano Formation on Seymour Island. Although numeri-
cally most abundant in the Maastrichtian-Paleocene portion of
the Lopez de Bertodano Formation, Hoploparia stokesi and Me-
tanephrops jenkinsi were also collected in the Paleocene Sobral
Formation. Reconnaissance collecting on James Ross Island
and Vega Island, by Zinsmeister and Feldmann; on Humps
Island, by Fred Barbis; and on Cockburn Island, by Jeff Stilwell
demonstrated that Hoploparia stokesi was a widespread, though
never common, constituent throughout the rocks, except in
the Rotularia beds on Seymour Island, where none was found.
A single specimen of Linuparus inacellarii was also collected
from Vega Island.

During the 1987-1988 field season, Eduardo Olivero, Centro
de Investigaciones en Recursos Geologicos, Argentina, col-
lected several decapod specimens from the early Campanian
Santa Marta Formation, on northeastern James Ross Island,
including Hoploparia stokesi and Metanephrops jenkinsi. Small
brachyurans, not previously noted from the Cretaceous of Ant-
arctica, were also found; however, their identity has not yet
been established.

In summary, as a result of recent studies of fossil lobsters
from the James Ross Basin, the number of species has been
increased to four. Additionally, the geographic distribution has
been broadly expanded for all taxa except Meyeria crofti, and
the geological range of Hoploparia stokesi and Metanephrops jen-
kinsi has been increased to embrace early Campanian to Pa-
leocene.

Field work to collect the decapods of the James Ross Basin
was supported by a National Science Foundation grant to Wil-
liam J. Zinsmeister. Laboratory research was supported by
DPP 84-11842 and DPP 87-15945 to me. Assistance in collecting
fossil lobsters in the field was provided by Fred Barbis, David

Elliot, Marilyn Kooser, Tonianne Pezzetti, David Rieske, Jef -
frey Stilwell, Michael Woodburne, William Zinsmeister, and
other members of the 1984-1985 and 1986-1987 field parties.
Eduardo Olivero kindly made his collections available to me
for study. (Contribution 394, Department of Geology, Kent
State University, Kent, Ohio 44242.)
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Antarctic research at the
University of California, Riverside,

1987-1988

M.O. WOODBURNE

Department of Earth Sciences
University of California

Riverside, California 92521

During this past year, I devoted considerable time and at-
tention with Rodney M. Feldmann (Kent State University) to
editing the 555-page Geological Society of America Memoir
169: Geology and Paleontology of Seymour Island, Antarctic Pen-
insula (Feldman and Woodburne 1988). Along with the first
detailed topographic and geologic maps of Seymour Island,
this volume clearly shows that Seymour Island contains the
single most important land-based paleontologic and strati-
graphic record of Late Cretaceous (Campanian/Maastrichtian)
to early Tertiary (Paleocene/early Oligocene) events in the

Southern Hemisphere. Work by the 26 authors contributing
to this volume (University of California at Riverside members
are Rosemary A. Askin, plant pollen and spores; J.A. Case,
land plants, birds, and marsupials; P.M. Sadler, geology and
stratigraphy; M.O. Woodburne, birds, marsupials, and stra-
tigraphy) provide a wealth of new paleontologic and strati-
graphic data on diatoms, radiolarians, pollen and megafossil
land plants, foraminiferans, corals, bryozoans, brachiopods,
gastropods, ammonites, belemnites, mollusks, worms, bar-
nacles, crabs, echinoids, star fish, land birds, and marsupials.

The following summary is derived from the contributions in
the memoir. Geological data show that Seymour Island de-
posits formed in generally shallow-water shelf environments
with debris supplied from the active volcanic spine of the Ant-
arctic Peninsula to the west. Whereas geologic units in the
Campanian to Maastrichtian Lopez de Bertodano Formation
are relatively tabular and lack appreciable hiatuses, the Paleo-
cene (Sobral and Cross Valley) and Eocene to Oligocene (La
Meseta) units show progressively large-scale hiatuses and ap-
pear to have been formed as progressively broader-scale len-
ticular to trough-shaped bodies. This change in style of
sedimentation occurs stratigraphically well above the position
of the Cretaceous/Tertiary boundary and some hiatuses (e.g.,
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within the Sobral Formation) may be related to global changes
in sea level.

The plant record reflects a gradual climatic change from cool-
temperate in the Late Cretaceous to somewhat cooler temper-
atures in the Tertiary, and although many relatives of Seymour
Island marine invertebrates subsequently adapted to deeper
water environments in lower latitudes, the Seymour species
inhabited shallow waters.

Not only does Seymour Island excel in its range, diversity,
and fidelity of preservation of marine fossils, but their strati-
graphic record reveals patterns of faunal development and
change not seen elsewhere during this time interval. It appears
that the high-latitude Weddellian biogeographic province
(Antarctica, the then co-terminous New Zealand and Aus-
tralia, and the adjacent tip of South America) was sufficiently
isolated from the rest of the world's faunas to constitute a
place ("holding tank") where endemic evolution produced new
taxa that subsequently dispersed to lower latitudes. Correla-
tions based on more cosmopolitan taxa indicate that many
marine invertebrates as well as terrestrial plants occur earlier
in Weddellia than in other parts of the Southern Hemisphere
(and, in fact, occur earlier at Seymour Island than in New
Zealand and Australia which separated from Antarctica at about
80 and 55 million years, respectively). This pattern is described
as "high latitude heterochroneity."

A major finding is that there is no catastrophic extinction at
the time of the Cretaceous/Tertiary boundary as expressed at

Seymour Island. Species become extinct and others originate
at various levels as the Cretaceous/Tertiary boundary is ap-
proached and surpassed in the Lopez de Bertodano Formation
but, in contrast to virtually all other geologic sections in the
world, no cataclysmic extinction is observed at any part of the
latest Cretaceous/earliest Tertiary sequence on Seymour Is-
land. Weddellian marine and land (plant) biota appear to have
been effectively immune to whatever caused the terminal Cre-
taceous extinctions elsewhere.

Another intriguing question involves the early dispersal of
marsupials between South America and Australia prior to the
time when Australia broke away from Antarctica. Whereas this
question is not resolved, late Eocene land mammals (marsu-
pials) and gigantic ground birds show that dispersal from low-
latitude South America into Wedellian province had taken place
by then, and likely even earlier.

This research was supported by National Science Founda-
tion grant number DPP 85-21368.
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Gravity data provide insight into crustal structure, particu-
larly in conjunction with magnetic data. Over oceanic regions,
gravity information can delineate fracture zones, seamounts,
ocean plateaus, aseismic ridges, and continental margin edge
effects. Structural lineations can often be traced beneath sed-
iment cover that would obscure such features in bathymetry.
Where bathymetry and sediment thickness are known, gravity
can be used to estimate crustal plate thickness or strength.
Gravity over land serves as a remote sensing probe of the
density structure beneath the Earth and is used for oil and
mineral exploration as well as research into the composition
and structure of the Earth's crust, mantle, and core.

Gravity data over land or ice are conventionally collected as
stationary point measurements. Although stationary surveys
can be difficult, time consuming, and expensive, the technol-
ogy is relatively simple, consisting of the determination of the
force required to support a known test mass. These measure-
ments can usually be reduced to free-air anomaly data with
an error of <1 milligals if the measurement height can be
determined accurately. Measurements over the ocean are done
from moving platforms, i.e., ships. Dynamic gravimetry adds
complexity to the stationary case. The test mass cannot be
completely stabilized due to the platform motions: the motions
of the mass are averaged over some time period and the sup-
porting forces vary as required to keep the mass within some
limits of travel. This procedure yields a measurement which
is a spatial average of the gravity field along some length of
the ship track. In addition, vertical accelerations must be re-
moved from the signal and the gravimeter must be kept level
with respect to the local vertical.

Vertical acceleration of the vehicle can be divided into, first,
that due to changes in altitude with respect to the center of
the Earth and, second, that required to travel at a constant
height over a curved rotating Earth. For a ship, the first type
is due primarily to waves and, when averaged over several
minutes, is close to zero. The limiting factor is the determi-
nation of the second type of vertical acceleration, termed the
Eötvös correction, which is computed from course, speed, and
latitude. Shipboard data under ideal conditions with excellent
navigation are accurate to 1-2 milligals for wavelengths >2-
3 kilometers.
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While shipboard gravity measurements are accurate, ships
are slow, expensive, and cannot operate in heav y ice cover.
The Naval Research Laboratory, therefore, undertook the de-
velopment of an airborne gravity measurement system (Broz-
ena 1984). Airborne measurement adds several difficulties to
dynamic gravimetry. The first type of vertical acceleration men-
tioned above may not be simply removed by averaging. It must
be independently determined from extremely precise altime-
try. In addition, the greater speed of aircraft extends the re-
quired time averaging of the data over a longer length of the
vehicle track, reducing short wavelength anomaly resolution.

The airborne gravity measurement system was originally
limited to use over open water since the only source of suf -
ficiently precise altimetry available was a prototype radar de-
signed at the Naval Research Laboratory. The ocean provides
a nearly flat surface from which to reference the radar altitudes.
A high-resolution barometric sensor was later added to the
airborne gravity measurement system to determine altitude
and vertical acceleration provided that occasional absolute al-
titudes could be obtained from the radar. The radar altitude
"fixes" determine the slopes of the isobaric surfaces of the
atmosphere. The updated system proved capable of root-mean-
square accuracies better than 3 milligalvins for anomaly wave-
lengths >15 kilometers over an area of North Carolina (Brozena
and Peters 1988). The region consisted of roughly half land
and half water.

We believed that the ice-covered ocean basins around Ant-
arctica presented an analogous situation to the North Carolina
test region. The pressure altimeter would provide primary height
data which would be corrected for atmospheric conditions
whenever the aircraft crossed a lead in the pack ice where an
absolute radar altitude could be obtained. The U.S-Argentina-
Chile program to conduct an aerogravity and aeromagnetic
study of the antarctic margins was formed as a consortium of
investigators from Lamont-Doherty Geological Observatory,
the Naval Research Laboratory, the Instituto Antartico Argen-
tino and the Sevicio Nacional de Geologia y Mineria de Chile
(LaBrecque et al. 1986).

We have now completed three field deployments of the Na-
val Research Laboratory P-3A Orion equipped with the air-
borne gravity measurement system and magnetometer system
(figure) to Punta Arenas, Chile. These deployments comprised
27 flights to the western Weddell and eastern Bellingshausen
seas. Preliminary reduction of the aerogravity data has pro-
duced two gravity maps over the regions that cover a total of
650,000 square kilometers. Average track spacing for the maps
is 40 kilometers and the data mis-tie at track crossings is <3
milligals root-mean-square. Ice coverage for both regions was
more than 70 percent. We were able to survey, quickly and
accurately, an area that would be practically impossible to study
by conventional means. A surprising result was that the sea-
ice, except for imbedded bergs, is essentially flat for wave-
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Cutaway of the Naval Research Laboratory's P3 Orion with the airborne gravity measurement system installed showing the system
components.
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lengths of interest (>15 kilometers). The pressure altimetry
proved unnecessary except to connect the radar data across
the bergs and over the grounded ice shelf. Because the radar
is considerably more accurate than the pressure sensor, we
were able to produce higher quality gravity maps with less
effort than anticipated.

The U.S.-Argentine-Chilian team is presently using the grav-
ity and magnetic maps to analyze the tectonic development of
the margins and ocean basins around the Antarctic Peninsula
and will publish a series of reports and maps on the results
in the coming year. A joint Naval Research Laboratory/Na-
tional Geodetic Survey research program in centimeter-level
aircraft positioning from interferometric mode global position-
ing is planned to extend the airborne gravity measurement
system for use over continental regions. This would make it

possible simultaneously to gather gravity, magnetics, and ab-
solute terrain or ice elevations over Antarctica and anywhere
else that an aircraft can operate.

This work was supported by National Science Foundation
grant DPP 86-00663.
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The Sør Rondane Mountains (71°30' to 72°30'S 21° to 28°E)
are composed of medium- to high-grade metamorphic rocks,
in places extensively migmatized, and of plutonic rocks rang-
ing from gabbro to granite in composition (Van Autenboer
1969; Van Autenboer and Loy 1972), and from 520 to 600 mil-
lion years in age (Pasteels and Michot 1968). Japanese geolo-
gists have studied the central and western parts of the Sor
Rondane during the 25th through 28th Japanese Antarctic Re-
search Expeditions (JARE) (1984-1987) (Asami and Shiraishi
1987; Ishizuka and Kojima 1987; Kojima and Shiraishi 1986;
Shiraishi and Kojima 1987). Consequently, the exposures east
of Byrdbreen (figure 1) were the primary objective of the field
work during the 29th JARE.

Field work was carried out during a traverse by oversnow
vehicles departing Asuka Camp (71°32'S 24 008'E) on 6 January
1988 and returning to Asuka on 3 February 1988 (Asami, Mak-
imoto, and Grew in preparation). Three base camps were es-
tablished east of Byrdbreen (figure 1) and a fourth near Tvitaggen
(71°40'S 25°E) in the central Sor Rondane, where we sampled
at three localities. Travel to outcrops from the base camps was
largely by snowmobile.

The exposures we examined in the eastern Sor Rondane are
composed of quartzofeldspathic gneisses with biotite or horn-
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blende and subordinate hornblende gneisses and amphibolite.
These gneisses are commonly migmatized by intrusion of peg-
matite and granite. Garnet amphibolite, pyroxene granulite,
and garnetiferous pyroxene granulite are abundant locally.
Lenses 0.5 to 10 meters thick of marble containing graphite,
spinel, diopside, phiogopite, and forsterite are exposed in
northern Austhamaren, northwestern Balchen Mountain,
southern Balchen Mountain and in a northwest-trending belt
of garnetiferous granulites northwest of base camp II (figure
1). This belt is about a kilometer wide and extends at least 4
kilometers along strike. The marbles are associated with coarse-
grained aggregates of pargasite, diopside, scapolite, and other
calc-silicate minerals, which formed, at least in part, by me-
tasomatism, and locally with fine-grained granulites contain-
ing diopside, wollastonite and grossular. Lenses of calc-silicate
rocks also occur in southern Austhamaren and at Eremitten.

Garnet-hiotite-sillimanite gneiss in layers 0.5-3 meters thick
was found only at one locality north of base camp II. Other
distinctive rocks are manganese-rich quartzite and spessartine-
bearing rocks in a 0.5 meter-thick layer at Hettene, garnet
amphibolite in a lens 4 by 10 meters at Vesthjelmen and in a
15-meter-thick layer at Austhamaren, and fetid, sulfide-rich
rocks in lenses near base camp II. The garnet amphibolite at
Vesthjelmen contains randomly oriented plagioclase laths sev-
eral centimeters long.

Metaigneous rocks include melanocratic rocks, deformed dike
rocks, and an orthogneiss. The melanocratic rocks form lenses
up to several meters across and consist largely of clinopyrox-
ene, hornblende, or biotite, subordinate plagioclase, ortho-
pyroxene, and at two localities, olivine. These rocks are common
in migmatitic gneisses, particularly in Balchen Mountain, where
one body 300 meters long and up to 20 meters across is ex-
posed. We tentatively interpret these rocks to be premeta-
morphic mafic and ultramafic intrusives subsequently completely
recrystallized and largely broken into lenses during meta-
morphism and deformation. In contrast to the melanocratic
rocks, the dike rocks are clearly discordant and are less com-
monly broken into lenses. Nonetheless, the contacts of the
dike rocks with country rock are commonly folded and the
dike rocks are completely recrystallized. Biotitic dike rocks were
found at six localities in Firlingane, Vesthjelmen, and Balchen
Mountain; garnetiferous dike rocks with hornblende were found
at Austhamaren and Hesteskoen. A body nearly a kilometer
long of resistant orthogneiss, which appears black from a dis-
tance, crops out within a belt of migmatitic gneisses that is
adjacent to the marble-bearing belt of garnetiferous granulites
in Baichen Mountain. Mafic plutonic rocks intrude gneisses in
Firlingane; these rocks appear to be postmetamorphic.
Throughout the area veins of granite and pegmatite, com-
monly containing pink or red K-feldspar, cut earlier pegmatite
and granite, as well as the metaigneous rocks.

The quartzofeldspathic gneisses and associated hornblende-
rich rocks appear to have mineral assemblages characteristic
of the amphibolite facies. Orthopyroxene-bearing assemblages
indicative of granulite-facies conditions were found in some
of the metaigneous rocks of northern Baichen Mountain, that
is, in the orthogneiss and in a few of the melanocratic rocks,
as well as in a distinctive coarse-grained feldspathic rock in
northern Austhamaren. Garnet-pyroxene granulites of north-
ern Baichen Mountain represent more extensive tracts of gran-
ulite-facies assemblages. Southern Baichen Mountain and parts
of Eremitten and a nunatak north of Eremitten are composed
largely of granulite-facies rocks, including charnockitic gneiss,
pyroxene granulite, and rare garnet-pyroxene granulite.

Large-scale, recumbent, nearly isoclinal folds are exposed in
Vesthjelmen and in a nunatak southwest of Hettene. The hinge
zone of the Vesthjelmen fold extends horizontally for over a
kilometer of a cliff face oriented roughly perpendicular to the
fold axis, which appears to plunge gently west (figure 2). Var-
iations in structural trends in the Vesthjelmen-Austhamaren
area resulted from refolding of the recumbent isoclinal folds.
Another large-scale structure is the northwest-trending anti-
form mapped in northern Balchen Mountain (figure 1). On
Balchen Mountain, metamorphosed dike rocks and the or-
thogneiss, as well as the quartzofeldspathic gneisses and gran-
ulites, are deformed by abundant fault zones with displacements
of several meters to 10 meters, locally more. Rocks within the
fault zones are completely recrystallized as well as folded by
dragging along the faults. These fault zones appear to be re-
lated to the regional amphibolite- facie s metamorphism and
migmatization, a tectonothermal event that retrograded the
granulite-facies assemblages, which we interpret to be relict.

The latest event in the eastern Sor Rondane resulted in closely
spaced fracturing and narrow linear depressions, alteration of
high-temperature minerals such as garnet and pyroxene to
low-temperature minerals such as chlorite, epidote, and mus-
covite, and in emplacement of quartz veins with druses.

In addition to extensive sampling for petrologic studies, we
collected five samples of gneisses for uranium-lead isotope
analyses (zircon) and rubidium-strontium isotope analyses by
W.I. Manton (University of Texas, Dallas), and nine samples
for rubidium-strontium isotope analyses together with five
samples for samarium-neodymium isotope analyses by geo-
chemists at the Geological Survey of Japan. We hope that the
isotopic data obtained on these samples will clarify the ages
of the metamorphic events and original formation of the pre-
cursors to the gneisses. Pasteels and Michot (1968) suggested
ages near 600 million years for metamorphism and migmati-
zation, but we suspect that these events are older.

We thank the other members of the traverse team and of
the 29th JARE for their kind assistance and support. Grew's
research was supported by National Science Foundation grant
DPP 86-13241.

Figure 2. Photograph of recumbent isoclinal fold at Vesthjelmen,
view west. The distance between the two fold-noses is about a
kilometer. (Same fold illustrated by Van Autenboer and Loy 1972,
figure 2.)
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During the 1987-1988 field season, the antarctic search for
meteorites under the direction of W.A. Cassidy consisted of
two field parties. This report details the activities of the Allan
Hills party, which was assigned to visit and assess the meteo-
rite concentrations of several blue-ice patches to the north and
west of Elephant Moraine (76°17'S 157°20'E).

We were put into the field by helicopter southwest of the
main Allan Hills ice field (figure 1). The first few days were
spent collecting samples of dust bands in the ice and rock from
the Allan Hills for studies of the glacial history of the area.
During this work, we found five new meteorites on the main
Allan Hills ice field.

We then traversed to Elephant Moraine (figure 1) by way of
the Allan Hills Middle Western ice field (76°50'S 158°26'E),
where fuel had been dropped earlier. At Elephant Moraine,
we searched the ice west of the elephant's trunk from two
camps about 7 kilometers apart and collected 34 meteorites.
Most were found within about 3 kilometers of the elephant's
trunk, in and adjacent to an area that was searched during
previous seasons. Few meteorites were found further west.
The locations of the meteorites were surveyed and tied to the
geoceiver stations established during the 1982-1983 field sea-
son (Cassidy et al. 1983).

Camp was then moved about 20 kilometers west of the el-
ephant's trunk (figure 1). A high concentration of meteorites
was discovered on ice where a reconnaissance team had found
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Figure 1. The 1987-1988 traverse of the Allan Hills party is shown
by the solid lines. The darkest areas at the top and right of the map
are nunataks; all other dark patches are blue ice. Campsites are
shown with open circles. The area within the dashed outline is
shown in the sketch map in figure 2. (Base map is from a U.S.
Geological Survey satellite image map: Victoria Land Coast, Ant-
arctica.)

meteorites in 1982-1983 (Cassidy et al. 1983). This area was
given the field name, "Meteorite City" * (figure 2). Meteorites
were also found on the large, flat, relatively high area of blue
ice south-southwest of Meteorite City, but in lower concen-
tration. This area was called "Upper Meteorite City."

A very rich concentration of meteorites was found about 10
kilometers upwind (south) from our camp on the northeast
edge of a large blue-ice patch. The meteorites were found
primarily on the north-facing slope of a large monocline and
in the bowl-shaped area below the monocline. We called this
area "Texas Bowl" (figure 2). Few meteorites were seen on ice
to the west and south of Texas Bowl. Most of the meteorites
have apparently been blown from the upwind ice and many
were trapped by the rough ice surface and bowl shape of Texas
bowl.

* The official Johnson Space Center names for all meteorites found by
the Allan Hills party during the 1987-1988 season will be either Allan
Hills (for Allan Hills Main and Middle Western ice fields) or Elephant
Moraine (for all other locations).
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Figure 2. Sketch map of the area where most of the meteorites were
found by the Allan Hills party in 1987-1988. Meteorite numbers
represent only those meteorites actually collected. Many more me-
teorites remain on the ice, particularly at Texas Bowl. Additional
smaller concentrations of meteorites were seen on the small ice
patches to the northwest of Texas Bowl and east of the pinnacles
to the east of Upper Meteorite City. (km denotes kilometer.)

Figure 2 summarizes the results of our survey of this series
of ice patches. During two visits to this area (11 days in all)
we collected 296 meteorites (see table). Two small meteorites

were found among the pinnacles where meteorites are not
usually seen. Meteorite locations were surveyed using stations
at recognizable physiographic features. We later tied these
survey stations into the geoceiver station at Elephant Moraine.
Partial systematic searches were carried out at Meteorite City
and Texas Bowl. About two-thirds f the meteorites recovered
at Texas Bowl were collected during 2 days of systematic
searching. It is likely that an additional 400 meteorites remain
to be collected on these ice fields.

Between our two stays at the Meteorite City camp, we moved
about 25 kilometers north-northwest to the "Northern" ice
patch (76°5'S 156°10'E). Two meteorites were found on this ice
patch in 1982-1983 during a long day trip from Elephant Mo-
raine (Cassidy et al. 1983). A relatively careful random search
turned up meteorites, but compared to Meteorite City and
Texas Bowl, the concentrations were disappointing. A system-
atic search of about 1 square kilometer suggests that the me-
teorite concentration on this ice patch is similar to or slightly
lower than those at the Allan Hills Far Western and Middle
Western ice fields. We collected 31 meteorites from the North-
ern ice patch, two of which (weighing about 25 and 16 pounds)
may be mesosiderites (Score personal communication). Be-
cause of low fuel, we did not complete a detailed search of the
Northern ice patch. An additional 100 meteorites may remain
on the ice.

Because of our tight fuel supply, we did not move camp to
the "Far Northern" ice patches (75°50'S 156°O'E) but visited
them on a day trip. We swept the length of the eastern-most
ice patch (figure 1) side by side and saw no meteorites and no
rocks. The ice constituting this patch is transitional between
firn and crystalline ice and has a regular ripple pattern on its
surface. This contrasts with the clear blue ice and fractured,
wind-cupped, ice surface on ice patches with meteorites. We
did not reach the other two major ice patches in this area, but
we were able to examine portions of them with binoculars.
They appear to consist of the same firn-like ice and thus are
not expected to have meteorite concentrations.

Upon our return to Allan Hills, while awaiting our helicopter
pickup, we surveyed the locations of meteorites collected ear-
lier in the season (and found another meteorite), mapped the
dust bands we had previously sampled, and surveyed the
positions of some rocks in an experiment set up in 1984-1985
(Schutt et al. 1986) to see how far rocks of various sizes are
blown over time.

This work was supported by National Science Foundation
grant DPP 83-14496 to W.A. Cassidy.
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Tentative classification of meteorites recovered by the Allan Hills party, 1987-1988

Achondrites

14

Allan Hills Main
Allan Hills Middle Western
Elephant Moraine
Meteorite City
Upper Meteorite City
Texas Bowl
Northern
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48
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chondrites

6

31
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12
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2
5
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6

1	 37
50
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meteorites in the Allan Hills region, 1985-1986. Antarctic Journal of
the U.S., 21(5), 82-83.

Score, R. 1988. Personal communication.
United States Geological Survey. Victoria Land Coast, Antarctica. Sat-

ellite image map prepared from ERTS-1 imagery acquired in 1972-
1973 and available through the United States Geological Survey.
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Ice chronology at meteorite

stranding sites, Antarctica
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We measured the ages of dust-laden polar ice samples by
the uranium-series method (Fireman 1986a, 1986b). The ages
at the four Allan Hills locations shown in figure 1 are:
• 66,000 years for location 85-9,
• 98,000 years for location 85-1,

• 200,000 years for location CS-150, and
• 300,000 years for location CS-100.

The older ice is closer to the western margin of the land
barrier as expected from the ice-flow pattern. The chronology
of this ice field overlaps the chronologies of both the deep ice
core from Vostok Station (Lorius et al. 1985) and sediment cores
from the Indian Ocean (Hays, Imbrie, and Shackleton 1976).
The dust particles are tephra, mainly fine volcanic glass shards,
and are confined to a narrow band several centimeters wide
that can extend over distances greater than 100 meters (Nishio
et al. 1984). The continuity of the dust bands over significant
distances indicates that neighboring ice samples have the same
age. A large number of meteorites (Cassidy 1979) has been
recovered from a 50-square-kilometer area, where the ice is
between 100,000 and 200,000 years old. The terrestrial ages of
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approximately 100 meteorites from this area are known (Ni-
shiizumi 1984; Fireman 1980). These terrestrial ages range from
11,000 to 950,000 years, and young meteorites are occasionally
located near ancient ones. The ice chronology when combined
with the terrestrial ages of the meteorites gives information
about the history of the ice movement.

Meteorites less than 100,000 years old must have fallen di-
rectly on the older ice. Some of the meteorites older than 100,000
years fell at the site, but others were transported by ice to the
site. Approximately 50 percent of the meteorites are younger
than 100,000 years old. Few of these have been removed by
ice movement, because their number agrees with the fall rate
expectation. Many of the older meteorites have been removed
by ice movement or other processes because their number is
lower than expected from the fall rate.

We measured an age of 25,000 years for dust-banded ice
from the 86-3 location at the Lewis Cliff meteorite stranding
site, which is fed by the Beardmore Glacier. This location,
together with five other locations at which Cassidy collected
ice samples for our dating work, is shown in figure 2. The
Lewis Cliff area is meteorite rich (Cassidy et al. 1986); however,
very few terrestrial-age determinations have been made on
these meteorites. On the basis of the ice-flow pattern and the
25,000-year age for the 86-3 ice sample, we can surmise that
the Wisconsin-Holocene transition ice (12,000 years old) may
lie between the 86-3 and the EF-1 samples; its presence may
be confirmed by the sharp discontinuity in the oxygen isotope,
oxygen-18/oxygen-16 ratio that occurs at this transition period.
Cassidy collected 38 ice samples for oxygen isotope measure-
ments at locations between 86-3 and EF-1. The oxygen isotope
measurements could serve as a check on our dates for the 86-
3 and EF-1 samples.

In addition to our uranium-series dating work, we have
carried out carbon-14 terrestrial age determinations on 10 ant-
arctic meteorites in collaboration with the University of To-
ronto Isotrace Laboratory (Miura et al. 1987). The ages for nine
Yamato meteorites range from 500 years for Y791630 to 30,000
years for Y790448. The terrestrial age for ALH82118, an L-6
meteorite from the Far Western Allan Hills ice field, is 21,000
years. This meteorite was located close to a meteorite that was
partially imbedded in ice and its age may be approximately
that of the ice. The Far Western Allan Hills icefield is 60 kil-
ometers upstream from the Main Allan Hills icefield shown in
figure 1; one therefore expects the ice at the Far Western Field
to be younger than that at the Main icefield.

This work was supported by National Science Foundation
grant DPP 87-16835.
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Meteorite studies: Terrestrial
and extraterrestrial applications, 1988

M.E. Liosciuiz

Department of Chemistri
Purdue University

West Lafayette, Indiana 47907

Some meteorites are the only tangible materials that formed
at the beginning of solar system history and remain essentially
unaltered since that time, thus providing unique information
on chemical and physical conditions existing at that time. Other
meteorites were processed in their parent bodies (mainly as-
teroids) and provide information on the nature of their parent
bodies and the post-accretionary histories of these objects.

My research group uses radiochemical neutron activation
and atomic absorption techniques to determine trace and ul-
tratrace concentrations (at the part-per-million to part-per-tril-
lion level) of 12 to 15 elements in each sample. These elements—
silver, gold, bismuth, cadmium, cobalt, cesium, gallium, in-
dium, rubidium, antimony, selenium, tellurium, thallium, ura-
nium, zinc—are chalcophile, siderophile, and lithophile
geochemically and include many that are sensitive to thermal
episodes during genetic events. Hence, their relative and ab-
solute concentrations record preterrestrial and terrestrial his-
tories that can be deduced from study of the meteorites.

The information that moderately and highly labile trace ele-
ments give about the early solar system and its formation are
reviewed by Palme, Larimer, and Lipschutz (1988) and Lip-
schutz and Woolum (1988), respectively. The nature of aster-
oids and, in particular, those that are meteoritic parent bodies
are discussed by Lipschutz, Gaffey, and Pellas (in press). This
discussion includes a summary of the constraints that meteo-
rites provide on the number, structure, and kind of bodies
from which they derive. It emphasizes antarctic meteorites,
because they provide compelling evidence for derivation from
parent population(s) differing from that producing contem-
porary, non-antarctic meteorite falls. The asteroid population
and the contemporary meteorite population differ greatly: clearly
the Earth is receiving a biased sampling of the extraterrestrial
population.

One important characteristic of any meteorite population—
especially the antarctic one(s)—is the presence in it of samples
of unique or rare types. Such meteorites are usually small,
especially in Antarctica, and complex so that they must be
studied by a consortium of carefully selected scientists. Each
consortium member uses techniques chosen to yield the max-
imum scientific information from the minimum amount of well-
documented material. During the past year, my research group
participated in a number of such consortia, two of which in-
volved antarctic meteorites.

The first consortium involved Yamato (Y) 691 and Qingzhen,
petrologically of type 3 and the most primitive enstatite (E)
chondrites known. Compositionall y, these two specimens—
the only E3 meteorites known—prove to resemble E4 chon-
drites (Kaczaral et al. 1988). Contents of most of the 15 elements
determined by Kaczaral et al. (1988) are similar in the two E3
chondrites. However, contents of bismuth, cadmium, and
thallium—the three most thermally sensitive elements mea-
sured—differ markedly, being at about solar photospheric 1ev-

a	b	c	d	e	f
Shock fades

Figure 1. Degree of shock-loading evident in L4-6 chondrites from
Victoria Land, Antarctica (top) and in non-antarctic falls (bottom).
Open symbols delineate the known population, shaded symbols
indicate the sampling studied by Kaczaral et al. (in preparation).
Relative to non-antarctic samples, the Victoria Land population
contains virtually no meteorites of shock facies e or f, i.e., those
shocked to pressures of 35 gigapascals during preterrestrial col-
lisions.
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Figure 2. Comparison of gallium (Ga)-normalized indium (In) vs. thallium (TI) data in L chondrites: left, samples from Victoria Land; right,
non-antarctic falls. The shaded region, which acts as a fiducial mark, represents the compositional envelope predicted to result from
condensation of a gaseous nebula with solar photospheric Cl composition at 5 x 10 5 to 5 x lO atmospheres. Strongly shocked
(>22 gigapascals) L chondrite falls generally contain smaller quantities of indium and thallium than do mildly shocked ones. This systematic
difference is not evident among L chondrites from Victoria Land so that these samples are intermixed and concentrated in a region much
smaller than that occupied by falls. Parent materials of mildly shocked samples from Victoria Land, in particular, apparently formed at
higher temperatures than did falls (Kaczaral et al. in press). (ppb denotes parts per billion.)

els in Y 691 and near the bottom of the E4 range for Qingzhen.
Trace-element abundances and interelement comparisons
demonstrate that the two E3 chondrites compositionally reflect
nebular condensation only, with Y 691 parent material having
condensed at lower temperatures than Qingzhen. Hence, pri-
mitive enstatite meteorite parent material condensed and ac-
creted in the early solar nebula at various temperatures, forming
a parent body that experienced later thermal metamorphism.

The second consortium study (Lipschutz et al. 1988) con-
sisted of a mineralogic, radiochemical, and thermolumines-
cence investigation of primitive (type 3) chondritic inclusions
in the Allan Hills (ALH) 78113 enstatite achondrite (aubrite).
The results demonstrate that these inclusions, like those in the
Cumberland Falls aubrite, constitute a single suite, with prop-
erties distinctly different from those of other known primitive
chondrites. The inclusions' properties reflect nebular conden-
sation/accretion over a broad redox range at temperatures rel-
atively high compared with those at which other type 3
chondrites formed. During impact of the chondrite and aubrite
parent bodies, chondrite fragments were strongly shocked,
and cooled rapidly as they were incorporated into the aubrite
host. No subsequent thermal episode affected the impact brec-
cia, so the ALHA78113 and Cumberland Falls aubrites sample
a previously unknown chondrite body, hence a previously
unstudied part of the primitive nebula.

Even ordinary antarctic meteorites prove to be unusual. Fol-
lowing up on earlier studies of high-iron (H) chondrites sum-
marized by Lipschutz (1987), Kaczaral, Dodd, and Lipschutz
(in press) reported that 18 L4-6 chondrites from Victoria Land
differ both compositionally and in terms of shock-loading from
39 non-antarctic, L4-6 chondrite falls. The Victoria Land pop-
ulation lacks the most heavily shocked (>35 gigapascals) rep-

resentatives found in the non-antarctic population (figure 1).
L4-6 chondrites from Victoria Land contain significantly smaller
proportions of trace elements, particularly volatile/mobile ones,
than do non-antarctic falls. These differences are reflected in
interelement correlations, including those involving putative
cosmothermometric bismuth, indium, and thallium (figure 2).
It appears that the parent regions of samples from Victoria
Land—that fell to Earth 0.1-1 million years ago—formed and/
or evolved under higher temperature conditions than those
regions yielding contemporary falls.

This research was supported in part by National Science
Foundation grant DPP 84-15061 and National Aeronautics and
Space Administration grant NAG 9-48.
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Land ice studies

Seismic studies
on the Siple Coast,

1987-1988

C.R. BENTLEY, S. ANANDAKRISHNAN, and S.T. ROONEY

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

The University of Wisconsin's field program in 1987-1988
was conducted entirely at, or out of, Downstream B camp, a
location around which extensive survey work had been done
previously (Bindschadler et al. 1987). Our program comprised
active (explosive-charge-generated) and passive (natural-event)
seismic studies, reported in this paper, and airborne and sur-
face- based radar sounding and electrical resistivity profiling
(Bentley, Blankenship, and Moline, Antarctic Journal, this is-
sue).

Active seismic. There were two principal goals of the active-
seismic experiments: to discover whether an unconsolidated
subglacial layer similar to that observed beneath Upstream B
camp (Blankenship et al. 1987b; Rooney et al. 1987) exists be-
neath Downstream B and to test one prediction of the theory
that the ice stream flows largely by deformation within this
subglacial layer, namely that the deforming subglacial material
is being deposited at the grounding line to form a "till delta"
(Alley et al. 1987). Several different types of experiments were
conducted. High-resolution reflection profiling was carried out
along one 36-kilometer line parallel to ice flow and along four
3.6-kilometer lines transverse to ice flow (figure 1). Three-fold
compressional-wave (P-wave) data were collected along all of
the lines, and 3-fold shear-wave (S-wave) data were collected

Seismic Lines at Downstream U

flow--)

presented here

aDNII

E 5 kro.

Figure 1. Sketch of seismic reflection coverage at Downstream B
in 1987-1988. Seismic reflection sections from the region circled
are presented in figure 2, blocks a and b. (DNB denotes Down-
stream B. km denotes kilometer.)

along a short section of the longitudinal line. In addition, at
each location where a transverse line crosses the longitudinal
line, two high-resolution wide- angle experiments were per-
formed, one along each line. All the wide-angle experiments
included P waves and both vertically and horizontally polar-
ized S waves. Finally, about 9 kilometers of 3-fold P-wave data
using larger explosive charges for deeper penetration were
collected.

The high-resolution reflection data were collected in an at-
tempt to image the till delta. These data are currently being
processed; preliminary single-fold sections are available (Blan-
kenship et al. in press) from one transverse line and a crossing
section of the longitudinal line (figure 1). The contrast between
flat-lying subglacial reflectors on the transverse line (figure 2,
block a) and downstream-dipping reflectors on the longitu-
dinal line (figure 2, block b) is what would be expected if those
reflectors are foreset beds within a till delta.

The high-resolution wide-angle experiments will allow us to
determine the P- and S-wave velocities both in the ice and in
the uppermost subglacial materials. Wave velocities in the ice
are a measure of seismic anisotropy and, therefore, crystalline
fabric, which reflects the strain history of the ice. Velocities in
the subglacial sediments may reveal whether there is a de-
forming layer.

The three-fold profiling with larger explosive charges indi-
cates that Downstream B is underlain by more than 300 meters
of gently deformed, probably Neogene, glacial-marine sedi-
ments (Rooney, unpublished data). Velocities within the sed-
iments average 1.9 kilometers per second in the top 75 meters
and 2.3 kilometers per second at depths between 75 and 300
meters.

In addition to the reflection studies, two detailed seismic
short-refraction surveys were carried out—one associated with
the resistivity experiment, and one at the passive-seismic re-
cording location. The layout and analysis were as reported
earlier by Anandakrishnan et al. (1987). Wave velocities in the
firn are needed to determine microearthquake fault-plane mo-
tions and locations from the passive seismic records and also
yield a density-depth curve, which is important for the analysis
of the resistivity data.

Passive seismic. The passive seismic system (previously re-
ported in Blankenship et al. 1987a) includes nine three-com-
ponent seismometer stations ("remote units") whose outputs
are relayed to a central processing station. A multi-channel
event detector at the central station, newly implemented for
the 1987-1988 field season, is triggered when the signal levels
on selected channels exceed a specified threshold within a
specified window of time. Upon receipt of the trigger, the
recording system stores pre-trigger and post-trigger data from
all nine stations. The multi-channel trigger ensures that all
events recorded are of a magnitude sufficient to be seen at
more than one station.

The stations were deployed in a fan array, 7 kilometers wide
and 6 kilometers deep, facing the grid southwestern margin
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Figure 2. A. Seismic reflection section along the transverse-to-flow line circle in figure 1. Our interpretation of the ice bottom, the bottom
of the active(?) till layer, and one internal reflector within the active(?) till have been inked in. B. Seismic reflection section along the parallel-
to-flow line circled in figure 1. Our interpretations of the ice bottoms, the bottom of the active(?) till layer, and forset bedding planes have
been inked in. (ms denotes milliseconds. km denotes kilometer.)

of the ice stream (the "Snake") (figure 3). A number of mi-
croearthquakes possibly associated with shear fracture or cre-
vassing, most of them shallow, were detected during
approximately 500 hours of operation. Some events were lo-
cated within the boundaries of the seismic array; the remainder
were between the array and the Snake, or within the Snake.
We are currently determining source locations and source pa-
rameters of all events.

This research was supported by National Science Founda-
tion grant DPP 86-14011. This is contribution number 501a of
the University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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Electromagnetic studies	article (Bentley, Anandakrishnan, and Rooney, Antarctic Jour-

theon	 nal, this issue). Here we outline the airborne and surface-basede s ip e Coast,	 radar sounding and electrical resistivity profiling that also were
1987-1988	 conducted.

Radar. Two extensive digital radar surveys were flown dur-

C.R. BENTLEY D.D. BLANKENSHIP and C. MOLINE
ing the season (figure 1). The downstream reaches of ice stream
B were covered by a 120-by-180-kilometer grid with a 6-kilo-
meter grid spacing; a 121-by-242- kilometer grid with an 11-

Geophysical and Polar Research Center	 kilometer grid spacing was flown over the comparable portion
University of Wisconsin	 of ice stream C. A small grid also was flown over the tip of

Madison, Wisconsin 53706

	

	 Crary Ice Rise. Both "raw" and "stacked" (i.e., the coherent
integration of 512 "raws") returns were recorded every 50 me-

The University of Wisconsin's seismic field program Down-	ters along the survey lines. A time-varying gain allowed fully
stream B camp in 1987-1988 was presented in the previous	calibrated coherent echoes from both the surface and the ice
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Figure 1. Map of the Siple Coast region showing the 1987-1988 airborne radar flight coverage of the lower reaches of ice streams B and
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denotes kilometer.)
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bottom to be recorded routinely for the first time. Navigation,
precision barometer, and radar altimeter observations, re-
corded digitally every 150 meters along the survey lines, will
be combined with the radar data (adjusted to match at the
many flight-line crossings) to generate precise elevation maps
of both the surface and the base of the "ice plains" of ice
streams B and C. Statistical evaluation of echo amplitudes will
be made to map the roughness and specular reflection coef-
ficient of these two surfaces. Our ultimate goal is to generate
digital maps of physical parameters that are suitable input for
three-dimensional models of ice stream dynamics.

Following the airborne program, the digital radar system
was installed in a wanigan for use on the surface. Reflection
profiling for ice thickness was carried out along all the seismic
profile lines. In the course of the profiling a remarkable linear
feature (bottom crevasse?), penetrating 50 meters to 150 meters
into the ice from its base was traced over a distance of 30
kilometers sub-parallel to the direction of ice movement.

Repeated, very detailed, reflection data were collected over
a 9-day period along a 1-kilometer line marked with flags every
10 meters. Correlation of many small-scale characteristics of
the bottom echo on successive days showed no detectable
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Figure 3. Apparent resistivity curve from the topographic high location. "Separation" is the distance of each current electrode from the
center. (DNB denotes Downstream B. m denotes meter.)
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relative movement of the reflecting surface. Since the ice is
moving at about 1.5 meters per day and the experimental res-
olution was about 1 meter, the implication is that the reflecting
surface, which we presume to be the ice bed, is moving at
least 90 percent as fast as the ice surface.

Two radar-polarization experiments also were carried out-
field results suggested substantial anisotrophy of wave prop-
agation through the ice, or reflection from the bed, or both.

Resistivity. Direct-current electrical resistivity profiling
(Schiumberger array) was completed on a surface topographic
high and on a low to test the hypothesis that the topographic
high is an ice "raft" with a deformational history different from
the surrounding ice. As in previous seasons, we used surface
electrodes consisting of various lengths of copper pipe. For
separations greater than 700 meters, we also experimented
with freezing in 4-meter lengths of copper pipe at the bottom
of 17-meter boreholes. Despite the (presumably) greater area
of electrode contact with denser firn, no gain in signal was
achieved. A new power supply and digital-recording system
improved operating safety, allowed rapid and accurate profil-
ing with a high signal-to-noise ratio, and provided the ability
to do preliminary statistical analysis.

We completed three resistivity profiles—transverse to flow
at the topographic high and both transverse and parallel to
flow at the topographic low (figures 2 and 3). Maximum current
electrode separations were 2, 2, and 3.6 kilometers, respec-
tively. There is a high degree of internal consistency in the
data—the standard errors determined from the statistical anal-
ysis are too small to show in figures 2 and 3. The resistivity
curves at the two locations are essentially identical, providing

no evidence to support (although hardly disproving) the ice-
raft hypothesis. The presence of a deep high-resistivity layer,
similar to that observed at Upstream B and other locations in
Antarctica (Shabtaie and Bentley in press), is strongly sug-
gested by the shape of the resistivity curves. The two profiles
on the topographic low show no indication of any significant
anisotropy, except perhaps in the high-resistivity layer.

Curves of resistivity versus depth at both locations are cur-
rently being computed. Temperatures and densities in the up-
per 4 meters of firn, measured in a pit, and densities in the
deeper firn and ice, obtained from the seismic short-refraction
profile, will be used in calculating theoretical apparent resis-
tivity curves for comparison.

This research was supported by National Science Founda-
tion grant DPP 86-14011. This is contribution number 501b of
the University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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Siple Coast firn and ice studies:
Conclusion and prospects

R.B. ALLEY* and C.R. BENTLEY

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

Over the last year, we virtually completed analysis of data
from two 100-meter cores from the Siple Coast of West Ant-
arctica, drilled by the Polar Ice Coring Office at the Upstream
B camp and the Ohio State North Camp on ridge BC during
1984-1985 and 1985-1986. The Upstream B core melted par-
tially during shipment from the field, but the ridge BC core is
in good condition. We have obtained a number of interesting
results, some of which are highlighted here, and we have
established some of the groundwork for future deep coring on
the Siple Coast.

* Current address: Earth System Science Center, Pennsylvania State Uni-
versity, University Park, Pennnsylvania 15802.

From the surface downward, we have found that:
• Depth hoar arises from burial of low-density layers, which

may be depositional (occasional) or diagenetic (annual) and
which can be separated (Alley in press).

• The texture and stratification of near-surface firn can be char-
acterized with any desired accuracy using careful pit studies
combined with thin-section analyses (Alley 1987c) and prove
to have important effects on interpretation of radar altimetry
(Jezek and Alley in press) and other remotely sensed data
(Alley 1987b).

• Densification in low-density firn occurs primarily through
grain rearrangement by viscous boundary sliding. This
mechanism ceases to be important, causing the critical point
in depth-density profiles, when the average grain coordi-
nation number reaches 6 at a density of about 550 kilograms
per cubic meter (Alley 1986, 1987a).

• Firn at densities above 550 kilograms per cubic meter den-
sifies primarily through power-law-creep interpenetration of
grains, which is accelerated by the large deviatoric stresses
on ice streams (Alley and Bentley in press).

• In ordinary glacial ice that has not been strained strongly,
grain size increases linearly with age at a rate that increases
exponentially with increasing temperature and increases lin-
early with increase in the inverse of the dissolved-impurity
content (Alley, Perepezko, and Bentley 1986a, 1986b, 1988).

• Deformation of ice causes C axes to rotate toward compres-
sional axes and away from tensional axes at predictable rates,
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and rotation is slowed or stopped by recrystallization. In
general on ice sheets, divergent flow causes C axes to cluster
symmetrically about the vertical axis, parallel flow causes C
axes to cluster about the vertical axis in a pattern elongated
transverse to flow, and convergent flow causes C axes to
cluster about the vertical plane transverse to flow. Interpre-
tation by Blankenship (in press) of seismic measurements
near Upstream B where the flow of ice stream B is conver-
gent, shows that C axes are clustered about the vertical plane
transverse to flow, as predicted (Alley 1988).

• Melt events in the ridge BC core occur about once every 50
years back to A.D. 1500 but not during the previous 500
years, suggesting recent climatic warming or ice-sheet thin-
ning there. A dynamic thinning might be related to the
unusual ice texture observed below 95 meters in the ridge
BC core (Alley and Bentley in press).

• Interpretation of the temperature profile at ridge BC gives
a geothermal flux of about 80 milliwatts per square meter
(1.9 heat flow units), consistent with recent rifting beneath
the ice sheet (Alley and Bentley in press).

• Ongoing projects on the ridge BC core include study of
oxygen-isotope ratios by P. Grootes of the University of
Washington, and study of impurity distributions byE. Wolff
and R. Mulvaney of the British Antarctic Survey.
Further development and testing of these and other ideas

requires more and deeper cores from the region. Interpretation
of basal heat flux is more accurate if near-basal measurements
are used. Dating of cores from grain size and determination
of cumulative strain from fabric patterns require deep cores.
I. M. Whillans has suggested that ice fabric may determine the
onset of streaming flow and local variations in that flow, but
at present no intact core is available from the Siple Coast ice
streams. We encourage further coring programs to and into
the bed of the Siple Coast to study these and other problems.

We thank W. Boller, B. Koci, K. Kuivinen, and J. Litwak for
ice-core drilling. This research was supported by National Sci-
ence Foundation grants DPP 83-15777 and DPP 85-21038.

This is contribution number 500 of the University of Wis-
consin- Madison, Geophysical and Polar Research Center.
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Analysis of data from ice streams
B and C

I.M. WIIILLANS

Byrd Polar Research Center
and

Department of Geology and Mineralogy
0/no State University
Columbus, Ohio 43210

Most of the west antarctic ice sheet drains through fast-
moving ice streams that flow like giant valley glaciers embed-
ded in more stagnant ice. A change in the activity of the ice
streams eventually propagates to other parts of the ice sheet.
This could secondarily affect sea level, the production rate of
deep ocean water, and atmospheric circulation. It is thus im-
portant to understand how these ice streams operate and es-
pecially to assess their stability.

Some very fundamental questions need to be addressed. The
high speeds on the ice streams are evidently enabled by lu-

brication from basal water and mobile debris, but the distri-
bution of the lubrication and how it affects the flow needs to
be assessed. Ice-stream flow is quite different from that of
normal inland ice and, in order to understand the reasons for
this type of flow, the processes acting between streaming ice
and inland ice, at the ice-stream heads, and at lateral bound-
aries need to be investigated.

Ohio State University is cooperating with other groups within
the Siple Coast Project to address these issues. Until now, our
principal collaborators have been the National Aeronautics and
Space Administration/Goddard Space Flight Center and the
University of Wisconsin, but other groups have recently joined.
Ohio State University has focused its efforts mainly on the
trunks of ice streams B and C, with ancillary studies on the
intervening ridges and the snow-catchment areas.

A major endeavor has been the determination of the mass
balance of ice stream B by comparing the input from snow
accumulation with discharge by ice flow (Whillans and Bind-
schadler 1988). The input is obtained by determining gross
beta-activity variations along firn cores in the laboratory at
Ohio State University. These variations are due to past at-
mospheric thermo-nuclear tests of known date. Together with
the density profile and sample depths (Whillans and Boizan
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1988), the 20- or 30-year mean accumulation rate can be cal-
culated. This mean accumulation rate is integrated over the
catchment area as obtained from the best available map (Shab-
taie, Whillans, and Bentley 1987). The output by flow is mea-
sured by the repeat tracking of Transit (also called Doppler)
satellites for ground control followed by repeat aerial photog-
raphy and photogrammetry. On these controlled photographs
separate crevasses are traced from epoch to epoch to obtain
velocity profiles across the ice stream. Together with data on
ice thickness, the discharge is calculated. The result indicates
that ice stream B and its catchment are slowly thinning.

More detailed studies suggest that the thinning of ice stream
B is not uniform but is especially large and irregular near the
transition from inland ice flow to streaming flow (Shabtaie et
al. 1988; Whillans, Boizan, and Shabtaie 1987). In contrast,
farther downstream, ice stream B appears to be thickening
(MacAyeal and others 1987).

The main portion of ice stream C is nearly stagnant (Mc-
Donald and Whillans 1988), as had been suspected. The in-
terstream ridges are, in contrast, relatively steady in flow
(Whillans et al. 1987).

The next step in the study of ice streams is to deduce the
mechanics controlling their flow. Once this is understood, it
may be possible to address more fully the causes for the on-
going changes in the ice streams and ice sheet as a whole. To
this end, very complete surveys of the velocity field of ice
stream B are being obtained from repeat aerial photogram-
metry. The results are just becoming available, but the tech-
niques for interpreting these data have been more fully
developed through theory (Van der Veen and Whillans in press
a) and application to the Byrd Station strain network (Van der
Veen and Whillans in press b) and to Byrd Glacier (Whillans
et al. in press).

Other major efforts have been the interpretation of crevasse
shapes on remote imagery to infer velocity patterns (Vorn-
berger and Whillans 1986), a careful study of the reproduci-
bility of positions calculated using transit- satellite tracking-
data (McDonald and Whillans 1988), and a search for velocity

variations with time on ice stream B (McDonald and Whillans
1988).

This research was supported by National Science Founda-
tion grants DPP 83-17235, DPP 85-17590, and DPP 87-16447.
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Drilling on Crary Ice Rise,
Antarctica

R.A. BINDSCHADLER

National Aeronautics and Space Administration
Goddard Space Flight Center
Greenbelt, Maryland 20771

B. Koci

Polar Ice Coring Office
University of Nebraska

Lincoln, Nebraska 68588-0200

A. IKEN

VAW/ETH-Zentrum
8092 Zurich, Switzerland
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During the 1987-1988 field season, two holes were drilled
through Crary Ice Rise (83°S 170°W) to install thermistor cables.
The hot-water drill, designed by the Polar Ice Coring Office
melted a hole averaging 26 centimeters in diameter at an av-
erage drilling rate of 0.5 meters per minute. Instrumentation
on the drill stem included inclinometers to measure the tilt of
the hole, thermistors to measure the water temperature and
heat loss, and calipers to measure the size of the hole.

After the holes were drilled, cables with thermistors were
installed in the holes and allowed to freeze in. Freezing took
only a few days after which each thermistor continued cooling
to a final equilibrium temperature. This cooling required many
weeks, so final temperatures will not be obtained until re-
measurement next field season.

The temperature data is used to date the time since the ice
rise grounded. The premise of this technique, first applied by
Lyons, Ragle, and Tamburi (1972), is that the bases of ice rises
are colder than floating ice shelves. Thus, as an ice shelf grounds,
the basal ice must cool, a process requiring thousands of years
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Figure 1. Surface elevation of Crary Ice Rise. Contours are in meters above mean sea level. The isolated dome and single ridge are evident.
Data are from airborne radar sounding (Shabtaie personal communication) and optical leveling. Filled circles indicate drill sites.

and affecting, eventually, the entire ice rise (MacAyeal and
Thomas 1980). By numerically modeling this transient cooling,
the time elapsed since grounding can be determined.

The first hole was 370 meters deep and located at highest
bedrock (using radio echo-sounding data collected by the Uni-
versity of Wisconsin). This location corresponded to a local ice
dome on the ice rise (figure 1). We speculate that ice here has
been grounded longest and thus will provide a maximum age
for the ice rise. The second hole was located on the prominant
ridge southwest of the dome. This ridge is the highest feature
of the ice rise, but radar sounding data indicate that it occurs
on the side of a bedrock slope rather than a bedrock ridge.

Temperature measurements in the first hole lasted for 11.5
days. Although this was not long enough for full recovery
from the drilling to occur, there was a very clear indication
that the basal ice is very close to pressure melting (figure 2).

The ice thickness above buoyancy at this point is 70 meters—
enough, we expect, to prevent warm sea water from seeping
under the ice rise. Thus, the warm basal ice implies an ice rise
which is very young and has only just begun to cool. We
estimate the time since grounding is only a century or two.
This estimate will be refined after remeasurement of the ther-
mistors in both holes next field season.

An ancillary, but no less significant, achievement of drilling
the second hole (450 meters deep) was the unexpected recovery
of subglacial material. A rock 5 centimeters long and a mud
clast 4 centimeters long were lodged in the caliper arms when
the drill stem was winched to the surface (figure 3). In addition,
approximately 1,000 cubic centimeters of sediment material

4	 8	q

TIME (hours)

Figure 2. Cooling curves in first hole at 100, 200, 300, and 370
meters below the surface. Data at the bottom of hole (370 meters)
is from two independent thermistors. (m denotes meters.)

Figure 3. Photograph of rock recovered from bottom of second
hole (450 meters).
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was spread over the drill stem filling most of the ledges and
holes. The rock appears to be basaltic in composition and strongly
faceted indicating subglacial transport over a considerable dis-
tance (Ridky personal communication). Thin sections of the
rock will be prepared, and it will be examined by electron
microscopy for evidence of micro-striations.

The clast and mud appear to be equivalent in composition:
a mixture of fine and coarse gravels. The mud may well have
been formed when the high-pressure hot water broke and
dissolved numerous subglacial clasts. Analysis of the biogenic
composition of the mud and clast is underway at the Byrd
Polar Research Center at Ohio State University. No younger
than upper Miocene have been identified in the samples (Scherer
personal communication).

This research was supported under National Science Foun-
dation grant DPP 86-14407.
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Hot-water drilling on the Siple Coast

W. L. BOLLER and J. M. SONDERUP
Polar Ice Coring Office
University of Nebraska

Lincoln, Nebraska 68588-0640

The Polar Ice Coring Office's (PICO) drilling this season
focused not on the traditional electromechanical ice core drill-
ing but rather on hot-water drilling. The drilling activities in-
volved two projects in support of investigations by the University
of Wisconsin at Madison and the National Aeronautics and
Space Administration. A record number of seismic shot holes
were drilled on the Siple Coast, and a unique sample of glacial
till mud was retrieved from a deep access hole through the
Crary Ice Rise.

At Downstream B, PICO was assigned the task of providing
a grid of hot water shot holes in support of C.R. Bentley,
University of Wisconsin (Bentley, Anandakrishnan, and Roo-
ney Antarctic Journal, this issue; Bentley, Blankenship, and Mo-
line, Antarctic Journal, this issue). The PICO technicians arrived
at the Downstream B camp on 21 November, 1987. Two days
were spent setting up the equipment. An Air Force pallet had
to be substituted for the Maudheim sled which did not show
up on the put-in flight. A Tucker Sno-Cat was used to tow the
pallet of drilling equipment which consisted of two 80-kilowatt
heaters, a high-pressure pump, a hose reel, a generator, a 150-
gallon (550-liter) storage tank, and several drums of antifreeze
and fuel. The two heaters were first used to generate water
on the surface in the 150-gallon (550-liter) storage tank, then
later used to heat the water to 95°C on its way down the drilling
hose. The high-pressure pump and full-flow nozzle provided
the drilling punch. A flow rate of 12 gallons (44 liters) per
minute provided a 4-inch (10 centimeter) hole, 17 meters deep
in 6 to 8 minutes. Once a steady routine was established, a
complete cycle (melting the required amount of water, drilling
the shot hole, packing up to move, and moving 360 meters
down the line), could be completed in 40 minutes.

The line had been established and flagged prior to PICO's
arrival by S.T. Rooney and D.D. Blankenship of the Wisconsin
group. The actual shot hole drilling began on 23 November—

with numerous difficulties. Several heater transformers burned
up and a short length of hose was ruined. With repairs made
and the system functioning properly, the drilling took place
over the next 10 days. Drilling was conducted along a grid that
consisted of a straight line of 100 holes (360 meters between
holes), with four crosslines of 10 holes each, for a total of 140
holes. Besides this grid, the crew (W.L. Boller, W.A. Bachman,
and S.R. Bretz) did an additional small grid for a student's (G.
Moline) project. This consisted of 20 holes in one line, and
brought the total number of shot holes for the season to 160.

In the next few days, we filled the last 20 shot holes with
salt water. Electrodes were lowered and frozen in as we went.
The traditional hot-tub party was held that evening, then we
dismantled the system and loaded it on a pallet for the flight
out.

The second PICO project involved hot-water drilling at Crary
Ice Rise for R. A. Bindschadler, National Aeronautics and Space
Administration (Bindschadler, Koci, and Iken, Antarctic Jour-
nal, this issue). Our office was assigned the task of drilling two
holes to bedrock for installation of thermistor cables. The PICO
field team consisted of B.R. Koci, W.H. Hancock, and J.M.
Sonderup. R.A. Bindschadler and A. Iken, ETH-Zurich, per-
formed a survey of the area and assisted with the drilling.

A new hot-water drill and winch were designed and built
by PICO for this project. The winch was wrapped with the
maximum 600 meters of hose. The pump produced 190 pounds
per square inch (13 bars) of pressure at a flow rate of 22 gallons
(85 liters) per minute. This allowed a drill rate of approximately
0.4 meters per minute, creating a hole diameter of 10 to 12
inches (26 to 28 centimeters). Water was recirculated from a
water well 40 meters below the surface, pumped to the surface
by a submersible pump.

Heat was provided by six heaters (2 Alladin and 4 Hotsy
heaters, of 350,000 British thermal units each) connected in
parallel. The inlet water temperature at the heaters was 20°C
and the outlet temperature was 90°C. The water temperature
at the drill was approximately 86°C.

The drill system, which contained an instrumentation pack-
age designed and built by W.H. Hancock, would measure hole
diameter, inclination, depth of drill, water temperature inside
and outside the drill, and inlet water temperature. All mea-
surements were displayed and recorded on a Compaq portable
computer.
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Field operations began with an air drop of fuel and lumber
on 19 November followed by an LC-130 put-in on 21 November
of PICO personnel and equipment. All equipment was trans-
ferred to the first drill site on 22 November. Set-up and testing
of the drill equipment took until 3 December. Drilling began
on 4 December but was stopped due to the inclinometers in-
dicating the drill was angled. We resumed drilling the next
day even though we still received readings that the drill was
angled. It was assumed that the inclinometer reading was wrong,
so drilling continued. Bedrock was reached at 370 meters after
18 hours of drilling.

The camp was then moved approximately 15 kilometers to
the second drill site on 7 and 8 December.

Drilling of the second hole began 15 December and the ice/
bed interface was reached at 480 meters after 20 hours of drill-
ing. After drilling through the ice, the drill buried itself in the
sub-glacial material and when raised to the surface, till samples
were recovered.

All equipment was moved to the landing area 16 and 17
December. Three LC-130 flights brought equipment and per-
sonnel back to McMurdo on 18 and 19 December.

The Polar Ice Coring Office is supported under National
Science Foundation contract DPP 83-18538.
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A modern radar
for ice-sheet sounding

KENNETH R. DEMAREST, GARUDACIIAR RAJLJ,
and RICHARD K. MooRE

Radar Systems and Remote Sensing Laboratori
University of Kansas Center for Research, Inc.

Lawrence, Kansas 66045-2969

Radar sounders have been an important tool in antarctic
research for many years, yielding information about ice thick-
ness, layering, and bedrock surface characteristics. A new very

-high-frequency ice-sheet sounding radar has been developed
at the University of Kansas and field tested at the Siple Coast
Downstream B (154°0'W 84°12'S) from both a sled and an air-
craft. D.I. Rummer, E.J. Zeller, C. Raju, and C. Davis from
the Radar Systems and Remote Sensing Laboratory of the Uni-
versity of Kansas Center for Research, Inc., were in the field
from 19 November through 22 December 1987.

The University of Kansas radar was designed to make full
use of state-of-the-art radio frequency and digital technology.
The radar operates at a frequency of 150 megahertz and uses
coherent integration (also called stacking) and pulse expansion/
compression (also called chirp) techniques to produce the
equivalent of 450-kilowatt 59-nanosecond pulses (correspond-
ing to a 5-meter resolution in ice) with an output radio-fre-
quency amplifier rated at only 20 watts. The receiver of this
radar also features a sensitivity time-control system that alters
the receiver gain dynamically throughout the receive cycle so
that the receiver can be operated with peak sensitivity during
the weak signal portions of the returns (such as internal lay-
ering and bottom echoes), but yet does not saturate the system
during the strong signal returns (such as at the ice surface).
This sensitivity time-control characteristic is fully program-
mable and can be tailored to the specific environment being
tested.

The radar is completely computer driven. The computer used
in the 1987 field season was a Compaq II, with a NEC color
monitor and a "Bernouli Box" disk system for mass storage.
The system software is completely menu driven. From the
menu, the operator can vary the number of coherent integra-
tion samples (nominally 256), change the pulse repetition fre-
quency (useful when converting from sled to aircraft operation),
and change the type of graphic display. Two types of graphic
display are available in real time—images and "A scope." In
the image mode, a time history of the amplitude vs. depth vs.
time is displayed. In the "A scope" mode, amplitude vs. time
plots of single records are displayed. These "A scope" plots
are useful because they show the actual pulse shape of the
reflections of the various layers within the ice, from which the
roughness of the layers can be deduced.

The total volume of the radar, excluding the antennas, is
approximately 35 cubic feet (3 cubic meters). It is housed in
two standard racks, and the total weight is roughly 300 pounds
(140 kilograms). The receiver and transmitter are packaged
separately in rugged metal boxes. The number of intercon-
nection cables necessary between the computer, transmitter,
and receiver have been engineered to a minimum.

The sled-mounted configuration of the radar is shown in
figure 1. For the 1987 field season, separate transmitting and
receiving antennas were mounted above a mobile hut, which
was hauled by a Tucker Sno-Cat. The radar can also be con-
figured with a single antenna that is mounted on a Nansen
sled towed behind a Sno-Cat, Spryte, or similar vehicle in
which the electronic units are mounted.

Figure 2 shows the antenna mounts for the University of
Kansas radar on a Twin Otter aircraft. Here, separate transmit
and receive antennas were mounted under the wings, each
consisting of a four- element dipole array.

The field test data from the 1987 season demonstrated the
sucessful operation of the radar. Both ground and aircraft trav-
erses were made along the well-defined "Z line" so that com-
parisons could be made between echoes obtained from the
University of Kansas radar, the University of Wisconsin radar,
and the U.S. Geological Survey radar. The records obtained
from both the ground and aircraft traverses very clearly showed
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Figure 2. Twin Otter aircraft with antenna mounts for Kansas radar.

a

Figure 1. University of Kansas radar mounted on a sled.

the bottom echoes (at depths of roughly 1.1 kilometers), and
also the internal layers. The "A scope" displays allowed es-
timates of the roughness at the ice/bedrock interface.

Plans for the 1988 field season are to conduct application-
oriented measurements at the Siple Coast Upstream B (USB).
Measurements will be made of a 35-by-8 kilometer area from
a Twin Otter aircraft, supplemented by sled measurements.

A method has been devised for comparing the shape of the
bottom echo with that of a simulated pulse whose shape de-
pends on the roughness parameters: standard deviation of
height and autocorrelation function of height. With this method,
we made roughness estimates for some of the bottom surface
in the Downstream B area.

We have developed a two-dimensional, matched-filter method
for removing the hyperbolas characteristic of point-target echoes
from the bottom of the ice sheet. This method replaces a hy-
perbola with a single image point at the location of the scat-
terer. With such a method, the shape of the bottom may be
more readily interpreted, and weak target echoes are not cov-
ered up by strong hyperbolic echoes from nearby targets.

Other project participants are S. Rao, 0. Sit, S. Xie, and W.
Xin.

This reasearch was suported by National Science Foundation
grant DPP 83-00340.

Ice-core records and
ozone depletion—Potential
for a proxy ozone record

PAUL A. MAYEWSKJ, MARY Jo SPENCER,
W.B. LYONS, MARK S. TWICKLER, and J. DIBB

Glacier Research Group
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University of New Hampshire
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Time-series of the ionic composition in polar ice cores can
provide detailed direct and proxy records of seasonal to mu-
lenial scale fluctuations in climate, atmospheric chemistry, and
volcanic activity. Even though problems of species-source links
and air/snow fractionation have not all been entirely resolved,
the fact remains that ice cores currently hold the best hope of
retrieving detailed paleoatmospheric records. While direct links
between the chemistry in ice cores and the ozone depletion
phenomenon cannot be guaranteed, ice-core records provide
the only means by which signals related to the ozone cycle
can be produced for pre-measurement periods or for unmon-

itored sites. We propose that measurements of nitrate and/or
chloride in polar snow/ice samples may provide proxy records
of ozone depletion because of the role these species play in
the ozone cycle (e.g., see summary review by Schoeberl and
Krueger 1986). Heterogeneous chemical reactions in the ant-
arctic atmosphere involving catalyzing agents such as chlorine
monoxide, bromine monoxide, and/or nitrogen oxides are known
to be effective in reducing ozone concentrations through their
effect on the general reaction: oxygen plus ozone forms 202
(e.g., McElroy et al. 1986a). Removal of nitrogen oxides by
condensation from polar stratospheric clouds (e.g., Toon et al.
1986; McElroy et al. 1986b; Crutzen and Arnold 1986) triggered
particularly by cooling in the stratosphere helps set the stage
for more efficient removal of ozone by reactions with chlorine
monoxide and bromine monoxide (e.g., McElroy et al. 1986a).
These reactions may result in increased concentrations of ni-
trate and chloride in polar snow/ice cores.

An ozone proxy pilot study. In 1984, we conducted a detailed
glaciochemical program that included collecting a 201-meter
core, collecting snowpit-samples, and taking surface-snow
samples at a site 500 kilometers from the South Pole, in the
Dominion Range (85°15'S 166°10'E, mean elevation, 2,700 me-
ters above sea level). (See figure 1.) This site lies along the
contact between the Transantarctic Mountains and the east
antarctic ice sheet and provides an excellent site for monitoring
the interaction of coastal and inland air masses. This site is
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also located within the area affected by the austral spring "ozone
hole." The low mean annual temperature, -38.8°C, and rel-
atively low accumulation rate (approximately equivalent to 4
centimeters of water) make the site ideal for the recovery of
relatively long-period, undisturbed paleoatmospheric records.
We established the dating for the core by counting annual
maxima in chloride, nitrate, and sodium as well as by using
lead-210, and total beta-activity measurements. Unfortunately,
the upper 18 meters (AD 1984-1910) of the core were lost, due
to melting, while being transported from McMurdo Station,
Antarctica, to Port Hueneme, California. Fortunately, a 6-me-
ter (3-centimeter sample interval) snowpit is available to fill in
the detail for the period AD 1984-1910.

While the complete interpretation of the full AD 1984 to
approximately 1050 BC composite snowpit/ice core record will
be dealt with in future papers, examination of the general
trends in the time-series of nitrate ion and chlorine ion (figure
2) reveals the following:
• a marked increase in nitrate ions is apparent as of approx-

imately AD 700,
• the period AD 1984-1910 (6-meter snowpit) is characterized

by higher nitrate-ion values than any other period of similar
duration in the record, and

• the chlorine-ion record shows only minor variations.
In an attempt to explain the trend in nitrate ionization, the

potential sources of this species to the Dominion Range site
need to be examined. These sources include:
• nitrogen fixation by lightning at tropical and/or mid-latitude

sites (Legrand and Delmas 1986);
• volcanic activity;
• ionization via solar related phenomena (Zeller and Parker

1981);
• production via thermonuclear detonations (Holdsworth 1986);
• anthropogenic, and
• temperature controls on condensation.
Some of these sources do not appear to be important in ex-
plaining the observed trend in nitrate ionization. For example,
no evidence exists for trends in either lighting and/or volcanic
source nitrate that match the observed record. Trends in nitrate
ionization attributed to fluctuations in solar activity (e.g., Par-
ker, Zeller, and Cow 1982) are controversial (Risbo, Clausen,
and Rasmussen 1981; Herron 1982; Legrand and Delmas 1984,
1986) and do not explain the trend in the Dominion Range
record. Thermonuclear sources are thought to have been sig-

•

'3)
4-
0
- 50-

0	'	'	I	I

-38

-461	I	I	I	I	I	I	1	1

1400 700 0	700 1400
BC	 AD

Yea

Figure 2. Dominion Range nitrate (in micrograms per kilogram),
chloride (in micrograms per kilogram), and delta oxygen-18 (in parts
per thousand, %a) time series for the period AD 1984 to approxi-
mately 1050 BC.
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nificant from the 1950s to 1970s due to extensive atmospheric
testing (Holdsworth 1986), however, for other periods the source
is probably negligible.

The input of anthropogenically derived nitrate to the Do-
minion Range site cannot be assessed in any straight-forward
manner at this time. In southern Greenland, however, a two-
fold increase in nitrate since AD 1955 and a threefold increase
in sulfate since AD 1900 has been documented and attributed
to anthropogenic activity (Mayewski et al. 1986). It has been
assumed that because the vast majority of fossil fuels are con-
sumed in the Northern Hemisphere that Antarctica has not
been affected by anthropogenically derived nitrate or sulfate
(Wolff and Peel 1985). Notably there is no increase in sulfate
in the Dominion Range record throughout the period of nitrate
increase although other sources of sulfate could potentially
mask an anthropogenic signal. To estimate the significance of
the anthropogenic source of nitrate ions to the Antarctic, we
can draw upon a knowledge of documented trends in nitrous
oxide and lead. Pearman et al. (1986) using polar ice core data
propose an approximately 8 percent increase in nitrous oxide
due to fossil-fuel combustion since AD 1600 which is similar
to nitrous oxide emission data model calculations made by Hao
et al. (1987) for the period AD 1860 to present. Boutron and
Patterson (1987) have recently argued that 80 percent of the
lead found in the antarctic troposphere is anthropogenic and
that lead levels have risen fivefold since the Holocene. Through
the last 200 years, Greenland lead values have risen approxi-
mately 200 times (Murozumi, Chow, and Patterson 1969; Ng
and Patterson 1981). If we use the ratio Greenland-lead-in-
crease to antarctic-lead-increase (200:5) as a rough approxi-
mation of the differences expected in anthropogenic effect
between the two hemispheres and assume that the same gen-
eral relationship holds for nitrate, we would expect approxi-
mately a 2.5 percent increase due to anthropogenic activity for
nitrate in Antarctica. Neither analogy explains the approximate
twofold increase in nitrate since the early 1800s that is observed
in the Dominion Range record. It should be noted, however,
also that neither analogy provides definitive evidence of the
increased flux of nitrate to the Antarctic due to anthropogenic
sources because of differences in transport style (lead analogy)
and atmospheric residence time (nitrous oxide analogy) com-
pared to nitrate.

As noted by Toon et al. (1986) and Hamill, Toon, and Turco
(1986), polar stratospheric clouds which form at temperatures
of approximately 190°K could be composed of as much as 50
percent nitric acid/water. Therefore, recent cooling of the strat-
osphere such as that observed over Syowa Station for the pe-
riod AD 1974-1985 (Chubachi 1986) could possibly have resulted
in increased condensation of nitric acid in polar stratospheric
clouds. Hofman et al. (1988) and Parrish et al. (1988) note that
during the period of ozone depletion, and within the geo-
graphic area affected by the depletion, lower stratospheric air
appears to be transported downward. Thus, fallout of the con-
densed nitric acid from polar stratospheric clouds may, in fact,
be occurring directly onto the antarctic ice sheet particularly
at latitudes as high as 85°S where the tropopause may be fairly
close to the surface of the ice sheet.

Examination of the Dominion Range oxygen isotope record
(figure 2) reveals a trend toward more negative values starting
at approximately the same time as the beginning of the increase
in nitrate ionization. If the nitrate ionization trend we observe
reflects the rate of condensation of nitric acid in polar strato-
spheric clouds and the trend in nitrate is controlled by cooling
in the stratosphere, the oxygen isotope signal measured in our

core could be linked to condensation temperatures in the strat-
osphere.

Sources for chloride ion to the antarctic include: volcanic
activity, marine input, and fallout of hydrogen chloride from
polar stratospheric clouds (e.g., Toon et al. 1986). The relatively
weak trend in the chloride record does not necessarily allow
the differentiation of all of these sources. Volcanic inputs are
usually seen as discrete signals as opposed to trends. The other
two sources could produce trends in the record depending
upon, respectively, changes in the circulation intensity of ma-
rine air masses and changes in temperature and overall com-
position of associated polar stratospheric clouds. Notably odd
nitrogen is expected to be removed more efficiently than chlor-
ine gases from polar stratospheric clouds (Wofsy et al. 1988)
and, therefore, the trend in chloride may not be expected to
be as dramatic as that in nitrate.

Plots of nitrate and chloride from the 6-meter snowpit record
compared to mean ozone concentrations (figure 3) measured
at South Pole (Komhyr, Grass, and Leonard 1986) and Syowa
Station (Sekiguchi 1986) for the same time periods reveal in-
teresting similarities in trend. We stress here oniv the general
correspondence between trends in nitrate and chlorine ioni-
zation and annual minima in ozone concentrations since the
Dominion Range is located 500 kilometers north of the closest
ozone minitoring site, South Pole. Differences in ozone con-
centration and hence relationship to nitrate and/or chloride for
any one time period could differ significantly from site to site
due to distance from the center of the polar vortex (e.g.,
McCormick and Larsen 1986). Is the general relationship in
figure 3 coincidence or causality? We suggest that there is
significant potential for future study.

Further confirmation that there may be an association be-
tween nitrate precipitated onto the antarctic ice sheet and the
ozone cycle comes from the geographic distribution of rela-
tively recent nitrate values. The increase inland observed along
the Dumont d'Urville-Dome C traverse (Legrand and Delmas
1985) and the relatively low concentrations measured from
coastal sites [e.g., mean 16 micrograms per kilogram on James
Ross Island (Aristarain, Delmas, and Briat 1982); mean 40 mi-
crograms per kilogram on the Ross Ice Shelf (Herron 1982) and
mean 42 micrograms per kilogram in northern Victoria Land
(Allen et al. 1985)] compared to inland sites [e.g., range 65-
130 micrograms per kilogram at South Pole (Legrand and Del-
mas 1984) and range 35-265 micrograms per kilogram from
the Dominion Range (this study)] all tend to suggest that ni-
trate has a source which first enters the interior portions of
Antarctica. Recent work which indicates that stratospheric air
descends during periods of ozone depletion (Hofman et al.
1988; Parrish et al. 1988) coupled with the knowledge that the
annual maximum in nitrate is an austral spring phenomenon
further substantiates the link between increases in nitrate in
the ice sheet and ozone depletion at 12-20 kilometer altitude.

Toward a more perfect ozone proxy record. While the Dominion
Range record discussed in this paper is suitable as a pilot study
it cannot provide the quality of record needed to firmly dem-
onstrate and develop a proxy record of ozone depletion. How-
ever, South Pole provides an optimal site for such a study
because:
• it is within the ozone hole;
• records of mean monthly total ozone are available that ex-

tend back to the period prior to the dramatic depletion (Kom-
hyr et al. 1986);

• atmospheric column temperatures are available to compare
with oxygen isotope measurements from snow/ice cores;
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Figure 3. (a) South Pole mean October to February total ozone
values (Komhyr et al. 1986), (b) Syowa Station October monthly
total ozone (Sekiguchi 1986), (C) Dominion Range springtime (an-
nual maxima) in nitrate, and (d) Dominion Range springtime (annual
maxima) in chloride. (ppb denotes parts per billion.)

• mean annual temperatures (approximately - 59°C) assure
preservation of the chemical record;

• stratigraphic markers such as oxygen isotopes, total beta-
activity, and stratigraphy have been demonstrated to pro-
vide excellent chronological control over periods of decades;
and

• accumulation rates of approximately 0.26 centimeters per
year snow equivalent are low enough to allow the collection
of decadal records from snowpits and shallow cores with
resolution on the order of 10-15 samples per year. We sug-
gest that nitrate and chloride measurements from South Pole

would be extremely valuable for establishing the validity of
any proxy relationship with ozone depletion.
Some nitrate measurements have been conducted at South

Pole by Zeller and Parker (1981), Parker et al. (1982), and Le-
grand and Delmas (1984). These studies while all extremely
valuable do not provide the appropriate data necessary to test
for a proxy ozone record since the studies were developed for
other purposes. The time-series of nitrate from these earlier
studies are either too low in resolution, are not substantiated
by companion measurements, and/or the measurements cover
too short a time period.

During the 1988-1989 austral summer we plan to sample a
6-10-meter snowpit covering several decades from a site 10-
40 kilometers from South Pole to examine this issue further.
This site is close enough to South Pole so that the results can
be directly compared with the South Pole records of ozone but
far enough away so that local contamination is minimized
(Mayewski et al. 1987). Potentially this record could provide
details concerning the onset and temporal characteristics of
ozone depletion. Such future studies could dramatically ex-
pand our spatial and temporal understanding of this problem.

Acknowledgements. We would like to thank j.V. James (Glacier
Research Group), H. Rufli (Switzerland), B. Koci and S. Wat-
son (Polar Ice Coring Office) for their help and friendship in
the field. PICO ably recovered the core. P. Grootes (University
of Washington) kindly provided the iostopic oxygen-18 anal-
yses. We appreciate several useful suggestions made by B.
Mosher. Thanks are also due VXE-6.

This research was supported by National Science Founda-
tion grants DPP 84-00574, DPP 84-11108, and DPP 85-13699.

Allen, B., P.A. Mayewski, W.B. Lyons, and M.J. Spencer. 1985. Cia-
ciochemical studies and estimated mass balance for Rennick Glacier
area, Antarctica. Annals of Glaciology, 7, 1-6.

Aristarain, A.J., R.J. Delmas, and M. Briat. 1982. Snow chemistry of
James Ross Island (Antarctic Peninsula), 1982. Journal of Geophysical
Research, 87, 11,004-11.012.

Boutron, C.F., and C.C. Patterson. 1987. Relative levels of natural and
anthropogenic lead in recent Antarctic snow. Journal of Geophysical
Research, 92, 8454-8464.

Chubachi, S. 1986. On the cooling of stratospheric temperature at
Syowa Station, Antarctica. Geophysical Research Letters, 13, 1221-1223.

Crutzen, P.J., and F. Arnold. 1986. Nitric acid cloud formation in the
cold Antarctic stratosphere: A major cause for the springtime "ozone
hole," Nature, 324, 651-655.

Hamill, P., O.B. Toon, and R.P. Turco. 1986. Characteristics of polar
stratospheric clouds during the formation of the Antarctic ozone
hole. Geophysical Research Letters, 13, 1288-1291.

Hao, W.M., S.C. Wofsy, M.B. McElro y, J.M. Beer, and M.A. Togan.
1987. Sources of atmospheric nitrous oxide from combustion. Journal
of Geophysical Research, 92, 3098-3104.

Hofmann, D.J., J.M. Rosen, and J.W. Harder. 1988. Aerosol mea-
surements in the winter/spring Antarctic stratosphere, 1. Correlative
measurements with ozone. Journal of Geophysical Research, 93, 665-
676.

Herron, M.M. 1982. Impurity source of F, Cl , NO, , and SO 2 in
Greenland and Antarctic precipitation. Jniriial of Geep/ulsical Research,
87, 3052-3060.

Holdsworth, G. 1986. Evidence for a link between atmospheric ther-
monuclear determinations and nitric acid. Nature, 324, 551-553.

Komhyr, W.D., R.D. Grass, and R.K. Leonard. 1986. Total ozone
decrease at South Pole, Antarctica, 1964-1985. Geophysical Research
Letters, 13, 1,248-1,251.

80
62

(c)
References

1988 REVIEW	 67



Legrand, M., and R.J. Delmas. 1984. The ionic balance of Antarctic
snow: A 10-year detailed record. Atmospheric Environment, 18, 1,867-
1,874.

Legrand, M., and R.J. Delmas. 1985. Spatial and temporal variations
of snow chemistry in Terre Adelie Coast, Antarctica. Annals of Gla-
ciology, 7, 20-25.

Legrand, M., and R.J. Delmas. 1986. Relative contributions of tropos-
pheric and stratospheric sources to nitrate in Antarctic snow. Tellus,
38B, 236-249.

Mayewski, P.A., W.B. Lyons, M.J. Spencer, M. Twickler, W. Dans-
gaard, B. Koci, C.I. Davidson, and R.E. Honrath. 1986. Sulfate and
nitrate concentrations from a South Greenland ice core. Science, 232,
975-977.

Mayewski, PA., M.J. Spencer, W.B. Lyons, and M. Twickler. 1987.
Seasonal and spatial trends in south Greenland snow chemistry.
Atmospheric Environment, 21, 863-869.

McCormick, M.P., and J.C. Larsen. 1986. Antarctic springtime mea-
surements of ozone, nitrogen dioxide and aerosol extinction by SAM
II, SAGE, and SAGE II. Geophysical Research Letters, 13, 1280-1283.

McElroy, M.B., R.J. Salawitch, and S.C. Wofsy. 1986a. Antarctic 03:
Chemical mechanisms for the spring decrease. Geophysical Research
Letters, 13, 1,296-1,299.

McElroy, M.B., R.J. Salawitch, S.C. Wofsy, and J.A. Logan. 1986b.
Reduction of Antarctic ozone due to synergetic interactions of chlor-
ine and bromine. Nature, 321, 759-762.

Murozumi, M., T.J. Chow, and C.C. Patterson. 1969. Chemical con-
centrations of pollutant lead aerosols, terrestrial dusts and seasalts
in Greenland and Antarctic snow strata. Geochimica et Cosmochimica
Acta, 33, 1,247-1,294.

Ng, A., and C.C. Patterson. 1981. Natural concentrations of lead in

ancient Arctic and Antarctic ice. Geochimica et Cosmochimica Acta, 45,
2,109-2,121.

Parker, B.C., E.J. Zeller, and A.J. Gow. 1982. Nitrate fluctuation in
Antarctic snow and firn: Potential sources and mechanisms of for-
mation. Annals of Glaciology, 3, 243-248.

Parrish, A., R.L. Zafra, M. De Jaramillo, B. Connor, P.M. Solomon,
and J.W. Barrett. 1988. Extremely low N 20 concentrations in the
springtime stratosphere at McMurdo Station, Antarctica. Nature,
332, 53-55.

Pearman, G.I., D. Etheridge, F. de Silva, and P.J. Fraser. 1986. Evi-
dence of changing concentrations of atmospheric CO,, N 20 and CH4
from air bubbles in Antarctic ice. Nature, 320, 248-250.

Risbo, T., H.B. Clausen, and K.L. Rasmussen. 1981. Supernovae and
nitrate in the Greenland ice sheet. Nature, 294, 637-639.

Schoeberl, M.R., and A.J. Krueger. 1986. Overview of the Antarctic
ozone depletion issue. Geophysical Research Letters, 13, 1,191-1,192.

Sekiguchi, Y. 1986. Antarctic ozone change correlated to the strato-
spheric temperature field. Geophysical Research Letters, 13, 1,202-1,205.

loon, O.B., P. Hamill, R.P. Turco, and J. Pinto. 1986. Condensation
of HNO 3 and HC1 in the winter polar stratospheres. Geophysical
Research Letters, 13, 1,284-1,287.

Wofsy, S.C., M.J. Molina, T.J. Salawitch, L.E. Fox, and M.B. McElroy.
1988. Interactions between HCI, NO N , H2O ice in the Antarctic strat-
osphere: Implications for ozone. Journal of Geophysical Research, 93,
2,442-2,450.

Wolff, E.W., and D.A. Peel. 1985. The record of global pollution in
polar snow and ice. Nature, 313, 535-540.

Zeller, E.J., and B.C. Parker. 1981. Nitrate ion in Antarctic firn as a
marker for solar activity. Geophysical Research Letters, 8, 895-898.

Detailed glaciochemical investigations
in southern Victoria Land, Antarctica—

A proxy climate record

PAUL A. MAYEWSKI and MARK S. TWICKLER

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

University of New Hampshire
Durham, New Hampshire 03824

Advances in climate prediction depend on a knowledge of
historical climatic sequences ranging in scale from decades to
millennia. Proxy data produced by pollen, sediment, tree rings,
glacier fluctuations, and ice and snow cores are valuable in the
construction of climatic sequences when direct observations of
the atmosphere are either spatially or temporally lacking. Links
between proxy data and the atmosphere generate the most
confidence when actual components of climate are preserved
in the proxy medium.

The best preserved data pertaining to former climate is found
in the time-series available from snow and ice cores retrieved
from appropriately chosen glaciers. Records from polar and
high-altitude, low- to middle-latitude glaciers have proven
valuable in obtaining time series relatable to climatic change

for time periods of 10 to 100,000 years. Analysis of the physical
and chemical components of ice and snow such as: stratigra-
phy, stable isotopes, radio-nuclides, and primary anions and
cations can all be very effective in determining, on seasonal to
multi-year levels, extremely detailed proxy records of climatic
change, atmospheric chemistry, and volcanic activity.

The production of climatic change records using time-series
retrieved from ice cores has seen minimal application in the
Transantarctic Mountains even though glacial geologic studies
in this area provide one of the primary bases for understanding
the glacial history of Antarctica. Notably while the glacial geo-
logic records provide relatively low-resolution, long-period
records, the ice core records could provide an excellent view
of an albeit shorter period but with relatively high resolution.
Therefore, detailed ice-core records provide the resolution nec-
essary to assess, expand, and utilize the longer, less-detailed
glacial geologic records and more importantly allow us to com-
pare in detail the modern environment in Antarctica with the
paleoenvironment adding significantly to our understanding
of global change.

Three primary ice core sites were chosen for investigation
during the 1987-1988 field season: the Royal Society Range,
head of Emmanuel Glacier (approximately 78°07'S approxi-
mately 161°35'E, approximate elevation 3,000 meters); the As-
gaard Range, head of Newall Glacier (approximately 77°37'S
approximately 162°30'E, approximate elevation 1,700 meters);
and the Convoy Range in the general area of Staten Island
Heights/Dotson Ridge (approximately 76°50'S approximately
161°30'E, approximate elevation 1,500 meters).
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