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Cover. This Landsat 5 satellite image (band 7), taken 23
December 1984 (ID 50297-20091) over the ice-free valleys
of southern Victoria Land, represents one of the first
scenes acquired of Antarctica by the satellite's thematic
mapper. The increased spatial resolution-30 meters for
the thematic mapper versus 79 meters for the Landsat
multispectral scanner—and the sensitivity of band 7(2.08
to 2.35 micrometer wavelengths) to clay minerals that
result from hydrothermal alteration represent an im-
proved mapping tool for Antarctica. From the upper left to

lower right are Victoria Valley, cloud-covered Olympus
and Asgard ranges, Friis Hills, Taylor and Ferrar glaciers,
and the Royal Society Mountains. This image is available
from the EROS Data Center, Sioux Falls, South Dakota.
For more information on the use of Landsat data for geo-
logic mapping in Antarctica, see the papers in this issue
by B.K. Lucchitta, K. Edwards, E.M. Eliason, and J. Bowell
on page 256 and by C.S. Southworth on page 259. The
cover image was contributed by C.S. Southworth.
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U.S. antarctic research, 1984-1985

The United States maintains an active research program in
Antarctica and the surrounding seas and employs ships, air-
craft, and military and civilian personnel for operations and
support. The National Science Foundation plans, funds, and
manages the program, including support. Logistics are
provided by the U.S. Navy, the U.S. Coast Guard, and by a
civilian contractor (ITT/Antarctic Services, Inc.)

As a part of the U.S. Antarctic Research Program, scientists
from universities and colleges, private organizations, and
Federal agencies study problems of global and regional signifi-
cance. The scope of this work is illustrated by the 159 reports in
this Antarctic Journal of the United States. These papers, prepared
by program participants, describe field work during 1984-1985,
preliminary analyses of data, studies of data acquired earlier,
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

Earth sciences. On 13 September 1984, Mt. Erebus, the world's
most southern active volcano, was jolted by several large explo-
sions. During the most violent eruptions in September, mush-
room-shaped eruption columns rose as much as 2 kilometers
above the crater lip, and volcanic bombs measuring up to 10
meters in diameter were thrown as far as 1.5 kilometers from
the crater. The eruptions were recorded not only by five seismic
stations on the volcano's slopes but also by infrasonic detectors
at Windless Bight (29 kilometers away), the seismograph at New
Zealand's Scott Base, and a tidal gravimeter at Amundsen-Scott
South Pole Station (about 1,400 kilometers from Mt. Erebus).
These eruptions, which continued until December 1984, were
the most significant activity recorded since the volcano was
discovered by British explorer James Ross in 1841. Data acquired
by U.S., New Zealand, and Japanese geophysicists, who estab-
lished the seismic network on the volcano in 1980, indicate that
the convection in the lava lake slowed enough to allow the lava
to solidify, and the lava lake disappeared completely. The newly
formed crust trapped gas coming from the magma column and
caused pressure to build up beneath the frozen lava. Eventually,
the gas pressure built up sufficiently to cause a series of explo-
sions. Based on these observations and other data acquired in
December 1984, the geophysicists believe that Mt. Erebus has
begun a new eruptive cycle, characterized by strombolian
explosions.

Glaciology. In recent years the importance of ice cores for
climatic research has grown because of the unique information
they provide on the history of the Earth and planetary systems.
New analytical techniques have made possible the measure-
ment of the carbon dioxide contents of the air in the past and of
changes in cosmic-ray-produced isotopes. Using an ice core
collected at Siple Station during the 1983-1984 austral summer,
glaciologists analyzed air extracted from the ice to measure
changes in carbon dioxide and methane concentrations Pre-
vious analysis of ice cores from Antarctica indicated that since
1958 atmospheric carbon dioxide increased from 315 parts per

million by volume to 345 parts per million by volume. Because
atmospheric carbon-dioxide concentrations influence the radia-
tion balance of the Earth's surface, increased concentrations
could lead to global warming. With the cores from Siple Station,
the scientists have traced atmospheric carbon-dioxide con-
centrations back 200 years. Their analysis shows that the prein-
dustrial level in 1750 was about 280 parts per million by volume.
The major cause of the increase has been burning fossil fuel, but
the trend also indicates that biomass burning contributed to the
increase, especially at the beginning. Although methane levels
are lower, they have increased over the last 300 years and cur-
rently are increasing fairly rapidly—between 1.2 and 1.9 per-
cent per year. If this increase continues, it could enhance any
climatic change caused by rising carbon dioxide levels.

Ocean sciences. From mid-February to early March 1985,
oceanographers from the University of California, Santa Cruz,
Scripps Institution of Oceanography, and the U.S. Geological
Survey used the icebreaker Polar Star to collect data on the
physical and chemical nature of waters along the coast of Wilkes
Land in East Antarctica. Accompanying them were also or-
nithologists from the University of California, Irvine, biologists
from the University of California, Santa Cruz, and a scientific
observer from the People's Republic of China. In this region
ocean scientists have observed a deep layer of water with lower
temperature, lower salinity, higher oxygen, and lower silicate
than the water near the surface. This water apparently sinks to
about 2,200 meters, where its density becomes equal to the
surrounding water, and then spreads out to form a patch about
800 kilometejs long and 100 kilometers wide. Preliminary ana-
lyses of their 1985 data suggest similarities between this region
and the southern Weddell Sea. As in the Weddell Sea, a tongue
of warmer, saltier intermediate water intrudes onto the conti-
nental shelf. Because the salinity and temperature of the water
on the continental shelf off Wilkes Land are similar to that on
the shelf in the southern Weddell Sea, ocean scientists believe
that bottom water, which contributes to the abyssal waters of the
world oceans, may form here as it does in the Weddell Sea. One
difference between the two regions was evident. The continent-
al shelf near Wilkes Land slopes upward toward the shelf break
and, consequently, may partially constrain shelf waters. During
the 1985 investigation satellite data indicated that there was no
sea ice to the west of the region studied. For the oceanographers
the lack sea ice suggested two mechanisms that would also
recirculate shelf water sufficiently to form bottom water. Either
high winds carry the ice away from shore or icebergs are
grounded on the edge of the continental shelf. In this way, the
shelf water would continue to circulate until there was enough
sea ice to sufficiently increase salinity and form bottom water.
Chemical data also support the hypothesis that bottom water
forms here. Near the base of the continental slope at depths of
2.5 to 3 kilometers, high freon concentrations indicated to
chemical oceanographers that newly formed bottom water was
present and constrained in a westward-flowing current.

Biology. Weddell seals can dive to depths greater than 500
meters and remain submerged for more than an hour. Although
they ascend rapidly, they do not experience decompression
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sickness or nitrogen narcosis. Until recently biologists had only
indirect evidence of how these seals avoid these two hazards,
which are commonly faced by human divers. In 1985 biologists
from the United States, West Germany, Australia, and New
Zealand reported the results of a 1983 experiment that provided
the first direct observation of how Weddell seals avoid the
"bends," or decompression sickness. Using a specially de-
signed computer-controlled system, they were able to make in
situ measurements, follow blood nitrogen tension, and record
other physical changes as the seals dived. Their results show
that these seals protect themselves by limiting the uptake of
nitrogen and redistributing nitrogen to other parts of the body.
They found that the concentration of hemoglobin increases
during the first 17 minutes of a dive. This higher concentration
makes nitrogen more soluble in the blood by 8 to 10 percent and
also contributes to decreased levels of nitrogen during diving.
Although many of the mechanisms that allow Weddell seals to
dive to great depths and rapidly return to the surface are still
unknown, the use of new technology has extended scientific
understanding of how these seals reduce the risk of experienc-
ing decompression sickness and nitrogen narcosis.

At,nosp/ieric sciences. The Sun vibrates mechanically in a high-
ly ordered, complex fashion. As seismic data tells geophysicists
about the Earth's interior, these acoustic resonances provide
astronomers with information about the Sun's interior. Because
the Sun's acoustic spectrum contains more than 10 million
modes, continuous, multi-day observations are necessary to
separate and identify individual modes. A south polar site
provides not only the extended daylight necessary for solar
observations but also other unique environmental conditions
that cannot be duplicated anywhere else. During the 1984-1985
austral summer, two groups of astronomers observed the Sun
from telescopes set up 5 miles from Amundsen-Scott South Pole
Station. One project, conducted by U.S. and French scientists,
made use of a 5-inch optical telescope and a special resonance
spectrophotometer, which looks at a single spectral , line and can
detect minute shifts in wavelengths. With this instrument they
made observations over 480 hours, which included several un-
interrupted runs up to 6 1/2 days long. The second group from
the U.S. National Solar Observatory used a portable, compact
telescope with a 6-inch aperture. They acquired 932 hours of
data, comprising 55 percent of the austral summer operating
season. For both groups the data sets acquired were more com-
prehensive than those that they had acquired during previous
austral summers and will enhance understanding of the Sun's
interior.

Manmade bromine-containing trace gases can deplete strat-
ospheric ozone more efficiently than many of the better known
chlorofluorocarbons. When both bromine- and chlorine-con-
taining trace gases are present in the stratosphere, they may act
synergistically and destroy even more ozone. Because the
South Pole is far from the sources of manmade pollution, global
increases of these long-lived gases can be accurately estimated.
During the 1984-1985 austral summer, National Oceanic and
Atmospheric Administration personnel collected samples of
eight bromine gases that were analyzed by atmospheric scien-
tists at Oregon Graduate Center. Their analysis shows that one
gas, bromochlorodifluoromethane (present in the atmosphere
entirely from manmade sources) is increasing rapidly. Between
1979 and 1984, concentrations of this gas, which makes up 5
percent of the total gaseous bromine in the atmosphere over the
South Pole, increased by more than 20 percent each year. A
comparison of these data with northern hemisphere data also

suggests that bromochlorodifluoromethane may have an at-
mospheric lifetime of more than 10 years.

1984-1985 austral summer operations and support

Between August 1984 and April 1985, land-based research
was conducted at three U.S. stations (McMurdo, Amundsen-
Scott South Pole, and Palmer), at a large field camp on the Siple
Coast, at small field camps, and at stations of other nations.
Siple Station in Ellsworth Land remained closed throughout the
austral summer. Near the Beardmore Glacier a large camp was
established and used for an international workshop on the
Antarctic Treaty. This camp will be used during the 1985-1986
austral summer by earth scientists.

Two U.S. Coast Guard icebreakers (Polar Star and Glacier, each
with two helicopters) operated in Antarctica during the austral
summer. The Foundation's research ship Hero completed its last
cruise in September 1984 and was replaced in January 1985 by
the newly leased Polar Duke, which supported research along
the Antarctic Peninsula.

On 15 August 1984 three ski-equipped Hercules (LC-130's)
departed California for Christchurch, New Zealand, to begin
early season flights to McMurdo Station, Antarctica. Between
the 22 and 28 August the Navy's Antarctic Development Squad-
ron Six (VXE-6) successfully flew a record 8 round trip flights to
McMurdo Station and brought supplies and personnel to the
station to begin preparation for the austral summer program.

The major deployment of science and support personnel
began on 20 October. Flights by U.S. Air Force Military Airlift
Command C-141 wheeled airplanes and Royal New Zealand
Air Force C-130 airplanes augmented NSF LC-130 flights by
VXE-6 pilots in transporting personnel and priority equipment
to McMurdo Station's sea-ice runway until mid-December when
LC-130 operations shifted to the Williams Field skiway on the
Ross Ice Shelf. Between 20 October 1984 and 20 February 1985,
Navy pilots flew the LC-130 airplanes and UN-IN helicopters
4,517.8 hours to transport more than 4 million pounds of cargo
and mail and 4,162 passengers.

Other Navy logistics included operation of a tanker (USNS
Maumee) and a cargo ship (M/V Green Wave), which brought fuel
and supplies to McMurdo Station in January and February 1985.

The U.S. Coast Guard (USCG) icebreaker Glacier arrived at
Palmer Station on 7 December with 25,053 pounds of supplies
and austral summer personnel. After supplies and the ice-
breaker's arctic survey boats (used to support research near
Palmer Station) were unloaded, Glacier sailed to the Gerlache
Straits for a marine biology cruise until II December, when the
ship returned to Palmer Station to pick up the 1984 winter crew
and return them to Punta Arenas, Chile. From 19 December to
28 January the Glacier supported a coring and seismic survey
cruise from the South Orkney Island along the western Ant-
arctic Peninsula to the Amundsen-Bellingshausen seas. It called
once more at Palmer Station on 28 January to pick up personnel,
cargo returning to the United States, and the arctic survey boat.

USCG icebreaker Polar Star arrived at Palmer Station on 3
January 1985 with 168,719 gallons of marine diesel fuel for the
station. On 5 January the icebreaker left Palmer Station and
began its trip around West Antarctica to McMurdo Station.
Enroute Polar Star stopped at the old U.S. station Hallett at Cape
Hallett, northern Victoria Land, to pick up cargo and personnel
who had been cleaning the unused station. It began breaking a
channel through McMurdo Sound sea ice on 25 January. After
completing the 12.8-kilometer channel on 26 January, the Polar
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Star escorted the tanker Mauinee to the McMurdo Station ice
wharf. While fuel was unloaded from the tanker, the icebreaker
supported science projects at nearby Terra Nova Bay. After
escorting the tanker back to sea, Polar Star escorted the M/V
Green Wane into Winter Quarters Bay on 1 February. During
February Polar Star supported science projects in the Ross Sea
area and returned to the United States via New Zealand.

During the austral summer 451 NSF-supported scientists
worked in Antarctica. Members of the Naval Support Force
Antarctica (NSFA) operated facilities at McMurdo Station,
provided health services and long-range communications, and
planned and coordinated Navy and Coast Guard logistics. Be-
sides military personnel 333 contractor (ITT/Antarctic Services,
Inc. or ANS) employees coordinated or supported research at
the three year-round stations and operated the research ship
Polar Duke. Contractor employees based at McMurdo Station
operated the science laboratories and the skiway at Williams
Field, constructed and operated the Beardmore South camp
near the Beardmore Glacier, constructed a new upper at-
mosphere research building at Arrival Heights above the sta-
tion, and continued work on the new water distillation plant.
McMurdo Station began winter operations on 20 February 1985.

At Amundsen-Scott South Pole Station, which began sum-
mer operations on 1 November and winter operations on 20
February, ANS employees supported 69 scientists and helped
National Aeronautics and Space Administration (NASA) per-
sonnel to install two satellite data links. The satellite links, a
joint NSF-NASA project, began operating in December 1984.
The new ground stations are linked via the NASA satellites
ATS-3 and Nimbus-7 and National Oceanic and Atmospheric
Administration Landsat satellites 4 and 5. This link will enable
scientists in the United States to communicate with instruments
in the South Pole in near real time.

In the Antarctic Peninsula region, Palmer Station began its
summer season 7 December with arrival of new station crew
aboard the Glacier. In addition to supporting 15 projects con-
ducted by 43 scientists, ANS employees constructed a new
aquarium building, refurbished the boat shop, and upgraded
the station's antenna system. The station began winter opera-
tions on 27 April 1985 after the departure of the Polar Duke.

ANS employees provided support at three field camps near
the Beardmore Glacier and on the Siple Coast. At the
Beardmore camp near the Bowden Neve they supported 70
individuals who participated in the Antarctic Treaty workshop.
Two camps were built on the Siple Coast to support glaciologists
and geophysicists studying the region. ANS also subcontracted
services of a Twin Otter airplane to support the Siple Coast
projects.

Support in the United States

Between 1 June 1984 and 31 May 1985 the staff of Florida State
University's sediment core facility distributed 5,894 samples
taken from 451 cores, dredges, trawls, and bottom grabs re-
covered during 36 cruises of three ships and from one drill hole
to 29 investigators representing 22 institutions in Brazil, Cana-
da, France, Germany, New Zealand, and the United States.
New core received included 281 meters of piston and trigger
Cores, 46 grab samples, and bagged recovery of sediments from

I piston- and trigger-coring stations; these materials were re-
covered by marine geologists from Rice University and the
University Maine at Orono. Also received were approximately
60 kilograms of frozen rock specimens collected in the ice-free

valleys of southern Victoria Land by University of Florida biolo-
gists. The staff began describing 265 meters of piston and trig-
ger cores (154 cores), 124 grab samples, and bagged piston core
sediments retrieved along the northwestern and southwestern
antarctic continental margins in the Ross Sea during the
1979-1980 austral summer. As May 1985 40 percent of the mate-
rials collected during the 1979-1980 austral summer were de-
scribed. A 242-page volume on sediment descriptions of 165
cores, 142 grab samples, and miscellaneous bagged samples,
acquired during the 1981-1982 (northern Antarctic Peninsula
region) and 1982-1983 austral summers (Ross Sea/Sulzberger
Bay area), also was printed and distributed during 1985.

At the Smithsonian Oceanographic Sorting Center in Wash-
ington, D.C., the staff prepared unprocessed collections, classi-
fied taxa, and labeled for distribution sorted specimens. Over a
3-year period, which ended in 1985, the sorting center prepared
for distribution 221,500 sorted specimens that were received by
61 specialists.

Ice-core samples were distributed to scientists in the United
States from a facility at the Department of Geology, State Uni-
versity of New York at Buffalo, in Amherst, New York. While a
report on this activity does not appear in this issue, a detailed
brochure describing ice core availability can be obtained from
the Foundation or the Buffalo facility.

The Library of Congress continued to abstract and index
literature for the Antarctic Bibliography. As of 1985 more than
31,000 bibliographic entries have been published and made
available for on-line searching through the System Develop-
ment Corporation's ORBIT system. Volume 14 of the bibliogra-
phy was published in 1985 and included 2,794 entries.

The American Geophysical Union (AGU) continued to pub-
lish the Antarctic Research Series. This series, published by AGU
with support from the Foundation since 1963, is designed to
serve scientists and graduate students actively engaged in ant-
arctic or closely related research and others versed in the biolog-
ical or physical sciences. During 1984 and 1985, the following
volumes were published: volume 36 (Geology oft/ic central Traiis-
antarctic Mountains), papers 4-13; one paper from volume 40
(Bioloi of the antarctic seas XV); volume 41 (Biology of the antarctic
seas XVI), papers 1 and 2; volume 41 (The Ross Ice Shelf: Glaciology
and eopliiisics), papers I and 2; and Volume 43 (Oceanology of the
Antarctic Continental Shelf).

Budget

Fiscal 1985 support of the U.S. antarctic program, provided
through the National Science Foundation, totalled $110,840,585
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 $11,155,519, and direct science support (costs nor-
mally included in a grant for work at an institution but
provided in Antarctica from program resources) $14,000,000.
This comprises $25,155,519 in total science support.

• construction and procurement $18,085,066
• logistics and support $67,600,000.

Additional projects
Although reports do not appear in this issue of the Antarctic

Journal, the following additional projects were supported dur-
ing fiscal 1985:
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Marine biology: Behavior and ecology of Weddell seals (Donald B.
Siniff, University of Minnesota); Behavioral ecology of krill (Eu-
phausia superha) (William M. Hamner, University of California,
Los Angeles); Behavioral and chemical ecology of bryozoans (Judi-
th E. Winston, American Museum of Natural History)

Earth sciences: Ultra long-period seismic and gravity observations
(Leon Knopoff and W.D. Smythe, University of California,
Los Angeles); Geodetic satellite observations (Arnold J. Tucker,
University of Texas); Stratigraphy and paleontology of Seymour
Island (Sankar Chatterjee, Texas Tech University); Dry valley
real-time telemetry seismology (Nicholas A. Orsini and L.G.
Holcomb, U.S. Geological Survey Albuquerque Seis-
mological Laboratory); Origins of salts in ice-free valleys of south-
ern Victoria Land by chlorine-36 (Fred M. Phillips, New Mexico
Institute of Mining and Technology, Harold Bentley, Univer-
sity of Arizona, and David Elmore, University of Rochester);
Ross Sea aeromagnetic survey (John C. Behrendt, U.S. Geo-
logical Survey); Structure and stratigraphy of the Handler Ridge,

northern Victoria Land (Thomas Wright, National Science
Foundation)

Glaciology: Ice dynamics on the Marie Byrd Land slope (Ian M.
Whillans, Ohio State University); West antarctic glaciology
(Robert A. Bindschadler, Goddard Laboratory for At-
mospheric Sciences, National Aeronautics and Space Admin-
istration), Polar Ice Coring Office (Karl Kuivinen, University of
Nebraska)

Lower atmosphere studies: Empirical correlation of ice crystal ti/pt's
with halo types (Walter Tape, University of Alaska, Fairbanks)

Upper atmosphere studies: Fluxgate magnetometer investigations
at McMurdo and South Pole Stations (L.J. Lanzerotti, Bell Labora-
tories); Atmospheric infrasound studies (Charles R. Wilson, Uni-
versity of Alaska); South Pole optical observations (Robert H.
Eather, Boston College)
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The Nansen sled in foreground of this photograph is used by field parties working in remote areas of Antarctica to haul
equipment and supplies. This photograph was taken near Mount Takahe in Marie Byrd Land, West Antarctica. In the back-
ground geologists prepare their snowmobiles and other equipment. NSF photo by Ann Hawthorne.
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Terrestrial geology and geophysics

Modeling magnetic and gravity effects
of the Transantarctic Mountains

R.R.B. VON FRESE and S.R. MATESKON

Department of Geology and Mineralogy
and

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

On 1 April 1985, a three-year program was initiated to com-
pile regional magnetic and gravity anomalies for the region
south of 55°S from satellite and surface measurements and to
analyze quantitatively their geological significance. These

anomalies, especially when combined with other geological
and geophysical data, can yield considerable information con-
cerning regional physical property variations that are important
for determining the structure, dynamics, and geologic history
of the antarctic crust and upper mantle.

A critical element of this program involves developing the
capacity to model magnetic and gravity anomalies over a spher-
ical earth for verifying and detailing geological analyses of the
regional anomaly fields. A satellite geopotential anomaly mod-
eling procedure given by von Frese et al. (1981) has been imple-
mented for this purpose. This procedure principally involves
anomaly computations derived from integrating the anomalies
of Gauss-Legendre quadrature distributed point sources within
the geological body being modeled. To adapt the procedure for
efficient and accurate modeling of nearer-source (i.e., surface or
near-surface) geopotential field anomalies, affine transforma-
tions have been identified to transform arbitrarily shaped
source volumes into simple and elegant quadrature integration
formulae.
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Figure 1. Topography of the study area in the Transantarctic Mountains is presented in "A" as a map contoured at 400-meter intervals and in "B"
a$ a perspective plot.
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To compute the effects of gridded terrain models for accurate
reduction of gravity and magnetic anomaly data, the modified
procedure effectively determines an equivalent point-source
model of the topography, where the point sources correspond
to the zero nodes of the Legendre polynomials used to perform
the Gaussian quadrature integration. Because point-source
effects involve relatively simple mathematics, the method read-
ily accommodates arbitrary physical property variations, geo-
magnetic field characteristics, and coordinate transformations
in the terrain anomaly computations. Anomaly attributes in-
cluding the potential, anomaly gradients, and vector compo-
nents are also easily computed from the equivalent point-
source terrain model. This modified procedure is being used to
compute, in spherical coordinates, the regional geopotential
anomaly fields of the Transantarctic Mountains to separate
these effects from the anomalies of deeper lithospheric sources
which are the focus of the investigation.

Preliminary results include magnetic and gravity analyses for
a portion of the mountain range shown in figure 1, where the
topography is gridded at a spacing of 0.02° latitude and 0.20°
longitude from an antarctica series reconnaissance map (U.S.
Geological Survey 1965). Gravity terrain corrections relative to
the Bouguer slab reduction at each grid node of the topographic
surface are given in figure 2A. Station A (z = 2,287 meters),
which is 10-15 kilometers from any severe topography (figure
1), requires a terrain correction of 3.15 milligals. To emphasize
the significant terrain elements of this gravity correction, figure

2B shows the percent contribution which each gridded terrain
cell makes to the terrain correction of station A. Figures 3A and
3B illustrate, respectively, the gravitational and magnetic effects
of the terrain computed at 5 kilometers elevation. These effects
are for all mass between the lowest point (z = 71 meters) and
the highest point (z = 4,278 meters) of the topographic grid. All
calculations were made for a density of 2.67 grams per cubic
centimeter or a magnetic susceptibility of 0.0015 in the en-
timeter-gram-second system, using a geomagnetic reference
field model updated to 1980. No attempt was made in this
preliminary study to account for the lower density of ice, but
future work will model rock density variations and ice sepa-
rately and also consider magnetic property variations of the
topography of the Transantarctic Mountains.

This study was supported by National Science Foundation
grant DPP 83-13071.
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The Byrd Group of the Holyoake
Range, central Transantarctic

Mountains

M.N. REES and A.J. ROWELL

Department of Geology
University of Kansas

Lawrence, Kansas 66045
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The Shackleton Limestone and Douglas Conglomerate are
the principal units of the Byrd Group in the central Transan-
tarctic Mountains. These and correlative formations were recog-
nized in regional mapping projects during the mid-1960's
(Grindley 1963; Laird 1963; Skinner 1964; Laird, Mansergh, and
Chappell 1971). The Shackleton Limestone was thought to have
a minimum thickness of 5,400 meters in the Holyoake Range
where, on the basis of archaeocyathids, it was regarded as
Lower Cambrian, possibly extending into the lower Middle

Cambrian. The age of the Douglas Conglomerate is less well
constrained, but the unit was considered to be Middle or possi-
bly Late Cambrian (Laird 1981). Subsequent examination of the
Byrd Group had been confined to the sector between the Byrd
Glacier and the mouth of the Starshot Glacier (Burgess and
Lammerink 1979; Stump et al. 1979).

The objectives of our study in the Holyoake Range during the
1984 - 1985 austral summer were to determine the tectonic and
depositional setting that produced such great thicknesses of
Shackleton Limestone and Douglas Conglomerate, to improve
the biostratigraphic control within the Shackleton Limestone,
and to ascertain the relationship between the two formations.

The field party consisted of two New Zealand mountaineers,
Peter Braddock and Ray Waters; a Canadian geologist, Brian
Pratt; and an American geologist, Margaret Rees. The party was
put into the field by a LC-130 ski-equipped Hercules airplane on
the Starshot Glacier on 27 November 1984. From this site, we
used skidoos and Nansen sleds to establish three camps around
the northern part of the Holyoake Range and to travel to collect-
ing localities (figure 1). Due to remarkably fine weather, we had
23 working days in the area. Logistical problems prevented us
from visiting the southern Holyoake Range.

Although it has long been known that the Shackleton Lime-
stone has been folded and faulted (Laird, Mansergh, and Chap-
pell 1971), our examination of small geopetal structures within it
revealed that folding is much more intense than previously had
been recognized. Two sets of mesoscopic folds are developed
and are associated with two cleavages. This relationship is com-
parable to that reported in the area immediately south of the
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Figure 2. Redlichiid trilobite (cranidium) from locality H-84-25 close-
ly related to species of Wutingaspis Kobayashi described from the
Lower Cambrian of China by Zhang et al. (1980).

Figure 1. Holyoake Range in the central Transantarctic Mountains.
Dots are locations of field camps occupied during 1984 - 1985
season. Broken line (M) is location of measured section that crossed
the contact between the Shackleton Limestone and Douglas
Conglomerate.

Byrd Glacier (Burgess and Lammerink 1979). Locally, within
broad, well defined zones, however, strong deformation has
produced a chaotic fold style that we consider to be of structural
rather than syndepositional origin. This intense deformation
precludes accurate estimate of thickness of the Shackleton
Limestone, but we consider it to be much less than 5,000 meters
and probably closer to 2,000 meters.

The Shackleton Limestone is composed of lithofacies that
accumulated in numerous depositional environments varying
from intertidal to near storm-wave base on a carbonate shelf.
Rare intertidal deposits are characterized by cryptalgal lami-
nites, thin intraformational conglomerates, and fenestral fabric.
There are hundreds of meters of rock representing fairly high-
energy, shoal-water complexes of archaeocyathid-alga reefs and
ooid-peloidal shoals. These shoal-water rocks interfinger with a
deeper water sequence of interbedded oolitic grainstone and
mottled peloidal wackestone enclosing small isolated mounds
of archaeocyathid-alga boundstone. An even deeper water and
typically lower energy environment is represented by thin-
bedded peloidal wackestone. These beds commonly have tracks
and trails on their upper surfaces and are internally burrow
mottled. The thin-bedded units contain rare thin, fining-up-
ward sequences each with a basal skeletal or intraclastic
grainstone. These sequences probably represent storm deposi-
tion on the part of the shelf that lay below fair-weather wave-
base.

In addition to the archaeocyathids, the alga Renalcis occurs
and Epiphyton (figure 2) is abundant. Shelly fossils are moder-

ately common at several horizons. These include helicionellid
molluscs, kutorginacean, and rare acrotretacean brachiopods,
together with redlichacean (figure 3) and ptychopariacean tri-
lobites. Preliminary examination of trilobites and brachiopods
from the thin-bedded units indicates an entirely Early
Cambrian age for all the formation.

The contact between the Shackleton Limestone and the
Douglas Conglomerate is well exposed for 200 meters on the
ridge of measured section M (figure 1). Here, the Douglas rests
on an eroded, karst surface of deformed Shackleton Limestone,
and the contact displays more than 20 meters of relief. Clasts
belonging to the Douglas occur in fractures within the lime-
stone and fill larger openings beneath overhangs of Shackleton.
On this ridge, some 400 meters of Douglas are exposed but,
although the beds are steeply dipping, locally mineralized, and
carry one cleavage, neither faults nor fold axes were observed.

Clasts in the Douglas Conglomerate represent a variety of
lithotypes, however, the majority were derived from the
Shackleton Limestone. Along ridge M, the beds seemingly ac-
cumulated in the middle and outer parts of an alluvial fan. The
lower two-thirds of the sequence is composed predominantly of
lenticular- and parallel-stratified, boulder and cobble con-
glomerate. Typically, beds are poorly sorted and are both clast
and matrix supported. Boulders are up to 1 meter across, and
the matrix is predominantly sand- to pebble-size material with
only a small percentage of clay. In the upper part of the se-
quence, boulder conglomerates are rare and cross-bedded,
coarse to pebbly sandstones are common. Cross-bedding con-
sistently indicates a northeast transport direction.

The relationship of the Douglas Conglomerate to the
Shackleton Limestone in the northern part of the Holyoake
Range strongly suggests that the Douglas Conglomerate is not a
Cambrian formation. It postdates at least one phase of intense
folding of the Shackleton and the subsequent uplift and de-
velopment of a karst surface on the limestone. These pre-Doug-
las events are probably the result of the Cambro-Ordovician
Ross Orogeny. The succeeding deformation and uplift of the
Douglas, prior to deposition of the overlying Beacon Super-
group, must be attributed to yet another orogenic episode.
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Figure 3. Photomicrograph of archaeocyathid-alga boundstone
from Shackleton Limestone (sample number S-84-3D). Note archae-
ocyathid in upper left, Epiphyton alga on right, and intervening
sediment and spar occluded cavity. (Scale 500 micron.)
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A new Triassic cycad from the
Beardmore Glacier area of Antarctica

T.N. TAYLOR and E.L. SMOOT

Department of Botany
and

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210
and

Department of Biology
Hope College

Holland, Michigan 49423

The living Cycadales represent a relic group of gymnosper-
mous plants that today include 10 genera that are restricted
geographically to the tropics and subtropics. Fossil members of
this order were widespread during the Mesozoic based on
abundant foliage remains, and the group is believed to have
originated from the late Paleozoic seed fern group
Medullosales. Despite a wealth of information about the leaves
of fossil cycads, details regarding the anatomy of the stems is

limited to descriptions of a few small fragments. One of the
most characteristic features of cycad stems is the so-called gir-
dling configuration of the leaf traces, in which the traces to the
laterals extend horizontally for some distance within the cortex
before passing into the base of the petiole.

Several silicified stems which demonstrate typical cycad anat-
omy have been identified from plant material collected by mem-
bers of the Institute of Polar Studies during the late 1960's from
the Fremouw Peak locality in the Beardmore Glacier area of East
Antarctica and are described in detail elsewhere (Smoot, Taylor,
and Delevoryas in press). The Fremouw Formation fossils are
regarded as being early-middle Triassic (Collinson, Stanley, and
Vavra 1980). Because of the permineralized nature of the spec-
imens, it has been possible to obtain a considerable amount of
histologic information about these interesting plants and to
consider aspects of their evolution.

The specimens range up to 3.7 centimeters in diameter and
appear to represent more basal regions of the plant. The stem
consists of an extensive, parenchymatous ground tissue that
contains two zones of mucilage canals. The outer surface of the
cortex is bounded by a periderm (figure 1). The vascular system
consists of a ring of endarch vascular bundles separated by large
rays (figure 2). Secondary tissue development is present in the
Fremouw specimens and consists of a small amount of second-
ary xylem tracheids that exhibit circular bordered pits, cam-
bium, and phloem zone containing sieve cells with elliptical
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Figure 1. Transverse section of cycad stem showing par-
enchymatous cortex with mucilage canals (clear areas). Arrow Indi-
cates position of outer limiting periderm. [587-5 (SR-4a) x 21.] Figure 3. Dichotomizing root bounded by zone of periderm. [568 B

(T-2-a) x 10.]
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Figure 2. Partial transverse section of stem showing inner and outer
mucilage canals and ring of vascular bundles (center) separated by
vascular rays. [568 B-lB (T-20-b) x 18.]

sieve areas. Traces to the laterals connect with both the primary
and secondary vascular tissues and may extend directly to the
periphery of the stem or demonstrate the girdling trace config-
uration that is characteristic of members of the Cycadales. None
of the Fremouw specimens contain leaf bases; rather the stems
are regarded as being more basal regions of the plant because of
the presence of diarch-polyarch roots (figure 3).

Despite the antiquity of the Cycadales, there is relatively little
information available about the stem anatomy of these plants.
To date only two cycadalean stems have been described from
sediments of Triassic age. Michelilloa (Archangeisky and Brett
1963) is a silicified specimen from Argentina consisting of a
narrow vascular cylinder interrupted by vascular rays. The sur-
face of the stem contains filamentous hairs and persistent lea
bases. Girdling leaf traces and mucilage canals in the pith ar
two of the features used to associate the Triassic genus Lyssox
ylon with the Cycadales (Gould 1971). All of the structurall
preserved cycad stems including the Tertiary genera Boror
(Archangelsky, Petriella, and Romero 1969) and Menucoa (Pe
triella 1969) are remarkably similar anatomically to moder
cycads. The specimens from Antarctica currently represent th
oldest anatomically preserved cycad stems. The similarity of
anatomical features shared by the Triassic and extant forms
suggests a relative evolutionary stasis within the Cycadales, at
least as can be determined from the analysis of vegetative fea -
tures. The validity of this assumption will be tested if the re-
productive organs of the antarctic cycads are subsequently
discovered.

This work was supported by National Science Foundation
grant DPP 82-13749.
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Fossil fungi in antarctic wood

S. P. STUBBLEFIELD and T. N. TAYLOR

Department of Botany
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Silicified specimens of gymnospermous wood collected from
two localities near the Beardmore Glacier illustrate a type of
fungal decay that is seldom found in the fossil record. The fossil
specimens occur at two localities that have provided numerous
silicified plant organs in which histologic details are excep-
tionally well preserved. One site is located at Fremouw Peak
within the Upper Beacon Supergroup and is regarded as Tri-
assic in age (Barrett 1970). The second locality is considered to
be middle or late Permian and is located at Mount Augusta
(Schopf 1970).

Specimens of Araucarioxylon-type wood (figure 1) and axes of
Vertebraria (figure 2) possess numerous perforate areas that are
the result of extensive fungal activity. In transverse section, the
decayed areas (pockets) appear circular-irregular in outline (fig-
ures 1 and 2); in longitudinal section these areas of disrupted
tissue are somewhat spindle-shaped. Individual pockets may
be uniformly scattered throughout the stem or may be restricted
to a narrow zone.

Fungi are represented by vegetative hyphae (figure 3A) that
may be present in the pockets, as well as in tracheids and ray
parenchyma cells. Hyphae are branched, septate, and possess
both simple and medallion clamp connections. They pass
through both radial and tangential walls of infected cells, as well
as through pits. In addition to cavities which typically show no
evidence of cell remnants, other areas of the wood show vary-
ing degrees of cell-wall modification that are associated with
fungal activity. In these areas it has been possible to follow the
equential destruction of cell-wall components. In some cells,
wollen and separating wall layers are evident while in others,

individual cells are represented only by the thickened middle
lamellar regions in the corners between adjacent cells. The cells
in other regions often possess highly elaborated secondary

Figure 1. Transverse section of Araucarioxylon-type wood with nu-
merous pockets of decay. (x 8.)

walls which resemble wall appositions in extant plants and
often nearly occlude the cell lumen (figure 3B).

When compared with the activities of modern fungi, the
pattern of these woods in Antarctica is similar to extant white-
pocket rots that are caused by members of the Basidiomycotina
(e.g., Blanchette 1980-a, 1980-b; Otjen and Blanchette 1982).
Research currently in progress focuses on an analysis of the
decay process in a number of fossil plants from Antarctica. This
type of study may provide indirect evidence for the presence of
certain types of fungi in the fossil record and, at the same time,
offer clues that help explain evolutionary changes in fungal
biology.
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Figure 2. Transverse section of Vertebraria showing decay pockets
and disrupted growth rings. (x 30.)

The material examined in this study was collected during the
1969 - 1970 field season by the late James M. Schopf supported
by the National Science Foundation (GA - 12315). The present
research was supported by National Science Foundation grant
DPP 82-13749.
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Anatomically preserved Glossopteris
from the Beardmore Glacier area of

Antarctica

K.B. PIGG and T.N. TAYLOR

Department of Botany
and

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

The Glossopteridales represent an enigmatic group of
pteridosperms that dominated the Permian flora of Gondwana.

Plants of this order were arborescent and had stems of the
Araucarioxylon-type, roots assignable to Vertebraria, a divers
array of reproductive organs, and strap-shaped leaves with
reticulate venation pattern. The leaves of these plants assigne
to Glossopteris represent the major floristic component and ar
known almost entirely from impression/compression spec
imens. As such, they have provided little information about th
biology and natural affinities of the plants. To date, the oni
report of structurally preserved leaves of this general type i -
cludes the description of both fertile and vegetative foliage fro
the Bowen Basin of Queensland (Gould and Delevoryas 1977.

Numerous silicified specimens of Glossopteris have been ide -
tified in petrified peat collected from the Mount Augusta lo-
cality in the Beardmore Glacier area (Schopf 1970). This material
provides a unique opportunity to investigate the anatomy and
morphology of Glossopteris leaves and to compare the struc-
turally preserved specimens with those taxa reported from the
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Figure 1. Split surface of silicified specimen showing characteristic
reticulate venation of Glossopteris leaf. (x 2.)

more commonly occurring impression/compression spec-
imens. Specimens are analyzed by examining morphological
features of the leaves that occur on split or weathered surfaces
(figure 1) and subsequently preparing closely spaced, serial
sections in order to examine histological features (figure 2).
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igure 2. Transverse section of Glossopteris leaf showing promi-
ent bundle sheaths containing disrupted vascular bundles. ( x 35.)

As presently understood, the genus Glossopteris is charac-
terized by leaves that demonstrate considerable morphological
variability. The silicified specimens from Mount Augusta are
relatively small, measuring approximately 1.0 centimeter in
maximum width and no more than 10.0 centimeters in length.
The venation pattern is a unique reticulate type in which all of
the veins appear to be the same size in surface view (figure 3). In
addition, individual tracheids within the veins may branch or
follow a sinuous course within the reticulum. The midrib con-
sists of four or five larger veins that are parallel with the long
axis of the leaf. In transverse section, each vein is characterized
by a conspicuous bundle sheath (figure 2), up to two cell layers
in thickness, with the individual cells often containing amor-

Figure 3. Paradermal section of surface showing uniform size of
reticulate veins. (x 9.)

phous materials. In some specimens, fibers may be associated
with the bundle sheath. The vascular strand of each vein con-
sists of primary, and a small amount of secondary, xylem.
Phloem is not preserved and, in many specimens, the xylem is
often distorted. Histologically, the ground tissue of the leaf
consists of poorly differentiated mesophyll in which a palisade
layer cannot be distinguished. Stomata occur on the lower epi-
dermis. Upper epidermal cells have sinuous cell outlines, while
those of the lower epidermis are straight.

The' Mount Augusta Glossopteris foliage demonstrates
marked histological differences when compared to the struc-
turally preserved leaves from Bowen Basin. These differences
include the absence of a palisade layer, thicker and more promi-
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nent bundle sheath, lack of a distinctive hypodermis, and small-
er amount of secondary xylem. These anatomical features
provide for the first time the opportunity to compare details of
Glossopteris leaves that differ in preservational mode. Such infor-
mation greatly increases the value of foliage features as a useful
biostratigraphic and evolutionary index.

The material examined in this study was collected during the
1969 - 1970 field season by the late James M. Schopf supported
by the National Science Foundation (GA - 12315). The present

research was supported by National Science Foundation grant
DPP 82-13749.
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Dating till by paleomagnetism: Allan
Hills, southern Victoria Land

E.M. CHERRY and H.C. NOLTIMIER

Institute of Polar Studies
and

Department Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

A single oriented block sample of Sirius Formation till was
collected for paleomagnetic analysis from Manhaul Bay in the
Allan Hills by C. Faure and K.S. Taylor during the 1980 - 1981
austral summer. This till sample is poorly indurated and con-
tains subangular to subrounded fragments of sandstone, shale,
and coal derived from the local bedrock. The general composi-
tion and particle-size distribution is consistent with samples
from the Allan Nunatak previously described by Mayewski
(1973).

The six specimen cores obtained from the block were sub-
jected to alternating field (AF) demagnetization treatments up to
50 milliteslas in nine stages to determine the paleomagnetic
directions and magnetic stability. Five particle-sized fractions
were given a laboratory isothermal remanent magnetization
(IRM) in fields up to 3.5 teslas to determine the type and distribu-
tion of ferromagnetic minerals.

Five of the cores exhibit reversed polarity and one has normal
polarity. The untreated natural remanent magnetization (NRM)
of the reversed group clusters with a half angle cone of 95
percent confidence of a 95 = 19.5° and a precision parameter of k

16.4 (Fisher 1953). The individual specimen directions
change by more than 15° after AF demagnetization to 50 milli-
teslas with an optimum distribution at the 40-millitesla stage
with an a95 = 11.3° and k 47.2. The single core with normal
polarity has been rejected on the basis of three criteria. First, the

NRM moment exceeds the reversed group's mean moment (2.70
X 10' emu/cc) by an order of magnitude and two standard
deviations. In addition, this specimen fails two statistical tests,
one for internal homogeneity (Harrison 1980) and another for
directional concordance (McFadden 1982). The magnetization
of this sample is interpreted to result from the incorporation of a
strongly magnetized rock fragment with a random orientation.
The AF demagnetization and IRM acquisition behaviors are in-
dicative of stable, single domain magnetite as the primary rema-
nence carrier. This magnetite is predominantly concentrated in
the greater-than-63-micron size range. The magnetite in the
coarser fractions will tend to be randomized during deposition.
Thus, the magnetization of the reversed group is interpreted as
a primary detrital remanent magnetization acquired at the time
of deposition.

Although these results are based on a single sample, the
reversed primary detrital remanent magnetization places a re-
striction on the time of till deposition in the Allan Hills. The
magnetization implies that this deposit has a minimum age of
0.69 million years (Matuyama Reversed Epoch) and excludes
other normal polarity intervals of the late Cenozoic. This meth-
od of dating should be used with caution and additional sam-
pling is required to further substantiate these results.

This project was supported by National Science Foundation
grant DPP 82-13511.
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The geology and origin of the
Elephant Moraine on the east antarctic

ice sheet

C. FAURE and K.S. TAYLOR

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

The Elephant Moraine is located at 76°17'34.910"S
157020'04.944"E on the east antarctic ice sheet about 80 kilo-
meters northwest of the Allan Hills (Cassidy et al. 1983). For 6
weeks during the 1984 - 1985 austral summer, fieldwork was
conducted in the Elephant Moraine to prepare a geologic map
of the moraine and to explain its origin. (See figure.)

The geological mapping was done by classifying 47,687 clasts
at 230 surveyed positions in the moraine. The results indicate
that clasts having diameters greater than 16 millimeters are

composed primarily of dolerite, basalt, sandstone, diamicton,
and siltstone with minor amounts of till pellets, chert, black
shale, black calcite, and coal. In general, these clasts are quite
similar to the rocks of the Beacon Supergroup (sandstone,
shale, and coal), Mawson Formation (diamicton), Kirkpatrick
Basalt (basalt and chert), and the Ferrar Dolerite (dolerite).
However, certain tan to bluish-gray colored siltstones do not
resemble rocks exposed in the Transantarctic Mountains. Their
provenance is not known at this time. Clasts composed of gra-
nitic igneous rocks (Granite Harbour Intrusives), high-grade
metamorphic rocks (such as granulites or charnockites in East
Antarctica) and olivine basalt-phonolite (McMurdo Volcanics)
were not found in the Elephant Moraine. In addition, no mete-
orites were seen within the moraine although several spec-
imens were collected on the blue ice areas surrounding it. The
pellets of till occur in layers of sediment-laden ice underlying
the Elephant Moraine and contain marine diatoms of Miocene
to Pliocene age, like those exposed at scattered localities on the
summit plateaus of the Transantarctic Mountains (Webb et al.
1983). A few samples of black botryoidal calcite, composed of
radiating acicular crystals that resemble stromatolites, are prob-
ably of hydrothermal origin because their strontium-87/stron-
tium-86 ratios exceed those of marine strontium and because the

q	
''

View of the Elephant Moraine from the air looking to the north.
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calcite is associated with greenish to white-colored opaline
chert.

Elephant Moraine is forming at the present time by ablation of
sediment-laden ice that underlies it. Ablation rates are being
monitored by 150 wooden dowel rods implanted into the ice
within the moraine and in the blue ice surrounding it. Prelimi-
nary measurements indicate an average summertime ablation
rate of 13.3 ± 0.9 millimeters every 30 days within the moraine
and 17.3 ± 1.1 millimeters every 30 days in the blue ice areas.
The difference is attributable to the protection of the ice from the
catabatic winds by the sediment cover of the moraine. Annual
ablation rates are expected to be less than these summertime
values.

Clasts were seen within the ice at many locations. Excavations
of these clasts suggest that they are aligned along flow lines of
the ice which intersect the surface at about 40°. This observa-
tion, combined with the observed ablation rate, permits an
estimate of the age of the Elephant Moraine. The calculation is
based on the assumptions that the ablation rate is approximately
equal to the vertical iceflow velocity component and that the age
of the moraine is given by its length divided by the horizontal
velocity component. On this basis, the age of the Elephant
Moraine is approximately 30,000 ± 6,500 years. The apparent
youth of the moraine combined with the local topography of the
ice sheet suggest that the Elephant Moraine may be forming
because a significant decrease in the ice thickness allowed irreg-
ularities of the bedrock surface to interfere with the normal flow
pattern of the east antarctic ice sheet in this area. The sediment-

laden ice that underlies the moraine is therefore interpreted as
basal ice, an interpretation that suggests that the blue ice areas
surrounding the moraine may expose a cross-section of the east
antarctic ice sheet.

We thank William A. Cassidy for including us in his logistic
plans for the 1984 - 1985 austral summer. It helped us immen-
sely. We also thank John Schutt for guiding us under difficult
conditions from the Griffin Nunatak to the Elephant Moraine
and for returning us safely to the Allan Hills at the end of the
austral summer. In addition, George Sidener of VXE-6 and
David Langford made the trip to the Elephant Moraine to lend a
helping hand. Last, but not least, we thank the pilots and crews
of the aircraft who took us into the field and brought us back.

This project is supported by National Science Foundation
grant DPP 83-14136.
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Thermoluminescence of sandstone
clasts of the Elephant Moraine

C. FAURE

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

S. SUTTON

McDonnell Center for the Space Sciences
Washington University

St. Louis, Missouri 63130

Thermoluminescence (TL) offers a potential means of deter-
mining the age of the Elephant Moraine (76°17'34.910"S
157020'04.944"E) described by Faure and Taylor (Antarctic Jour-
nal, this issue). Previous studies on a variety of TL-emitting
minerals (e.g., Wintle and Huntley 1982) have demonstrated

* Present address: Brookhaven National Laboratory, Upton, New York 11973

that TL is affected by exposure to solar radiation. In principle, a
moraine's solar exposure history can be determined from the
magnitude of solar-induced TL effects exhibited by clasts at
various locations within the moraine. The Elephant Moraine
appears to provide a favorable setting to test the feasibility of
this approach because clasts of sandstone emerge from the ice
and are exposed to sunlight during their transport on the ice
sheet surface. Reported here are the initial results of TL
measurements on three such clasts from different locations
within the moraine.

Sandstone clasts were collected from the "little moraine"
which lies just east of the main Elephant Moraine body and
north of the camp location (figure 1). This segment of the mo-
raine appears to be forming as clasts emerge from ice at its
southern end and travel northward as the ice sheet flows. Thus,
clasts found at the southern end of the moraine are expected to
have experienced less sunlight exposure than those at the north
end. Three sandstone clasts at different distances from the
present southern tip have been measured (see figure 1 for
locations); E (southern tip a few centimeters below the ice sur-
face); D (11 meters north of E); and F (975 meters north of E). The
positions of the samples suggest that F received more sunlight
than D whereas E received none.

About 5 milligrams taken from the exterior of each clast were
heated from room temperature to about 500°C and the intensity
of the emitted light as a function of temperature was recorded,
the so-called "natural glow curve." The aliquots were subse-
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Figure 1. Map of the Elephant Moraine showing survey lines and the
location of the "little moraine" north of camp on the east side of the
Elephant Moraine.

quently irradiated with beta-particles from a strontium-90
source and the artificially induced TL glow curves were meas-
ured. The natural IL intensity was then expressed in terms of
"equivalent dose," or ED., defined as (natural TL/artificial TL)
times laboratory dose. E.D. is useful in the present application
because variations in natural TL due to effects other than IL

sensitivity differences are of interest.
A comparison of the natural glow curves shows that the low-

temperature thermoluminescence of the exposed samples, F
(975 meters) and D (11 meters), is significantly enhanced com-
pared to that of the unexposed sample, E (no sun) (e.g., figure
2). The exposed samples also exhibit enhanced E.D. at the same
temperature (about 275°C) indicating that the TL increase is
unrelated to any difference in IL sensitivity between the spec-
imens. However, the E.D. of F (975 meters) is less than that of D
(11 meters) in apparent contradiction to the assumed exposure
model. A possible explanation for the discrepancy is that clast F
was initially exposed within the moraine rather than at the
southern end and therefore received less sunlight than D.

These initial results strongly suggest that sunlight has in-
creased the thermoluminescence of sandstone clasts within the
Elephant Moraine. Additional research is required, however, to
test the feasibility of accurately evaluating the sunlight exposure
times from the magnitudes of the observed enhancements.
There are three principal complications. First, the TL
enhancement calibration curve (i.e., TL versus sunlight ex-
posure time), determined by taking an interior (sunlight
shielded) fragment and exposing it to sun for various times, is
expected to be different for each specimen and may vary with
incident spectrum. The relationship between exposure in Ant-
arctica and exposure at the laboratory site must be quantified.
Second, sandstone is a reasonably opaque rock and sunlight
attenuates rapidly with depth. Grains from very near the sur-
face of clasts must be used and the precise depth of the par-
ticular grains measured must be known. If erosion has oc-

Temperature, C

Figure 2. Natural thermoluminescence glow curves showing the
enhancement of low-temperature thermoluminescence caused by
exposure to sunlight. ("m" denotes "meter." "TL" denotes
"thermoluminescence:')

Figure 3. Variation of the equivalent dose (ED.) in rads with tem-
perature in °C indicating an increase in (ED.) caused by exposure to
sunlight of samples D and F compared to E which was still embed-
ded in the ice at the time was collected. ("TL" denotes
"thermoluminescence:')
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curred, this shielding depth may not have been constant. Third,
specimens whose orientation has not changed during the ex-
posure history must be identifiable.

We repeat the acknowledgement of Faure and Taylor in this
issue. This research was supported by National Science Foun-
dation grant DPP 83-14136.
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Magnetic model studies of volcanic
cones in the ice-free valleys of

southern Victoria Land

D.E. LAYMAN and C.P. ERVIN

Department of Geology
Northern Illinois University

DeKalb, Illinois 60115

Ground magnetic profiles were made across 11 volcanic cones
in the Taylor and Wright Valleys region (Ervin and Wolf 1977) as
part of the Dry Valley Drilling Project. Nine of the cinder cones
are located at four sites in Taylor Valley: Mount Coates, Mount
J.J. Thomson, Sollas Glacier, and Nussbaum Riegel. One out-
crop is in Wright Valley near Goodspeed Glacier, and the last
one is near the head of the Meserve Glacier located in the
Asgard Range between the two valleys.

In addition to the magnetic measurements, hand samples of
the volcanics were collected at each site. Four of the samples
were taken from rocks that appeared to be in place, so the tops
were marked to permit determination of the polarization
direction.

One objective of the ground survey was to look for the pres-
ence of "feeder pipes" that might be the source of the outcrop.
While many of the profiles exhibited the highly fluctuating field
commonly encountered in association with surface volcanics,
some of the profiles had fields of sufficient regularity to suggest
the presence of deeper, more coherent sources. Therefore, the
best three of these were selected for model analysis.

The first model was constructed for a 200 gamma anomaly in
Wright Valley. This is a small exposure on the floor of the valley
near Goodspeed Glacier. The anomaly is reproduced by a small
model only 13 feet across and 25 feet thick, with a susceptibility
contrast of 0.0036 centimeter-gram-second units, which is in
agreement with laboratory susceptibility measurements made
on hand samples from the site. The small dimensions of the
anomaly source and its location within the sediments on the
valley floor suggest that the volcanic rock is not in place, but is
probably a glacial erratic.

The second cone modeled was on the side of Taylor Valley,
next to Sollas Glacier. This is a reversely polarized anomaly
(Pederson et al. 1981) whose modeled source is 85 feet long and
40 feet thick, with an apparent susceptibility of 0.009 cen-
timeter-gram-second units. This is intermediate to the 0.002
and 0.0022 centimeter-gram-second units determined for two
hand samples collected at this site. The relative thinness of the
source suggests that the profile did not cross the feeder for this
cone, and the precipitous location of the cone on the wall of
Taylor Valley precluded additional profiling. However, the mag-
ma undoubtedly arose along a fault at the edge of the valley and
is therefore "in place."

The profile adjacent to the Meserve Glacier revealed the most
interesting model. The cone is located on the west side of the
glacier. The model indicates the presence of multiple intrusions,
with normally polarized rocks in the northern part of the out-
crop and reversely polarized rocks in the southern part. The
polarization change also corresponds to a color change from all-
black, normally polarized rocks to a reddish tint for the reverse-
ly polarized rocks. In addition, the model indicates a single
feeder for the southern rocks, but two channels for the northern
rocks.

Two of the top-oriented samples were collected at the Mes-
erve site. One of these shows reverse polarization, while mea-
surements on the other are indeterminant. The other two sam-
ples show normal polarization. One of these is from the vicinity
of the Rhone Glacier and the other from near Sollas Glacier, but
not from the cone that was modeled.
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Dry valleys/McMurdo Sound
magnetostratigraphy and

sedimentology project: A progress
report

D.P. ELSTON and H.J. RIECK

U.S. Geological Survey
Flagstaff, Arizona 86001

P.H. ROBINSON

New Zealand Geological Survey
Lower Hutt, New Zealand

Work continues on this joint U.S./New Zealand multi-
disciplinary study of glacial deposits of the ice-free valleys in
southern Victoria Land and of McMurdo Sound. Current stud-
ies in eastern (lower) Taylor Valley are aimed at developing
detailed stratigraphic, paleomagnetic, and sedimentologic data
from drill-core sections and are supplemented by paleontologic
information provided by other workers. We hope to develop a
better understanding of the Neogene glacial history of the re-
gion, particularly as it pertains to relationships between thick-
ness and incursions of the Ross ice sheet, and potential correla-
tions with changes in sea level and worldwide changes in
climate.

Our studies have been concentrated principally in eastern
Taylor Valley, the only place amenable for the subsurface study
of a thick series of interbedded glacial deposits of Ross Sea and
continental (Taylor Glacier) origin. To date, 12 Winkie core
holes, up to 70 meters in depth and totaling 485 meters of cored
section, have been drilled along the length of the valley (figure
1). Drill-hole locations were selected to help answer questions

that arose during the analysis of Dry Valley Drilling Project
(DVDP) cores drilled about a decade ago (see Elston and Bressler
1981; Elston, Robinson, and Bressler 1981; Purucker, Elston,
and Bressler 1981). High core recovery and unbroken strings of
core up to 3 meters in length, allowed us routinely to obtain
oriented cores, thus permitting us to determine magnetic decli-
nations as well as inclinations.

Drilling has been conducted by the Antarctic Division of the
New Zealand Department of Scientific and Industrial Research
(DSIR). Sedimentological studies have been the responsibility of
P.H. Robinson of the DSIR. Paleomagnetic studies, which in-
clude the determination of susceptibility and magnetic fabric as
well as remanence, are being carried out by H.J. Rieck at the
U.S. Geological Survey's paleomagnetics laboratory at Flagstaff.
Detailed core logging and sampling have been a joint effort,
conducted at the Thiel Earth Science Laboratory at McMurdo
Station. Supporting paleontologic studies are being carried out
by D. and T. Kellogg, University of Maine, Orono, and by D.
Harwood, Institute of Polar Studies, Ohio State University.

Lithostratigraphic and paleomagnetic correlations supported
by sedimentologic and paleontologic data are being developed,
but correlations are not yet final (see Robinson 1985). Paleomag-
netic analysis of holes ETV-11, -12, and -13 is in progress.
("ETV" denotes "eastern Taylor Valley.") Lithologic logs of the
cores at 1:200 scale have been published (Robinson and Jaegers
1984). Correlations shown on figure 2 reflect time lines derived
from paleomagnetic and paleontologic data. Quality of strat-
igraphic information in the western part of the valley ranges
from poor to good because of a variability in the ice cement
encountered in sections drilled near the lakes. A second line of
drill holes (open circles, figure 1) is planned for the western part
of the valley for the 1986 - 1987 austral summer well away from
the lakes. The objective will be to document in detail multiple
incursions of the Ross ice sheet suggested from the previous
drilling. These incursions may correlate with multiple, but cur-
rently undated, moraines and strand lines preserved locally
near the western end of lower Taylor Valley.

If correlations can be developed, the currently accepted pic-
ture of incursions of the Ross ice sheet during the past 500,000
or more years will become considerably more complicated. In

rlgure 1. Map showing locations of drill holes in eastern Taylor Valley, southern Victoria Land. ("km" denotes "kilometer?')
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Figure 2. Cross-section along axis of eastern Taylor Valley showing paleomagnetic polarity, visional correlations, and inferred ages of glacial
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addition, we will propose that the Longyear drill rig reoccupy
the DVDP-11 drill site and complete coring of marine glacial
deposits of Miocene and possibly greater age to the basement.
Such information would enhance the likelihood of correlations
with sections cored in the Ross Sea, and should provide infor-
mation concerning the onset of accumulation of glacial sedi-
ments in the Taylor Valley fjord.

The Photogrammetric Section of the Branch of Astrogeology,
U.S. Geological Survey, Flagstaff, has prepared a 1:25,000-scale
topographic map of eastern Taylor Valley from recent (1983)
aerial photographs. The contour interval of this map is 20
meters, with supplementary 10-meter contours in the valley
floor. The master copy of the map is at the Reston, Virginia,
offices of the National Mapping Division, U.S. Geological Sur-

Figure 3. Equal area plots of averaged directions of maximum magnetic susceptibility of samples from (A) basal till of Taylor Glacier (site mean
declination 60.70, inclination - 8.1 0, alpha 95 19.50), and (B) water-laid glacial material near Lake Bonney (site mean declination 3.8 0, inclination
—38.40, alpha 95 77.2 0). Arrows indicate direction of valley axis; X marks mean of direction of maximum magnetic susceptibility. Repeated
measurements of invididual samples gave consistent results for A, and erratic results for B, indicating that B has very weak (if any) magnetic
fabric.
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vey. This map will be used as a base for the preparation of a
geologic map of glacial deposits in and adjacent to lower Taylor
Valley.

Five core holes, ETV-9 to -13 (figure 1), were drilled during the
1983 - 1984 austral summer. They ranged in depth from 16.9
meters to 70.9 meters. Holes ETV-10, -12, and -13 in more
westerly parts of the valley penetrated terrestrial deposits of
inferred Taylor Glacier (east antarctic) origin. Core near the
bottom of hole ETV-10, from a depth of 67 to 70 meters, contains
an assemblage of abundant barnacle and bivalve fragments,
locally constituting as much as 30 percent of the core. This
assemblage, which exhibits a low diversity, is dominated by the
barnacle Bathylasma corolliforme (Hoek) and the bivalve Hiatella
sp. (Buckeridge and Dell personal communications). However,
only a few fragments of microfossils have been found in these
beds (Harwood personal communication 1985). The barnacle,
known in antarctic waters from strata of early Pleistocene to
Recent age, provides a tentative maximum age for the fos-
siliferous beds in hole ETV-10 (Newman and Ross 1971). This,
coupled with a preliminary polarity zonation for hole ETV-10
(figure 2), suggests a late Pliocene or early Pleistocene age for
the strata, possibly correlative with the Olduvai normal polarity
interval.

Core from the CIROS-2 hole, drilled about 1 kilometer east of
the terminus of Ferrar Glacier by the New Zealand DSIR in
October and November 1984, has been sampled at Wellington
by H. Rieck. The samples are currently being analyzed at the
Flagstaff paleomagnetics laboratory. The objective is to provide
polarity information to supplement paleontologic data for tem-
poral evaluation. This work complements a recent reevaluation
of the polarity zonation for McMurdo Sound Sediment and
Tectonic Studies hole MSSTS-1 (Elston and Bressler in press)
drilled in 1979. The polarity zonation from a depth of 116 meters
to 226 meters in MSSTS-1 has been assigned to the late
Oligocene on the basis of diatoms (Harwood personal com-
munication 1984, 1985; Harwood in press), and the zonation has
allowed the accumulation rate to be estimated for the interval 31
to 25 million years.

Cores from the ETV drill holes in Taylor Valley are being
analyzed by H. Rieck for magnetic fabric (anisotropy of magnet-
ic susceptibility) with the objective of discriminating water-laid
diamictons from ice-deposited glacial till. Magnetic fabric ob-
served in the drill core is being evaluated with respect to control
data obtained from oriented samples of basal till having known
sedimentologic fabric (Robinson 1979) collected from near Tay-
lor Glacier, and from water-laid deposits of Lake Bonney col-
lected in upper Taylor Valley. The tills display a fabric having a
shallow inclination that is aligned with the long axis of the
valley, whereas the water-laid deposits characteristically display
no anisotropy of susceptibility (figure 3).

This report is based upon work supported by National Sci-
ence Foundation grant DPP 81-20877, and by the U.S. Geological
Survey. The Antarctic Division, New Zealand Department of
Scientific and Industrial Research, furnished the Winkie drill rig
and drillers John Hay, Stephen Pilcher, Bruce Morris, and War-
wick Potter, whose efforts are greatly appreciated. Gary Cal-
derone, U.S. Geological Survey, ably assisted at the drill site
and in the logging and sampling of cores.
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Physical properties of Cenozoic rock,
McMurdo Sound region
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Density, magnetic susceptibility, and compressional-wave
velocity have been determined for 47 hand samples taken from
the McMurdo Sound region. The samples included McMurdo
volcanics, lower crustal xenoliths found in the volcanics, and
Cenozoic sedimentary rocks. Susceptibilities were also deter-
mined for 38 additional volcanic samples.

The 53 volcanic samples were collected in Taylor and Wright
Valleys as part of a ground magnetic survey program (Ervin and
Wolf 1977). The outcrops sampled were located near Mount
Coates, Mount J . J. Thomson, Sollas Glacier, and Nussbaum
Riegel in Taylor Valley, near Goodspeed Glacier in Wright Valley,
and near Meserve Glacier in the Asgard Range between the two
valleys.

The 13 crustal xenoliths were collected from the McMurdo
volcanics by I. Berg, who has identified them as lower-crustal,
granulite-facies rocks. Four of the samples came from Half
Moon Crater on Hut Point Peninsula, eight from Fostor Crater
near the head of Koettlitz Glacier, and one from Taylor Valley.

The Cenozoic sedimentary samples were taken from glacial
erratics found in the McMurdo area and sampled by R. Powell.
Of the 21 samples, three were taken from the Taylor Valley
threshold, three from the Strand Moraines, one from the Brown
Peninsula, and 14 from the Mount Discovery area.

The samples were prepared for velocity measurements by
cutting parallel faces, resulting in path lengths that ranged from
4.06 to 9.68 centimeters. After gluing transducers to the cut

faces, the time for a compressional wave to traverse the sample
was measured using a commercially available seismic timer. The
associated velocity could then be calculated. Velocities for the 15
volcanic samples ranged from 1,938 to 4,840 meters per second,
with a mean value of 3,451 meters per second. Attempts to
determine velocities for the xenoliths were unsuccessful be-
cause the computed values were either zero or unreasonably
low. This is possibly caused by the presence of microfractures in
the samples or by the chemical alteration reported by Ericksen
(1975). Velocities for the Cenozoic sedimentary rocks varied
widely, ranging from a low of 1,024 meters per second to a high
of 4,766 meters per second and averaging 2,402 meters per
second.

Densities were determined by standard methods, with these
results: volcanic rocks: 1.86 to 3.02 grams per cubic centimeter;
xenoliths: 2.52 to 3.05 grams per cubic centimeter; and sedimen-
tary erratics: 1.98 to 2.79 grams per cubic centimeter.

Magnetic susceptibilities were determined using a Scintrex
CTU-2 meter with an external sensor so the samples did not have
to be crushed or cored. The volcanics exhibited the highest
susceptibilities, ranging from 0.0002 to 0.008 centimeter-gram-
second units, with an average of 0.0023 centimeter-gram-sec-
ond units. The xenoliths were considerably lower, ranging from
0.00003 to 0.00018 centimeter-gram-second units, with a mean
of 0.00008 centimeter-gram-second units. The largest variation
was in the sedimentary erratics, which had a low of 0.000008
and a high of 0.0025 centimeter-gram-second units, with a
mean of 0.00028 centimeter-gram-second units.
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Rates of geomorphic modification in
ice-free areas southern Victoria Land,

Antarctica

M. MALIN

Department of Geology
Arizona State University

Tempe, Arizona 85287

Continuing research on the nature and rates of geomorphic
processes in ice-free areas of southern Victoria Land concen-

trated during the 1984 - 1985 austral summer on recovering
samples from 11 sites established the preceding year (Maim
1985). Over 600 abrasion targets and 240 sand-trap specimens
were recovered after exposure for 1 year. Significant damage to
sand collectors and visible abrasion of targets at several sites
attest to strong winds of consistent but short duration. Calcula-
tions suggest free-stream wind speeds approaching 70 meters
per second (250 kilometers per hour; 155 miles per hour).

Preliminary results from one site, antarctic dry valley (ADv)

site 1, within the dune field in eastern Victoria Valley, were
reported earlier (Malin 1984, 1985). This article reports on a
cccmparison of 2 consecutive years at that same site and on some
preliminary studies of other geomorphic features. A full report
on the initial results for the other 10 sites is presently in
preparation.
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Figure 1. (Left) Mass collected by sand traps at Victoria Dunes during 2 sequential years. (Right) Mass abraded from nonwelded tuff targets.
Top, facing north and east: bottom, facing south and west. ("cm" denotes "centimeter?' "gm/cm 2" denotes "grams per square centimeter?'
"ADV" denotes "antarctic dry valley?')

Abrasion in the Victoria Dunes. The test site is located at approx-
imately 77°22'S 162°10'E at an altitude of 375 meters. It is ap-
proximately 1.8 kilometers south-southeast of the tip of Packard
Glacier, about a third of the way from the dune field crest toward
the stream connecting Victoria Lower Glacier with Lake Vida.
First results for a short-term (16-day) exposure indicated a max-
imum annual abrasion rate for rocks exposed to dune sand of
about 0.25 millimeter for basalt and 1.00 millimeter for non-
welded volcanic tuff (Malin 1984). A 1-year exposure experi -
ment gave lower results (0.03 millimeter for basalt and 0.50
millimeter for tuff; Malin 1985), suggesting both year-to-year
variability and nonuniform abrasion during a given year.

This year's results confirm this wide range in year-to-year
variation: maximum annual abrasion determined from a 407-
day exposure was approximately 0.05 millimeter for basalt, 0.10
millimeter for dolerite, and 3.70 millimeters for the nonwelded
tuff. Figure 1 shows the differences between the two year-long
exposures in the amount of sand collected from each of four
directions (as a function of height) and the similar differences in
the amount of abrasion of the tuff. Note that the height scale (x-
axis) is expanded by a factor of two for the abrasion target
graphs. The lower amounts of sand collected near the surface
reflect (1) the lower velocity of particles (they have greater

difficulty getting into the sand traps), (2) self-interference be-
tween particles within the lower portion of the saltation curtain,
and (3) some divergent aerodynamic pressure developed by the
movement of air around and through the sand collectors and
their support structure.

The values noted above are nearly a factor of 100 times lower
than the rates determined by a laboratory wind-tunnel experi-
ment (Miotke 1979, 1982). The conclusion that ventifacts .
can be formed within a few decades or, at most, a few centuries"
(Miotke 1979, 1982) is not supported; a longer interval (100 times
or greater) is more likely, and is geologically more reason-
able, given the age of debris distributed within the ice-free areas
by past glaciations. However, two exceptions must be placed on
interpretation of the results reported here. First, although the
sand flux at site 1 is the highest available within the dry valleys,
this does not mean that the abrasion is the greatest, because the
very existence of the dunes argues that their locale is not sub-
jected to winds of either sufficient magnitude or duration to
export the sand. Second, preliminary inspection of samples
recovered from other sites indicates that enhanced abrasion
occurs in areas of coarser debris, where both the mass of the
impacting particles and the wind speeds needed to move them
are significantly greater than at the dunes. Although winds
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Figure 2. Aerial photograph of ripple field in Allan Hills. Photograph
taken at an altitude of 100 meters (325 feet) above ground level, on 6
x 9 centimeters (2.25 x 3.25 inches) film with a 105-millimeter lens.
Trench near center is about 2 meters long.

capable of transporting these particles are rare, considerable
abrasion takes place when they do occur. I have a paper in
preparation which will explore these exceptions.

Large ripples and waveforms in the Transantarctic Mountains. Dur-
ing the 1982 - 1983 austral summer, H. Borns (University of
Maine) noted a large number of remarkable ripple forms during
his field work in the Allan Hills. He suggested that these rip-
ples, composed of pebbles and cobbles, might be wind-formed,
although fluvial or subglacial origins were thought to be more
likely. Denton et al. (1984) use fields of these ripples (which are
seen throughout the Transantarctic Mountains and are inter-
preted to have been formed by subglacial sheet flow) to infer
major ice-flow directions for ice-sheet episodes.

During a brief visit to the Allan Hills at the end of the 1983 -
1984 season, I noted that the ripples have sufficient diversity of
form and constituent materials to warrant a thorough investiga-
tion of the relative importance of wind in their formation, and
more likely, modification. The specific interest for this project is
the potential for transport of pebble-sized materials by the rare
but strong winds noted by our dry-valley experiment.

During the 1984— 1985 season, I surveyed six ripple fields in a
relatively small (about 2-kilometer square) area within the north
central portion of the Allan Hills. Maximum ripple wavelength
was in excess of 30 meters, with an amplitude more than 2
meters; most were much smaller. Figure 2 shows an aerial view
of a portion of one field of ripples (Allan Hills ripple site 2A).
The ripples in this figure are about 30 centimeters in amplitude
and exist as isolated deposits resting on bedrock. In many
places, the ripples form a continuous surface layer of variable
thickness, although rarely in excess of 50 centimeters. Figure 3
shows the wavelength/amplitude relationship for represen-
tative fields of ripples in the Allan Hills and at two additional
sites, one atop the Dais in upper Wright Valley and one within
"Cirque 6" (as numbered eastward along the south wall of upper
Wright Valley).

Many of the ripples appear to owe a significant portion of
their wave form to the underlying bedrock. Mostly the ripples
are very thin mantles of debris, and the largest amplitudes and
wavelengths measured are clearly those of the bedrock wave
forms. At each site, a trench was excavated, and the stratigraphy
was measured and sampled. Some ripples have well defined
internal bedding, but for the most part such features are absent.
Sedimentological analyses of the ripple samples are presently
under way. Studies of sorting parameters, microscopic exam-
ination of particle surfaces, and numerical models of sediment
transport capacity will be used in an attempt to decipher the
mechanisms by which the ripples evolved. Such studies may
also help to determine the relationships between the ripples
and the ice-sheet overriding episodes.

Acknowledgments. M. Malin and D. Janke conducted field
work during austral summer 1984 - 1985, retrieving samples
emplaced the previous season by Malin and D. Eppler and
surveying the Allan Hills ripple fields. Malin and D. Lasorsa
performed the half-day reconnaissance at the Allan Hills during
austral summer 1983— 1984. D. Michna has been chiefly respon-
sible for the preparation of samples and the analysis of their
changes from the inception of the project. Without the expert
support of the helicopter pilots and crews of VXE-6, none of this
research would have been possible. I am especially indebted to
Mort Turner for his confidence in and support of this project.
This work was supported by National Science Foundation grant
DPP 82-06391.
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Deep seismic soundings along the
boundary between East and West

Antarctica

L.D. MCGINNIS and Y. KIM

Department of Geology
Louisiana State University

Baton Rouge, Louisiana 70803

The seismic reflection data collected during the 1982 - 1983
and 1983 - 1984 seasons has been processed. The location of
each seismic line is shown in figure 1. The data from two east-
west lines have good reflectors which show the configuration of
a deep basin. The north-south line was shot across the 1982 -
1983 line to get a three-dimensional image, but this turned out
to be extremely poor data because of instrument malfunction.

The profile from 1982 - 1983 season data is shown in figure 2.
It is characterized by abnormally strong multiples and highly
irregular seafloor bathymetry to a distance of 25 kilometers
from Ross Island. The bathymetric changes on the seafloor
generate side-scattered waves which appear as steeply dipping
linear events having a crossing pattern. The irregularity in the
seafloor is believed to have been caused by glacial modification.
Similar relief features are observed further north on the U.S.
Geological Survey (USGs) side-scan-sonar record (Eittreim and
Cooper 1984). Sideswipe from the McMurdo Sound Ice Shelf
and Ross Island are also observed especially near Ross Island.
Additional noise below 7 seconds is attributed to flexural waves
travelling through sea-ice. Strong multiples are due to un-
usually high velocity seafloor sediments (2.1 to 2.5 kilometers
pr second).

A prominent unconformity can be traced from 0.7 second at
t e west end of the section to 1.8 seconds at the east. The
r flectors above the unconformity are generally noncontinuous
a d relatively weak. This shallow layer also contains hyperbolic
r flectors which are observed typically on seismic data recorded
fr m glacial sediments. The layer has an average velocity of 2.4
ki ometers per second and is believed to be Cenozoic glacial
sei.iments.
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The western half of the profile shows strong dipping reflec-
tors down to maximum 7 seconds at 28 kilometers from Ross
Island. These reflectors are discontinuous, but each reflector
can be traced from 25 to 47.5 kilometers from Ross Island. Their
sudden disappearance and strong diffraction pattern at 47.5
kilometers suggest high-angle normal faulting which is down-
dropped to the east. A region of chaotic reflection pattern is
observed at about 20 kilometers from Ross Island. This region is
assumed to represent displaced sedimentary strata extending to
the faulted basement which is downdropped to the west from 4
to 6 seconds on the time section.

Several low-angle faults are observed within the basin bound-
ed by high-angle faults on both sides. Each sedimentary layer
within the basin progressively thickens eastward. These
growth faults suggest that the layered strata are syntectonic
sediments which were deposited under an extensional environ-
ment. Because there was a period of widespread extension in
Antarctica accompanied with igneous activity, it is believed that
the layered strata are syntectonic sediments of Jurassic and
younger age. The unconformity which divides the strata from
above Cenozoic glacial deposits supports this idea. Seismic
energy below 7 seconds was not sufficient to see the crust-
mantle boundary in the reflection profile, but Moho
(Mohorovicic discontinuity) depth of 21 kilometers below sea
level was found from a previous 200 kilometers refraction data
(McGinnis et al. in press). The thinned crust and the thick
sedimentary pile (maximum depth of 13 kilometers) suggest
that a graben formed by a rifting process possibly during the
intrusion of the Ferrar dolerites.
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Figure 1. The locations of 1982 - 1983 and 1983 - 1984 season
seismic lines. Dots on the 1982 - 1983 reflection transect give the
locations of recording sites for refraction profiles reported by
McGinnis et al. (in press). ("Km" denotes "kilometer.")
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Figure 2. Reflection profile of the 1982 - 1983 data. It is an unmigrated two-way travel time section. Vertical exaggeration is about 0.6 x.

Sedimentary thicknesses up to 8 kilometers are suggested in
the Wilkes Subglacial Basin from the aeromagnetic study by
Behrendt (1983). This would support the observation of Steed
(1983) who suggests that the true edge of the Precambrian
craton of East Antarctica lies along the western boundary of the
Wilkes Subglacial Basin. If Steed is correct, the Victoria Land
basin would be one of several linear basins including the central
and eastern basins of the Ross Embayment paralleling the
Transantarctic Mountains. Results of this study suggest that the
Victoria Land basin, Transantarctic Mountains, and Wilkes Sub-
glacial Basin are parallel linaments extending the length of the
mountains which formed as a result of crustal thinning and
extension. This study was supported by National Science Foun-
dation grant DPP 83-03476.

References

Behrendt, J. C. 1983. Are there petroleum resources in Antarctica? U.S.
Geological Survey Circular, 909, 3 - 24.

Eittreim, S.L., and A.K. Cooper. 1984. Marine geological and
geophysical investigations of the Antarctic continental margin, U.S.
Geological Survey Circular, 935, 1 - 12.

McGinnis, L.D., R.H. Bowen, J.M. Erickson, B.J. Allred, and J.L.
Kreamer. In press. East-West Antarctic boundary in McMurdo
Sound, Tectonophysics.

Steed, R.H.N. 1983. Structural interpretation of Wilkes Land, Ant-
arctica. In R.L. Oliver et al. (Eds.), Antarctic Earth science: Fourth
international symposium. Cambridge: Cambridge University Press.

Petrology and geochemistry of
inclusions of lower crustal basic

granulites from the Erebus Volcanic
Province, Antarctica

J.H. BERG, R.A. HANK, and R.I. KALAMARIDES

Department of Geology
Northern Illinois University

DeKalb, Illinois 60115

We collected inclusions of lower crustal basic granulites from
more than 15 Cenozoic volcanic centers in the McMurdo Sound!
Royal Society Range region (77° to 79°S, 162° to 170°E). Approx-
imately one-half of the sampled volcanic centers are in the
uplifted (up to 4,000 meters) Transantarctic Mountains (TM) and
the other half are in the low-lying Ross embayment (RE) where
all crustal rocks other than the Cenozoic volcanics are below sea
level. Although the inclusion suites from both regions are gab-
broic in composition, they display striking differences in terms
of phase equilibria and isotope geochemistry.

The typical basic granulites from both suites contain
clinopyroxene, orthopyroxene, and plagioclase. Many of the RE
granulites also contain olivine, some contain an orange-red
amphibole, and only a few contain spinel, other than in reaction
coronas between mafic minerals and plagioclase. In the TM
granulites, spinel is relatively common, garnet or garnet
pseudomorphs are less common, and olivine and plagioclase
only coexist in reaction coronas around spinel or garnet. Quartz
is moderately common in the TM granulites but rare in the RE
granulites. When we compared the above assemblages to ex-
perimental work on a lower crustal granulite of similar composi-
tion from Australia (Irving 1974), it was clear that granulites
brought up from under the TM come from depths as great as 30
to 40 kilometers, whereas granulites from under the RE come
from depths no greater than 20 to 30 kilometers.

A reconnaissance strontium-isotope study of the 1E
granulites (Stuckless and Ericksen 1976) indicated an age for tte
granulites (158 million years) which was roughly contemo-
raneous with the Jurassic magmatism evident at or near tie
surface in this region (e.g., Ferrar dolerites, Kirkpatrick Bas4lt,
etc.). Our data do not form an isochron for either the RE or trM
granulites. The strontium-87/strontium-86 ratios for RE
granulites range from 0.700 to 0.710 but cluster around 0.70 to
0.704, whereas the TM granulites range from 0.708 to 0.714 ut
cluster around 0.712 to 0.713. These are not initial strontium 87/
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strontium-86 ratios, but because of the low rubidium-87/stron-
tium-86 ratios, the strontium-87/strontium-86 ratios approxi-
mate initial values. The initial strontium-87/strontium-86 for the
Kirkpatrick Basalt ranges from 0.710 to 0.713 (Hoefs, Faure, and
Elliot 1980).

Further distinction between the RE and TM granulites and
between them and the Jurassic volcanism is evident from oxy-
gen isotope data. The isotopic del-value for oxygen-18 ranges
from 7.7 to 9.5 for the RE granulites, 9.5 to 12.0 for the TM
granulites, and about 6.5 to 8.8 for the Kirkpatrick Basalt (Hoefs
et al. 1980). If both strontium and oxygen isotopes are consid-
ered together, there is no compositional overlap between any of
the three groups.

Our preliminary conclusions are:
• The crust under the TM is much thicker than under the RE.

This is in agreement with numerous geophysical studies and
the principle of isostasy.

• Although the impressive topographic discontinuity along
the boundary between the TM and RE is a recent development
which apparently reflects a simple subvertical faulting rela-

tionship, the lower crustal geochemical differences across this
boundary suggest that the current faulting may coincide with
an older crustal suture.
This research was supported by National Science Foundation

grant DPP 82-13943. Field personnel were Jonathan H. Berg and
Robert A. Hank. Field season was from 26 November 1984 to 14
December 1984.
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Fluid inclusions in olivine in a

basanite flow from Ross Island,

Antarctica

I.S. LEUNG

Department of Geology and Geography
Herbert H. Lehman College of the

City University of New York
Bronx, New York 10468

S.B. TREVES

Department of Geology
University of Nebraska

Lincoln, Nebraska 68508

During 1973, three holes were drilled on Ross Island in the
late Cenozoic volcanic rocks of the McMurdo Station area as part
of the drilling program of the Dry Valley Drilling Project.
Boreholes 2 and 3 penetrated a 44-meter-thick basanite flow at a
depth of about 110 meters below the surface, which is about 60
meters below sea level. The top and base of the flow are
coriaceous and fragmental, and the rocks range in color from

black to red. Fluid inclusions in the olivine described below are
from this unit.

Olivine crystals occurring in the basanite are xenocrysts de-
rived from disintegration of olivine nodules incorporated in the
lava flow. Abundant carbon dioxide inclusions as well as sili-
cate-melt (glass) inclusions are found in olivine some of which
even contain water solution (figure, section C) or dense mixture
of gases. The large inclusions are sparsely distributed at ran-

dom, their sizes may range up to 100 microns in diameter
(figure, sections A and B). These are primary inclusions trapped
during crystallization. Secondary inclusions are most abundant
and usually very small, occurring along healed fractures and
were probably formed at various stages of magmatic activities.
We have found many cases of pseudosecondary inclusions
which occur in slightly curved linear distribution which termi -
nates abruptly within the central portion of the olivine host.
They represent early fractures which healed while the crystal
was still growing. Some of these inclusions are filled with glass
or fluids, but others have crystallized to form granular masses of
one or more minerals among interstitial residual glass (figure,
sections E and F).

Melt inclusions exposed on polished sections prepared for
electron microprobe analysis have been examined under high
magnifications in a scanning electron microscope (sEM)
equipped with an X-ray energy-dispersive spectrometer. Re-
sults of this study indicate that there is direct correlation be-
tween increasing degree of crystallization in the included melt
globule and depletion of silicon, concomitant with enrichment
of iron in the residual melt. From the globular magma trapped
in the crystal, olivine frequently grows on the walls of the cavity
or as separate grains in the melt until silica is depleted, thus,
producing extremely iron-rich patches of residual melts (see
dark patches on SEM micrographs B, E, and F in figure). Growth
of other minerals such as clinopyroxene and plagioclase identi-
fied in some globules will also enhance this chemical effect.
From the residual metallic melt magnetite, chromite, and spinel
crystallized (figure, sections A, D, and F, respectively). In two of
the primary inclusions examined in detail (figure, sections A
and B), rhythmic concentric structures were observed. They
may be related to thermal fluctuations which took place in the
magma chamber where the fluid was originally trapped in
olivine. Further research will show if this structure is charac-
teristic of primary melt inclusions in volcanic rocks.
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Scanning electron micrographs of fluid inclusions in olivine in specimens 12535 (sections A, B, C, and D) and 10740 (sections E and F).
A. Primary iron oxide melt inclusion, now occurring as a skeletal magnetite crystal surrounded by a matrix of olivine and residual iron-rich
glass. B. Primary iron-rich silicate melt inclusion crystallized to form rhythmic shells of olivine and glass. Dark patches are silica-poor, Iron-
rich glass. C. Halite daughter mineral attached to wall of cavity from which saline solution leaked. Needles are sulfide minerals. D. Iron-rich
globule containing chromite (large white crystal) and pyrrhotite (small white crystal on left). E. Pseudosecondary iron-rich melt inclusion
crystallized as granular olivine and residual silica-poor glass. F. Pseudosecondary melt inclusion crystallized to form plates of spinel and
residual glass (dark gray). ( " Vim" denotes "micrometer:')
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The figure (section C) shows an empty cavity, perhaps pre-
viously filled with a saline solution in which a halite crystal
precipitated (white crystal with dissolved corners). Such inclu-
sions are important in understanding processes of magmatic
contaminations. The inclusion shown in the figure (section D)
occurs in a halo formed by minute dust-like inclusions. This
inclusion contains a daughter mineral of chromite and a smaller
crystal of pyrrhotite which contains minor amounts of zinc and
copper. Other inclusions in the same halo contain, respectively,
apatite, sanidine, ilmenite, and spinel. Understanding whether
these phases are truly daughter minerals crystallized out of the
trapped melt, or whether they are accidental solid inclusions,

would contribute significantly to studies of liquid immiscibility
in silicate melts. If all inclusions within this halo were trapped at
the same time and had a homogeneous composition, we would
expect to find similar daughter minerals in all the globules.
Crystallinity in granular masses in pseudosecondary inclusions
such as those presented in the figure (sections E and F) may be
used to determine relative trapping ages of inclusions. Further
research on fluid inclusions of olivine in xenocrysts and nod-
ules will answer some of the questions discussed above and
may provide a useful method for correlating ultramafic nodules
and xenocrysts genetically.

Eruption of Mount Erebus and Ross
Island seismicity, 1984-1985
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Mount Erebus (3,794 meters) is the largest of four major
volcanoes that form Ross Island. A convecting lake of molten
anorthoclase phonolite lava occupied an inner pit crater (220-
meter diameter) within the 550-meter diameter main crater
from 1973 until September 1984 (Kyle et al. 1982). The evolution
of the lake and its convective flow patterns had been observed
every year since its discovery in January 1973 (Giggenbach,
1^yre, and Lyon 1973; Kyle et al. 1982).

Dramatic changes occurred in this unique magmatic system
St before the 1984 - 1985 austral summer. The steady-state

c nvection of magma observed for nearly 12 years apparently
s owed or stopped, possibly due to an overall cooling of the

stem, and the surface of the lake crusted over. Free gas flux
f om the glowing lava lake surface was inhibited, and the gas
s arted to become trapped under the solidified crust. Since 13
S ptember 1984 this trapped gas has been released in rather
v olent explosions. During the most violent eruptions in Sep-
t mber, mushroom-shaped eruption columns rose as much as 2
k  ometerS above the crater lip, and highly scoriaceous bombs,
Mn asuring up to 10 meters in length, were thrown as far as 1.5
ki ometers from the crater.

The 1984- 1985 eruption of Mount Erebus is the most signifi-
cant event since the discovery and naming of the volcano by Sir
James Clark Ross in 1841 (Ross 1847). At that time the volcano
may have been in a similar state of activity, based on descrip-
tions by Ross's party: "emitting smoke and flame. . . to a height
of between 1,500 and 2,000 feet above the mouth of the crater

bright red flame.. .was clearly perceptible."
In the 4 years prior to the present eruptive cycle, strombolian

eruptions of Mount Erebus were instrumentally detected at
rates of about two to six per day but were generally too weak to
be seen at the U.S. and New Zealand bases 37 kilometers from
the volcano. In contrast, many of the recent explosions were
seen and sometimes heard by antarctic personnel in the
McMurdo Sound region. On 17 September, observers on the
sea ice near Hut Point, 37 kilometers from the volcano, saw a
bright glow associated with an explosion that occurred at 10:10
universal time (UT). Seven minutes later a second explosion
hurled glowing bombs 600 meters above the crater, as observed
by another group of people at Butter Point, 70 (!) kilometers
from the volcano. On 16 September "booms" were heard at the
Scott Base ski field and on 26 September at a hut in Windless
Bight.

Explosions were well recorded by the worldwide standard
seismograph (Wwss) at New Zealand's Scott Base, by the radio-
telemetered seismograph network on Erebus Volcano [oper-
ated since 1980 by the International Mount Erebus Seismic
Study Group (IMESs)], and by an array of infrasound detectors at
Windless Bight, 29 kilometers distant (operated by C.R. Wilson
and co-workers). Some of the stronger explosions that occurred
between 13 and 19 September generated surface Rayleigh waves
of sufficient amplitude to excite the Amundsen-Scott South Pole
Station tidal gravimeter (operated by L. Knopoff and co-
workers), 1,400 kilometers from Mount Erebus. These events
had surface wave magnitudes of 2.1 to 2.5. Figure 1 shows daily
event counts from these different instruments.

Much of the ejecta was thrown to the north through a low
saddle in the crater rim, blanketing the outer slope of the vol-
cano with black bombs, some of them steaming as they landed
on the snow. Most of the bombs averaged 2 to 4 meters in length
and landed within the upper 150 meters of the north crater rim.
Occasional bombs reached, but did not damage, the Erebus
summit hut which was built in 1978, 400 meters from the crater
lip. Obviously, we did not attempt to reoccupy this shelter
during the past field season. Instead, a new hut was erected in
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Figure 1. Daily number counts of largest Erebus explosions regis-
tered at the South Pole gravimeter, the Windless Bight infrasonic
array, the worldwide standard seismograph at Scott Base and one
high gain, local seismic station on Mount Erebus (only large events).

November 1984 at a safer distance on the Erebus caldera rim, 1.7
kilometers from the active crater (figure 2).

Analysis of the volcanic glass of the bombs showed the same
chemical composition as was found for bombs ejected prior to
September 1984, indicating that no new melt is involved in the
current activity and that only a physical change of the plumbing
system (cooling and possible choking of the convection cell)
may be responsible for the present activity. Paradoxically, over-
all cooling may have precipitated the apparent increase in erup-
tive activity.

Sulfur dioxide emission rates from the freely convecting lava
lake prior to the present eruptions were last measured with a
correlation spectrometer (cospEc) aboard an LC-130 aircraft in
1983. The rate was 230 ± 60 metric tons per day (Rose, Chuan,
and Kyle 1985). In December 1984, R.B. Symonds, took ground-

Figure 2. New Mount Erebus summit shelter, erected in November
1984, 1.7 kilometers north of the active crater. Note bomb-littered,
black, outer-crater slope. (Photo by J. Kienle, 5 January 1985.)

based CO5PEc measurements of Erebus plumes drifting over-
head near the new hut on the caldera rim and found a much
reduced flux of only 25 ± 10 tons of sulfur dioxide per day
(Symonds, Kyle, and Rose 1985). This observation is consistent
with the idea that the lava lake may be cooling.

The New Zealand Geological Survey reoccupied a dry tilt
station near the summit and interestingly enough found a slight
decrease in slope of the upper flank of the volcano during the
past year (Scott and Otway 1985). This suggests that the topo-
graphic changes associated with the present eruption are small
and that they do not indicate intrusion of magma into the sum-
mit region.

The purpose of the IMESS seismic network is to (1) monitor the
space-time behavior of volcanic earthquakes associated with the
eruptive activities of Mount Erebus and (2) to study regional
earthquakes. Since 1980, the network has grown from three
stations to its present configuration of 10 radio-telemetered
short-period stations. All the data are timed and tape recorded
at Scott Base.

Field operations during the past austral summer (November
1984 to January 1985) included station relocation and mainte-
nance, addition of infrasonic sensors at two Erebus summit
stations to monitor summit explosions at close range, geodetic
surveying of the network, and data playback from magnetic
tapes at McMurdo.

We also set off three large explosions in crevasses on the
upper slopes of the volcano and one near the coast to calibrate
our earthquake location procedure. The artificial explosions can
be treated as if they were microearthquakes with known loca-
tion and origin time, allowing us to make a better estimate of the
velocity structure of the volcano and to assign time corrections
to individual stations for local departures from the average
velocity structure.

Figure 3 shows Ross Island events located in 1984 (sections A
and B) and a comparison of the real locations and the computer
locations of the calibration explosions (figure 3, section C). All
events were located using HYPOELLIPSE (Lahr 1982), an iterative
least-square location procedure. The velocity model we used
assumes a linear veolcity gradient from 1.6 kilometers per sec-
ond at the summit of Mount Erebus to 6.16 kilometers per
second at a depth of 9 kilometers, which in turn is underlain by
a half-space with a velocity of 6.7 kilometers per second.

Figure 3 (sections A and B) shows epicenters of all and best
located events in 1984. As one might expect, one group of
epicenters is strongly concentrated near the present eruption
site. These events are slightly displaced to the north of the crater
which is probably an artifact of our station distribution (the two
new summit stations were not yet operational and did not
contribute arrival times for this data set). The events are all,
shallow and are confined to the summit cone of Mount Erebu
and to a pipe-like conduit that immediately underlies the crater
Many of the events are explosions which occurred in th
crusted-over lava lake.

We have also located a set of earthquakes with much greate
hypocentral depths than the volcanic earthquakes of Moun
Erebus. Depths for these events are fairly evenly distribute
between 0 and 20 kilometers with a mean of about 8 kilometer
suggesting an upper-crustal, tectonic origin. The crust is est -
mated to be about 27 kilometers thick beneath Ross Islan
(W.00llard 1962; Smithson 1972). Even though these events a -
pear to be widely scattered over Ross Island (figure 3, sectio r
A), they define a crude north-south trend that crosscuts t e
island near Terra Nova (between Mount Erebus and Mou t
Terror) and extends northward into the Ross Sea beyond Lew s
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Figure 3. Epicenter maps of 1984 Ross Island seismicity. A. All located events (274 total). Black squares show seismic station locations. B. 140
best-located events (at least 3 stations and 4 phases, root mean square travel time residual less than or equal to 0.6 seconds). C. Actual (large
crosses) and computer-located (small crosses) epicenters of calibration explosions.

Bay. Unfortunately, many of these events are not well located
because they lie outside the island-based seismic network. The
better located events are shown in the more restricted data set
shown in figure 3 (section B).

Figure 3 (section C) is a comparison of actual and computer-
located epicenters of four artificial explosions; this gives an idea
of the epicentral error introduced by our location procedure,
principally due to the lack of a well-defined velocity structure. It
is gratifying to see that our program does locate these artificial
events rather well.

In summary, the excellent station coverage achieved during
the past field season, and the setting off of calibration explo-
sions have greatly improved our ability to accurately locate
earthquakes at Mount Erebus. In addition, we now have the
first evidence that small magnitude tectonic earthquakes do
occur in the vicinity of Ross Island.

This research was supported by National Science Foundation
grants DPP 83-00185 (to J. Kienle), DPP 80-21402, and DPP 82-18493
(to P.R. Kyle). The Japanese contribution to the IMESS study in
1984 - 1985 is discussed separately by Kaminuma, Shibuya, and
Niida, Antarctic Journal, this issue. Special thanks go to winter
personnel Jeremy Ireland and Brian Lawson of Scott Base for
maintaining the recording system throughout the year, to Kay
Driscoll and Bruce McKibben of the University of Alaska who
helped with station installation and servicing, and data logging,
to Bill McIntosh and crew of the New Mexico Institute of Mining
and Technology (NMIMT) and ITT support staff who built the new
Erebus summit hut, and to Ted Eggleston, also of NMIMT, who
helped us with ice drilling and loading of shot holes and cre-
vasses. We are grateful to Vince Beigrave and Graham Blick of
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New Zealand's Department of Scientific and Industrial Re-
search, Department of Lands and Survey, for their geodetic
survey of the seismic network and shot points, and also to Ian
Whillans, John Bolzan, and Henry Brecher for the loan of their
Magnavox Geoceivers. Finally, we would like to thank Joe
Habberstad of the U.S. Navy for supervising the placement of
the explosives and the VXE-6 helicopter crew for expert logistic
support.
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Geophysical studies on Mount Erebus
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Continuous seismic observations have been carried out since
December 1980 by a cooperative International Mount Erebus
Seismic Study (IMEss) which includes Japan, the United States,
and New Zealand (Takanami et al. 1983; Kienle et al. 1982). We
three Japanese scientists participating in the IMESS visited
McMurdo Station during the 1984 - 1985 austral summer. We
conducted a series of scientific research programs during our
tenure at McMurdo Station from 11 November 1984 to 15 Janu-
ary 1985.

Earthquakes and eruptions. New volcanic activities of Mount
Erebus commenced on 13 September 1984 (Kienle et al., Ant-
arctic Journal, this issue). A number of large explosions were
recorded by the IMESS network seismic stations on Ross Island.
The numbers of earthquakes recorded daily at Hoopers Shoul-
der station and the numbers of large eruptions counted daily at
Hoopers Shoulder and/or Scott Base are shown in figure 1.

In the middle of September, the seismic stations were not
transmitting seismic signals to Scott Base continuously because
there was not enough sunlight to the solar panels during the
austral winter to charge the batteries, therefore we estimated
the number of earthquakes per day in September from partial
observations. The exact number of earthquakes for the days
indicated with an arrow at the top of the column was probably
greater numbers than those shown in figure 1.

The number of earthquakes per day decreased very rapidly
by the end of September. From 50 to 100 events per day were
recorded in October and November.

From 5 to 19 large explosions were clearly recorded at Scott
Base each day from 13 to 24 September. The explosions in-
creased from 25 to 29 September (12 to 31 per day). About 20
explosions per day on average occurred in October and 15 per
day in November. A new type of eruption which can be suitably
called a gas-jetting eruption, commenced on 3 December, and
the large eruptions began to cease at the same time.

fl------D&ily ,,o,,b& 01 earthquakes counted at Hooper Shoulder

5	 0 ------Doily ,oe,be, 01 large eruptions ,000,d.d at Hoopeoo Shoulder  ,ed/o, Scott Base

September	 October	 November
1964

Figure 1. Daily number of earthquakes counted at the Hoopers
Shoulder station (shown with columns) and daily number of large
eruptions recorded at the Hoopers Shoulder station and/or Scott
Base.

Seismicity. The seismic activity observed on and around
Mount Erebus is summarized from the IMESS observation rec-
ords in 1980 - 1984 as follows: (1) volcanic earthquakes were
detected at a rate of 20 to 160 events per day; (2) the earthquakes
were distributed over a wide area around Mount Erebus; and
(3) some earthquake swarms with more than several hundred
events per day occurred on the flanks of Mount Erebus and
continued for several days after initiation.

The epicentral distribution of earthquakes is shown in the
upper part of figure 2, and the focal depth distributions are
projected onto a vertical northeast-southwest section across
Ross Island in the lower part of figure 2. These results cover a 2-
year IMESS observation period from 16 February 1982 to 11 Feb-
ruary 1984. About 230 earthquakes are depicted in figure 2; the
epicenter locations for these earthquakes were determined with
horizontal and vertical errors less than 3 kilometers. An
aseismic zone located in the southwest area of the summit
(figure 2) is apparent as a zone of very few earthquakes. This
aseismic zone has also been reported by Shibuya et al. (1983),
Ueki et al. (1984), and Kaminuma et al. (in press). The aseismic
zone might be associated with the existence of a magma reser-
voir supplying fresh magma to the lava lake at the Erebus
summit.

Explosion seismic measurements. To reveal the structure of the
Erebus volcano, especially to confirm the existence of the mag-
ma reservoir, explosion seismic measurements were carried out
in December 1984. In addition to the 10 telemetry seismic sta-
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4 December	02 11
03 08
04 14

7 December	02 05
10 December	09 56
19 December	01 39
20 December	03 08

a In hours and minutes.

Lower Fang Ridge	Test
Lower Fang Ridge	Test
Lower Fang Ridge
Three Sisters Cone	Test
Cape Barns
Three Sisters Cone
Bomb
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tions, seven temporary seismic stations were established on
Mount Erebus (figure 3, section A). Three stations out of seven
were installed at the summit area at elevations of 3,000 to 3,200
meters, and the other four stations were located on the flanks of
Mount Erebus.

SW-:pi	

'NE

10	 •	 -

l5Lkm

Figure 2. Hypocentral distributions of earthquakes in the period
from 16 February 1982 toll February 1984. Top: epicenter locations.
Bottom: focal depth distributions projected onto vertical cross-
section oriented northeast-southwest. Solid circles denote an
earthquake and open squares denote radio-telemetered stations.
("km" denotes "kilometer." See figure 3 caption for station name
abbreviates.)

All seven explosions listed in the table produced excellent
records. The shot points were located at Cape Barns, Lower
Fang, Three Sisters Cone, and Bomb. An example of the seis-
mogram for one of the Cape Barns shot point experiments is
Shown in figure 3, section B. The arrow on the Cape Barns
ecord (figure 3, section B top) indicates the explosion time of

origin.
- First arrival times at the station closest to the shot point are
clearly indicated. At all stations first arrivals could be identified
except for Scott Base where much background noise was pres-
ent. The epicentral distance from the Mount Terror Station to
the Cape Barns shot point was 40 kilometers, hence the dimin-
ished energy.

Gravity. Five new gravity stations were established on Ross
Island during the 1984 - 1985 austral summer.
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The gravity measurements were carried out at the seven
temporary seismic stations and five telemetry stations to obtain
gravity values with higher accuracy than the data measured in
the last season.

1984 - 1985 SEISMIC NETWORK
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Figure 3. A. Seismic stations for explosion seismic experiments and
the location of explosion points. B. Seismograms of the explosion
earthquake experiment (at 09 hours 56 minutes 00 seconds) 10
December 1984. Stations: BAR (Cape Barns), HOO (Hoopers Shoul-
der), TSC (Three Sisters Cone), ABB (Abbott Peak), TRU (Truncated
Cone), LFA (Lower Fang Ridge), BOM (Bomb), SBA (Scott Base), CLA

(Clush Site), and TEA (Summit of Mount Terror).

List of seismic explosion experiments

Date (1984)	Time 	Location	Remarks



Geological survey. To enhance the study of the structure of the
McMurdo volcanoes using both geophysical and geological
methods, a geological survey was also carried out during the
1984 - 1985 austral summer. Late Cenozoic volcanic rocks of the
McMurdo Volcanic Group are widespread in and around Ross
Island. It has been well known that the volcanic rocks carry a
large number of ultramafic to mafic xenoliths; lherzolites in
basanite from Cinder Hill, Cape Bird (Cole and Ewart 1968),
dunites and lherzolites in basanites from Cape Crozier (Cole,
Kyle, and Neal! 1971), various types of xenoliths in basanites
from Hut Point Peninsula (e.g., Frobes 1963; Cole et al. 1971),
and !herzo!ites in basanites from Mount Nubian, Black Island
(Cole and Ewart 1968).

During the 1984 - 1985 austral summer, field studies were
made on the volcanic rocks and the xenoliths of Cape Bird, Cape
Crozier, Hut Point Peninsula, and Black Island. The purpose of
the geological field work at these volcanic sites was to study and
collect xenoliths.
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Mineral chemistry of the Kirkpatrick
Basalt, northern Victoria Land
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Tholeiitic lavas of the Kirkpatrick Basalt and sills of the Ferrar
Dolerite crop out in an area about 60 x 100 kilometers in the
Mesa Range region (73'11'S 162°55'E) of northern Victoria Land
(Elliot et al. 1982, 1983). In the Mesa Range itself, the strat-
igraphic thickness of the basaltic lavas attains a maximum of
about 780 meters and consists of up to 40 flows ranging in
thickness from less than 1 meter to more than 80 meters. The
lavas and sills appear to fall into two distinct compositional
types, designated the low-titanium and high-titanium magma
types (Siders and Elliot 1985). The high-titanium type has been
found only as the capping unit in the Mesa Range and Sculpture
Mountain, and has a thickness of more than 70 meters. All other
analyzed flows and sills belong to the low-titanium type.

Electron microprobe data have been obtained for plagioclase,
pyroxene and opaque grains, and volcanic glass in these
tholeiitic rocks (Haban 1984). The objective was to investigate

the chemistry of the minerals and use the data for modelling
possible paths of evolution within the low-titanium rocks and
between the low- and high-titanium rocks.

The plagioclase compositions are illustrated in figure 1. The
most notable feature of these plagioclase grains is the high
anorthite (An) content which in some cases is more than An.
Individual samples show a range in values of about 10 percent
and cluster either in the calcic anorthite (An) or sodic
anorthite (An7080) range. The high-titanium lavas have more
albitic plagioclase (An 70). The more calcic anorthite composi-
tions (greater than An) are among the most calcic plagioclases
ever recorded from continental flood basalt fields; equivalent
compositions have been reported only from East Greenland
(Upton, Emeleus, and Beckinsale 1984) and certain Deccan
lavas (Krishnamurthy and Cox 1977).

The pyroxene data are plotted in figure 2. The calcium-rich
pyroxenes in the low-titanium rocks are, in general, high mag-
nesium/iron augites with a scattering of more iron-rich augites
and subcalcic augites. The calcium-poor pyroxenes include both
orthopyroxene and pigeonite. The former have compositions
similar to orthopyroxenes from other flood basalts. The
pigeonites, however, include some of the most magnesian re-
corded from any geologic setting. Among the continental flood
basalts, comparable pigeonites have been reported by Upton et
al. (1984) for a single tholeiite flow, which, like the Mesa Range
flows, is also high in silica (approximately 54 percent). The high-
titanium rocks contain only clinopyroxene, and both the augite
and pigeonite compositions are like those of the most iron-rich
clinopyroxenes from the low-titanium rocks.
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Figure 1. Microprobe analyses of plagioclase in Kirkpatrick Basalt
samples from the Mesa Range. A. Low-titanium flows. B. High-
titanium flows. ("Ab" denotes "albite." "An" denotes "anorthite."
"Or" denotes "orthoclase.")
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Figure 2. Microprobe analyses of pyroxene in Kirkpatrick Basalt
samples from the Mesa Range. A. Low-titanium flows. B. High-
titanium flows. ("Di" denotes "diopside." "Hd" denotes "heden-
bergite." "En" denotes "enstatite:' "Fs" denotes "terrosilite.")

The plagioclase and pyroxene data may be compared with
data for the Kirkpatrick Basalt in the Beardmore Glacier region
and Brimstone Peak in southern Victoria Land (Kyle and Elliot
1976). The lavas in the Beardmore region are more evolved than
the low-titanium rocks from the Mesa Range, having silica
contents that range between 53 and 59 percent. This more
evolved character is reflected in less calcic plagioclases and

more iron-rich pyroxenes, most of the calcium-rich composi-
tions falling in the field of ferroaugite, and the calcium-poor
compositions in the field of intermediate pigeonite. The pyrox-
ene data for the Mesa Range low-titanium rocks overlap the
field for the upper flow at Brimstone Peak. Compared with the
Mesa Range high-titanium flows, the single Beardmore exam-
ple (27.41) has more sodic plagioclase and a greater spread of
iron enrichment in the pyroxenes.

The mineral data for the Mesa Range rocks have been used to
model the evolution of the magmas. Major element modelling
suggests that the low-titanium flows are related to the sills by
the fractional crystallization of plagioclase, augite, pigeonite,
and titanomagnetite. Acceptable residuals are also obtained for
major element modelling of the high-titanium flows from the
low-titanium flows, but the results in this case require addition
of titanomagnetite along with subtraction of plagioclase, augite,
and pigeonite. However, in neither case do the trace-element
data support the model. Other factors must be involved.

The mineral compositions also yield estimates of the tem-
perature of eruption of the low-titanium lavas by three indepen-
dent geothermometers. On the basis of coexisting low- and
high-calcium pyroxenes, consolute pyroxenes (Lindsley 1983)
and plagioclase-glass equilibria (Mathez 1973), a temperature of
1,250 ± 50°C has been obtained. This is an unusually high
temperature, but recent work (Nabelek, Lindsley, and Bohlen
1984) suggests that the temperature estimates should be de-
creased by up to 50°C.

Further analytical work is being conducted to confirm the
unusual compositions and eruption temperatures and to inves-
tigate possible paths of evolution and the lack of correspon-
dence between the major and trace-element modelling.

This research has been supported by National Science Foun-
dation grant DPP 80-21401.
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Paleomagnetism and hydrothermal
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The Kirkpatrick Basalt Group (KBG) is the extrusive phase of
the Jurassic Ferrar Supergroup which crops out along the Trans-
antarctic Mountains from northern Victoria Land to the Pen-
sacola Mountains (Kyle, Elliot, and Sutter 1981). Previous pal-
eomagnetic investigations of Ferrar Supergroup rocks have
emphasized the hypabyssal Ferrar Dolerite Group (FDG) and the
Forrestal Gabbro Group as summarized by McIntosh et al.
(1982). The paleomagnetism of the KBG has been investigated
from the Queen Alexandra Range (Ostrander 1971; Hoffman,
Narin, and Peterson in press) and from Victoria Land (Cherry
and Noltimier 1982; McIntosh et al. 1982). These investigations
of the Ferrar Supergroups have used alternating field (AF) de-
magnetization treatments exclusively in determining their re-
spective virtual geomagnetic pole (vGP) positions. The natural
remanent magnetization (NRM) of these rocks has been inter-
preted to consist of a stable primary thermoremanent magne-
tization (TRM) of predominantly normal polarity, and a weak
viscous remanent magnetization (vRM). Although recent work
indicates that the Jurassic contains several reversed and mixed
intervals (Steiner 1980), all KBG and FDG results are of normal
polarity.

We have recently conducted detailed AF and thermal demag-
netization experiments on 11 KBG flows from the Mesa Range
area, northern Victoria Land (Elliot et al. 1983), and on five KBG
flows and one FDG sill from Gorgon Peak, southern Victoria
Land. Our results indicate that the NRM contains a significant
component of chemical remanent magnetization (cRM). Hydro-
thermal alteration has resulted in the incomplete low tem-
perature oxidation of titanomagnetite to titanomaghemite. Both
of these phases have the spinel structure, and thus, have similar
magnetic properties and exhibit a similar response to AF
demagnetization. However, titanomaghemite is a metastable
phase and inverts to ilmenohematite ± magnetite upon heat-
ing. The CRM component is removed during thermal demag-
netization by 350 to 450°C, where as the primary TRM in ti-
tanomagnetite is not lost until the 500 to 575° range. Bulk
susceptibility measurements are used to monitor mineralogic
changes (inversion of titanomaghemite, high temperature ox-
idation, etc.) during laboratory heating. The presence of ti-
tanomaghemite is verified through reflected light investigation
and by irreversible thermomagnetic behavior (O'Reilly 1984).

A comparison of the paleomagnetic response to AF and ther-
mal demagnetization indicates that AF demagnetization is not
sufficient to resolve the two components. The degree of
maghemitization can be quite variable both between flows and

within some of the thickest flows (Cherry and Noltimier 1984).
In a few cases, cIivI overprinting has obscured reversed primary
TRJvf to the extent that the presence of two components is not
apparent from AF treatments (Noltimier and Cherry 1983). Low-
temperature oxidation has been recognized in other Ferrar Su-
pergroup rocks (Funaki 1983; Hoffman et al. in press) and in
tholeiites from Queen Maud Land (Lolie 1979). However, these
studies have not investigated the possibility of a CRM
component being present.

It is not likely that the presence of CRM in the Ferrar Super-
group rocks will significantly alter mean Jurassic VGP for the
Transantarctic Mountains, because late stage hydrothermal al-
teration will have the effect of averaging secular variation.
However, this CRM component is strong enough to overprint
primary reversals in the TRM that are useful in intra- and inter-
regional correlations. In addition, the evaluation of multicom-
ponent paleomagnetic results could prove to be a valuable tech-
nique for resolving structural relationships along the Transan-
tarctic Mountains and interpreting the anomalously paleomag-
netic results from northern Victoria Land (McIntosh 1983).

This research was supported by National Science Foundation
grant DPP 80-21401.

References

Cherry, E.M., and H.C. Noltimier. 1982. Paleomagnetic results:
Kirkpatrick Basalts from Brimstone Peak and Gorgon Peak, Ant-
arctica. EQS, 63, 309.

Cherry, F.M., and H.C. Noltimier. 1982. Paleomagnetic response to
hydrothermal alteration in an 86 m basalt flow. EQS. 64, 197.

Elliot, D.H., G. Faure, T.M. Mensing, M.A. Siders, M.A. Haban, and
E.M. Cherry. 1983. Geological observations on the Kirkpatrick Basalt
in the Mesa Range region, northern Victoria Land. Antarctic Journal of
the U.S., 18(5) 11 - 12.

Funaki, M. 1983. Paleomagnetic investigation of Ferrar Dolerite in the
McMurdo Sound region, Antarctica. Antarctic Record, 77, 20 - 32.

Hoffman, J., A.E.M. Narin, and D.N. Peterson. In press. The pal-
eomagnetic investigation of flows and sills from the Queen Alexandra
Range, Antarctica. In M.D. Turner and J.F. Splettstoesser, (Eds.),
Geology of the Transantarctic Mountains. (Antarctic Research Series, Vol.
36.) Washington, D.C.: American Geophysical Union.

Kyle, P.R., D.H. Elliot, and J.F. Sutter. 1981. Jurassic Ferrar Supergroup
tholeiites from the Transantarctic Mountains, Antarctica, and their
relation to the initial fragmentation of Gondwana. In M. Cresswell
and P. Vella., (Eds.), Gondwana V.

Lovlie, R. 1979. Mesozoic paleomagnetism in Vestfjella, Dronning
Maud Land, East Antarctica. Geophysical Journal Royal Astronomical
Society 59, 529 - 537.

McIntosh, W.C., Kyle, P.R., Cherry, EM., and Noltimier, H.C. 1982.
Paleomagnetic results from Kirkpatrick Basalt Group, Victoria Land.
Antarctic Journal of the U.S., 17(5), 20 - 22.

Noltimier, H.C., and Cherry, E.M. 1983. Reversed TRM in Jurassic
Kirkpatrick Basalts and Ferrar Dolerite at Gorgon Peak, South Victoria
Land, Antarctica. Geological Society of America Abstracts with Programs,
15, 654.

O'Reilly, W. 1984. Rock and mineral magnetism. Glasgow: Blackie and
Son.

Ostrander, J.H. 1971. Paleomagnetic investigations of the Queen Alex-
andra Range, Antarctica. Antarctic Journal of the U.S., 6, 183 - 185.

Steiner, M.B. 1981. Investigation of the geomagnetic field polarity dur-
ing the Jurassic. Journal of Geophysical Research, 85, 3572 - 3586.

32	 ANTARCTIC JOURNAL



Alteration of antarctic hyaloclastites

P.J. ELLERMAN

Geology Department
University of Colorado

Boulder, Colorado 80309

W.E. LEMASURIER

Geology Department
University of Colorado

Denver, Colorado 80302

W. C. MCINTOSH

New Mexico Bureau of Mines
New Mexico Institute of Mining and Technology

Socorro, New Mexico 87801

Palagonitized hyaloclastites were collected from several ant-
arctic localities during the 1982 - 1983, 1983 - 1984, and 1984 -
1985 field seasons by geologists from the University of Colorado
and the New Mexico Institute of Mining and Technology. These
rocks have been the subject of an ongoing study in an effort to
characterize the diagenetic or hydrothermal alteration minerals.

Hyaloclastites are fragmental volcanic rocks consisting pri-
marily of glass. They form when lava interacts with water—sea
water, lake water, or glacial meltwater—during an eruption. The
deposits commonly alter to palagonite, a yellow mineraloid
(figure 1); zeolites and clay minerals, becoming lithified in the
process. Palagonitization is thought to occur early in the di-
agenetic history of the rock (Jakobsson 1972).

Figure 1. Scanning electron microscope photomicrograph of ves-
icular sideromelane fragment from Castle Rock. Vesicle walls have
been replaced by palagonite. 1 centimeter = 6.5 micrometers.

Because hyaloclastites represent subaqueous eruption, pres-
ent-day exposures of these deposits have been used to postulate
higher ice levels at the time of their eruption in Antarctica
(LeMasurier and Rex 1983). However, primary characteristics of

both subglacial and submarine deposits are similar. Determina-
tions of the characteristics of aqueous eruptive environment
rely upon intercalated tills or marine sediments, the presence of
fossils, glacial polish, and geologic setting. Where these fea-
tures are absent or inconclusive, other evidence is required to
distinguish hyaloclastites resulting from former marine trans-
gressions from those representing glacial advances and to de-
velop conclusions with respect to rates of uplift. Secondary
authigenic minerals commonly reflect pore-water chemistry. By
comparing neoformed mineral assemblages and selected trace
elements in hyaloclastites of subglacial and submarine origin,
we hope to develop additional criteria to distinguish between
the two. Because glass dissolution and palagonitization appear
to exert the primary controls on pore-water chemistry, however,
similarities between the alteration of hyaloclastites from both
types of eruptive environment were observed.

Basaltic pillow lavas and associated hyaloclastites are among
the most common volcanic rocks on Earth, comprising much of
the sea floor. Alteration of these volcanic rocks is thought to
make an important contribution to the chemical budget of the
oceans and may affect subduction zone magma genesis
(Staudigel and Hart 1983). Exposed basaltic hyaloclastites in
Antarctica not only provide an opportunity to characterize bet-
ter this alteration, they permit the study of its distribution,
variation, and relationship to dikes and other rock units in the
field.

In this study, samples were collected from Turks Head, Tryg-
gve Point, and Castle Rock on Ross Island; from Minna Bluff;
Marie Byrd Land; and from localities along the eastern coast of
northern Victoria Land. The original composition of the rocks
varies from alkali olivine basalt to trachyte. Ages range from 23
million years to less than 1 million years old, although dates are
not available for some samples. Magma chemistry, eruption
energy, and water depth or ice thickness are variables which
contribute to the physical characteristics of the deposits and
therefore, presumably, to the character of the subsequent al-
teration. Hyaloclastite samples of this study encompass a large
range in clast size, sorting, vesicularity, original porosity, and
percentage of crystal or lithic fragments. Some of the samples
are pillow breccias; some shallow water deposits, transitional to
subaerial, contain accretionary lapilli.

Common authigenic minerals in palagonitized antarctic
hyaloclastites are phillipsites, chabazite, analcime, carbonate,
smectite, illite, and chlorite. Other zeolites are much less com-
mon and occur in minor amounts in some samples. Silica is rare
and appears to be primarily associated with pervasive hydro-
thermal alteration. Gypsum and halite are occasionally present.
Phillipsite (figure 2) forms early and is found in nearly every
sample. Similar authigenic mineral assemblages were observed
in alkaline hyaloclastites of both subglacial and marine origin
and have been reported from hydrovolcanic rocks outside Ant-
arctica (Hay and lijima 1968).

Electron microprobe analyses of glass fragments were per-
formed to determine the chemical variation from the relatively
fresh glass in the center of the shard to the palagonitized rim.
Preliminary results indicate silicon, aluminum, sodium, and
magnesium are lost by the glass and gained by the palagonite
which is conspicuously hydrated relative to the glass. These
results are comparable to those of Fumes (1977). Variation in
other major elements and selected trace elements is under
investigation.

A lack of alteration may also provide evidence in interpreting
the diagenetic history of the rock. At Castle Rock, for example,
the base of the outcrop is relatively unpalagonitized and con-
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tains only small amounts of phillipsite, smectite, and calcite.
The distinct upper contact of this unit cuts across bedding. The
tuffs above have been extensively altered to palagonite,
zeolites, smectite, and calcite. This relationship suggests that
during alteration of the upper part of Castle Rock, the lower part
was protected by ice, and authigenic mineral formation was
restricted by frozen interstitial water. With lowering of the ice
level, the unaltered base was exposed to percolating meteoric
water. The glass, unprotected by more stable secondary miner-
als and palagonite, has undergone extensive dissolution. Fluc-
tuations in ice level, therefore, may affect the intensity or style
of postdepositional alteration.

Figure 2. Scanning electron microscope photomicrograph of phillip-
site coating a glass fragment from Turks Head. 1 centimeter = 1
micrometer.

The distribution and paragenesis of the alteration minerals in
the upper, palagonitized section at Castle Rock suggest their
formation was largely controlled by increasing pH resulting

from progressive dissolution of basaltic glass. Hydrothermal
alteration associated with dike emplacement has also produced
palagonitization at some localities. It is probable that the altera-
tion history of many of these deposits is complicated by the
operation of both mechanisms.

The presence of early formed phillipsite and the persistence
of relatively fresh glass in many of the antarctic hyaloclastite
samples unrelated to age, suggest that following initial pal-
agonitization and authigenic mineral formation, diagenesis pro-
ceeds slowly due to reduction in porosity and available exposed
glass (Fumes 1974) and to the relative lack of free water in the
antarctic environment.

Thanks to the other geologists in the field: Anne Wright,
Philip Kyle, and Harry Keys (1982— 1983), David Johnson (1983
- 1984), and Nelia Dunbar (1984 - 1985). This research was
supported by National Science Foundation grant DPP 80-20836
to W.E. LeMasurier.
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The first visit to the previously unexplored English Coast of
the Bellingshausen Sea was made during the 1984— 1985 austral
summer by a U.S. Geological Survey (UsGs) field party. Despite
exceptionally poor weather, the field party completed recon
naissance geologic mapping of rocks exposed in nunataks scat
tered over about 16,000 square kilometers (figure 1). The fiel
party also studied rocks in the Behrendt Mountains and other
nearby parts of eastern Ellsworth Land that had not beer
mapped before. We found that most rocks in the English Coas

t

and adjacent parts of eastern Ellsworth Land resemble those of
the southern Antarctic Peninsula (Black, Lassiter, and 0rvill
Coasts) and other parts of eastern Ellsworth Land (Laudon
1972, 1982; Williams et al. 1972; Rowley and Williams 1982;
Rowley et al. 1983). Mesozoic igneous rocks in all these areas
define an Andean magmatic arc that continues northward up
the spine of the Antarctic Peninsula (figure 1). This arc de-
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out in the Henry Nunataks. Based on similarity to rocks ex-
posed broadly over West Antarctica (LeMasurier and Wade
1976; LeMasurier and Rex 1982), these volcanic rocks are proba-
bly of late Tertiary age and represent alkaline rocks erupted
during regional extensional tectonism.

The field party consisted of seven geologists. In addition to
the authors, these included J. Michael O'Neill and David J.
Lidke of the USGS, Denver; Thomas S. Laudon of the Univeristy
of Wisconsin at Oshkosh; and British Exchange Scientist Janet
W. Thomson of the British Antarctic Survey. The party was
placed in the field by LC-130 Hercules aircraft of the U.S. Navy's
Antarctic Development Squadron Six on 11 December 1984 and
was evacuated on 5 February 1985; time in the field was 56 days.
All of us are deeply grateful for the considerable assistance give
to us by the Navy, the Division of Polar Programs, and the ITT

Antarctic Services; we especially thank M.D. Turner for his
support. The authors thank the other members of the field party
as well as Theodore Delevoryas and C. T. Gee for their help. This
work was partly funded by National Science Foundation grant
DPP 83-18183 to the USGS and grant DPP 83-19569 to the Univer-
sity of Wisconsin at Oshkosh.
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Tertiary mafic volcanic and
volcaniclastic rocks of the English

Coast, Antarctica
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The English Coast, located in eastern Ellsworth Land along
the Bellingshausen Sea at the base of the Antarctic Peninsula,
was mapped in reconnaissance during the austral summer of
1984— 1985 by a team of seven geologists from the United States
and United Kingdom. The expedition was the fifth in a series of
U.S. Geological Survey excursions (which began in the 1969 -

1970 austral summer) to the southern Antarctic Peninsula and
adjacent areas. The English Coast had not been mapped pre-
viously because outcrops are few, logistical support is difficult,
and geologists wanted first to understand the geologic frame-
work of the region by studying better exposed, more easily
investigated mountainous terrains in adjacent areas.

Geologic mapping of the English Coast revealed that a linear
chain of nunataks and mountain peaks, Snow Nunataks (see
Rowley, Kellogg, and Vennum, Antarctic Journal, this issue), is
composed of interlayered basaltic flow rocks, hyaloclastites,
pillow basalts, and locally thick accumulations of volcaniclastic
sedimentary deposits, probably derived in large part from the
nearby mafic volcanic centers.

Mafic volcanic rocks and hyaloclastites of West Antarctica
form a major upper Tertiary volcanic province that extends from
the Ross Sea eastward through coastal Marie Byrd Land, and
the Jones Mountains in Ellsworth Land, 550 kilometers east of
Snow Nunataks (LeMasurier and Wade 1976). Similar mafic
volcanic rocks are also exposed at scattered localities in Alex-
ander Island (Burn and Thomson 1981; British Antarctic Survey
1981), some 270 kilometers northeast of Snow Nunataks. Terti
ary volcanic rocks have been described also from the Merricl4
Mountains (Vennum and Laudon in press), 150 kilometer
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veloped above a south- to east-dipping subduction zone on the
Pacific Ocean (Bellingshausen Sea) side of the area.

Most exposures in the English Coast consist of caic-alkaline
volcanic rocks deposited subaerially along the axis of the mag-
matic arc. These volcanic rocks are lithologically similar to those
of the Mount Poster Formation of the Antarctic Peninsula Vol-
canic Group exposed in the southern Antarctic Peninsula
(Rowley et al. 1982); most beds consist of rhyodacitic to dacitic
ash-flow tuff, lava flows, and airfall tuff that have been gently
folded and have undergone greenschist metamorphism. They
are exposed from the FitzGerald Bluffs area on the north to the
Mount Rex area on the south and also extend southeastward
into the Lyon and Henry Nunataks. Farther southeastward, in
the Behrendt Mountains south of the axis of the magmatic arc,
the Mount Poster Formation intertongues southward with thick
Middle and Upper Jurassic marine sedimentary rocks of the
Latady Formation (Williams et al. 1972; Laudon et al. 1983;
Rowley et al. 1983). The Latady, which crops out extensively in
the southern Antarctic Peninsula, represents a back-arc basin
deposit now exposed along the Atlantic Ocean (Weddell Sea)
coast.

80°W	 75°W
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The volcanic rocks either overlie or occur interbedded with
continental sedimentary rocks of several ages near the axis of
the magmatic arc. Most sedimentary rocks appear to inter-
tongue with the volcanic rocks and thus are part of the mag-
matic arc assemblage as a continental variety of the Latady
Formation. These rocks are exposed at Mount Peterson, Henkle
Peak, Mount Rex, and a nunatak east of Schwartz Peak (figure
2). Some other sedimentary rocks at a nunatak north of Mount
Peterson and in the western FitzGerald Bluffs appear to be
unusually rich in quartz sand and may be a separate sequence of
unknown age. A third variety of continental sedimentary rock
gave us our most exciting geologic discovery of the field season,
because it contains Glossopteris flora. (The presence of Glossop-

tens flora was recently confirmed by Theodore Delevoryas and
Carole T. Gee, Department of Botany, University of Texas at
Austin, personal communication.) This third type of sedimen-
tary rocks, which are exposed only at a small nunatak west of
Henkle Peak, argue for late Paleozoic or Triassic basement rocks
underlying the magmatic arc in the English Coast (Laudon et
al., Antarctic Journal, this issue).

Figure 2. Tent camp at Mount Peterson, English Coast. This nunatak
is underlain by a flat-lying sequence of continental sedimentary
rocks and volcanic rocks of a magmatic arc.

At Mount Harry and in the northern FitzGerald Bluffs area,
the magmatic-arc rocks are intruded by granitic to granodioritic
plutons. Both plutons may be Upper Cretaceous, for they are
similar in lithology and setting to plutons of the Lassiter Coast
Intrusive Suite (Rowley et al. 1983) mapped in the southern
Antarctic Peninsula and other parts of eastern Ellsworth Land.
Upper Cretaceous plutons appear to represent the last major
magmatic activity of the magmatic arc. A third pluton, mapped
in the western FitzGerald Bluffs area, consists of moderately
sheared and hydrothermally altered granodiorite. Its contact
relations with other rock units are not entirely clear, but it
appears to be intruded by the northern FitzGerald Bluffs plu-
ton. The western FitzGerald Bluffs sheared pluton may belong
to the same intrusive suite as the other two bodies, or it may be
older.

The youngest rocks exposed in the area consist of fresh
hyaloclastite and pillow basalt lava flows that formed after sub-
duction ceased. These occur along the Bellingshausen Sea, in-
cluding the Snow Nunataks and Rydberg Peninsula (figure 1).
The hyaloclastites are unusually well exposed at Mount Benkert
in the Snow Nunataks (O'Neill and Thomson, Antarctic Journal,
this issue). A patch of scoriaceous basalt lava flows also crops
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south-southeast of the English Coast, and near Mount Coombs
(73° 29'S 79°08'W) on the Rydberg Peninsula (Renner, Dikstra,
and Martin 1982), 30 kilometers west-northwest of Snow
Nunataks. Snow Nunataks may represent a part of this major
volcanic province, as they share important characteristics with
the previously described volcanic areas: they are mainly sub-
aqueous or subglacial volcanic eruptions of mafic rocks that
resulted in volcanic piles of pillow lavas and hyaloclastites, and
they are aligned along an east-trending zone, indicating that
they may be structurally controlled by the same neotectonic
system that has been interpreted for volcanic rocks in Marie
Byrd Land (Baker 1976; LeMasurier and Wade 1976, pp. 409 -
410).

The linear chain of volcanic rocks extends from Espenschied
Nunatak on the west, via Mount McCann and Mount Thornton,
to Mount Benkert on the east. Espenschied Nunatak is a small
circular nunatak of low relief consisting of poorly layered, frag-
mental, brown to reddish-brown hyaloclastite containing dark-
gray, vesicular, olivine-bearing basalt clasts as much as 10 cen-
timeters in diameter. Thin, 1-to 3-centimeter thick basaltic dikes
intrude these rocks. Most hyaloclastite has altered to soft pal-
agonite; some exposures are a rubble composed largely of loose
pebble- to cobble-sized basalt clasts and sand.

A rounded, ice-capped peak, Mount McCann, exhibits nearly
300 meters of relief on the north face, where rock exposure is
continuous. The lower 200 meters consists of massive basalt
flows composed mainly of ellipsoidal, subspherical, and mush-
room-shaped basalt pillows ranging in diameter from 0.3 to 2
meters (figure 1). The pillow basalts are capped by ito 5 meters
of massive orange-brown hyaloclastite, strongly altered to pal-
agonite, which contains abundant angular olivine basalt clasts 1
to 30 centimeters in diameter; where preserved, the upper 2
meters of the hvaloclastite is well bedded. This ledge-forming
unit is overlain by 60 meters of scoriaceous and cindery basaltic
rubble and individual, massive flows of basalt that are highly
vesicular and locally contain abundant olivine phenocrysts. All
rocks dip gently at 100 to 20° to the north. Prominent but inac-
cessible ledges below the summit of Mount McCann may repre-
sent either massive lava flows or sills.

Figure 1. Closely packed basalt pillows on Mount McCann; there is
little interstitial material between individual pillows at this locality.
The ice axe is 70 centimeters long.

Mount Thornton, very nearly the same size and shape as
Mount McCann, also is an ice-capped peak with rock exposed
only on the north side. The rocks consist of principally orange-
tan hyaloclastite, strongly altered to palagonite, that appears to

overlie poorly exposed olivine-bearing pillow basalts and
blocky flows of unknown thickness. The hyaloclastite contains
abundant clasts of angular basalt that probably were derived
from the underlying flows, and minor ellipsoidal pillows or
bombs of basalt as much as 1.5 meters in diameter. Layering in
the hyaloclastite ranges from massive to thin bedded; it is gen-
erally defined by thin, discontinuous lenses, less than 2 cen-
timeters thick, of sand-sized, light-colored material in an other-
wise massive, nonlayered unit. Exposures also include lenses as
much as 10 to 15 centimeters thick of rare, possibly water-lain,
deposits. Crude layering is locally defined by lenses of pebble-
to cobble-sized angular basalt fragments as much as 15 cen-
timeters in diameter. Much of the hyaloclastite appears to be
convoluted, defining elongate, double-plunging anticlines and
synclines at least 50 meters long; dips on the limbs of the folds
are as great as 42°. The principal dip of the hyaloclastite,
however, is to the north (as at Mount McCann) and may indicate
that the vents for each exposure of volcanic rocks lie to the
south, perhaps near the present ice-capped peaks. Many thin
basalt dikes, sills, and irregularly shaped plugs as much as 5
meters in diameter intrude these rocks.

The east end of Snow Nunataks is marked by Mount Benkert,
an impressive, angular peak rising about 600 meters above the
surrounding ice. Excellent, although largely inaccessible, cliff
exposures are present on all sides of the peak. The lower part of
the layered rocks are exposed at the eastern end of Mount
Benkert and consist of a subhorizontal succession of
hyaloclastite interbedded with pillow lava and pillow breccia;
however, most of the overlying rock appears to represent huge
channel fill deposits (figure 2); individual channels cut spec-
tacularly into the underlying rocks, and are as much as 50
meters thick. Bedding is defined by wavy, parallel layers of sand
and granules that contain locally abundant pebble-sized clasts
of basalt. Small channels and crossbedded layers, less than 0.5
centimeter thick, locally are common. Basaltic bombs or pillows
with chilled, although partly missing, rinds are abundant and
are associated with sags or downward-depressed and disrupted
bedding. The random occurrence of the basalt clasts and the
disruption of bedding may indicate that these basaltic clasts are
ballistically derived pyroclastic debris. Thin, nonpillowed
basalt flows, 10 to 20 centimeters thick and capped by a thin,
glassy rind, are locally interlayered with the channel deposits.

Figure 2. North face of Mount Benkert, showing spectacular chan-
nel-fill deposits in the cliff face. Nansen sledges are in the middle
ground (lower arrow) and the small dots at base of cliff (upper arrow)
are a geologist and snowmobile.
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The channel-fill deposits at Mount Benkert appear to represent
fluviatile sedimentary rocks derived from hyaloclastites; the
huge channel forms that compose the main outcrop, the associ-
ated mesoscopic internal bedding forms of cut-and-fill struc-
tures, graded bedding and crossbedding, and the association
with nonpillowed basalt flows suggest that these rocks are of
subaerial origin. The geochemically immature composition and
the angularity of the grains that compose the deposit indicate a
very close source area. Vesicular basaltic dikes as much as 4
meters thick are abundant in the central and eastern part of the
mountain; most are vertical and trend east to northeast.

The authors thank the fellow members of the English Coast
expedition, K.S. Kellogg, T.S. Laudon, D.J. Lidke, P.D. Rowley,
and W.R. Vennum, for their help in collecting the field data.
This work was supported by National Science Foundation grant
DPP 83-18183.

References

Baker, P.E. 1976. Volcanism and plate tectonics in the Antarctic Penin-
sula and Scotia Arc. In 0. Gonzalez-Ferran (Ed.), Andean and antarctic

volcanology problems. Rome: International Association of Volcanology
and Chemistry of the Earth's Interior.

British Antarctic Survey. 1981. British antarctic territory geologic map, Sheet
4, Alexander Island: BAS 500G Series, 1:500,000. Cambridge: British
Antarctic Survey.

Burn, R.W., and M.R.A. Thomson. 1981. Late Cenozoic tillites associ-
ated with interglacial volcanic rocks, Lesser Antarctica. In Ml.
Hambrey, and W.B. Harland (Eds.), Pre-Pleistocene tillites: A record of
Earth's glacial history. Cambridge: Cambridge University Press.

LeMasurier, W. E., and EA. Wade. 1976. Volcanic history in Marie Byrd
Land: Implications with regard to southern hemisphere tectonic re-
constructions. In 0. Gonzalez-Ferran (Ed.), Andean and antarctic vol-

canology problems. Rome: International Association of Volcanology
and Chemistry of the Earth's Interior.

Renner, R.G.B., B.J. Dikstra, and J.L. Martin. 1982. Aeromagnetic sur-
veys over the Antarctic Peninsula. In C. Craddock (Ed.), Antarctic

geosciences. Madison: University of Wisconsin Press.
Rowley, PD., K.S. Kellogg, and W.R. Vennum. 1985. Geologic studies

in the English Coast, eastern Ellsworth Land, Antarctica. Antarctic

Journal of the U.S., 20(5).

Vennum, W.R., and T.S. Laudon. In press. Igneous petrology of the
Merrick Mountains, eastern Ellsworth Land, Antarctica. In P.D.
Rowley and W.R. Vennum (Eds.), Studies of the geology and mineral

resources of the southern Antarctic Peninsula and eastern Ellsworth Land,
Antarctica. (U.S. Geological Survey Professional Paper 1170.) Wash-
ington, D.C.: U.S. Government Printing Office.
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Antarctica
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Sixteen small nunataks or nunatak groups scattered over
more than 16,000 square kilometers of the English Coast of the
Bellingshausen Sea in eastern Ellsworth Land were examined
for the first time during the 1984 - 1985 field season (figure 1).
These nunataks are the westernmost exposures of the southern
Antarctic Peninsula structural province. They are made up of
sedimentary rocks of Late Paleozoic and Early Mesozoic age,
volcanic and plutonic rocks of probable Mesozoic age, and

basaltic volcanic and volcaniclastic rocks of probable Late
Cenozoic age. The Mesozoic plutonic and volcanic rocks, and
the Cenozoic volcanic rocks are described elsewhere (Rowley,
Kellogg, and Vennum, Antarctic Journal, this issue; O'Neill and
Thomson, Antarctic Journal, this issue). Plant fossils discussed in
this report were studied and classified by Theodore Delevoryas
and Carole T. Gee.

Small outcrops of sedimentary rocks occur at nine localities in
the English Coast (figure 1). They make up Henkle Peak and
two other small nunataks, unofficially called "Erehwon" and
"Sobaco"; they occur interbedded with volcanic rocks at Mount
Peterson, Mount Rex, Marshall Nunatak, Mount Southern, an
Mount Harry; and they are intruded by plutonic rocks a
FitzGerald Bluffs. The sedimentary rocks have been struc
turally deformed and most have northwesterly strikes an
southwesterly dips. Stratigraphic correlation between outcrop
is not possible on the basis of field criteria.

All of the sedimentary rocks appear to have been deposited i
terrestrial environments. At Mount Peterson, interbedded re
sandstone, siltstone, and boulder conglomerate are probab
part of an ancient alluvial fan. Deltaic or coastal swamp enviroi-
ments seem to be represented by fine-grained sandstone con-
taming Glossopteris leaves at "Erehwon" Nunatak, and by car-
bonaceous conglomerate and sandstone, containing abundant
conifer wood, bark, and leaves, at Henkle Peak. Conspicuously
crossbedded, metamorphosed quartz sandstone units at
FitzGerald Bluffs and at "Sobaco" Nunatak probably were de-
posited in fluvial environments. Other outcrops of sedimentary
rocks constitute relatively minor portions of predominantly
volcanic sequences.

The only fossils found on the English Coast are land plants.
Leaves from "Erehwon" Nunatak (figure 2) belong to one or
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more species of Glossopteris of Permian age (possibly extending
into the Triassic). Bark, wood, and leaves from Henkle Peak
include leafy twigs of Elatocladus sp. (figure 3) probably of
Jurassic age.

Figure 1. Geologic sketch map of southern Palmer Land, eastern
Ellsworth Land, and Alexander Island showing approximate dis-
tribution of sedimentary rock units, and locations of nunataks men-
tioned in text. ("Li.Ju. - L.K." denotes "Upper Jurassic to Lower
Cretaceous." "U. + M. Jurassic" denotes "Upper and Middle
Jurassic:' "M.Cr. - Tr' denotes "Middle Cretaceous to Triassic."
"KM" denotes "Kilometer.")

Figure 2. Glossopteris leaf from "Erehwon" Nunatak.

Figure 3. Fossil plant material including leafy twig of Elatoc!adus
from Henkle Peak.

Previously described Mesozoic rock units from the southern
Antarctic Peninsula and Alexander Island were all formed in
magmatic arc-related environments (Rowley et al. 1983). The
LeMay Group on central Alexander Island contains accreted
lower slope sediments and fore-arc basin deposits ranging in
age at least from Triassic to Middle Cretaceous (Burn 1984). The
Latady Formation of Middle and Late Jurassic age, which is the
only sedimentary rock unit exposed in the Orville and Lassiter
Coasts, contains predominantly marine back-arc basin deposits
that intertongue with terrestrial volcanic and sedimentary rocks
(not shown on figure 1) in Palmer Land, near the axis of the
Antarctic Peninsula (Laudon etal. 1983). The Fossil Bluff Forma-
tion on eastern Alexander Island is composed of volcanogenic
fore-arc basin deposits of Late Jurassic and Early Cretaceous age
(Thomson 1982).

Sedimentary rocks at Henkle Peak contain Elatocladus-bear-
ing strata, and they probably are lateral equivalents of terrestrial
facies of the Latady Formation. Sedimentary rocks exposed
north and west of Henkle Peak seem to differ significantly from
the Latady Formation in lithology, age, provenance, or environ-
ment of deposition. Glossopteris-bearing sandstone at "Ereh-
won" Nunatak is significantly older than the oldest previously
dated rock from the southern Antarctic Peninsula, which is an
ammonite-bearing sandstone of Middle Jurassic (Bajocian) age
(Quilty 1970) from the Behrendt Mountains. Metamorphosed
quartz sandstone at FitzGerald Bluffs and at "Sobaco" Nunatak
appears to be of cratonic provenance, in marked contrast to the
Latady Formation, the LeMay Group, and the Fossil Bluff For-
mation, which are predominantly of volcanic-arc provenance.
A probable alluvial fan deposit at Mount Peterson contains a
variety of boulders of volcanic, plutonic, and sedimentary
rocks. It is overlain by volcanic rocks and probably was deposi-
ted near a fault scarp or topographic rise. At Marshall Nunatak,
volcanic conglomerate contains boulders of a variety of vol-
canic, plutonic, and sedimentary rocks.

The presence of terrestrial sedimentary rocks, some of Late
Paleozoic or Triassic age, some of apparent cratonic provenance,
and some apparently deposited near fault scarps or topographic
rises and volcanic centers, suggests that the English Coast may
have been located on or near the Pacific Coast of southern
Gondwana during, or immediately prior to, the inception of the
Gondwana breakup during the Triassic. This interpretation is
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consistent with a growing body of evidence supporting the
speculation that upper Paleozoic (?) to lower Mesozoic rocks of
the Antarctic Peninsula lithospheric plate are part of an An-
dean-type mountain belt that was continuous along the Pacific
margin of Gondwana from South America to New Zealand
prior to the Gondwana breakup (e.g., Hyden and Tanner 1981;
Dalziel and Elliott 1982; Burn 1984).

We thank the other members of the English Coast field party,
K.S. Kellogg, J.M. O'Neill, P.D. Rowley, J.W. Thomson, and
W.R. Vennum, for their help in many ways; and the National
Science Foundation Division of Polar Programs, the U.S. Navy,
and ITT/Antarctic Services for essential assistance. This work
was supported by National Science Foundation grants DPP
83-18183 to the U.S. Geological Survey and DPP 83-19569 to the
University of Wisconsin at Oshkosh, by a grant from the U.S.
Geological Survey to the University of Wisconsin at Oshkosh,
and by the University of Wisconsin at Oshkosh Faculty De-
velopment Program.
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Tectonics of West Antarctica and its
relation to East Antarctica: USARP-

BAS geology/geophysics project
(1984 - 1985)
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The joint U.S. Antarctic Research Program-British Antarctic
Survey (USARP-BAS) geology and geophysics project was initi-
ated in 1980 - 1981 and continued in 1983 - 1984 with the first
full season's work in the Ellsworth Mountains/Whitmore
Mountains/Thiel Mountains area. Another season of geological
work was undertaken in 1984 - 1985 in the Jones Mountains!
Thur tnn Island area. Aviation fuel was flown in by USARP to the

* Present address: institute for Geophysics, University of Texas at Austin,
Austin, Texas 78751.

field area. Additional USARP fuel was made available at Mount
Smart and Siple Station. A Twin Otter aircraft was provided by
BAS for approximately 1 month's close support of the party that
comprised the following scientists: from USARP, Ian W. D.
Dalziel and Anne Grunow, both of Columbia University, New
York, and BS Robert J. Pankhurst and Bryan C. Storey, both of the
British Antarctic Survey. The Twin Otter was piloted by BAS Chief
Captain Ed Murton.

The work comprised detailed field studies of the Mesozoic
igneous basement and Tertiary volcanic cover rocks of the Jone
Mountains and of the igneous and metamorphic rocks o
Thurston Island and adjacent islands and of Lepley Nunatak

Basic field observations were undertaken by the whole part
including detailed structural observations in the metamorphi4
rocks by Bryan Storey and Ian Dalziel. Extensive collection
were made for major and trace element geochemical analysis by
Bryan Storey and for isotope geochemical studies by Robert
Pankhurst. Anne Grunow and Ian Dalziel collected 780 cores
and several oriented hand specimens constituting 120 sites for
paleomagnetic studies.

The joint USARP-BAS program will continue during the 1985 -
1986 season with airborne geophysical surveys in the area be-
tween Siple Station, the Ellsworth Mountains, Thurston Island,
and Byrd Station. The flight lines have been selected jointly by
USARP and BAS scientists and will be flown by a BAS Twin Otter
with fuel made available by USARP at Siple and Byrd Stations.
The final season of the present project is planned for 1987— 1988
in the Pensacola Mountains. It will involve detailed structural
geology and collecting for geochemical and paleomagnetic
studies.
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The joint USARP-BAS project benefited from the help of many
people from both national programs. Special thanks are due to
David Bresnahan, Erick Chiang, and Ken Moulton (Polar Oper-
ations Section, Division of Polar Programs) and John Hall (BAS
Field Operations Manager, Rothera Station). The Antarctic De-
velopment Squadron (VXE-6) of the U.S. Navy Antarctic Sup-
port Force flew the essential LC-130 fuel and supply flights.

Chuck Kroger and Chris Marone (USARP) together with Pete
Cleary and Chris Griffiths (BAs) helped the party ably in the

field with cheerful and efficient logistic and safety support.
Andy Carter was air mechanic/ground crew.

The U.S. part of the joint science program is supported by
National Science Foundation grant DPP 82-13798 to Ian W.D.
Dalziel at Lamont-Doherty Geological Observatory of Columbia
University in the City of New York. British Antarctic Survey is a
component institute of the Natural Environment Research
Council.

1985 Seymour Island expedition

W.J. ZINSMEISTER

Department of Geosciences
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The expedition to Seymour Island during February and
March 1985 was the third major field effort on Seymour Island
sponsored by the Nation Science Foundation's Division of Polar
Programs. The previous two expeditions (1981 and 1984) re-
sulted in a number of major paleontologic discoveries (Chatter-
jee and Zinsmeister 1982; Woodburne and Zinsmeister 1982)
and have provided important new insight into the role Ant-
arctica played in the evolution of the modern faunas and floras
of the southern hemisphere (Zinsmeister and Feldmann 1984).

Because of past successes on Seymour Island, this year's party
was the largest single geological party (20 scientists and field
assistants) to conduct a field program in West Antarctica. We
left Punta Arenas on the Wv Polar Duke on 11 February 1985.
Because of the size of the party, approximately 16,000 pounds of
field equipment were needed. In contrast to previous seasons
when field parties were put ashore by helicopters, this year the
party and equipment were put ashore by boat because the Wv
Polar Duke has no helicopters. Personnel and equipment from
the Wv Polar Duke were transported to island by two Mark 5
odicas. During the first day of operation, 17 people and ap-
roximately 80 percent of the equipment were put ashore. Se-
ere weather delayed the transport of the other 3 people and the
est of the equipment for 3 days. Movement of equipment from
he beach to the camp site was greatly facilitated through the use
f four-wheel all-terrain cycles (Ax). Without the ATC, offload-

i g the equipment and establishing the camp would have been
xtremely difficult and time consuming. Our experience with

t e ATC'S proved that even without helicopter support, large
f eld parties can be put into the field with a minimum of prob-
lems. Using ATC's also greatly enhanced field work during the
season, because investigators were able to travel considerable
distances from camp and return with large quantities of sam-
ples, which would have been impossible by foot. As an exam-
ple, during a 2-day period, nearly 1,000 kilograms of rock and
fossil samples were collected and transported to camp by the
ATC'S.

The field work was severely hampered by poor weather con-
ditions and snow cover. Of the 24 days spent on the island, only
8 days were spent in actual field work. Even though field work
was limited by the poor weather conditions, a number of impor-
tant paleontologic discoveries were made and important new
stratigraphic data concerning the Cretaceous/Tertiary boundary
were obtained. The highlights of the 1984 field season are sum-
marized here.
• A nearly complete plesiosaur skeleton was discovered near

Cape Wiman.
• Skulls of plesiosaur and mosasaur, the first from Antarctica,

were discovered. These skulls should provide important new
insight into the evolution and biogeography of these large
Cretaceous marine reptiles.

• Collection of large quantities of fossil penguin bones from the
Late Eocene La Meseta formation were made. The material
collected this year together with the collections made during
the previous two seasons will provide important new data
concerning the evolution of penguins during the Early
Cenozoic.

• Large collections of invertebrates were made from the upper-
most Cretaceous beds. These collections will provide new
data concerning the mass extinction event at the end of the
Cretaceous.

• Several small bones tentatively identified as belonging to the
Cretaceous bird Ichthyornis were discovered in the upper Cre-
taceous Lopez de Bertodano formation. If these bones do
prove to belong to Ichthyornis it will be the first discovery of
nonmarine Cretaceous vertebrates from the continent of
Antarctica.

• A detailed mapping program of the Cretaceous/Tertiary
boundary was completed during the season. Field work indi-
cates that the boundary is several meters higher in the section
than originally thought.

• Samples for paleomagnetic studies were collected. The pal-
eomagnetic program this year was designed to determine
whether the upper Cretaceous sediments were suitable for a
more detailed paleomagnetic study.

• Samples from the Cretaceous/Tertiary boundary were col-
lected to determine the presence of iridium and other side-
rophile elements. This was the first attempt of search for
evidence of a Late Cretaceous impact event in the high
latitudes.

• A detailed sampling program for microfossils and sedimen-
tology studies was conducted in the Upper Eocene La Meseta
Formation.
This research was supported by National Science Foundation

grant DPP 80-20096.
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Searching for evidence of an impact
event at the Cretaceous/Tertiary

boundary on Seymour Island
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Seymour Island is the only locality in Antarctica where ex-
posures have been found of both Late Cretaceous and Paleocene
sediments. It is, therefore, the southernmost continental site
that may carry evidence that a comet or asteroid struck the Earth
65 million years ago and brought a catastrophic end to the
Cretaceous period. To collect samples across the Cretaceous!
Tertiary boundary and to search for impact-generated chemical
and petrographic features, we joined the Seymour Island expe-
dition of February and March 1985 as members of the party led
by W.J. Zinsmeister (Antarctic Journal, this issue).

At more than 50 continental and oceanic sites worldwide,
anomalously high values of iridium and other siderophile ele-
ments (e.g., osmium, gold, platinum, nickel, cobalt, palladium,
rhenium, and ruthenium) have been detected in sediments
marking the Cretaceous/Tertiary boundary (Alvarez et al. 1984).
Because siderophile elements are severely depleted in rocks of
the Earth's crust and upper mantle (relative, that is, to their
cosmic abundances), their enrichment in the Cretaceous/Terti-
ary boundary clays has been ascribed to meteoritic con-
tamination of fallout from a world-encircling cloud of impact
dust (see Alvarez etal. 1980; Ganapathy 1980). In addition to the
chemical anomalies, the boundary materials in some localities
contain one or more types of exotic particles that have been
interpreted as impact products. These include grains of
shocked quartz (Bohor etal. 1984), and glassy spheroids (up to 1
millimeter in diameter) containing sanidine, glauconite, or
magnetite (Montanari et al. 1983), and, rarely, spine! (Kyte and
Smit 1985). To search for the full range of impact-related features
in our Seymour Island samples, we have arranged a collab-
orative effort in which we will perform petrographic analyses
using X-ray, scanning electron microscope, and electron micro-
probe techniques; Frank Kyte and John T. Wasson, at the Uni-
versity of California, Los Angeles, will run neutron activation

analyses; and, if Kyte and Wasson detect siderophile elements,
K. Turekian, at Yale, will measure osmium isotopes to check for
meteoritic ratios (Luck and Turekian 1983).

Our sampling equipment included two dozen stainless steel
tubes, 2 centimeters in diameter and 45 centimeters long, bev-
eled at one end, which could be pounded into soft sediments to
retrieve the sediments as cores. We also carried a 10-kilogram
portable drill with a 20-centimeter long diamond corer to pene-
trate sediments congealed by permafrost. To monitor our search
for spherules and shocked grains, we took a stereoscopic micro-
scope, sieves, magnets, and other processing equipment to use
in a tent.

In previous seasons on Seymour Island the Cretaceous/Terti-
ary boundary was not positively identified, but several inves-
tigators concluded that it must occur within the upper portion
of the Lopez de Bertodano Formation (Huber, Harwood, and
Webb 1983; Zinsmeister and Macellari 1983). In place of a dis-
crete layer of barren clay separating Cretaceous from Tertiary
deposits, the boundary appeared to be occupied by a transition
zone dominated by rapid and continuous sedimentation. With-
in this zone, Huber, Harwood, and Webb (1985) selected a
distinctive bed of glauconitic greensand, suggestive of a tempo-
rary marine stillstand, for further study as the possible Cre-
taceous/Tertiary contact.

We took channel samples and pipe cores across the glauconite
bed and examined splits in camp. Later in the season, after a
discovery by Huber of ammonites in a section above the green-
sand, we sampled a higher bed that appeared to reflect a slowed
rate of sedimentation. Both beds were poorly consolidated, soft,
wet, and crumbly, making it difficult to obtain samples that
preserve the layering. Although the subsamples we processed
in camp yielded no spheroids or other evidence of impact, we
are making detailed petrographic and chemical analyses in our
laboratories. We will identify meteoritic fallout if it occurs in ou
samples; if not, our results will narrow the terrain to b
searched on future expeditions.

This work was supported in part by National Science Founda
tion grant DPP 80-20096 to W.J. Zinsmeister, and by SAO Fun
85400040-P12P11-4P50 and National Aeronautics and Space Ad
ministration contract NAG 9-29 to U.B. Marvin. We thankW.
Zinsmeister for including us in his expedition and for givin
generously of his knowledge and time to aid our efforts in th
field. We also thank B. Huber for his guidance through th
boundary zone and many valuable discussions of the proble s
involved.
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Unusual occurrence of nautilids from
the Upper Eocene La Meseta
Formation, Seymour Island

W.J. ZINSMEISTER

Department of Geosciences
Purdue University

West Lafayette, Indiana 47907

Although fossil nautilids are normally encountered in most
early Cenozoic deposits throughout the world, they are gener-
ally represented by only a few specimens at any given locality.
On Seymour Island, most of the fossil localities in the La Meseta
Formatiop contain the odd nautilid, except for one locality
where they occur in large numbers. This unusual occurrence
takes on unexpected importance because it is the same locality
where the marsupial remains of Antarctodolops dailyi were dis-
covered (Woodburne and Zinsmeister 1982, 1984). The appar-
ent beach stranding of large numbers of nautilids at the main-

al locality provides additional data to support the hypothesis
hat the marsupial remains were preserved in a beach facies.

The nautilid fauna from the La Meseta Formation is repre-
ented by two genera (Eutrephoceras and Aturia) with Eu-
rephoceras being the most frequently encountered at most lo-
alities while specimens of Aturia are exceedingly rare. During

lour seasons of intense sampling of the Upper Eocene sequence
On Seymour Island in which approximately 15,000 specimens of
molluscs were collected, only three specimens of Aturia have
been found. At the mammal site with an exposure of approx-
imately 15 square meters, 35 nautilid phragmocones were col-
lected with 85 percent of the nautilids being small phrag-
mocones of Aturia. All the phragmocones display some degree
of breakage and abrasion. Based on specimens of Aturia col-
lected prior to the discovery of the occurrence at the mammal
site locality, it was believed that the size of an adult individual
was approximately 50 millimeters. Of the 25 phragmocones of

Aturia recovered at the mammal locality, most specimens, ex-
cept for one very large individual, were 50 millimeters or small-
er with the smallest individual being less than 20 millimeters in
diameter. Although the large phragmocone was incomplete, it
was approximately 110 millimeters in diameter. It would ap-
pear, except for the single large specimen, the entire collection
from the mammal locality represents juvenile individuals.

During the last 10 years, a number of investigators have been
studying the biology and ecology of the modern species of
Nautilus from the central Pacific. As a consequence of these
studies, a considerable body of knowledge exists concerning
the biology and ecology of Nautilus. These data are now provid-
ing insight into the environmental significance and life habits of
Late Mesozoic and Cenozoic nautilids.

Saunders (1985), based on photosequence study of Nautilus

belauensis on the forereef slopes in Palau, has shown that al-
though N. belauensis has total depth range of 70 to 500 meters,
the preferred depth range is about 150 to 300 meters. Based on
his observations of feeding and reproductive tactics of N.

belauensis, Saunders suggested that Nautilus typifies an organ-
ism well adapted to deep-water conditions. He further sug-
gested that, contrary to current belief, modern deep-water rep-
resentatives of the nautilids are Late Cretaceous shallow-water
refugees that have always been adapted to deep-water condi-
tions. The rare occurrence of nautilids in most shallow-water
deposits would seem to support his hypothesis. From my own
personal experience, the only time one finds more than the odd
specimen of nautilid is in deep-water deposits, and even then
they are not common.

The unusual occurrence of large numbers of nautilids in the
beach facies at the mammal locality on Seymour Island suggests
that the nautilids were transported from their normal deep
habitat and stranded on the beach. The breakage and abrasion
of most of the phragmocones tends to support the hypothesis of
a high-energy (i.e., big waves and strong current) beach
environment.

Whether the occurrence on Seymour Island represents a sin-
gle mass stranding event or an accumulation of shells over a
period of time is difficult to determine. The presence of a large
number of phragmocones at one small locality suggests a single
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stranding event. The only published accounts of extensive ac-
cumulations are limited to (1) Iredale (1944) who reported ob-
serving over 100 broken shells on a beach near Cape Bedford,
North Queensland; (2) Hamada (1964) in which he reported
collecting 47 drifted Nautilus shells from a small beach on Phe
Tra Island, off the coast of Thailand; and (3) Glaessner (in
Stenzel 1957) in which he reported "large numbers (perhaps up
to 1/2 dozen on a suitable day along the half-mile stretch of
beach in front of our house) of empty shells arriving on the
south or south-facing beaches during wind season (April to
September)." These accounts indicate that the shells were
broken and encrusted with epifaunal invertebrates which sug-
gests that the drifted shells accumulated over a period of time
and do not represent a single stranding event. The presence of
large numbers of nautilid phragmocones in an Upper Eocene
beach deposit from the La Meseta Formation on Seymour Island
is the first report of beach-drifted accumulations of nautilid
shells in the fossil record and may also represent the report of a
mass stranding event.

This work was supported by National Science Foundation
grant DPP 82-13985.
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Palynological studies in the James
Ross Island basin, Antarctic
Peninsula: A progress report

R.A. ASKIN

Geology Department
Colorado School of Mines
Golden, Colorado 80401

Six informal palynological zones are recognized in the upper-
most Cretaceous of southern Seymour Island and surrounding
region in the James Ross Island basin, northeastern Antarctic
Peninsula. These zones are, at present, based mainly on dino-
flagellate cyst species. Zones 4 through 6 are defined primarily
on an apparent evolutionary lineage of Isabelidinium species,
therefore the zonal boundaries are somewhat transitional. Key
angiosperm pollen species, although sometimes rare, permit
additional resolution in the zonation. The diagnostic species,
distribution, correlation, and age of these zones are noted
briefly.
• Zone 1 is the lowest zone recognized in this study, although

older Cretaceous rocks occur in northwestern James Ross
Island. Key species include the dinoflagellates Odontochitina
operculata (0. Wetzel) Deflandre (last occurrence), 0. spinosa
Wilson, 0. porifera Cookson, Cribroperidinium sp., cf.Can-
ningiopsis sp., cf.Alterbia sp., and Palaeocystodinium spp. Rep-
resented by two samples of the Lopez de Bertodano Forma -
tion from The Naze, northeastern James Ross Island.

• Zone 2 includes the same species as zone 1 except that 0.
porifera is more frequent, 0. operculata is absent, and Isab-
elidinium cretaceum (Cookson) Lentin and Williams is present.

Represented by Lopez de Bertodano Formation from Cape
Lamb, southwestern Vega Island.

• Zone 3 includes I. cretaceum, Alterbia acutula (Wilson) Lentin
and Williams, the last rare specimens of Cribroperidinium sp.,
cf.Canningiopsis sp. and cf.Alterbia sp.; and among the pollen
the first Tricolporites lilliei (Couper) Stover and Evans. Repre-
sented by Lopez de Bertodano Formation on the exposed
northern part of Snow Hill Island and approximately the

"lower 150 meters on Seymour Island at the southern point
(also known as Cape Lamb).

• Zone 4 is characterized by Isabelidinium n.sp.3 (cf.I.
haumuriense of Wilson 1984-b), A. acutula, and various an-
giosperm pollen species. Represented by approximately 800
meters of Lopez de Bertodano Formation on Seymour Island.

• Zone 5 is characterized by the Isabelidinium n. sp. 1-n.sp.2 com-
plex, Dinogymnium digitus (Deflandre) Evitt et al.; and,
among pollen, the first Liliacidites kaitangataensis Couper. Fre-
quent Palaeocystodiniurn spp. and Exochosphaeridium bifidum
(Clarke and Verdier) Clarke et al. Represented by approx-
imately 100 meters of Lopez de Bertodano Formation on
Seymour Island.

• Zone 6 is a "transition zone" which spans the Cretaceous/
Tertiary boundary (Askin 1984, 1985). Characterized by the
Isabelidinium druggii (Stover) Lentin and Williams-I. seelan-
dicum (Lange) Lentin and Williams complex. Frequent Pal-
aeocystodinium spp. and Exochosphaeridium bifidum. First oc-
currences of Phelodinium sp.cf.P. magnificum (Stanley) Stover
and Evitt and Deflandrea sp. cf. D. med caifli Stover. Represented
by approximately 40 meters of Lopez de Bertodano Forma-
tion on Seymour Island (overlain by remaining 30 to 90
meters, depending on location, of uppermost Lopez de Ber-
todano Formation).
In terms of dinoflagellate distribution these six zones may be

correlated with three dinoflagellate zones described by Wilson
(1984-a) from the Piripauan and Haumurian (Campanian and
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Maastrichtian) of New Zealand. Zones I and 2 correlate with
Wilson's Odontochitina porifera Zone (upper Piripauan/lower
Haumurian); zones 3 to 5 correlate with the Alterbia acutula
Zone; and zone 6 correlates with the Isabelidinium druggii Zone.
As with zone 6, the I. druggii Zone spans the Cretaceous/Terti-
ary boundary, ranging into the basal Teurian Stage or Early
Paleocene (Wilson 1984-a).

Pollen and spore distribution enables correlation with the
Phyllocladidites mawsonii Assemblage (PM) of the West Coast,
South Island, New Zealand (Raine 1984), and the presence of
various species (including Tricolporites lilliei) suggests correla-
tion of zones 3 through 6 with Raine's Zone PM2; and with the T.
lilliei and Tricolpites longus Zones from the Gippsland Basin,
southeastern Australia (Stover and Partridge 1973).

Ammonites, foraminifera, and calcareous nannofossils (e.g.,
Huber, Harwood, and Webb 1983; Macellari and Zinsmeister
1983; Macellari 1984) indicate late Campanian and Maastrich-
tian ages for rocks of zone 1 through most of zone 6, which
appears consistent with the palynological data. Problems re-
garding apparent heterochroneity of first appearances of some
dinoflagellate and pollen species, and more detailed integration
with invertebrate fossil data, need to be resolved before precise
ages of the palynologic zones and stratigraphic boundary place-
ments are possible.

During the last field season (February and March 1985), an
additional 193 samples were collected for palynological study
on Seymour Island under arduous conditions by Frederic C.
Barbis and Charles H. Robinson. Samples were collected
through the La Meseta Formation, mainly on the northern side
of the island, and should provide a more comprehensive
Eocene section than available to date. Previous work has con-
centrated on the Upper Cretaceous, Cretaceous/Tertiary bound-
ary, and Paleocene succession.

This research was supported by National Science Foundation
grant DPP 85-13859.
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Reconnaissance geology, Robertson
Island and Jason Peninsula, northern

Antarctic Peninsula

F. C. BARBIS

Wheatridge, Colorado 80212

During the December 1983 to January 1984 expedition to
Seymour Island, J. R. Robinson and I were given the oppor-
tunity to accompany the USCGC Westwind on an unscheduled
reconnaissance trip south along the east side of the Antarctic
Peninsula. A section was measured and sampled for pal-

rnological study at Robertson Island (Askin 1984).
Jason Peninsula, further south along the Antarctic Peninsula,
as also visited, and several samples of hydrothermally altered

volcanic rock were collected. Due to the brevity of the stay and
the extensive snow cover, it was not possible to determine the
extent of the alteration, but the scattered exposures seemed to

extend for at least 1.6 kilometers. The hydrothermal alteration
consists of extensive fine-grained secondary quartz, up to 1.3
centimeters thick, in fractures; and quartz crystals, up to 4
millimeters, lining vugs* in the rock. Iron staining was also
obvious. Due to the similarity of this alteration to gold and silver
occurrences in the western United States, a geochemical analy-
sis (atomic absorption) for gold and silver was performed on one
of these samples at Skyline Labs, Inc. in Denver, Colorado. No
gold or silver was detected. (The lower limits of detection were
0.02 parts per million gold and 0.2 parts per million silver.)

This field work was supported by National Science Founda-
tion grant DPP 80-20095 to R.A. Askin, Colorado School of
Mines.
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The location of the Cretaceous/Tertiary
contact on Seymour Island, Antarctic

Peninsula

B.T. HUBER

Institute of Polar Studies
and

Department of Geology and Mineralogy
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Columbus, Ohio 43210

The Cretaceous through Tertiary marine sequence on
Seymour Island (64°15'S) (figure 1) is of particular geological
significance because of its continuous areal exposure, its abun-
dant, diverse, and well-preserved marine fossils, as well as its
location in the southern high latitudes. The recent recognition
that Upper Cretaceous (Maastrichtian) sediments are overlain
by beds of Paleocene age (Huber, Harwood, and Webb 1983;
Zinsmeister and Macellari 1983; Askin 1984) has drawn further
attention to the Seymour Island strata. One of the main objec-
tives of the 1985 field season was to define precisely the location
of the Cretaceous/Tertiary contact on Seymour Island and docu-
ment the lithologic and biotic changes across it. Prior to the 1985
field season, the Cretaceous/Tertiary contact had been mapped
on the basis of the disappearance of ammonites and several
other fossil groups, but no diagnostic Tertiary fossils had been
recognized in an interval 73 meters above the mapped Cre-
taceous/Tertiary boundary. Numerous samples were collected
throughout this interval during the 1985 field season for the
purpose of refining the location of the Cretaceous/Tertiary con-
tact by use of age-diagnostic microfossils.

Figure 1. Geologic map of southwestern Seymour Island showing
the position of the glauconite bed (lower boundary of the diagonally
shaded region), the highest occurrence of Cretaceous planktonic
foraminifera (sample 411), localities where ammonites were found
above the glauconite bed (samples 521, 522, 85-38) and the sample
station of the first occurrence of Paleocene siliceous microfossils
(sample 408). The diagonally shaded region represents the Interval
of uncertainty for placement of the Cretaceous/Tertiary contact.
("FM." denotes "Formation.")

Identification of the Cretaceous/Tertiar y transition on
Seymour Island is based purely on paleontologic data. The
calcareous nannoplankton Nephrolithus frequens, recovered
from the middle portion of the Lopez de Bertodano Formation
on Seymour Island, was used to define a middle to late
Maastrichtian age for this part of the Cretaceous sequence
(Huber et al. 1983). An apparently abrupt disappearance of
Maastrichtian marine molluscs and calcareous microfossils at a
laterally continuous glauconite bed, approximately 50 meters
below the Lopez de Bertodano Formation contact with the over-
lying Sobral Formation (figures 1 and 2), indicated that the
Cretaceous/Tertiary contact may lie in the uppermost Lopez de
Bertodano Formation (Huber et al. 1983; Zinsmeister and Mac-
ellari 1983). Askin (1984) reported a gradually changing pal-
ynomorph succession, between 10 and 25 meters below this
glauconite, from a Cretaceous to Tertiary assemblage. Macellari
and Zjnsmeister (1985) noted that the last occurrence of am-
monites is just below the glauconite bed. However, during the
1985 field season, several ammonites were found up to 27
meters above the glauconite unit (figure 1), on the dipsiope
surface of sample localities 521, 522, and 85-38. These spec-
imens are considered to be in situ because (1) the surrounding
sediments, composed of a homogenous fine silt, show no evi-
dence of slumping or strong current activity; (2) the ammonite
specimens are too well preserved to have survived reworking;
and (3) the ammonite specimens are widely distributed rather
than concentrated at a single locality.

Glaucor	-L--i	----:'
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411

Figure 2. Outcrop of the upper Lopez de Bertodano Formation witlti
sample 411 and the overlying glauconite shown at the top. Well-
preserved foraminifera, including several Cretaceous planktonics,
were found below the glauconite bed, but none have been found
above.
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The highest stratigraphic occurrence of planktonic for-
aminifera is in sample 411, 1 meter below the glauconite unit
(figures 1 and 2). This sample has yielded the late Campanian-
Maastrichtian species Heterohelix globulosa, Globigerinelloides
multispinatus, and Hedbergella monmou thensis. Above sample
411, planktonic taxa are absent and only solution resistant,
nondiagnostic benthic species, representing 7 percent of the
total Seymour Island fauna, have been recovered (Huber, Har-
wood, and Webb 1985). In the stratigraphic interval between
samples 411 and 408 (73 meters) (figure 1), no age-diagnostic
macro- and microfossil taxa have been found. The bio-
stratigraphic resolution of this interval is very poor. Harwood
(personal communication) reports the occurrence of the first
Paleocene indicator taxa, the silicoflagellates Corbisema hastata
and C. apiculata f. minor, in sample 408, 20 meters above the base
of the Sobral Formation (figure 1).

The loss of calcareous microfossils (e.g., foraminifera, os-
tracodes, and calcispheres) above the glauconite coincides with
a change in clay color and disappearance of scleractinian corals,
calcareous worm tubes, thin echinoid spines, and thin-shelled
(juvenile) molluscs (Huber et al. 1985). This may suggest that
diagenesis, not paleoenvironmental or extinction factors, has
played an important role in causing the absence of calcareous
microfossils in strata above the glauconite bed. However, the
presence of several larger molluscan genera (e.g., La/u/la, Per-
issoptera, and Nucula; see Zinsmeister and Macellari 1983) above
the glauconite bed is not consistent with evidence for diagenetic
removal of calcareous fossils. Perhaps the thicker wall structure
of these molluscs may have enhanced their preservation. Sil-
iceous microfossils are poorly to moderately preserved below
the glauconite bed and are moderately to well preserved above.
There is a significant biotic turnover among silicoflagellate spe-
cies (32 percent disappearance) and a less significant loss of
species among the diatoms (18 percent disappearance) at the

top of the Lopez de Bertodano Formation. In addition, numer-
ous species of silicoflagellates and diatoms make their first ap-
pearance in the interval between the glauconite horizon and
sample 408 (Huber et al. 1985). Whether this increase in species
diversity, following the disappearance of other pelagic micro-
fossils, is a result of enhanced preservation, due to a more
favorable environment, or reflective of an evolutionary radia-
tion cannot yet be determined.

Given the present biostratigraphic data, there are three alter-
native locations for the Cretaceous/Tertiary contact on Seymour
Island. First, the contact could be placed at the glauconite bed,
50 meters below the base of the Sobral Formation (figure 1).
Evidence for this includes (1) a significant change in the macro-
fauna, calcareous microfauna, and palynoflora at the level of the
glauconite; (2) the disappearance of the Cretaceous silicoflagel-
late species Valacerta and Lyramula at this level; and (3) the first
appearance of numerous siliceous microfossil species above the
glauconite. Evidence against placement of the Cretaceous/Terti-
ary contact at this level include (1) the occurrence of several
ammonite specimens up to 20 meters above the glauconite;
(2) the absence in the Lopez de Bertodano Formation of diag-
nostic Tertiary indicator species; and (3) the apparent di-
agenetic loss of calcareous microfossils and thin-walled macro-
invertebrates, causing a postdepositional change in faunal
content.

A second possible location of the Cretaceous/Tertiary contact
is placement at the disconformable contact of the Lopez de
Bertodano and Sobral Formation (figures 1 and 3). It is apparent
from the change in lithofacies that these two formations differed
in depositional environments, and they are separated by an
hiatus of uncertain duration. The occurrence of ammonites 30
meters below this formation contact and Paleocene silicoflagel-
lates 20 meters above it suggests that, like many well-known
Cretaceous/Tertiary boundaries, the Cretaceous/Tertiary transi-
tion on Seymour Island may lie at the contact between two units

Figure 3. Outcrop from the southeast coast of Seymour Island showing the contact of the Lopez de Bertodano formation ("Klb") (gray, massive
slltstone) with the Sobral Formation ("Ts") (green, well-bedded siltstone). The disconformable nature of this contact, although not apparent
here, was recognized in several localities where channeling of the Sobral Formation into the Lopez de Bertodano Formation was observed.
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of different lithology. In the absence of diagnostic paleontologic
evidence, this proposal can only be postulated.

Finally, the Cretaceous/Tertiary contact may occur at some
other, as yet undefined, horizon between the highest ammonite
level in the uppermost Lopez de Bertodano Formation and the
level of the first Paleocene silicoflagellates in the lowermost
Sobral Formation. This is based on the assumption that am-
monites were restricted to the Cretaceous. The possibility that
ammonites may have survived into the Tertiary should not be
ignored, however.

Because of the absence of Tertiary indicator species between
the glauconite bed of the upper Lopez de Bertodano Formation
and the lower Sobral Formation, a zone of uncertainty, repre-
senting 73 meters of section, is shown for the location of the
Cretaceous/Tertiary contact on Seymour Island (figure 1). It is
hoped that examination of sample material collected during the
1985 field season will reveal age-diagnostic microfossils in this
zone of uncertainty, and therefore lead to further refinement of
the exact stratigraphic position of the Cretaceous/Tertiary
contact.

This research was supported by National Science Foundation
grants DPP 82-13985 to W.J. Zinsmeister and D.M. Elliot and DPP

82-14174 to Peter N. Webb.
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Plant fossils from the Ellsworth
Mountains

T.N. TAYLOR and E.L. SMOOT

Department of Botany
and

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210
and

Department of Biology
Hope College

Holland, Michigan 49423

Although fragments of fossil plants were collected and re-
ported as a result of some of the early explorations in Antarctica
(e.g., Scott 1901 - 1904, 1912; Shackleton 1908; Mawson 1911 -
1914), the first comprehensive paleobotanical studies were not
completed until later (Halle 1913; Seward 1914). Despite the fact
that plant remains are known as early as the Devonian, the most
commonly encountered floral elements are the impression
specimens of glossopterid leaves that are the dominant vegeta-
tion type present in Permian sediments.

Plant fossils that were initially collected from sites in the
Ellsworth Mountains during the 1961 - 1963 field seasons were
reported by Craddock et al. in 1965. These collections, which
consisted mainly of various species of Glossopteris leaves, were

discovered from several stratigraphic levels in the Polarstar
Formation, and together with subsequent contributions
(Schopf 1967; Rigby 1969; Rigby and Schopf 1969) have been
concerned primarily with biostratigraphy.

Figure 1. Glossopteris communis and reproductive organ Plum-
steadia sp. (arrow). (x 1.5.)
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The majority of plant remains come from a single locality in
the Polarstar Formation (east ridge of Polarstar Peak; 86°10'W
77°32'S), and an analysis of these will form a component of a
volume on the Ellsworth Mountains. The study will not only
describe and illustrate the floral elements but will also compare
the plants with other Gondwana floras.

The specimens come from six stratigraphic levels within a
measured section 350 meters thick. The plant remains are pre-
served as impressions in a poorly bedded, dark gray to black
argillite. The major floral elements that have been identified
include: Glossopteris angustifolia, G. browniana, G. communis, G.
damudica, G. indica (figure 1), G. linearis, G. cf.cordata, G. tortuosa
(figure 2), G. taen ioptero ides, G. ampla, G. cf.decipiens, G. retifera,
G. cf.spathulato-cordata, G. stricta, G. cf.conspicua, Plumsteadia sp.
(figure 1, arrow), Gangamopteris cf.angustifolia, G. obovata, Ver-
tebraria indica, Arberiella sp., Samaropsis sp., Paracalamites cf.aus-
tralis, and Raniganjia bengalensis ( figure 3).

/
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Figure 3. Raniganjia bengalensis. (x 2.)

This work was supported by National Science Foundation
grant DPP 82-13749.
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Figure 2. Glossopteris tortuosa. (x 2.)

The Ellsworth Mountain flora compares favorably to other
Middle and Upper Permian plant assemblages in Antarctica
(e.g., Ohio Range, Theron Mountains, southern Victoria Land)
with the possible exception of the presence of Ran iganjia
bengalensis which to date is known only from India and
Australia.
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Volume on geology of the Ellsworth
Mountains—Progress in 1984-1985

G.F. WEBERS

Macalester College
St. Paul, Minnesota 55105

J.F. SPLETTSTOESSER

Minnesota Geological Survey
University of Minnesota

St. Paul, Minnesota 55114

Much of the past year was engaged in continued coordination
of the production of a volume on the geology and paleontology
of the Ellsworth Mountains. Production of the volume has un-
dergone a transition from data reduction and processing of rock
and fossil material by senior investigators since the 1979 - 1980
field season, to preparation and submittal of final manuscripts,
most of which had been reviewed by the end of May 1985. Final
versions of all 25 chapters planned for the volume are expected
to be completed by the authors by mid-1985, and submitted by
the editors (C. Craddock, J. F. Splettstoesser, and G. F. Webers) to
the Geological Society of America (GSA) shortly afterward.
Printing is expected in 1986. The volume is proposed for the GSA
Memoir series. A highlight of the volume will be the colored
geologic map (scale 1:250,000) of the entire range, which will be
printed in one sheet by Williams and Heintz Map Corporation.

Some of the rock and fossil material will continue to be stud-
ied by many of the investigators who participated in the 1979 -
1980 field season under the direction of G.E Webers, and also by
other specialists. Several unresolved geologic problems remain
enigmatic, and further field work is contemplated for a later
time, especially to supplement existing faunal collections and to
examine in detail structural relations of selected areas in the
Heritage Range.

A review of geologic studies in the Ellsworth Mountains was
presented as a poster paper at the 97th Annual Meeting of the
Geological Society of America, 5 - 8 November 1984, Reno,
Nevada (Splettstoesser, Webers, and Craddock 1984). The an-
notated bibliography of the Ellsworth Mountains (Webers and
Splettstoesser 1982), which is being compiled on a continuing
basis, included about 150 citations as of May 1985. The bibliogra-
phy is stored on a word processor disc at the Minnesota Geo-
logical Survey. A copy is available from the authors on request.

This research was supported by National Science Foundation
grants to Macalester College (G.F. Webers, principal
investigator).
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Study of sulfide mineral distribution in
the Dufek intrusion

J.L. DRINKWATER, A.B. FORD, and G.K. CZAMANSKE

U.S. Geological Survey
Menlo Park, California 94025

We have investigated the occurrence and distribution of sul-
fide minerals in the layered gabbroic Dufek intrusion (82°30'S
50°W) in preparation for mineralogical studies by electron-mi-
croprobe analysis. Studies of cumulus pyroxenes and oxides
(Himmelberg and Ford 1976, 1977) and plagioclase (Abel, Him-
melberg, and Ford 1979) show compositional (fractionation)
trends generally comparable to those of other differentiated
layered mafic intrusions (Wager and Brown 1968). Presently
little-studied sulfide minerals include pyrite, pyrrhotite, and
chalcopyrite; bornite(?) is reported by Walker (1961). Our study
was made by reflected-light examination of approximately 2,300
standard thin sections representing all lithologies from
throughout the exposed layered sequence (samples were

gathered during the 1965 - 1966, 1976 - 1977, and 1978 - 1979
austral summers). Sulfide amounts were estimated and ranked
as "trace" (less than 0.1 percent), "minor" (0.1 to 0.5 percent),
and "major" (greater than 0.5 percent). Samples containing
largest amounts were point counted for greater accuracy.

Of the intrusion's estimated 8 to 9 kilometers thickness (Ford
1976), about 1.8 kilometers of lower units are exposed in Dufek
Massif (Ford, Schmidt, and Boyd 1978), and about 1.7 kilo-
meters of uppermost units make up the Forrestal Range (Ford et
al. 1978). Hidden parts inferred are a 1.8- to- 3.5-kilometer-thick
basal section and a 2- to- 3-kilometer thick intermediate interval
covered by an icefield between the two ranges. Exposed rocks
are chiefly well-layered gabbroic cumulates that contain inter-
layers of pyroxenitic and anorthositic cumulates. Iron-titanium
oxides (chiefly of the magnetite series) are scarce in Dufek
Massif, but common (2 to 10 percent) and locally dominant
(layers of magnetitite) in the Forrestal Range. Granophyre of a
capping layer and felsic dikes are the magma's latest
differentiates.

General occurrence. Sulfides chiefly occur disseminated be-
tween cumulus silicates and oxides, and concentrations vary
significantly along and across layering. They are much more
common in upper than lower parts of the intrusion, in which
occurrences are generally of a different type. Conspicuous
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bright-green weathering efflorescences of atacamite typically
make occurrences appear more significant than warranted by
the few primary sulfide grains generally present.

Dufek Massif (lower) section. Many rocks of Dufek Massif ap-
pear barren of sulfides, but trace or minor amounts occur lo-
cally. Of 1,200 samples examined, only about 12 percent were
found to contain sulfides, commonly a few small grains and
generally less than about 0.5 percent. Chief occurrences are
within small autoliths (inclusions) of noncumulus fine-grained
gabbro or metasedimentary xenoliths of hornfels and calc-sili-
cate rock, or in cumulates adjacent to the inclusions. The inclu-
sions are probably fragments carried in from a concealed con-
tact zone and deposited by magma currents (Himmelberg and
Ford 1983). A maximum of about 4 modal percent sulfides was
found in one caic-silicate inclusion. An origin by contamination
with sulfur of country rocks and minor redistribution of sulfides
into cumulates seems to be indicated.

Forrestal Range (upper) section. About 22 percent of the 1,100
samples examined from the Forrestal Range were found to
contain sulfides, of which about 10 percent contain 0.1 to 3.0
modal percent sulfides (mostly in the lower half of the range). A
maximum sulfide amount of 12 modal percent occurs in one
sample from a layer of leucogabbroic cumulate. Sulfides gener-
ally occur in magnetite-rich gabbro or in and near thin layers of
magnetitite. They seem to be mostly concentrated in an interval
about 200 to 500 meters above the base of the section and in
another about 100 to 300 meters below the capping layer of
granophyre. Minor sulfide amounts occur in a layer of non-
cumulus mafic-rich diorite and quartz diorite, up to 50 meters
thick, underlying the granophyre. Traces occur locally in the
granophyre and in some aplite dikes. In the cumulates, sulfides
commonly occur within interstitial space fillings; as inclusions
within oxide grains; as fracture fillings; and, more locally, as
(replacement?) stringers, lenses, and patches in altered
postcumulus amphibole and biotite.

Discussion. During fractional crystallization of Dufek Massif
cumulates, the magma evidently was undersaturated with re-
spect to sulfur, and an immiscible magmatic sulfide phase was
not present. Sulfide occurrences and concentrations in Forrestal
Range cumulates are generally similar to those in the iron-
enriched upper zone of South Africa's Bushveld Complex (von
Gruenewaldt 1976). A magma may reach sulfur saturation due
to lowering of its iron content, for example by crystallization of
magnetite or other iron-rich minerals (von Gruenewaldt 1976,
1979). As in the Bushveld magma's later crystallization stage
(upper zone), the Dufek magma eventually crystallized large
amounts of magnetite, and at times small quantities of immisci-
ble sulfide droplets separated and settled to the floor. The
largest Bushveld sulfide deposits (critical zone), however, are at
a much lower stratigraphic position that is probably comparable
in the Dufek intrusion to a height in the middle or upper part of
its hidden basal section. Sulfides are collectors of platinum-
group elements (PGE) from magmas (Campbell, Naldrett, and

Barnes 1983), and PGE may become concentrated in a magma
and fractionate from late iron-enriched melts (Parry 1984). This
process may account for the markedly greater, though low, PGE

contents in Forrestal Range as compared to Dufek Massif cumu-
lates (Ford et al. 1983). Our further study will focus on the
mineralogy and compositional variations of the sulfide minerals
and on relations between sulfide concentrations and magnetite-
rich layers of the intrusion.

This work was supported in part by National Science Founda-
tion grant DPP 80-20753.
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Field studies on the Jetty Peninsula
(Amery Ice Shelf area) with the 30th

Soviet Antarctic Expedition

E.S. GREW

Department of Geological Sciences
University of Maine
Orono, Maine 04469

The exposures west of the Amery Ice Shelf and Lambert
Glacier (69 — 73°S 64 - 69°E) are largely underlain by a Late
Proterozoic granulite-facies complex of the east antarctic shield
(e.g., Crohn 1959; Tingey 1972, 1982; Ravich, Soloviev, and
Fedorov 1978). The Shelf and Glacier occupy a major continental
rift structure (Kurinin and Grikurov 1982). Permian sediments
(Amery Group) fill down-dropped blocks around Beaver Lake
on the west flank of this structure (Mond 1972; Ravich 1974),
where mafic and alkalic-ultramafic rocks have been emplaced
(Ravich et al. 1978; Sheraton 1983).

My field work as a U.S. exchange scientist with the Soviet
Antarctic Expedition (SAE) is part of a petrologic study of the
metamorphic rocks. On 19 November 1984, I joined the SAE in
Maputo, Mozambique, on an IL-18D flight to Molodezhnaya. I
worked at the Soviet summer field base Soyuz (figure) from 29
November until 11 January 1985, when I returned to Mo-
lodezhnaya. On 21 February, I returned to Maputo. My field
work was on the northern Jetty Peninsula (figure), where shield
rocks, Permian sediments, mafic dikes, and alkalic-ultramafic
dikes and breccia pipes are exposed.

Metamorphic rocks of the shield include charnockites, garnet
granulites, enderbites, and minor pyroxene granulite. These
rocks were metamorphosed in the granulite facies about 1,000
million years ago (Tingey 1982) and subsequently retrograded
in the amphibolite facies, with local development of mylonitic
zones. Graphitic garnet-sillimanite gneisses are exposed in one
band about 1 kilometer thick north of the calc-silicate rocks
shown in the figure and in a small area 1 kilometer south of Lake
Chistoye. Of special petrologic interest are these calc-silicate
rocks, which include marble, granulite, and coarse-grained
skarns. One skarn consists largely of scapolite, another, of
spinel, phlogopite, pargasite, and calcite. The calc-silicate gran-
ulites contain wollastonite (for example, quartz-calcite-
wollastonite-diopside-scapolite-plagioclase-potassium feld-
spar). Selvages of wollastonite between calcite and quartz sug-
gest that calcite and quartz reacted to form wollastonite. This
reaction implies that the partial pressure of carbon dioxide was
less than total lithostatic pressure during the granulite-facies
metamorphism (Valley and Essene 1980).

The metamorphic rocks are cut by (1) coarse-grained, gneissic
pink garnetiferous granites of Kamenistaya Platform and (2)
fine- to medium-grained gray biotitic granites of Else Platform.
Widespread pegmatite veins appear to be related to the gran-
ites. A unique pegmatite from Else Platform (figure), contains
tourmaline, molybdenite, and arsenopyrite. The granites and
pegmatites are closely associated with retrogression of the gran-
ulite-facies rocks. Consequently, the granites and a pegmatite
were sampled for geochronologic investigations of uranium-
lead isotopes in zircon and monazite. J . Hofmann
(Bergakademie Freiberg, German Democratic Republic), W.I.

Manton (University of Texas, Dallas), and I plan a joint paper on
their ages and structural relations.

The shield rocks are cut by a network of mafic dikes striking
mostly 340° to 40° (azimuths) and dipping 30° to 500 west. A
porphyry intrusive 15 x 15 meters across (figure) may be re-
lated to these mafic dikes.
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Sketch map of the northern part of the Jetty Peninsula, based on
field data obtained during the 1984 - 1985 season. Moraine was
identified from aerial photographs published by the Australian Divi-
sion of National Mapping. Place names are taken from topographic
sheets published by the USSR Office of Geodesy and Cartography.
Unmarked areas are snow and ice; lakes west of Kamenistaya Plat-
form have been omitted. Only six of the alkalic-ultramafic intrusives
are shown. The three reported by Ravich et al. (1978) are Identified
by their outcrop numbers; the other three were discovered by me.
These six represent the known north-south extent of the intrusives.
Tur (tourmaline) and apy (arsenopyrite) are found in a pegmatite.
Mafic dikes intrude the shield rocks over the entire area of the map,
but are too abundant to show individually.

Dikes and breccia pipes of alkalic-ultramafic rocks, first de-
scribed by Ravich et al. (1978), intrude the shield and Permian
rocks in a north-trending zone 13 kilometers in extent (figure).
Trends of the dikes and of elongation in the pipes are generally
40° to 110°; dips are steep. Olivine fragments and ultramafic
xenoliths are found in nearly all of the bodies sampled, as are
xenoliths of indurated sediments and shield rocks.

Permian sediments crop out in three areas (figure; the south-
ernmost area was not studied). The dominant rock types are I

light-colored arkosic sandstones and conglomerates (clasts
mostly to 1 centimeter); rare clasts over 1 centimeter are found
isolated in the sandstones. Carbonaceous shales and coals (to 20
centimeters thick) crop out near Soyuz, and fragments of car-
bonaceous shale were found near Bolshoye Dolinnoye. In the
exposures around Bolshoye Dolinnoye, the beds strike 85° to
115° and dip 40° to 45°N. Around Soyuz, the strikes are roughly
the same, but the north dips are more gentle. Fragments of
petrified wood consisting of siderite and minor iron sulfide
occur with coal in permafrost 0.7 kilometer north of Soyuz
(figure). Cellular structure is well preserved in some specimens.
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Leaf and stem impressions were found in sandstone imme-
diately overlying coal at two localities, one 0.35 kilometer west
of the petrified wood locality (presumably the same coal bed)
and a second 2 kilometers north of Soyuz. The Permian sedi-
ments around Soyuz and Bolshoye Dolinnoye resemble the
Bainmedart Coal Measures of the Amery Group in that car-
bonaceous slate, coal, and fossils are present (Mond 1972; Ray

-ich et al. 1978). On the other hand, iron concretions charac-
teristic of the Flagstone Bench Formation are also found
occasionally in the areas examined.

The Permian sediments are bounded on the east by normal
faults. Around Bolshoye Dolinnoye, the faults strike about 50°
and dip 40° to 60° northwest, while near Soyuz, they strike
roughly 10° to 20°. The shield rocks (and a mafic dike) in the
footwall east of Bolshoye Dolinnoye are extensively brecciated,
silicified, and locally mineralized (pyrite) in a zone 100 or more
meters thick, while the Permian sediments in the hanging wall
are veined and slightly altered in a zone only a few meters thick.

I thank D.D. Maksutov (chief in charge of summer operations
of the 30th SAE), L.V. Bulatov (chief in charge of Molodezhnaya
Station), L.V. Federov (geologist in charge of Soyuz Base), J.
Hofmann, and the collective of scientists and workers at Soyuz
and Molodezhnaya for their generous assistance and coopera-
tion during the field season. I also thank G.E. Grikurov (VNII
Okeangeologiya, Leningrad) for his general assistance. The
staff at the U.S. Embassy in Maputo, in particular, Jeff Mill-
ington, Deputy Chief of Mission, were especially helpful in
attending to my needs in Maputo. This research was supported
by National Science Foundation grant DPP 84-14014.
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Meteorite studies__________________________

Antarctic search for meteorites: Field
program 1984-1985

W.A. CASSIDY and J. SCHUTT

Department of Geology and Planetary Science
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

Field operations of the search for meteorites (U.S. Antarctic
Research Program) were conducted during most of December
1984 and January 1985. Personnel other than the authors were
Catherine King-Frazier, James Madison University; Scott Sand-
ford, Washington University; Roberta Score, National Aero-
nautics and Space Administration/Johnson Space Center; Carl
Thompson, New Zealand Guides Service; and Robert Walker,
Washington University.

During the week before the main field party reached Allan
Hills (76°43'S 159°40'E), Schutt accompanied the Gunter Faure
party from an LC-130 put-in site near Griffin Nunatak (75°55'S
158°20'E) to Elephant Moraine (76°11'S 157°10'E). U.S. Navy
P.O. George Sidener was also assigned temporarily to this
group. Schutt and Sidener then traversed to Allan Hills, meet-
ing the main research party there, and Sidener returned to
McMurdo. During the succeeding 5 weeks, the research party
visited the Far Western Icefield* (76°54'S 157°01 'E), the Middle
Western Icefield (76°50'S 158°26'E), the Near Western Icefield
(76°44'S 158°48'E), and the Main Allan Hills Icefield again,
recovering meteorites at all these sites. The Gunter Faure party
then joined us at Allan Hills. A reconnaissance search was
conducted at large exposed ice fields located around Battle-

ments Nunatak (76°32'S 159°21'E) but no meteorites were
found. A traverse to the north of Allan Hills toward Trinity
Nunatak (76°26'S 160°38'E) and an ascent of the Odell Glacier
(76°44'S 159°55'E) were similarly unproductive, because a re-
cent snowfall had left normally exposed ice areas covered in 6
centimeters of snow. The table gives a listing of types of mete-
orites recovered, by locality.

It is interesting that we continue to find meteorite specimens
in areas that have been searched carefully in previous seasons.
In part, this may be because areas in which ice deflation is
occurring usually are partly covered by snow patches; when
these patches migrate they can uncover specimens that had
been hidden. Sun- or wind-cupping of ice surfaces also can act
to conceal small specimens unless one is very close to them.
Specimens still being found today at the most completely
searched area the U.S. group has explored—the Main Allan
Hills Icefield, which has been visited nine times in the last nine
austral summers—are all small, clustering in mass around 4 to 8
grams. This is a size that could be hidden easily among surface
irregularities on the ice, therefore our continuing recoveries in
these areas probably result from inability to carry out perfect
visual searches. Because of this, it is probable that as long as
these patches of ice exist they will continue to be residual
sources of meteorite specimens.

We thank the VXE-6 group and George Sidener for assistance
during the initial segment of our field operation. This researchl
was supported by National Science Foundation grant DP
83-14496.

* The designations "Far Western Icefield," "Middle Western Icefield,"
"Near Western Icefield," and "Main Icefield" are not official names,
but the features are distinct geographic units.

Tentative classification of recovered meteorites, austral summer 1984-1985

Ordinary	Carbonaceous	 Stony-
Icefield	 chondrite	chondrite	Achondrite	Iron	iron	Total

Elephant Moraine	 10	 _a
Allan Hills (Main)	 35	 -
Allan Hills (Near Western)	 74	 4
Allan Hills (Middle Western)	 19	 -
Allan Hills (Far Western)	 96	 30

Totals	 234	 34

a	denotes no meteorites of that type were found at that location.

11
35

2	 -	 80
18	 -	 37

1	 -	 129

21
	

292
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Meteorite studies: Terrestrial and
extraterrestrial applications, 1985
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More than 7,000 meteorite fragments have been returned so
far, mainly by Japanese Antarctic Research Expeditions (JARE)
and the U.S. Antarctic Research Program (USARP). These repre-
sent 1,200 to 3,500 separate falls, a number comparable with
that of known nonantarctic meteorites (Dennison, Lingner, and
Lipschutz in preparation). Many of the antarctic meteorites are
of types common among nonantarctic falls, others are of rare or
unique type. We use radiochemical neutron activation and
atomic absorption techniques to determine parts-per-million/
parts-per-billion levels of 12 to 15 chalcophile, lithophile, side-
rophile, and volatile/mobile trace elements in each meteorite we
study to establish extraterrestrial and terrestrial history
(Lipschutz in press). During the past year, we studied: forma-
tion conditions of meteorites of rare or unique type, the ice
sheet's role in collecting extraterrestrial material and the nature
of that material, and the detailed antarctic weathering processes
in meteorites.

Meteorites of rare or unique type are intrinsically interesting
because they offer glimpses of parent objects unusual in some
respect(s) from other extraterrestrial sources (e.g., Lipschutz
1984, 1985). Yamato 74160, a sample transitional between an LL
chondrite and an achondrite offered a unique opportunity to
examine chemical and mineralogic processes that occurred dur-
ing an intermediate stage of planetary differentiation (Takeda,
Huston, and Lipschutz 1984). Three antarctic meteorites, and
the only known naturally transported lunar samples on Earth,
yield potentially important information on ejection dynamics
from a massive object. We determined our suite of trace ele-
ments in ALHA81005 earlier (Verkouteren, Dennison, and
Lipschutz 1983) and Yamato 791197 now (Kaczaral, Dennison,
and Lipschutz in press). The two clearly derive from lunar
highlands rocks with different histories. They could con-
ceivably have come from the same, previously unsampled lunar
region by a single impact if the impact that launched them
earthward were sufficiently massive. Yamato 791197 is among
the most volatile rich lunar samples ever identified; it bears the
imprint of condensed lunar volcanic emanations. The third
sample, Yamato 82192, is unstudied thus far.

Why are there so many meteorites of rare or unique type in
Antarctica? In considering this question, we noted (Dennison et
al. in press) that while uncertainty exists because of pairing
problems, antarctic and nonantarctic meteorite populations
contain different proportions by type (table 1). These dif-
ferences, not reasonably ascribed to antarctic weathering, hint
at some major difference in the meteorite flux in Antarctica and
elsewhere. This could reflect either more highly inclined orbits
for antarctic meteorite parent bodies or, more likely in my
estimation, a temporal meteorite flux change over the past 0.3
million years (Dennison et al. in preparation).

Indications for differences between meteorite types in ant-
arctic and nonantarctic sample populations do not necessarily

mean that a given meteorite type will differ in the two sample
populations. To study this, one must compare parameters
known to vary widely and be indicative of meteoritic genetic
processes, i.e. volatile/mobile trace-element contents. The data
distribution for a given volatile/mobile trace element in a sample
population may be treated as Gaussian (Dennison et al. in
preparation). Generally, distributions for an element in two
sample populations overlap, and one may use, standard statis-
tical tests to examine the likelihood that the sample populations
derive from the same parent population. If, statistically, a
number of different elements indicate this is unlikely, we may
conclude that the sample populations derive from different
parent populations.

Table 1. Comparative numbers of selected meteorite types found
in Victoria Land and in nonantarctic regions

Victoria Land 	 Nonantarctic

Meteorite type	Number	Percent	Number	Percent

Chondrites	756	92.4	784	86.6
H	 542	66.3	276	30.5
L	 167	20.4	319	35.2
LL	 24	2.9	66	7.3

Achondrites	45	5.5	69	7.6
Irons	 14	1.7	42	4.6
Stony-irons	 3	0.4	10	1.1

Total	 818	100.0	905	100.0

a Data do not include 281 samples paired with ones already classified.

Dennison et al. (in preparation) found significant differences
for 8 of 13 elements tested in nonantarctic and Victoria Land H5
chondrites (table 2). This greatly exceeds the 1 or 2 differences
expected to arise by chance at greater than or equal to 90 percent
confidence level. Dennison et al. (in preparation) considered a
variety of explanations—especially weathering—and con-
cluded that the differences reflect preterrestrial processes. More
recently, Kaczaral and Lipschutz (in preparation) found that
L4-6 chondrites from Victoria Land also differ compositionally
from nonantarctic falls (table 2). Only 3 elements differ both in
H5 and L6 chondrites, and 2 of these (bismuth and rubidium)
differ in enrichment direction in Victoria Land and nonantarctic
samples. This further indicates that antarctic weathering did not
generally affect trace-element contents.

The evidence seems compelling that meteorites from Victoria
Land constitute a sample population different from that falling
in nonantarctic regions. Hence, we conclude that antarctic me-
teorites are a more valuable scientific resource than hitherto
suspected, whether the difference reflects a temporal variation
or a parent-body orbital difference (Dennison et al. in prepara-
tion). In either event, antarctic meteorites are a potentially
unique source of information on extraterrestrial objects and on
the ice sheet of which they are such an intimate part.

This research was supported in part by National Science
Foundation grant DPP 81-11513, National Aeronautics and Space
Administration grant NAG 9-48, and Department of Energy
grant DEFG 0280 ER 10725.
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Table 2. Comparison of statistically significant differences in H5
and L6 chondrites from Victoria Land with contemporary nonantarctic falls

Element
	

Antarctic	 Nonantarctic	 Significancea

H5 Chondrites

Antimony (parts per billion)
	

83
	

69
	

97
Selenium (parts per million)b

	
9.0
	

8.2
	

99
Rubidium (parts per million)

	
2.0
	

2.5
	

97
Bismuth (parts per billion)

	
2.8
	

1.1
	

98
Indium (parts per billion)
	

0.21
	

0.49
	

97
Thallium (parts per billion)

	
0.81
	

0.24
	

96
Zinc (parts per million)'
	

43
	

53
	

96
Cadmium (parts per billion)

	
0.72
	

3.7
	

99

Number of samples analyzed
	

23
	

20

L6 Chondrites

Cobalt (parts per million)'
	

480
	

600
	

97
Gold (parts per billion )b
	

140
	

160
	

90
Rubidium (parts per million)

	
2.6
	

2.2
	

95
Cesium (parts per billion)

	
4.02
	

12.4
	

99
Tellurium (parts per billion)

	
340
	

380
	

90
Bismuth (parts per billion)

	
0.58
	

2.7
	

99
Silver (parts per billion)
	

45
	

71
	

97
Cadmium (parts per billion)

	
1.6
	

14.2
	

99

Number of samples analyzed
	

13
	

25

a 'Significance" denotes the significance level at which it may be concluded that the respective sample populations do not derive from the same parent
population.

b These are arithmetic means; all others are geometric means.
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Glacial geology
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Mount Takahe and Mount Murphy, two volcanoes in eastern
Marie Byrd Land, were last visited during the 1967– 1968 austral
summer. On the basis of the brief reconnaissance field work,
LeMasurier (1972) and LeMasurier and Rex (1983) suggested
that both volcanoes formed subglacially, indicating that the level
of the west antarctic ice sheet had fluctuated through a range
2,000 meters during Quaternary time. This interpretation rest-
ed on the sampling of hyaloclastite deposits (palagonitic side-
romelane tuff-breccias) around the base of each volcano, some
of which yielded potassium-argon dates of less than 1 million
years ago. Hyaloclastite is produced by eruptions in subglacial
or subaqueous environments as a consequence of water-magma
interaction.

Mount Takahe and Mount Murphy were reexamined in great-
er detail during the 1984 - 1985 austral summer by a snow-
mobile-equipped team of four geologists and two moun-
taineers. Outcrops representing the basal and upper portions of
each volcano were visited. New field observations suggest that
the former interpretation of 2,000-meter fluctuations in ice-
sheet level was too large. Instead, strong evidence was found

that, during the eruptive histories of these volcanoes, ice-level
fluctuations reached elevations only 350 to 400 meters above the
present surface of the west antarctic ice sheet.

This paper addresses only ice-level changes that occurred
during the eruptive histories of these volcanoes; larger ice-level
fluctuations may have occurred before or after the volcanoes
formed.

Mount Takahe. Mount Takahe (3,460 meters) is a broad, sym-
metrical-shield volcano 30 kilometers in diameter, capped by a
8-kilometer-wide snow-filled summit caldera (figure 1). It is
located 100 kilometers south of its nearest neighbor, Mount
Murphy, and is entirely surrounded by the west antarctic ice
sheet, locally averaging 1,300 meters above sea level in eleva-
tion. Mount Takahe is almost completely undissected, showing
only two small valley glaciers on the north and southwest
flanks. The three available potassium-argon dates from Mount
Takahe range from less than 250,000 years to 300,000 ± 300,000
years (LeMasurier and Rex 1983).
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Figure 1. Map of Mount Takahe, showing localities visited and rock
types observed. The 1,400-meter contour closely follows the base of
the volcano and the hatched line denotes the snow-filled summit
caldera. ("m" denotes "meter." "km" denotes "kilometer:') The sym-
bol for subaerial pyroclastic rocks includes predominately hydro-
clastic and strombolian tufts.

During our 3-week-long study of Mount Takahe we visited 12
outcrop and five moraine localities (figure 1), representing all of
the exposures on the mountain not threatened by overhanging
icefalls.

Three localities—Gill Bluff, Möll Spur, and Stauffer Bluff—
were found to contain subaqueous-to-subaerial volcanic transi-
tion sequences. The lower portions of these three sequences
consist of subaqueously deposited pillows, pillow breccias, and
hyaloclastites, in places showing crude foreset beds dipping
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outward from the volcano. At Gill Bluff and Moll Spur, these
units grade upward into subaerial lava flows; individual flows at
Gill Bluff could be traced laterally from subaerial lavas into
subaqueous pillows and breccias. At Stauffer Bluff, the basal
pillows, breccias, and hyaloclastites are capped by subaerially
accumulated tuff-cone deposits containing abundant accretion-
ary lapilli. At all three localities the subaqueous-to-subaerial
transitions are located 350 to 400 meters above the present level
of the continental ice sheet. The sequences at these three lo-
calities are similar to Icelandic "flow-foot breccia" sequences
described from the flanks of table mountains where subaerial
lava flows entered glacial meltwater lakes (Sigvaldason 1968;
Jones 1969) and from littoral areas where lavas entered the sea
(Fumes and Fridleifsson 1974).

The remaining nine outcrop localities all exhibit distinctive
subaerially formed rock types. Around the base of the volcano,
lava flows are exposed at Roper Point, Oeschger Bluff and a
nearby nunatak, Knezevich Rocks, and along the Steuri Glacier
(figure 1). Some of these lava flow outcrops extend down nearly
to the present level of the continental ice sheet. Subordinate
amounts of distinctive subaerial pyroclastic rocks, including
accretionary lapilli tuffs and/or welded airfall units, were ob-
served at Cadenazzi Rock, Steuri Glacier, and near Roper Point.
Both lavas and airfall tuffs are present at an unnamed nunatak
located at 2,900 meters elevation on Takahe's western flank. At
Bucher Rim, on the southern edge of the caldera, we observed a
60-meter thick sequence of lavas, welded airfall tuffs, accretion-
ary lapilli tuffs, and obsidian bomb-and-block units.

In addition to the above outcrops, all exposures of glacial till
and moraines were observed to contain primarily clasts of lava
and subaerial pyroclastic rocks; hyaloclastite erratics are rare.

The predominance of subaerial rock types at Mount Takahe
strongly suggests that most of the exposed portions of the
mountain formed subaerially. The presence of both subaerial
and subaquatic/subglacial rock types near the base of the vol-
cano indicates that the level of the continental ice sheet fluctu-
ated during Mount Takahe's eruptive history, reaching levels
350 to 400 meters above the present ice-sheet surface. Because
Mount Takahe is so undissected, only its outer carapace was
observable. The nature and eruptive environment of the older
rocks forming its interior are unknown.

Mount Murphy. Mount Murphy (2,703 meters) shows a gener-
al, broad, gentle shield morphology (figure 2), probably orig-
inally similar to Mount Takahe but now deeply dissected. The
elevation of the present day continental ice sheet is 750 meters
above sea level on the south side of Mount Murphy, stepping
down to 200 meters above sea level on the north side. Two
previous dated samples, one from the flanks of Mount Murphy
and a second from Turtle Peak, an adjacent nunatak, yielded
potassium-argon ages of 0.9 ± 0.3 million years and 14.0 ± 2.0
million years respectively (LeMasurier and Rex 1983).

This season's 5 days of field work on Mount Murphy were
concentrated on the southwestern portion of the mountain,
including the ridge between Bucher Peak and Sechrist Peak,
cliffs along the base of the west-facing cirque below this ridge,
and adjacent Turtle Peak and Hedin Nunatak (figure 2).

As at Mount Takahe, subaquatic/subglacial rock types are
confined to lower outcrops. Hyaloclastites and palagonitic brec-
cias, interbedded with subordinate subaerial lavas, were ob-
served in the lower portions of cliffs along the western edge of
Mount Murphy and along the eastern margins of nearby Turtle
Peak and Hedin Nunatak. The upper portions of these three
exposures consist predominantly of subaerial lava flows and
subordinate strombolian tuffs. The elevation of the transition

from partially subaqueous to wholly subaerial rock types at
these three exposures ranges from 100 to 250 meters above the
present ice level.

With the exception of Sechrist Peak, the entire observed up-
per portion of Mount Murphy consists of subaerial lava flows,
welded spatter, and strombolian tuffs, extending at least as high
as Bucher Peak (2,446 meters).

Palagonitic tuffs and breccias, intruded by basalts and show-
ing considerable soft-sediment deformation, comprise the bulk
of Sechrist Peak (1,350 meters, figure 2), which stands above the
exposures described above, and extends to 600 meters above
the present level of the continental ice sheet to the south. The
origin of these units is uncertain. Water-magma interactions
were certainly involved in their formation, but because no suba-
queous-to-subaerial transition was observed, the level of the
continental ice sheet cannot be confidently inferred.

A prominent striated glacial unconformity was observed on
the top of a subaerial lava flow near the base of Mount Murphy's
west-facing cirque. This unconformity is overlain by 2 to 3
meters of black tillite containing striated basaltic cobbles. The
tillite is in turn overlain by palagonitic breccia and lava flows.

Like Mount Takahe, Mount Murphy was apparently erupted
under predominantly subaerial conditions. Deep dissection has
exposed older interior portions of the volcano. The presence of
intercalated subaqueous/subglacial and subaerial lavas in the
lowermost exposures, as well as at least one glacial unconfor-
mity, suggest that small (less than 250 meters) ice-level fluctua-
tions occurred early in Mount Murphy's eruptive history.
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Figure 2. Map of Mount Murphy, showing localities visited and rock
types observed. The line denoting the base of the volcano does not
represent an elevation contour. ("m" denotes "meter:' "km" denotes
"kilometer:")

The age of Mount Murphy is uncertain. However, the ad-
vanced degree of dissection of the thick section of lavas suggests
that Mount Murphy may be considerably older than the 0.9 ±
0.3 million year age suggested by LeMasurier and Rex (1983).
(See Andrews and LeMasurier 1973.)

Conclusions. Petrologic and petrographic laboratory work and
potassium-argon and fission-track dating of samples collected at
Mount Takahe and Mount Murphy are presently in progress.
Field observations, however, indicate that both volcanoes were
erupted under predominantly subaerial conditions. There is
good evidence for fluctuations in the level of the continental ice
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sheet during their eruptive histories. However, these fluctua-
tions reached maximum levels of 350 to 400 meters above the
present surface of the west antarctic ice sheet, rather than 2,000
meters as previously believed.

We wish to thank Philip Kyle for his critical role in conceiving,
planning, and executing this trip, although he was kept from
attending by his IMESS duties. This work was supported in part
by National Science Foundation grant DPP 80-21402.
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Ross Sea drift forms a nearly continuous sheet on the west

I 

of McMurdo Sound, on volcanic islands and peninsulas in
I sound, and in eastern ends of ice-free valleys in the adjacent
ransantarctic Mountains (Stuiver et al. 1981). This drift records
I youngest grounded ice sheet to occupy McMurdo Sound
nd the western Ross Sea (Denton, Armstrong, and Stuiver
971). Because an accurate chronology of the Ross Sea glaciation

i essential to deducing the antarctic ice sheet's role in the last
global ice age, we have undertaken during the last several
austral summer seasons a program of radiocarbon dating and
geologic field mapping in Taylor Valley. We now report only
preliminary results, because many dating samples await.

Glacial Lake Washburn occupied the coastal Fryxell and the
inland Bonney basins of Taylor Valley during the Ross Sea

glaciation. Radiocarbon dates of fossil blue-green algae in
perched deltas on the valley walls afford a chronology of former
lake levels in both basins. Two models relate these lake levels to
the areal extent of the Ross Sea ice lobe in eastern Taylor Valley.
The first model postulates a substantial source of subglacial
water from beneath Ross Sea ice to augment minor surface
meltwater flow from side-wall valley glaciers (Stuiver et al. 1981,
pp. 345 - 355). According to this model, changes in the areal
extent of the Ross Sea ice lobe in lower Taylor Valley caused lake-
level variations in both basins. Ross Sea ice expansion into the
Fryxell basin displaced lake water and diminished the lake-
surface ablation area, hence causing lake-level rise and water
spillage over the mid-valley threshold into the Bonney basin. By
the same line of reasoning, Ross Sea ice recession caused lake-
level drop. Hence, the highest radiocarbon-dated lake levels
between 17,000 and 21,200 years ago were assumed to be coeval
with maximum Ross Sea ice advance. Likewise, lake levels in
the Bonney basin below the mid-valley threshold were related
to Ross Sea ice extent, which controlled overflow from the
Fryxell basin.

Recent field work and numerous new radiocarbon dates,
particularly of perched deltas in the Bonney basin, permit a
second model of lake-level fluctuations. On the basis of new
geologic data, this model precludes a subglacial water source in
eastern Taylor Valley, as well as water overflow from the Fryxell
to the Bonney basin. Rather, input into Glacial Lake Washburn
in both basins was strictly from surface meltwater streams drain-
ing all glaciers that flowed into the valley. Variations of the Ross
Sea ice lobe did not exert a primary control on lake-level fluctua-
tions in either basin. Instead, summer temperature and corre-
sponding surface glacial melt were the primary influence on
lake-level variations. These variations, in turn, drove fluctua-
tions of the Ross Sea ice lobe in lower Taylor Valley, rather than
the reverse situation as postulated by the first model. By the
new model, thick blocking ice in McMurdo Sound still reflected
an extensive grounded ice sheet due to lowered global sea level.
However, summer temperatures and corresponding lake levels
drove fluctuations of the thin ice lobe that projected into lower
Taylor Valley from this grounded ice sheet. Warm summers and
rising lake levels forced Ross Sea ice back to the high valley-
mouth threshold; conversely, cold summers and falling lake
levels permitted Ross Sea ice advance westward into the valley.
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We are currently testing these two models by radiocarbon
dating of perched deltas in nearby lake basins and minor mo-
raines in lower Taylor Valley. Lake levels in nearby valleys
should show similar fluctuations to those of Glacial Lake Wash-
burn by the first but not necessarily by the second model.
Further, the first model predicts that rises in the level of Glacial
Lake Washburn should accompany Ross Sea advance, whereas
the second model predicts lake-level rise coincident with ice
retreat. Such tests are important not only because of their bear-
ing on the chronology of Ross Sea glaciation but also because of
an extraordinary implication of the second model. This new
model implies that summer temperatures warmer than today's
characterized Taylor Valley for several intervals of high lake
levels during the last global glaciation. Lake-level fluctuations in
the ice-free valleys potentially are very sensitive indicators of
short-term climate events on the scale of decades to centuries.
Could they indicate short-lived climatic variations, including
warm intervals, that were superimposed on the last glaciation
but that are not revealed in most other paleoclimatic records?
Such sharp variations in ice-age climates are suggested by rec-

ords of isotopic oxygen-18 and atmospheric carbon dioxide
revealed in Greenland ice cores (Dansgaard et al. 1984; Stauffer
et al. 1984; Oeschger et al. 1984).

Pending tests of these models, what can we now infer about
the age of the last grounded ice sheet to occupy McMurdo
Sound? By either model, lake levels in the Fryxell basin higher
than the valley-mouth threshold and in the Bonney basin high-
er than the mid-valley threshold both demand a thick Ross Sea
ice dam, because otherwise such high levels could not have
existed (Stuiver et al. 1981, pp. 348— 349). The table shows that
such high lake levels all occurred between 23,800 and 11,820
years ago in late Wisconsin time. In agreement with these
results, available radiocarbon dates show that Ross Sea minor
moraines in lower Taylor Valley are late Wisconsin in age. Fi-
nally, radiocarbon dates of perched lacustrine deltas in Ex-
plorers Cove basin in the mouth of Taylor Valley indicate that
grounded ice remained in western McMurdo Sound between
8,900 and 8,340 years ago.

This work was supported by National Science Foundation
grant DPP 83-18801.

Fossil blue-green algae location

Perched deltas situated in Fryxell
basin at altitudes higher than
valley-mouth threshold.

Perched deltas situated in Bonney
basin at altitudes higher than
the mid-valley threshold.

Perched deltas situated in Explorers
Cove at altitudes below the
valley-mouth threshold.

Minor moraines in Ross Sea drift,
eastern Taylor Valley

Selected radiocarbon dates from Taylor Valley, Antarctica

Laboratory
number

QL-1 043

QL-1 570

QL-1 706

QL-1 254

QL-1 252

QL-1 035

QL-1 034
QL992a

QL-1 253

QL-1 576

QL-1 709

QL-1 573

QL-1 577

QL-1 046

QL-1 257
QL1137a

QL-1 248

QL-1 246

QL-1 708

QL993a

QL-1 393

QL-1 569

QL-1 800

QL-1 397

QL-1 805b

QL-1 797b

QL-1801

QL-1 796b

QL-1 802b

QL-1 398

QL-1 804b

Radiocarbon
date

12,450±350

12,980±90

13,260±80

13,500±320

13,700±180

15,100±800

16,500±700

16,920±230

17,050±60

11,820±70

12,700-±190

14,750±50

16,610±70

16,470±250

17,790±70

18,170--70

18,700±80

21,200±200

23,800±200

8430--120

8900±60

13,050--190

13,620±210

13,960±550

13,980±280

14,260±350

13,360±220 (AMS)
15,430±560

15,910±260 (AMS)
16,040±500

16,040--190 (AMS)C

a Stuiver et al. (1981).
b Austin (in preparation).

"AMS" denotes accelerator mass spectrometry.
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Geologic evidence within central and eastern Wright Valley
has important implications for the prelate Quaternary glacial
history of Antarctica (Denton et al. 1984; Prentice 1985). We
continued our investigations of this area for 4 weeks during the
1984 - 1985 austral summer. Our primary objective is to recon-
struct paleo-ice dynamics in Wright Valley as a test of the over-
riding ice model of Denton et al. (1984). Here we report some of
our findings.

Peleus basal till outcrops discontinuously within the valley
up to an elevation of 1,150 meters near Bartley Glacier and
records extensive Neogene glaciation (figure) (Denton et al.
1984). Texturally, the till is a very poorly sorted, pebbly, muddy
sand. Based on analysis of 43 samples, the average gravel, sand,
and mud percentages are 27, 43, and 30, respectively. The till is

moderately to highly compact and fissile. It is typically not
stratified. Approximately 5 percent of the gravel clasts are striat-
ed. Examination of 38 samples yielded a few unidentifiable
nonmarine and marine diatoms as well as shell fragments.

Lithologies of Peleus gravel, constituting a total volume of
41,000 cubic centimeters, as well as glacial erosional features,
strongly suggest that the depositing ice mass flowed from the
west (Prentice 1982). Critical data for this are the presence of
Vida granite in till at localities east of its easternmost valley
outcrop and abundance of Ferrar dolerite at locations with little
Ferrar outcrop to the east but considerable exposure to the west.
The lack of meta-sediments from the Asgard Formation, a unit
which outcrops extensively east of Bartley Glacier (McKelvey
and Webb 1962), constitutes further support of a westerly
source for Peleus ice. Stoss-lee molding of striated bedrock
beneath Peleus till as well as striated boulders in Peleus till also
indicate eastward ice flow.

Prentice (1985) inferred that Peleus ice not only filled Wright
Valley but also engulfed much of the adjacent mountain ranges.
The discovery of Peleus till on the north valley wall north of
Goodspeed Glacier about 900 meters above the valley floor
constitutes further evidence for this (figure). Because Peleus ice
flowed from the west, it must have been thicker than this to the
west (up-glacier), over most of Wright Valley. Hence, recent
evidence is consistent with ice thicknesses proposed in the
model of Denton et al. (1984) and, further, suggests that thick
ice has flowed eastward in addition to northeastward, as pro-
posed in the same model.

Peleus till directly overlies bedrock, mud-rich waterlaid di-
amicton and, at Prospect Mesa, the pecten-bearing gravels. The
latter deposits suggest a maximum age of middle Pliocene to
mid-middle Miocene for the Peleus (Denton et al. 1984). Alpine
drift older than 2.0 million years as well as colluvium overlie
Peleus till (Denton et al. 1984).

Soils derived from Peleus drift contain a well-developed des-
ert pavement overlying an oxidized zone that is seldom thicker
than 25 centimeters and always exhibits pulverulence.
Pseudomorphs or "ghosts" are usually restricted to the oxidized
zone. A weakly to strongly cemented salt pan commonly occurs
below a depth of 7 centimeters and averages 8 centimeters in
thickness. Abundant soluble salts provide coherence to depths
of 80 centimeters or more.

Based on our model of increasing soil development in coarse
sandy soils with age (Bockheim 1979), we would expect soils
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Peleus till outcrop within Wright Valley. (Symbols are: EA, east antarctic ice sheet; Rs, Ross Sea; AR, Asgard Range; OR, Olympus Range; WL,
Wright Lower Glacier; wu, Wright Upper Glacier; BP, Bull Pass; Lv, Lake Vanda; B, Bartley Glacier; M, Meserve Glacier; G, Goodspeed Glacier; +,
mountain peak. Black areas depict Peleus outcrop. Numbers are elevations in meters.)

derived from Peleus drift to be more mature than those of the
oldest overlying deposits. However, Peleus soils examined to
date are morphologically and chemically less well developed
than the most mature soils developed in superposed deposits
(Bockheim 1978). We are investigating this problem.

Denton et al. (1984) inferred that isolated gravel-rich ripples
in the mountains adjacent to Wright Valley and elsewhere rec-
ord thick overriding ice. Trains of isolated ripples also occur on
Peleus till, colluvium, older alpine drift, and bedrock within
Wright Valley and may be closely related to those in the moun-
tains. In cross-section, these ripples are commonly 15 cen-
timeters high at their crests, between 1 and 3 meters long, and
asymmetric both up- and downslope. The symmetry index
(stoss-side length divided by lee-side length) for 250 measured
profiles on 81 ripples varies between 0.4 and 6.0. Internally, the
ripples consist of moderately to poorly sorted pebbly sand
exhibiting little stratification. Intermediate axes of the largest
clasts on the ripples average 17 centimeters in length. With
respect to the foregoing, these ripples differ significantly from
obvious wind ripples on the modern floodplain. For example,
all wind ripples that we measured had a symmetry index greater
than or equal to 2.0. In map view, however, both groups of
valley ripples trend northwest-southeast. Therefore, eolian as
well as glacial origins for the ripples are being investigated.

Soil development in the ripples is minimal. Slightly more
than half of the 21 ripples examined for soil development con-
tain ghosts; nearly all show some accumulations of soluble salts
beneath clasts. However, only two ripples displayed free salts in
the matrix. Consequently, electrical conductivities are typically

low. If these ripples record ice sheet overriding like their moun-
tain counterparts may, the soil's data suggest that this glaciation
is much younger than the Peleus glaciation. This is corroborated
by the mature soils in both colluvium and alpine drift which
separate Peleus till from the ripples in many locations.

This work was supported by National Science Foundation
grants DPP 83-18808 and DPP 83-19477. We thank N. Potter, B.
Hess, H. Conway, R. Ackert, and R. Weed for their assistance.
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Land ice studies

Continuation of glaciogeophysical
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Embayment: Summary of 1984-1985
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University of Wisconsin

Madison, Wisconsin 53706

During the 1984 - 1985 austral summer (18 November to 22
January), operations were carried out from two base camps:
Crary Ice Rise camp and upstream B. Seven airlifted stations
were occupied by Twin Otter from Crary Ice Rise camp and 16
from upstream B.

Radar program. About 100 kilometers of ground profiling was
carried out around Crary Ice Rise camp and near the grounding
zones of nearby ice rumples. An additional 200 kilometers of
profiling was conducted along new grid lines at upstream B. Ice
thicknesses were also measured on the surface at all 22 airlifted
stations; at many of the stations, polarization and echo-strength
data also were collected.

An extensive airborne radar program was conducted. New
35-megahertz antennas mounted under the wings of the Twin

Otter worked well, as did the mounting and hook-up for the
electronic package in the cabin. Twenty hours (4,000 kilometers)
of flying were completed from Crary Ice Rise camp and 65 hours
(14,000 kilometers) from upstream B. Areas covered included
the grid northwest corner of the Ross Ice Shelf; Crary Ice Rise;
ice streams A, B, and C; the ridges between the ice streams; and
Siple ice dome. Particular attention was paid to the grounding
zones in both stream-flow and sheet-flow areas. (See figure for
location of stations and radar flight lines.)

A new 80-megahertz monopulse radar unit (CSSI SIR-8) was
used to sound the upper 100 meters of the ice on ice streams B
and C, especially to map buried crevasses. About 200 kilo-
meters of profiling were completed on each ice stream. An
interesting aspect of those surveys was the discovery that cre-
vasses were just as numerous, although somewhat more deeply
buried (35 meters vs. 15 meters), on ice stream C as on ice
stream B near upstream B. If we assume that the crevasses in ice
stream C were at the surface when the ice stream shut down, we
can estimate from the depth of burial that that event occurred
about 250 years ago.

A data-acquisition system that features two high-speed ana-
log-to-digital converters, a high-speed large-capacity tape
drive, and distributed intelligence was field-tested at upstream
B. Tests were made on the gain characteristics and common-

mode noise rejection of the amplifier, the containment of elec-
tromagnetic interference emitted from digital components, and
the power consumption of the system. In addition, tests were
performed to check the improvement in the signal-to-noise
ratio as a function of the number of stacked radar pings. System
software evaluations included tests of real-time stacking and
playback support as well as postsurvey display routines.

A ground survey was carried out using the digital recorder
with an SPRI Mark iv 50-megahertz ice-sounding radar unit.
Preliminary results from tests of data repeatability, recorder
survivability, and system fault recovery, all indicate that the
recorder performs well in this deployment mode.

Seismic shooting. At Crary Ice Rise camp a medium length
refraction profile was shot along magnetic azimuth 030°. Five
shots at distances ranging from 15 to 30 kilometers were record-
ed. Analysis of these data indicates about 21/2 kilometers of
sedimentary cover over basement rock; compressional ve-
locities in the basement are 5 to 6 kilometers per second.

The upstream B area was studied by two seismic methods.
First, a 9 x 1 kilometer swath across the ice stream was covered
by a three-dimensional high-resolution seismic reflection pro-
file. The reflection survey was designed particularly to study
the characteristics of a low-seismic-velocity layer beneath the ice
stream discovered in 1983 - 1984. Second, an extension of the
1983 - 1984 long-refraction profile to 50 kilometers was made.
Preliminary analysis of these data shows the presence of more
than 4 kilometers of sedimentary rock over basement. The
compressional velocity in the basement is again in the 5 to 6
kilometers per second range, as at Crary Ice Rise camp. Deeper
refracting horizons that have velocities greater than 6.5 kilo-
meters per second have been identified tentatively, as has a
reflection from the M discontinuity at a depth of about 25
kilometers.

Gravity. Gravity readings were made at 28 sites, including
both airlifted and ground-traverse stations, by the University of
Wisconsin group. In addition, readings were made at 37 other
airlifted stations by members of the Ohio State party. At up-
stream B, the existing gravity survey was extended by another
50 kilometers of profile lines. In addition, the quarter-century-
long series of gravity ties between South Pole and McMurdo
Stations was extended to 26 years by measurements made both
at the beginning and at the end of the season.

Ice coring. Cores 8 to 10 meters long were collected from 17
airlifted stations-6 from Crary Ice Rise camp and 11 from
upstream B. Cores will be examined at Ohio State for 3-activity
to yield snow accumulation rates; some will also be examined at
Wisconsin for crystalline structure. The area covered includes
the grid northwest corner of the Ross Ice Shelf (where data were
scanty and a steep geographical gradient in accumulation rate is
likely), ice streams A and B and the ridge between them, and
upstream of ice stream B. Our collection complements that
made on ice stream B by the Ohio State group. The core quality
was excellent, and the cores were returned without damage.
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Map of the GSIRE field area, Sipie and Gould Coasts. Base camps are indicated by triangles, University of Wisconsin (UW) surface stations by
solid circles, and UW radar flights by solid lines. The base camps are upstream B (UB), downstream B (DB), upstream C (UC), downstream C
(DC), and Crary Ice Rise camp (at the grid northwest end of Crary Ice Rise). J9 is the site of the RISP drilling activities. Also shown, for reference,
are: Ohio State University stations, open circles; National Aeronautics and Space Administration stations, open squares; RIGGS radar flight
lines, dotted lines. Shaded areas denote ice streams and their downstream continuation on the Ross ice Shelf; the wavy-line symbols indicate
heavily crevassed zones, at or below the surface. "C.I.R." stands for Crary Ice Rise; "A" and "a" are also ice rises.

Temperature measurements were made at the bottom of all the
core holes.

Position fixing and surveying. Magnavox MX1502 geoceivers
were employed to obtain accurate positions at 29 airlifted and
ground-traverse stations. Seven of these were on the ice shelf
and were occupied for half a day. The remainder, on the inland
ice, were occupied for a day or more. The magnetic tape record-

ings all appeared, from field sampling, to be of high quality.
The leveling lines of the survey grid established in the 1983-

1984 season were extended by a total of 50 kilometers.
This work was supported by National Science Foundation

grant DPP 84-12404. This is contribution number 437 of the
University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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Firn studies at upstream B, West
Antarctica
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interesting result is that, at least in the upper 25 meters for
which we have reduced data, the normalized grain-size dis-
tribution appears to be nearly stationary. This means that if we
divide the cross-sectional area of each grain in a sample by the
average cross-sectional area in that sample and then plot the
frequency distribution of the result, the shape of that distribu-
tion does not vary significantly between 3-meter and 25-meter
depth.

Analysis of firn and ice in a core from upstream B on the Siple
Coast is providing many insights into the texture and densifica-
tion of firn there. Among the interesting preliminary results are
that low-density firn exhibits a pronounced vertical fabric with
low average coordination number of grains, and that grain-
boundary sliding plays an important role in the densification of
such firn.

Our goal is to characterize better the texture of firn and
shallow ice and to understand the processes that cause the
transformation of firn to ice. To this end, coring was conducted
to 104-meter depth at upstream B by J . Litwak, W. Boller, and K.
Kuivinen of the Polar Ice Coring Office, Lincoln, Nebraska.
Core recovery was nearly 100 percent, and core quality was
excellent. While in the field, R.B. Alley measured densities of
firn and prepared and photographed thin sections of firn and
ice. These field measurements now must form the basis for all of
our textural studies, because the core underwent partial melting
during shipment.

The upstream B site has a temperature of - 26.4°C at a depth
of 10 meters (Shabtaie personal communication) and mean an-
nual accumulation of about 10 centimeters of ice per year
(Whillans personal communication). Although stratification is
evident in the firn, there is no visible indication of annual
layering. Ice lenses up to 2 centimeters thick occur sporadically
in the upper 20 meters but total less than 1 percent of the core.
Density increases rapidly with depth (figure 1). Although a few
pores become isolated from the free atmosphere in the upper 5
meters, most pores close near 35-meter depth.

Most grains in the firn are simply convex, but in ice some
grains grow rapidly and assume complex shapes. With increas-
ing depth, grains in ice develop strain shadows and a shape
fabric in which long axes of grains are parallel and horizontal.
\lso with increasing depth, bubbles become progressively

elongated (the ratio of length to width can be as high as 10 to 1)
4nd oriented parallel to the grain fabric. The development of
train shadows and shape fabrics of grains and bubbles as
hallow as 40-meter depth attests to the rapid strain rates in the

i4e stream.
Textural quantities that we determine from thin sections in-

4ude grain size and its distribution, bond size, the areas of ice-
ar and ice-ice surface per unit volume, grain sphericity, and
three-dimensional coordination number. Methods for most of
these measurements are summarized in Alley, Boizan, and
Whillans (1982) and Underwood (1970), although we have de-
veloped a new technique, which will be described in a future
paper, for determining coordination numbers. Data were col-
lected using a microcomputer-based image-analysis system
(Bioquant II, R and M Biometrics Corp.).

One of the important results of our analyses is that reported
grain size is strongly dependent on the measurement method
used; thus, to be meaningful, any report of grain size must be
accompanied by a description of the4 method used. Another
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Figure 1. Density versus depth for f irn from upstream B. ("g cm "
denotes "grams per cubic centimeter:' "m" denotes "meter:')

Firn above 10-meter depth shows a strong vertical shape
fabric (figure 2), which probably is caused by vapor transport
driven by temperature gradients; texture in deeper firn is iso-
tropic. The texture in shallow firn also is quite complicated—
some areas are essentially fully consolidated ice with closed
pores, whereas adjacent areas are highly porous firn. Simplistic
geometric models of firn thus cannot represent firn texture and
properties accurately. Three-dimensional coordination num-
bers in shallow firn are low (figure 3), so that movement of
grains relative to each other can lead to densification. Well-
developed bonds are observed between grains and preclude
rearrangement by breakage; thus, grain rearrangement proba-
bly occurs by sliding along grain boundaries. Preliminary
model calculations indicate that observed densification rates are
possible only if such grain-boundary sliding occurs. Rearrange-
ment by grain-boundary sliding probably plays an important
role in destruction of the vertical shape fabric with increasing
depth.

Further empirical and model studies should clarify many of
these preliminary results, and may yield new insights. We
anticipate gaining a significantly clearer understanding of the
nature of firn and how it changes.
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Figure 2. Tracings of sections of typical firn from 6-meter depth at
upstream B. Pore spaces are black, ice is white, and grain bonds are
single black lines. A. Section cut vertically. Up is indicated by the
arrow. B. Section cut horizontally and viewed from above. ("cm"
denotes "centimeter.")

This research was supported by National Science Foundation
grant DPP 83-15777. This is contribution number 438 of the
University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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Figure 3. Three-dimensional coordination number versus density
for firn from upstream B. Horizontal line segments connect apparent
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Land-ice/sea-ice transition in Ross Ice
Shelf ice at J-9, Antarctica

P.M. GROOTES and M. STUIVER

Quaternary isotope Laboratory
University of Washington

Seattle, Washington 98195

In previous issues, we reported on the oxygen isotope profile
through the Ross Ice Shelf, Antarctica, near J-9 near (82'21'S
160°42'W) and on the short-term fluctuations in oxygen isotopic
composition in this core (Grootes and Stuiver 1982, 1983). Re-

cently, samples were obtained from the bottom part of the J-9 ic
core, including the sea ice, through the courtesy of A.J. Gow
the Cold Regions Research and Engineering Laboratory
(CRREL). The samples had been used for ice-structure studie,
and part of the remaining material was used for the oxygn
isotope study. A total of 31 core segments, varying in lengh
from 7 to 23 centimeters and covering the bottom 7.03 meters
the J-9 core, was available. Thirteen ice samples had been cut
perpendicular to the core axis and used for crystal structure
analysis. This resulted in 13 3-centimeter gaps in the oxygen
isotope record. No samples had been taken for ice-structure
study from six larger intervals. A study of oceanic inclusions in
this same core section is reported in this issue by Zotikov and
Jacobs (Antarctic Journal, this issue).

The core segments were split perpendicular to the axis into
samples of 5 to 10 grams, the samples were melted, then 5-
milliliter liquid samples were immediately loaded into the Mi-
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cromass 5020 carbon dioxide equilibration system. The samples
were measured as described earlier (Grootes and Stuiver 1982).
The sea-ice part of the core was analyzed using the same meth-
od used for the fresh-water ice samples, because ocean-water
samples processed this way yield valid isotopic oxygen-18 re-
sults (McConnaughey personal communication). [ I80 is the
relative difference in isotopic composition between the sample
and the Vienna Standard Mean Ocean Water expressed in per
mil (parts per thousand).] The 8180 precision of these samples is
0.1 parts per thousand. The uncertainty is related primarily to
the sample preparation; the mass spectrometer precision is 0.04
parts per thousand. The 6 1110 results are shown in figure 1.

100 rETiTTTOL

meters above the bottom of the Ross Ice Shelf, but the percent-
age of sea ice up to 5.86 meters is more than 97 percent. Between
5.860 and 6.005 meters the sea-ice contribution drops from
greater than 97 percent down to about 1 percent. The 1K0

transition appears to be above the 5.83-meter point where brine
inclusions still could be clearly identified in the ice-structure
study (Cow personal communication). The good hydraulic con-
nection between ice at 410-meter depth (6 meters above the
bottom of the Ross Ice Shelf) and the sea below reported by
Zotikov, Zagorodnov, and Raikovsky (1979, 1980) proves that
sea water may penetrate the ice at this depth and therefore may
have continued to contribute to establishing the transition pro-
file after sea ice froze onto the bottom of the land ice.

HEIGHT ABOVE BOTTOM (METERS)

Figure 1. Isotopic oxygen-18 (h) profile of the bottom 7 meters of the
Ross Ice Shelf core at J-9. The transition from modern sea ice (8180
equaling approximately + 2 parts per thousand) to glacial land ice
(8 180 equaling approximately -42 parts per thousand) occurs
around 5.9 meters above the bottom.

The sea-ice 8 180 values of about + 2 parts per thousand (+ 1.7
to + 2.2 parts per thousand) are similar to those observed on the
McMurdo Ice Shelf (Stuiver et al. 1981; Cow and Epstein 1972).
Jacobs, Fairbanks, and Horibe (1985) report, for the upper 75
meters of sea water beneath the Ross Ice Shelf at J-9, an average

180 of -0.71 parts per thousand, an average potential tem-
perature of -2.14°C, and an average salinity of 34.417. Using a
fractionation factor for ice-water isotopic equilibrium a of
1.0035 (O'Neil 1968), we calculate 8 1110 to be +2.87 to +2.69
parts per thousand. In saline waters, lower fractionations have
been observed leading Stewart (1975) to derive a fractionation
factor a of 1.0025 for concentrated seawater at - 10°C. This
latter factor yields sea-ice 8 110 values of + 1.87 to + 1.69 parts
per thousand. Sea water in sea ice also will yield less positive
isotope values. Sea-water penetration is most likely on the
boundaries between the long parallel vertical sea-ice crystals
(Zotikov, Zagorodnov, and Raikovsky 1979, 1980). The dif-
ference between the observed and the calculated O'Neil 80

values, however, would require 20 to 25 percent sea water. Such
a large sea-water component is unlikely, and consequently, the
presence of sea water in the sea ice is not the only factor causing
lower isotopic oxygen-18 values.

The transition from sea-ice to land-ice dating from the last
glacial period is sharp. Figure 2 gives the percentage sea ice
(with 8 80 equaling + 2 parts per thousand) and land ice (with
6180 equaling -42 parts per thousand) that results in the meas-
ured 8180 values. A minor change in 8 110 is evident at 5.74

HEIGHT ABOVE BOTTOM (METERS)

Figure 2. Percentage of sea ice in the sea-ice/land-ice transition
zone calculated from the measured 8 180 values using a sea-ice 8180

value of +2 parts per thousand and a land-ice 8 180 value of -42
parts per thousand.

The bottom 2 centimeters of sea ice at J-9 may have been
formed in 1 year (Zotikov, Zagorodnov, and Raikovsky 1979,
1980). The transition zone of 14 1/2 centimeters would represent 7
years of growth if growth rates at the boundary were similar.
During this 7-year interval, the ice stream B ice would have
moved about 2 kilometers (Thomas and Bentley 1978) away
from the grounding line. A reasonable assumption is that freez-
ing to the bottom of the ice started near the grounding line. In
that case, meltwater from the bottom of ice stream B has to mix
completely with sea water soon after passing the grounding line
because otherwise a much larger fresh water oxygen-18 compo-
nent would be found in the sea ice.

This work was supported by National Science Foundation
grant DPP 84-00574 A.J. Cow at the Cold Regions Research and
Engineering Laboratory (CRREL) kindly provided the samples
and discussed his unpublished crystal structure data. Travis
Saling and Dan Britt of the Quaternary Isotope Laboratory
assisted in measuring the samples.
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Nitrate variability in South Pole and
Ross Ice Shelf snow and firn

C.M. LAIRD, E.J. ZELLER, G.A.M. DRESCHHOFF,
and T.P. ARMSTRONG

University of Kansas
Lawrence, Kansas 66045

The primary goal of this study was to obtain nitrate con-
centrations from densely sampled vertical and horizontal tran-
sects of south polar firn to permit analysis of the variance
(square of the standard deviation) within single-year layers for
comparison with the variance between yearly deposition layers.
This objective is part of an ongoing effort to determine the
sources of nitrate variation in polar snow. There has been much
discussion about the degree of lateral consistency in thickness
and composition of snow deposited in yearly layers near South
Pole Station (Cow 1965; Giovinetto and Schwerdtfeger 1966). In
the 1984 - 1985 austral summer, we made an effort to resolve
some of these questions by excavating three parallel trenches to
depths of about 2 meters at a site approximately 5 kilometers
from South Pole Station on the boundary of the clean-air quad-
rant. The trenches were excavated using a bulldozer, and the
walls were trimmed back about 15 centimeters by hand to avoid
contamination and distortion that might have been introduced
during the excavation. Depth hoar layers were well developed,
and we experienced few problems following yearly snow layers
along trench walls. Correlations between trenches proved to be
only slightly more difficult. A total of 170 samples was collected
from 16 measured stratigraphic columns in the trench walls over
a horizontal area of approximately 50 square meters. Prior to
excavation, 35 samples of surface snow were collected at the
trench site, and an additional 53 samples were taken at other
locations nearby.

All nitrate analyses were made on site, usually within a few
minutes after collection. The apparatus consisted of an ultra-
violet spectrophotometer system (Parker, Thompson, and
Zeller 1981) which had been modified for field operation in the
antarctic environment. It proved to be reliable and provided

nitrate analyses with a precision of 2 parts per billion. The
ability to perform highly accurate chemical analyses in the field
was an advantage providing significant new information on
nitrate deposition and redistribution processes.

Analysis of variance (AN0vA) shows that the average variance
in nitrate concentration within yearly layers is significantly less
than the average variance between yearly layers. (See figure 1.)
This indicates that there is a systematic and distinguishable
variation in the nitrate concentrations through time. Similarly,
we found a systematic temporal variation in snow accumulation
over the area of the pits. A preliminary attempt to compare the
nitrate flux from the past 11 years with interplanetary charged
particle intensities shows the strongest correlation (r equals
approximately 0. 75) with high-energy (190 to 440 megaelectron-
volts) solar cosmic rays.
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Figure 1. Average yearly South Pole nitrate-nitrogen concentrations
and standard deviations derived from analysis of variance.
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Some of the most surprising results were obtained from the
study of surface samples. We found the highest concentrations
of nitrate to occur at particular locations on the tops of sastrugi
which in some cases proved to contain more than five times the
nitrate present on the front or sides where wind erosion is most
active. Repeated sampling of a number of sastrugi confirmed
the phenomenon and showed that the highest nitrate con-
centrations occur in a zone immediately downwind of the high-
est point on the crest. This zone is typically made up of very
soft, low-density snow which was found to consist mainly of
dendritic ice crystals. Clearly, some type of redistribution or
concentration process is active on the snow surface near South
Pole Station. This process may be related to sublimation which is
thought to be active during the antarctic summer. This result
indicates that chemical analyses of snow samples on the surface
and at depth may produce varying results because of these
processes which alter concentrations. Future studies of the sur-
face and ice cores should take spatial variation into account.

At the conclusion of the season, we excavated a pit by hand to
a depth of 1.7 meters at Windless Bight on the Ross Ice Shelf
about 10 kilometers from McMurdo Station. A total of 92 sam-
ples was collected in two columns 1 meter apart. Nitrate con-
centration curves show strong peaks associated with summer
deposition and lower values during winter months (figure 2).
This type of signal has been reported previously in Greenland
by Risbo, Clausen, and Rasmussen (1981) and Herron (1982). It
is particularly interesting however to compare the con-
centration signal with monthly nitrate flux (figure 3) which can
be determined approximately for this area from monthly snow-
fall records at McMurdo Station. Although nitrate flux varies
over a wide range throughout the year, it actually peaks in the
winter months. Hence, the summer concentration maxima in
Antarctica, and probably in Greenland as well, appear to be
caused by lower snow accumulation rather than by greater "tro-
pospheric-stratospheric exchange" as suggested by Risbo et al.
(1981) or by a 'more active" nitrate source as proposed by

erron (1982). Furthermore, it is interesting to note that the
harp peak in nitrate flux, which occurs in 1984 May and June
n owfall, immediately follows an unusually large increase in
nterplanetary, charged-particle flux that occurred from 25 to 27
pril 1984.
This research was supported by National Science Foundation

rant DPP 83-20210.

References

iovinetto, M.B., and W. Schwerdtfeger. 1966. Analysis of a 200 year
snow accumulation series from the South Pole. ArchivfOrMeteoroloyic,
Geophysik und Bioklimatologie, Series A, 15, 227.
ow, A.J. 1965. On the accumulation and seasonal stratification of snow
at the South Pole. Journal of Glaciology, 5, 467.
erron, M.M. 1982. Impurity sources of fluoride, chloride, nitrate and
sulfate in Greenland and Antarctic precipitation. Journal of Geophysical
'Research, 87, 3052.

Parker, B.C., W.J. Thompson, and E.J. Zeller. 1981. Evaluation of ultra-
violet spectrophotometric determination of nitrate-nitrogen in glacial
snow, firn and ice. Analyst, 106, 898.

Risbo, T., H.B. Clausen, and K.L. Rasmussen. 1981. Supernovae and
nitrate in the Greenland Ice Sheet. Nature, 294, 637.

70	 Windless Bight

60

so

L
131

- 40
(13

C

0

I-

0)030
L

0

C

20

10

0	 1

1982	 1983	 1984
	

1985
Year
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Uranium-series dating of Allan Hills
ice

E.L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

Uranium-238 decay-series nuclides dissolved in antarctic ice
samples were measured. Ice from the Allan Hills, Cul de Sac
site, a site that has a high concentration of fine volcanic glass
shards, has high radium-226, thorium-230, and uranium-234
activities but low uranium-238 activities compared to antarctic
ice samples without volcanic shards. The radium-226, thori-
um-230, and uranium-234 excesses are in proportion to the
shard content. The uranium-238 decay-series results are consis-
tent with the idea that alpha decay products recoiled into the ice
from the fine shards. Using this type of dating, I determined
that the age of the Cul de Sac ice is 220,000 years (with an error
range from +30,000 to -20,000 years).

It is very interesting to date old polar ice. Greenland ice cores
have been dated stratigraphically by counting the annual oxy-
gen-18/oxygen-16 layers back approximately 10,000 years
(Dansgaard et al. 1982).

In our studies of the gas in antarctic ice, variable amounts of
radon-222 (3.8-day half-life) were observed. The radon-222 cor-
related with the dust content of the ice (Fireman and Norris
1982-a, 1982-b). Because radon-222 is the daughter of radi-
um-226 (1,720-year half-life), the radon-222 results indicated
that significant amounts of radium-226 were dissolved in dusty
ice. Radium-226 is the end member of the decay chain:

Uranium-238 (4.5 x 10 9 year half-life) alpha particle

Thorium-234 (24-day half-life) two beta particles Uranium-234
(250 x 103 year half-life) alpha particle Thorium 230 (75 x 10
year half-life) alpha particle radium-226.

We therefore began investigating uranium-series dating ice.
Old ages (up to 600,000 years) have been estimated (Whillans

and Cassidy 1983) for Allan Hills ice, where meteorites with
terrestrial ages that range from 11,000 years (Fireman 1980) to
700,000 years (Nishiizumi et al. 1981) have been recovered.
Nishiizumi et al. (1983) measured the beryllium-10/chlorine-36
ratios in ice from the Allan Hills and Yamato sites and conclude:
"Probably the Yamato ice is about 400,000 years younger than
the Allan Hills ice."

Our radon-222 results indicate that uranium-series dating
requires dusty ice samples. According to W.A. Cassidy, dust
bands are visible in Allan Hills ice and are relatively easy to find.
The dust has been optically examined and found to consist
essentially of fine volcanic glass shards. W.A. Cassidy collected
Allan Hills ice samples with visible dust bands for this study.
We also had clear Allan Hills and Byrd core ice samples.

The determination of uranium, thorium, and radium requires
procedures that minimize adsorption losses to and dissolution
gains from surfaces. We accomplish this by controlling the acid
balance of the meltwater.

The filtered water is sealed to an extraction system and
purged of atmospheric radon with purified helium. After sever-
al days, the radon-222, the daughter of radium-226, is swept out
by another helium purge and counted. After the radium-226 is

determined by a series of radon-222 measurements, ura-
nium-232 and thorium-228 carriers are dissolved in the water.

The water is evaporated to approximately a 50-milliliter vol-
ume and the uranium and thorium are solvent-extracted, pu-
rified, and electroplated. The uranium-234, uranium-238, thor-
iuth-230, and thorium-232 alpha activities are then counted
with low-level surface barrier detectors.

Table 1 gives the excess dissolved radium-226, thorium-230,
and uranium-234 activities in two dusty Cul de Sac ice samples.
In the dusty ice, the radium-226, thorium-230, and uranium-234
activities are higher than the uranium-238; in clear ice the radi-
um-226, thorium-230, and uranium-234 activities are identical
to the uranium-238. There are similar amounts of uranium-238
(0.005 to 0.009 decays per minute per kilogram) in all ice
samples.

The large quantities of dissolved radium-226, thorium-230,
and uranium-234 in relation to uranium-238 in the Cul de Sac ice
can be interpreted on the basis of alpha decay products recoiling
into ice from the fine shards. The volcanic shards are deposited
on snow, become incorporated into ice, and move with the ice to
the Allan Hills site. The shards probably contain several parts
per million of uranium in equilibrium with its daughters. Near
the surface of the shards, the decay products recoil into the ice
as illustrated in the figure. During the passage of time, the
daughters of uranium-238 grow in the ice, and the activity ratios
change with age in a calculable manner summarized in table 2.

234 Th(234U) 226 Ra	-	 -
238	 23	 4x 10 

-6 
em

SHARD

230Th

ICE

Glass shard imbedded in ice. ("cm" denotes "centimeter." 112Th"
denotes "thorium-234." 11230Th" denotes "thorium-230." 112 Li" de-
notes "uranium-234." " 6Ra" denotes "radium-226.")

If the measured average radium-226/uranium-234 activity
ratio of 3.21 ± 0.23 is compared to the calculated values, an ag
of 220,000 years (with an error range from + 30,000 to - 20,00
years) is obtained for the ice. The measured average radi-f
um-226/thorium-230 ratio of 1.42 ± 0.15 corresponds to an ag
of 250,000 years (with an error range from + 100,000 to - 60,00
years), which is consistent with the radium-226/uranium-23
age.

This research was supported by National Science Foundatioi
grant DPP 82-17831. T. Norris worked with me; W.A. Cassidy
was indirectly involved.
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Table 1. Radium-226, thorium-230, and uranium-234 activity excesses in the Cul de Sac ice samplesa

Dust (grams)

Ice (kilograms)

Radium-226-
uranium-238

(indecays per minute
per kilogram)

Thorium-230-
uranium-238

(indecays per minute
per kilogram)

Uranium-234-
uranium-238

(indecays per minute
per kilogram)

Radium-236 excess	Radium-226 excess

Thorium-230 excess	Uranium-234 excess

0.30
	

0.192±0.008
	

0.134±0.020
	

0.056±0.004
	

1.43±0.22
	

3.42±0.28
0.15
	

0.100±0.008
	

0.071 ±0.007
	

0.036±0.004
	

1.41±0.18
	

2.78±0.39

a The errors are one standard deviation.

Table 2. Calculated activity ratiosa versus age

Age
	 Radium-226 activity

	 Radium-226 activity

(in years)
	

Uranium-234 activity
	 Thorium-230 activity

0
	

147.4
	

44.4
50,000
	

9.5
	

3.10
100,000
	

5.5
	

2.04
150,000
	

4.4
	

1.70
200,000
	

3.5
	

1.53
250,000
	

3.0
	 1.42

300,000
	

2.7
	

1.35
350,000
	

2.5
	

1.28

I Inside the shards, uranium and its daughters are assumed to be initially in equilibrium.
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Using an ice core to characterize the
climatic history of Antarctica

P.A. MAYEWSKI and W.B. LYONS

Glacier Research Group
and

Department of Earth Sciences
University of New Hampshire

Durham, New Hampshire 03824

Between 20 November and 14 December 1984, a remote tent
camp was operated in the Dominion Range (center point,

85°15'S 166°10'E) on an ice-covered massif located at the con-
fluence of the heads of the Beardmore and Mill Glaciers in the
Transantarctic Mountains. The camp was occupied by four
members of the Glacier Research Group (University of New
Hampshire) and three members of the Polar Ice Coring Office
(Pico) (University of Nebraska). The main task at the site was to
retrieve an ice core from which chemical and physical time-
series will be made available to help in assessing: (1) current
stability of the east antarctic ice sheet, (2) current models con-
cerning the recent glacial history of the Transantarctic Moun-
tains, (3) the presence of relatively high frequency (10° per 100
years) climatic signals, and (4) the possible relationships be-
tween volcanic and/or solar activities and climatic change.

Early days in the field were devoted to establishing an op-
timum site for the proposed 200-meter core (the final outcome
was a 201-meter core). Maps, visual observations of ice surface
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topography, and the presence of bedrock ridges all validated
initial estimates that Dominion Range ice cover is, in fact, sepa-
rate from plateau ice and hence is a catchment for local precipita-
tion. Exposed bedrock ridges flanking the Dominion Range are
cavernously weathered suggesting that plateau ice has not
flowed into the Dominion Range for probably thousands of
years. Using an estimated mass balance for the area of 15 to 20
centimeters of snow per year, based on snow stratigraphy, the
full record represented by the 201-meter core, unless remnant
ice is present, ought to be representative of local precipitation
only. As part of the original site assessment, a radio-echo
sounding survey was undertaken to provide a three-dimen-
sional view of the area. Based on this survey and surface to-
pography, the Dominion Range ice mass can be divided into
three major drainage basins. Ice thicknesses measured were all
less than 400 meters. The readings were calibrated based on
previous usage of our radio-echo sounding system as well as
interpolation during traverses to bedrock ridges. A coring site
was chosen just off the crest of the southwestern basin, approx-
imately 1.7 kilometers up-flowline from the tent camp. The drill
site has a relatively simple subglacial topography, is sufficiently
far from camp to be free from contamination, and is in an area of
relatively minimal wind activity based on an evaluation of

sastrugi. Shallow (approximately 1-meter) snowpits were dug
at several sites around the drill site, a 6-meter snowpit was dug
immediately adjacent to the drill site, and fresh and old surface
snow samples were collected throughout the study area. These
samples and the core samples will all be analyzed for sulfate,
nitrate, chloride, fluoride, sodium, reactive silicate, oxygen iso-
topes (University of Washington, Stuiver and Grootes), and
total-3 activity. The snowpits will provide samples necessary
for estimating spatial variability applicable to the interpretation
of the time-series retrieved from the core and the 6-meter pit
samples because the latter are easily collected in large volumes
and therefore can be used to calibrate chemical analyses, to
replicate studies, and to assess seasonal signals in the chemical
species. In addition to collecting samples for various chemical
analyses, several other data sets were collected including a
temperature profile (provided using a new PICO temperature
logging system), density, and stratigraphy.

The field party included P.A. Mayewski (leader), William
Berry Lyons, Mark Twickler, and James James of the Glacier
Research Group, Bruce Koci and Scott Watson (PIco), and Henri
Rufli (Swiss Physical Institute). Our special thanks go to VXE-6.
This research was supported by National Science Foundation
grant DPP 84-11018.

Composition of ancient atmosphere,
based on ice-core analyses

B. STAUFFER

Physikalisches Institut der Universität Bern
Bern, Switzerland

Air entrapped in bubbles of cold ice has essentially the same
composition as the atmosphere at the time of bubble formation.
The main purpose of our investigations is to determine the age
of the enclosed gas and to analyze the air extracted from ice
samples of different age. Based on such measurements, the
history of the atmospheric composition, especially the history
of the carbon dioxide and methane concentrations, can be
reconstructed.

Field work. During the 1984-1985 austral summer, air samples
from different depth layers in the firn at South Pole Station were
collected using a new sampling device. Henry Rufli was in
Antarctica from 26 November through December 1984. After
assisting with the core drilling in the Dominion Range, (May-
ewski and Lyons, Antarctic Journal, this issue), he collected the
samples at South Pole Station from 19 December until 27 De-
cember. He was using a bore hole drilled by the Polar Ice Coring
Gic (Pico) at the University of Nebraska. The age of the
collected air samples will be determined by measuring the
krypton-85 activity. The radioactive noble gas krypton-85 has
been increasing since about 1950 and is, therefore, well suited to
date atmospheric air in the range of 0 to 30 years. Using the

measured ages as a base, we will determine the mixing ratio of
air in the firn. The mixing ratio is needed to be able to improve
the estimate of the age difference between ice and enclosed air
(Schwander and Stauffer 1984).

Laboratory work. We measured mainly the carbon dioxide and
methane concentrations of air extracted from ice samples from
an ice core drilled during the 1983— 1984 austral summer at Siple
Station (Stauffer and Schwander 1984). The time resolution in
this core is excellent due to the rather high and regular annual
accumulation rate at this station. The ice core from Siple Station
is therefore especially well suited to investigate the recent past
in detail.

The atmospheric carbon dioxide concentration influences the
radiation balance of the Earth's surface. An increase of the
concentration leads to a global warming. The atmospheric car-
bon dioxide concentration increased from 315 parts per million
by volume in 1958, when precise and continuous measure-
ments began, to 345 parts per million by volume at present. A
detailed knowledge of the carbon dioxide increase since prein-
dustrial times is important to understand the causes of the
increase and to determine the sensitivity of climate to the car-
bon dioxide concentration in the atmosphere. The carbon diox-
ide measurements on ice samples from Siple Station are plotted
in figure 1 and discussed in more detail by Neftel et al. (1985).
The results allow us to trace the development of the at-
mospheric carbon dioxide concentration from a period overlap-
ping direct atmospheric measurements back over the past two
centuries. The preindustrial concentration around 1750 was 280
± 5 parts per million by volume, according to these measure-
ments. The main reason for the increase of atmospheric carbon
dioxide is the burning of fossil fuel. The trend of the increase
shows, however, that biomass burning was also an important
source, especially at the beginning of the increase.
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Figure 1. Measured mean carbon dioxide concentrations plotted
against the estimated mean gas age. The horizontal axis indicates
the close-off intervals of 22 years. ("ppmv" denotes "parts per
million by volume:' "CO 2" denotes "carbon dioxide.")

The atmospheric methane concentration is two orders of
magnitude lower than the carbon dioxide concentration, but the
present increase of 1.2 to 1.9 percent per year is fast, and a
continuation of the increase could enhance the climatic change
expected for the rising carbon dioxide. Based on ice-core mea-
surements, Craig and Chou (1982), and Rasmussen and Khalil
(1984) reported a constant atmospheric methane concentration
of about half the present value until about 300 years ago. Youn-
ger samples indicate an increase to the present value of about
1.7 parts per million by volume. The measurements on ice
samples from the ice core from Siple Station fill the gap between
previous measurements on ice samples and direct measure-
ments on atmospheric air. The results are discussed by Stauffer
et al. (in preparation) and are shown in figure 2.

I would like to thank the principal investigator of the project,
Hans Oeschger, and my colleague Henry Rufli, who did the
field work during the 1984 - 1985 austral summer. I also thank
rico for the good collaboration. The field operation was sup-
ported by National Science Foundation grant DPP 83-12630 to H.
Oeschger. The laboratory work is supported primarily by the
Swiss National Science Foundation and the U.S. Department of
Energy.
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Figure 2. Measured methane concentrations plotted against the
estimated mean gas age. The plus signs indicate measurements on
atmospheric air. ("ppmv" denotes "parts per million by volume:')
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International antarctic glaciological
program activities at South Pole

Station and Vostok

C. LoRIus

Lahoratoire de Glaciologie et Geophysique
de l'Environnernent

Grenoble, France

The main objective of this program was to recover ice-core
amples from South Pole Station and Vostok to study current
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and long-term changes of climate and atmospheric
environment.

The South Pole Station work consisted mainly of the recovery
and processing of samples from an electromechanical drill hole
143 meters deep, drilled the previous season. The field work
also included the recovery of the French deep-drilling ("cli-
matopic") equipment previously tested at South Pole Station
(Gillet and Legrand 1984). While two scientists remained at the
station for 2 to 3 weeks, a group of three with scientific equip-
ment was flown to Vostok after a week of acclimatization at
South Pole Station. An LC-130 landed at Vostok on 31 De-
cember. The LC-130 stayed at Vostok for a few hours to allow P.
Wilkniss and Captain Shoemaker to visit the Soviet station. The
three French scientists remained in Vostok for about 6 weeks.
Two of them were flown back to Mirnyy by ski-equipped 11-14
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aircraft about mid-February while the third one (J.R. Petit) had
the opportunity to participate in a Soviet traverse from Vostok
to Mirnyy. The French team, equipment, and ice samples were
retrograded from Mirnyy on 13 March, on board the "Polar
Bjorn" chartered by French Polar Expeditions.

The work in Vostok performed in cooperation with Soviet
scientists consisted mainly of surface sampling from pits and
shallow cores and of processing samples from a 2,083-meter
deep ice core obtained by Soviet scientists the previous seasons,
using a thermal drill (Kudryashov et al. 1984). Solid and liquid
conductivity measurements were performed in Vostok. Vol-
canic fallout layers in these measurements suggest an ac-
cumulation rate of about 2.1 grams per square centimeter per
year over the last 170 years. The Vostok-Mirnyy traverse al-
lowed for the collection of samples to study surface geograph-
ical changes of various geochemical tracers. Previous measure-
ments performed by several laboratories, within a cooperative
Soviet-French program, from about 100 samples collected along
the 2,083-meter deep ice core by Soviet scientists, suggest that
this record spans about the last 150,000 years (Lorius et al. in
preparation). This record should allow a detailed study of (1) the
current Holocene climatic stage over the last 10,000 years, (2)
the various glacial stages which occurred from about 18,000
years ago to 110,000 years ago, (3) the last interglacial centered

around 130,000 years ago, and (4) the last part of the previous
glacial period.

The logistic realization of this operation was made possible
thorough the generous and efficient support of the National
Science Foundation's Division of Polar Programs, the Soviet
Antarctic Expeditions, and the Expeditions Polaires Francaises-
Terres Australes et Antarctiques Francaises.

The field team consisted of D. Raynaud and C. Rado (South
Pole Station) and C. Lorius, M. Creseveur, and J. Petit for both
South Pole Station and Vostok projects.
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Shear heating instabilities of large ice
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Motions of large ice sheets represent an intrinsically ther-
momechanical problem, because the shear-deformation of ice is
strongly controlled by its temperature-dependent rheology. Ac-
cordingly, viscous dissipation can play an important role in
modifying the movement of ice sheets. Our research efforts
have been concerned with understanding the nonlinear, ther-
momechanical responses of large ice sheets to different types of
perturbations. In particular, we have focussed on quantifying

the timescales for the nonlinear growth of shear-heating in-
stability. The first problem we examined involves the imposi-
tion of finite-amplitude perturbations in the form of thickened
ice layers (Yuen, Saari, and Schubert in preparation). The par-
ticular form of this perturbation was chosen only for its mathe-
matical simplicity which should capture the physics of more
climatically realistic perturbations. We have conducted non-
linear calculations to determine quantitatively the simmering
time before the onset of explosive instability in creeping ice
sheets. All instabilities are found to grow explosively after a
prolonged period of simmering or relatively slow monotonic
growth. The explosion times are extremely sensitive to the
activation energy and the pre-exponential constant of the ice
creep law. Sudden increases in ice sheet thickness of 1 to 2
kilometers due to a rapid episode of climatic deterioration can
lead to explosive instability and melting of the basal-shear layet
in only thousands of years, if ice creep activation energies are
lower than about 60 kilojoules per mole.

Another form of perturbation we considered is that caused by
climatic warming associated with the Holocene interglacial ep-
och and with the present increase of carbon dioxide in the last
hundred years (Saari, Yuen, and Schubert in preparation). We
calculated the time-dependent response of a steady-state solu-
tion to a prescribed increase in the surface temperature wit
time. The time-scale for simmering is found to depend sen
sitively on the ice rheological parameters and could be as shor
as 1,000 years. Timescales of 10,000 years are produced by mor
realistic parameter values. We also find that the present carbo
dioxide warming trend could lead to instability of the eas
antarctic ice sheet between 10,000 and 100,000 years from no

This work was supported by National Science Foundatio
grant DPP 82-15015.
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Marine geology and geophysics

Glacial erosion on the George V/Adélie
continental margin, East Antarctica

E.W. DOMACK*

Department of Geology
University of Wisconsin

Eau Claire, Wisconsin 54701

Evidence for preglacial sedimentary sequences adjacent to
and on the continental shelf of East Antarctica between 1400 and

150°E is presently limited. Geophysical surveys of the interior
(Steed and Drewry 1982) as well as portions of the continental
shelf (Eittreim et al. 1984; Sato et al. 1984) have demonstrated
the existence, if not the age, of several hundred meters of
sedimentary section. Surficial sediments on the continental
shelf contain reworked palynomorphs of Permian to early Terti-
ary age which indicate that similar-age sedimentary rocks may
exist in the vicinity (Truswell 1983-a). The only in situ occurrence
of preglacial strata on the continental shelf comes from a lower
Cretaceous siltstone recovered during austral summer 1978 -
1979—or Deep Freeze 79 (DF-79)—from the seaward flank of
the Mertz-Ninnis Trough (Domack, Fairchild, and Anderson
1980) (figure 1). Presented herein are additional data from this
and other austral summer 1978 - 1979 cores which suggest that
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Figure 1. Bathymetry and core location on George V/Adélie continental margin. The George V basin has been formally named the Mertz-NlnnlS
Trough or Valley as listed in the Gazetteer of Undersea Features (Defense Mapping Agency 1982).
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up to 2,000 meters of preglacial section may have existed at one
time within the present area of the Mertz-Ninnis Trough (for-
merly referred to as the George V Basin).

Sedimentary rocks occur as erratics in most of the piston
cores from the continental shelf. These cores consist of glacial
and glacial-marine diamictons. Specifically, several clasts of
dark-brown, indurated shale were recovered from core
DF-79-37. Organic material is abundant within these shales
and, upon processing, palynomorphs were concentrated (fig-
ure 2). All of the identified spores are of Early Cretaceous age
according to the palynostratigraphy of Burger (1980). Therefore,
glacial erosion has cut into Lower Cretaceous section some-
where in the vicinity of core DF-79-37. Further, more than one
cycle of glacial erosion and deposition is indicated, because the
shale clasts were covered with a well-indurated coating resem-
bling till matrix in mineralogy and texture. The well-indurated
nature of these shale clasts is in contrast to the almost unlithified
character of the Lower Cretaceous siltstone recovered nearby
(i.e., DF-79-38).

Vitrinite reflectance data were obtained from the in situ Lower
Cretaceous sediment in DF-79-3 (figure 3). The data show that
vitrinite macerals within the siltstone were derived from con-
temporaneous coaly material and some material from an older,
thermally more mature, sedimentary unit. The reflectance val-
ue of the indigenous vitrinite (mean reflectance equals .51) can
be used to access the thermal history and hence depth of burial
of the Lower Cretaceous siltstone in DF-79-38.

Continental reconstructions and analysis of seafloor magnet-
ic anomalies place Antarctica and Australia in a late rift stage
during the Early Cretaceous (Sproll and Dietz 1969; Cande and
Mutter 1982). Therefore, a reasonable estimate of depth/tem-
perature relationships for the George V continental margin can
be obtained from the Mesozoic sequence which has been drilled
in the Otway Basin, Australia (figure 3). The data of Middleton
and Falvey (1983) (figure 3) suggest that the vitrinite in DF-79-38
experienced temperatures equivalent to those found at a depth
of 1,500 to 2,200 meters within the Otway Basin. Shallower
burial depths could be inferred for DF-79-38 if a substantially
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Figure 2. Photomicrographs (x 750) of spores isolated from shale clasts found in core DF-79-37. 1. Microcachryidites antarcticus, (Cookson
1947). 2/3. Lycopodiumsporites nodosus, (Dettman 1963). 4. Cicatricosisporites cf.C. australiensis, (Cookson 1947). 5. Classopollis cf.C.
chateaunovi, (Reyre 1970). 6. Cyathidites australis, (Couper 1953). Stratigraphic distribution for the above according to Burger (1980) and
Truswell (1983-b): Late Jurassic to Miocene (1), Late Jurassic to Middle Albian (2, 3, 5, 6), Neocomian to Middle Albian (4).
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Anderson (Rice University). Gratitude is extended to Dennis
Cassidy at Florida State University for his help in providing
samples.

greater geothermal gradient is assumed. However, there is no
reason to expect this, because spreading of Australia and Ant-
arctica away from the South East Indian Ridge appears to have
been symmetrical (Heezen et al. 1977).

Mean Vitrinite Reflectance, R0
0

Voluta .1 -
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DF7938--
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b 0
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Figure 3. Comparison of reflectance (Ro) vs. depth for sediments
from wells in the Otway Basin, S. Australia (from Middleton and
Falvey 1983). A mean Roof .51 for sample DF-79-38 corresponds to a
depth of 1,500 to 2,200 meters assuming the geothermal history
defined by the South Australian data. Error bars are standard devia-
tions and where large (i.e., Voluta-1) indicate possible reworking of
older vitrinite (Middleton personal communication). A histogram of
vitrinite reflectance for core DF-79-38 is available, upon request,
from the author.

If the above assumptions are valid and DF-79-38 indeed rep-
resents an in situ submarine outcrop, then a significant
preglacial sedimentary sequence (now partially eroded) exists
on the George V continental shelf. The abundance of Lower
Cretaceous erratics within glacial sediments, and the predomi-
nance of similar age palynomorphs in nearby surface sediments
(Truswell 1983-a), suggests that the majority of the sedimentary
basin consists of Lower Cretaceous strata. This stratigraphy is
similar to several basins of the Southeast Australian continental
shelf, including the Otway (Falvey and Mutter 1981).

The trend of the Mertz-Ninnis Trough marks the landward
boundary of the sedimentary basin (here termed the George V
Basin) as Precambrian granite crops out along the coast
(Mawson 1942). It is likely that similar troughs found along the
east antarctic margin may mark the landward boundaries of
preglacial sedimentary basins.

This work was supported originally by National Science
Foundation grants DPP 77-26407 and DPP 80-80242 to John B.
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Amundsen Sea sediment coring
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As part of our long-term effort to evaluate antarctic glacial
history using marine sediments, we conducted sediment cor-
ing operations in the Amundsen Sea during January 1985. Our
objective was to obtain cores that would permit us to determine
if grounded ice formerly occupied the Amundsen Sea conti-
nental shelf and, if so, the chronology of ice-sheet advances and
retreats. The only other cores ever obtained from the
Amundsen Sea were collected from the outer shelf (Anderson
and Myers 1981) and contained overcompacted sediments in-
terpreted tentatively as glacial till (Kellogg, Kellogg, and Ander-
son 1982).

One reason for the previous lack of sediment cores from the
Amundsen Sea is heavy ice cover. U.S. Coast Guard icebreaker
Burton Island reached approximately 73°35'S near the Lindsey
Islands in 1975, but no sediment cores were taken. Bathymetric
data for the Amundsen Sea shelf were also lacking, and we
faced an extended period of navigation in uncharted waters.

The U.S. Coast Guard icebreaker Glacier entered the ice pack
near 70°S 100°W on 12 January. Three days were required to
break through to the western end of Thurston Island. Relatively
open water was found within about 20 nautical miles of the coast
along the eastern side of the Amundsen Sea as far south as 74°S.
We operated in this region from 15 to 17 January taking 11
piston cores (table) and obtaining single-channel seismic rec-
ords along approximately 40 kilometers of track (figure 1). Preci-
sion depth records were made throughout the cruise.

Helicopter reconnaissance flights permitted us to find leads
in the sea ice, and after 15 hours of very slow progress, we
finally broke free into open water in Pine Island Bay. Five addi-
tional cores and single-channel seismic data for approximately
0 kilometers of track were obtained here. The southernmost
ore (number 107) was taken approximately 800 meters off the
alving front of Pine Island Glacier. This 519-centimeter core
as obtained in the center of the glacial trough at a depth of 933
eters. Temperature and salinity profiles and a hydrocast were

aken at this site. Water samples were collected at various
epths to determine if low-salinity meltwater is issuing from
eneath Pine Island Glacier. Because the terminus of Pine Island
lacier has measured surface elevations ranging from 63 to 85
eters, the ice thickness must be on the order of 450 to 500
eters, and the glacier is afloat.
Terence J. Hughes landed on Pine Island Glacier at several

1 cations to set out stakes to permit future mass-balance mea-
s rements and to sample the ice for a density determination
a d oxygen isotopic analysis. Hard, well-sintered firn was cov-
e ed intermittently by patches of loose, feathery snow with no
Si fl of melting. There was no trace of winter snow by midsum-
mer anywhere, even approximately 305 meters above sea level
on Evans Knoll, where a moraine perched on a bedrock ridge
approximately 152 meters above Pine Island Glacier was
sampled. It appears that the entire Pine Island Bay region expe-

06°	 1040	 1020	 1000 
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Figure 1. Amundsen Sea region showing locations of cores and
single-channel seismic lines.

riences a negative net mass balance, primarily from sublima-
tion. These observations (combined with the knowledge that
the weather station on the Lindsey Islands was totally destroyed
by wind) are evidence that most local snowfall over the ice sheet
is blown out to sea. Firn density (0.65 grams per cubic cen-
timeter) and sintering characteristics were comparable to those
of firn 27 meters deep at Siple Station (Stauffer and Schwander
1984), which is just across the ice divide of the Pine Island
Glacier ice drainage basin (Lindstrom and Hughes 1984). As-
suming that sublimation becomes significant where Pine Island
Glacier is close to being afloat, 60 kilometers upstream from the
firn sampling site, a distance over which ice thickness decreases
from 1.5 to 0.5 kilometers, and ice velocity increases from about
700 to 2,300 meters per year (Crabtree and Doake 1982;
Lindstrom and Tyler 1984; Lindstrom 1985), a mean surface
sublimation rate of 0.67 meters per year is required to ablate 27
meters of ice in the 40 years of motion from the grounding line
to the sampling site.

The calving front of Pine Island Glacier has retreated some 10
kilometers from the position mapped from 1966 Tricamera Pho-

1985 REVIEW	 79



tography (Anonymous 1968). Chasms open en echelon about 4
kilometers behind the calving front mark the location for the
next episode of iceberg calving. The chasms were up to 1 kilo-
meter in width, and sea water within was covered completely
by thick brash ice. The seaward wall of the chasm at a position
halfway across the glacier is about 15 meters higher than the
landward wall, which suggests that hydrostatic equilibrium is
established by downtilting of the slab between the chasms and
the calving front. Downtilting would occur if the slab thins
significantly from the chasms to the calving front, as shown
schematically in figure 2. The radio-echo ice thickness profile
reported by Crabtree and Doake (1982) seems to be compatible
with this suggestion.

Figure 2. Postulated downtilting of ice between a line of chasms and
the calving front of the Pine Island Glacier. Dashed lines show slab
before chasms open; solid lines show downtilted slab after chasms
open.

Time constraints necessitated our departure from the
Amundsen Sea on 19 January. We finally broke through to the
open sea near our starting point at 70°S 100°W on 22 January
after taking several additional cores on the outer continental
shelf.

Because our cores were collected in plastic liners, sampling on
shipboard was limited to core tops and bottoms. Detailed ana-
lyses will therefore have to await shipment of the cores to the
Antarctic Core Facility at Florida State University. Our prelimin-
ary impressions, gained from smear-slide analyses and visual
inspection of the sediments suggest that: (1) sediments in the
Amundsen Sea, especially in troughs such as the one fronting
Pine Island Glacier, are much thicker than we anticipated;
(2) microfossil remains, especially diatoms, occur in very low
abundance in Pine Island Bay cores, but abundances are higher
elsewhere; (3) trough sediments are relatively fine-grained,
soft, silty clays, but sediments from shallower locations are
often compact, diatomaceous, glacial-marine deposits; and
(4) no unequivocal basal tills were recovered. Detailed analyses
will be needed to confirm these observations, and we expect
additional field work will be required, especially farther to the
west of this year's track, before we can document completely the
glacial history of this sector of the west antarctic continental
shelf.

We have spent a number of field seasons in Antarctica, but we
will always remember the Glacier's 1985 cruise because it was
perhaps the only completely successful expedition in which we
have participated. There were four reasons for this success:
(1) Captain Hewell and the officers and crew of the Glacier were
extremely cooperative, interested in our scientific program, and
capable professionally; (2) the Glacier had just completed an
extensive yard overhaul and so was in excellent condition;

Amundsen Sea core locationsa

Piston
	 Trigger

core	 core
Latitude	 Longitude	 Depth

	
length
	

length
Core	 (south)	 (west)	 (in meters)

	
(in centimeters)
	

(in centimeters

	

DF-85-93
	

72°50.6'
	

105012.4'
	

550
	

66.04
	

Grab'

	

DF-85-94
	

73°13.1' 103059.2'
	

584
	

22.86
	

Grab

	

DF-85-95
	

73018.3'
	

103038.4'
	

777
	

270.51
	

27.94

	

DF-85-96
	

73017.9'
	

103°37.1'
	

786
	

101.6
	

19.05

	

DF-85-97
	

7323.1'
	

103045.7'
	

728
	

142.24
	

40.64

	

DF-85-98
	

7359.7'
	

104030.3'
	

329
	

Bagged
	

Bagged

	

DF-85-99
	

73°53.8'
	 103046.7	 307

	
8.89
	

0

	

DF-85-1 00
	 730439	 103044.7'

	
915
	

0
	

35.56

	

DF-85-1 01
	 730444	 103'43.1'

	
924
	

227.01
	

34.29

	

DF-85-1 02
	

73°32.0'
	

103033.6'
	

329
	

59.69
	

Bagged

	

DF-85-1 03
	

73°56.2'
	

103007.2'
	

586
	

198.12
	

0

	

DF-85-1 04
	

74°23.0'
	

102054.9'
	

316
	

Bagged
	

10.16

	

DF-85-1 05
	

74°38.9'
	

102033.7'
	

650
	

289.56
	

36.83

	

DF-85-1 06
	

74°45.8'
	

102°25.1'
	

1,052
	

557.53
	

33.02

	

DF-85-1 07
	

74°58.1'
	

101032.87'
	

933
	

519.43
	

0

	

DF-85-1 08
	

74°39.1'
	

102057.8'
	

615
	

276.86
	

39.37

	

DF-85-1 09
	

72°29.5'
	

104028.6'
	

567
	

69.22
	

35.24

	

DF-85-1 10
	

71038.5'
	

101 0278
	

463
	

162.56
	

Grab

	

DF-85-111
	

71020.2'
	

100°59.1'
	

417
	

204.47
	

Grab

	

DF-85-1 12
	

71014.2'
	

100051.3'
	

412
	

232.41
	

Grab

	

DF-85-1 13
	

71006.77'
	

100037.37'
	

403
	

151.13
	

Grab

a Locations determined using satellite navigation.

I Grab sampler used as a triggering device.

80	 ANTARCTIC JOURNAL



(3) John Anderson, Chief Scientist of this cruise with whom we
shared ship time, went out of his way to assist our program and
to act in our behalf; and (4) we had very good luck in that we had
calm weather, much of the eastern Amundsen Sea was ice free,
and the ice we did encounter was not beyond the capabilities of
Glacier. This work is supported by National Science Foundation
grant DPP 80-20000.
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Preliminary results from the USCGC
Glacier 1985 cruise

J . B. ANDERSON

Department of Geology
Rice University

Houston, Texas 77251

On 18 December 1984 the U.S. Coast Guard icebreaker Glacier
departed from Punta Arenas, Chile, to begin marine geologic
work on the antarctic continental margin. Four areas were sur-
veyed as part of this cruise. These included the western margin
of the South Orkney Plateau, portions of the Bransfield Strait
and the adjacent continental shelf of the South Shetland Is-
lands, Marguerite Bay, and Pine Island Bay (figure). In all, some
761 kilometers of seismic data and approximately 5,000 kilo-
meters of bottom profiler data were obtained. In addition, 115
piston coring stations and 15 grab sample stations were oc-
cupied (table). The scientific party consisted of geologists from
Rice University and the University of Maine at Orono. This
report provides an account of samples and data obtained and a
ummary of preliminary findings.

South Orkney Plateau. The first phase of the cruise was con-
ucted on the western margin of the South Orkney Plateau.
ur objectives were to investigate the possibility that an ice cap
as once grounded on the plateau, to investigate the seismic

tratigraphy of the western margin of the plateau using single-
hannel sparker data and piston cores taken in outcrops, and to

i vestigate sedimentation at various depths on the plateau in
elation to different water masses which impinge on it, and to

1 ok for sedimentologic evidence of paleoceanographic
c anges. The latter is the primary objective of proposed Ocean
rril1ing Project drill sites in the area, and our study, which
focuses on the Quaternary record, is intended as an initial test
of this objective.

A total of 320 kilometers of single channel (sparker) seismic
profiles and 36 piston cores were collected in the area (figure).

Iceberg drift tracks were also measured, using the ship's radar,
to assess potential threats to drilling operations. Preliminary
micropaleontologic age determinations of cores were con-
ducted by Davida Kellogg.

Cruise track for USCGC Glacier. Heavy lines with "s" indicate seis-
mic lines.

Previous marine geophysical work in the region includes
single-channel (airgun) seismic surveys by Peter Barker (Uni-
versity of Birmingham, England); these data, along with a
bathymetric base map for the area, were kindly made available
to us by Peter Barker for planning of our cruise. Other prior
studies include seismic refraction work (Harrington, Barker,
and Griffiths 1972) and a single multichannel profile collected
by West German scientists during a recent (1983) cruise (ANT-
ARKTIS-II) of the research vessel Polarstern (Haase 1984). Prior
to this cruise, only a few sediment samples had been collected
on the plateau.

The seismic reflection profiles collected during the Glacier
cruise show a relatively thick (0.7 seconds), laminated sequence
resting on folded(?) strata. Large normal (down to the basin)
faults occur on the slope and form modern seafloor scarps. Two
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Station information 1985

Latitude!
longitude

61"34.3'S
47"29.9'W
61°32.9'S
47"l 4.4W
61029.7'S
47"02.5'W
61031.6'S
47001.7'W
61027.6'S
46"45.6'W

61042.2'S
47"35.9'W
61043.9'S
47031.1'W
61043.7'S
47028.1'W
61042.6'S
47021.9'W
61042.3'S
47016.3'W

61"40.1 'S
47"07.6'W
61040.6'S
46°57.8'W
61039.6'S
46"54.O'W
61042.0'S
46"46.O'W
61055.6'S
47014.3'W

61055.3'S
47"04.7'W
61"54.7'S
47"05.6'W
61051.9'S
47"03.3'W
61052.6'S
46"57.3'W
61045.5'S
46"50.6'W

60"49.5'S
45"36.2'W
60"SO.O'S
45041.3'W
60049.1'S
45"44.7'W
60"50.6'S
45°53.9'W
60051.5'S
46"06.7'W

61000.3'S
46"18.1 'W
61"09.2'S
46"22.2'W
61°18.9'S
46"28.3'W
61029.1'S
46031.5'W
61038.2'S
46021.4'W

Water depth
(meters)

2,504

988

576

553

411

2,196

1,573

1,235

1,243

1,364

1,360

962

732

512

2,397

2,004

1,482

1,261

1,151

768

256

348

304

133

155

220

249

295

357

311

Core
(length)

450

108"

41"

51/4"

23"

4,5"

NR"

310"

5'l.5"

5,7"

16"

91.25"

4,4"

4"

3,4"

2'3"

8'7"

410"

Bagged

1 '4"

Bagged

96"

9,7"

Bagged

9"

14"

6'9"

2'6"

2"/2"

8.5"

Trigger core (IC)
!grab

TC

TC

Grab

None

Grab

Grab

Grab

Grab

None

Grab

None

None

None

None

TC

IC

None

TC

IC

TC

TC

None

TC

Grab

Grab

Grab

Grab

None

Grab

Grab

Station

-1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

piston cores (cores 11 and 16, table) penetrated outcrops on the
lower slope, and preliminary micropaleontologic analyses
yielded Miocene and Pliocene ages for these deposits. Piston
cores from the upper laminated seismic sequence contain di-
atoms of Pleistocene and Recent age.

Two seismic lines were collected across the platform for the
purpose of recording possible glacial erosional surfaces and/or
moraines. No moraines were noted, but a trough-like feature
does occur just south of the main island, and a widespread
erosional surface extends across the northern portion of the
platform to its edge. Thirteen piston cores were collected on the
platform, and at least one of these cores penetrated an overcom-
pacted diamicton, which could be a basal till.

South Shetland Shelf and Bransfield Basin. After completing the
survey of the South Orkney Plateau, the Glacier steamed west to
the continental shelf north of the South Shetland Islands. Work
there was intended to establish whether an ice sheet had once
been grounded on the continental shelf, as previously inferred
by Sugden and John (1973) and Denton and Hughes (1981). Two
seismic lines were obtained on the shelf (figure) and seven
piston cores. The seismic data show northwestwardly dipping
reflectors that have been truncated by a widespread erosional
unconformity and probable moraines situated near the edge of
the continental shelf. These features are presently situated at a
water depth of 370 meters. Piston cores penetrated vol-
caniclastic sands, which indicates that strong bottom currents
occur on the shelf, and diamictons of either glacial or glacial-
marine origin.

Additional seismic data were collected in the Bransfield Strait
region as part of an ongoing investigation into the Quaternary
glacial history of this region. Two of these lines were acquired in
fjords of King George Island, Admiralty Bay, and Maxwell Bay.
In addition, three piston cores were collected in Admiralty Bay.

Seismic data from Admiralty Bay and Maxwell Bay show that
both fjords are silled at their seaward terminus, and both con-
tain relatively thick (up to 200 milliseconds) sediment layers.
Large terminal moraines occur in both bays, and meltwater
deltas are notably absent, which provides a striking contrast to
most arctic fjords. A helicopter survey of the region was also
conducted, and the glacial setting of the coast was mapped.
Meltwater plumes were observed in both Admiralty Bay and
Maxwell Bay.

A seismic profile across the Bransfield Strait (figure) was
obtained to determine the origin of platforms and associated
channel-like features there. These data indicate that the shallow
platform has been eroded and that channel-like features on this
platform have U-shaped, erosional profiles, and were therefore
probably eroded by glacial ice rather than by streams. These
data will help in the interpretation of piston cores collected from
this area during austral summers 1980 - 1981 and 1981 - 1982.

After completing our seismic survey of the Bransfield Strait,
the Glacier steamed west to the vicinity of Anvers Island where
seismic and coring operations were conducted on the shelf and
in two fjords in the area. A widespread erosional surface and
possible moraines were mapped on the shelf north of Daliman
Bay. Three piston cores were collected on the shelf to see if basal
tills exist in the area.

Two fjords, Fournier Bay and Flanders Bay, were surveyed for
purposes of investigating the Quaternary glacial history of the
region and fjord sedimentation. In addition, seismic profiling
and piston coring were conducted in a deep, enclosed basin
situation west of Anvers Island. A 12-meter-long piston core
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Station information 1985 (Continued)

	Latitude/	Water depth	Core	Trigger core (TC)
Station	longitude	(meters)	(length)	/grab

31

	

	61046.4'S	416	311"	None
46011.6'W

32

	

	6155.7'S	448	Bagged	Grab
4558.9'W

33

	

	62°20.4'S	2,843	310"	TC
46°29.5'W

34	62012.1'S	1,794	91111,

462O.8'W
35	62010.6'S	1,054	99"	 None

46°1 2.2W

36

	

	62011.8'S	1,684
	

9'
	

TC
46019.7'W

37

	

	61032.2'S	408
	

NA
	

None
58015.0'W

38

	

	61033.5'S	388
	

Bagged
	

Grab
58°11.9'W

39

	

	6137.4'S	302
	NA 	Grab

5808.0'W
40

	

	61040.8'S	302
	

NA
	

Grab
5805.9'W

41

	

	61044.8'S	238
	

NA
	

Grab
5801.7'W

42

	

	61054.8'S	304
	

10"
	

Grab
59°54.5'W

43

	

	61058.6'S	210
	

63"
	

None
59°52.8'W

44

	

	62004.8'S	106
	

NA
	

Grab
5950.5'W

45

	

	6204.8'S	101
	

26"
	

Grab
59°50.5'W

46

	

	61047.3'S	229
	

NA
	

Grab
58°00.3'W

47

	

	6207.4'S	415
	

NA
	

Grab
58°25.8'W

48

	

	62008.9'S	439
	

89"
	

TC
58°25.7'W

49

	

	6208.4'S	363
	

139"
	

TC
58°26.6'W

50

	

	63027.2'S	201
	

Bagged
	

Grab
64°06.9'W

51

	

	63°35.1'S	144
	

3½"
	

None
6348.6'W

52

	

	63046.6'S	522
	

810"
	

TC
63°22.9'W

53

	

	64033.5'S	201
	

5'2.7"
	

TC
6309.3'W

54

	

	64c31.9S	311
	

96"
	

TC
63°08.O'W

55

	

	6430.3'S	462
	

175"
	

TC
63°06.6'W

56

	

	64026.6'S	294
	

NA
	

Grab
6302.4'W

57

	

	65005.8'S	650
	

8'
	

TC
63010.2'W

58

	

	65004.7'S	439
	

5,9"
	

TC
63010.7'W

59

	

	6503.1'S	384
	

1310"
	

TC
63011.4'W

60

	

	6501.4'S	448
	

87.5"
	

None
63016.4'W

Station information 1985 (Continued)

	Latitude!	Water depth	Core	Trigger core (TC)
Station	longitude	(meters)	(length)	!grab

61	64057.7'S	1,190	811.25"	Grab
64017.3'W

62	64°58.7'S	772	99"	 Grab
64019.7'W

63	64056.9'S	1,373	365.25"	TC
64°19,O'W

64	67046.6'S	399	NA	Grab
68015.1'W

65	67°46.1'S	358	4'	 TC
68°16.1 'W

66	67048.3'S	859	199"	 Grab
68°06.3'W

67	6755.9'S	412	62.5"	Grab
68°32.8'W

68	67057.6'S	576	2'	 Grab

	

68"25.1'W	 + Bagged
69	67°59.9'S	256	8"	 None

68°24.8'W
70	68000.1'S	207	NA	Grab

6828.5'W

71	67059.2'S	607	7'	 Grab
68°34.O'W

72	67054.9'S	808	227"	 TC
68°26.9'W

73	68006.1'S	275	NA	Grab
68©33.5'W

74	68006.1'S	338	3'1"	 Grab
68034.1'W

75	68°05.5'S	366	87"	 None
68°26.6'W

76	68005.4'S	594	19½"	None
6807.5'W

77	68005.1'S	316	110"	Grab
67°52.5'W

78	6808.7'S	470	24"	 None
68@04.3W

79	68011.7'S	485	1611"	Grab
68015.2'W

80	6814.3'S	275	NR	Grab
6823.0'W

81	68014.6'S	421	169"	 Grab
67°04.2'W

82	68014.4'S	275	43.6"	None
67°30.2'W

83	68°17.9'S	155	NA	Grab
67°42.O'W

84	6816.8'S	329	63"	 Grab
67°54.5'W

85	6816.3'S	406	Bagged	None
68002.1'W

86	68015.7'S	448	811.8"	Grab
68°1 1.0W

87	6815.2'S	622	196"	 Grab
68'19.9'W

88	68017.5'S	220	35.4"	None

	

6831.5'W	 + Bagged
89	68017.5'S	201	NA	Grab

68°54.9'W
90	6819.9'S	302	5.25'	Grab

69°32.2'W
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Latitude!
longitude

68°20.9'S
69°40.7'W
68°26.7'S
69°46.2'W
72°50.6'S
105°12.4'W
73013.1'S
103°59.2'W
73018.3'S
103038.4'W

73°17.9'S
103037.1'W
73023.1'S
103045.7'W
7305975

104°30.3'W
73°53.8'S
103046.7'W
7304395

103044.7'W

73°44.4'S
103°43.1 'W
730320'S
103033.6'W
73°56.2'S
103007.2'W
74°23.5'S
102054.9'W
74°38.9'S
102033.7'W

74°45.8'S
102025.1'W
74058.1'S
101032.9'W
74°39.1 'S
102057.8'W
72°29.5'S
104028.6'W
71038.5'S
101 027.8'W

71°20.2'S
100°59.1 'W
71014.2'S
100051.3'W
71°06.6'S
100037.4'W
68°19.9'S
70049.5'W
68'26.6'S
70°45.8'W

68°29.O'S
70°36.O'W
68°29.7'S
70012.5'W
68018.9'S
70°27.5'W
68°20.6'S
70°22.8'W
68017.6'S
69°49.4'W

Water depth
(meters)

153

348

550

584

777

786

728

329

307

915

924

329

586

316

650

1,052

933

615

567

463

417

412

403

713

726

650

503

489

787

933

Core
(length)

NA

42"

22"

9"

8'10.5"

3,4"

48"

Bagged

3.5"

NR

7,5.4"

111.5"

6'

Bagged

9'6"

18'3.5"

17'0.5"

91"

23.25"

5,4"

6'8.5"

75.7"

411.5"

1'5/t

611"

4,9.5"

61"

1510"

96"

Bagged

Trigger core (TC)
!grab

Grab

Grab

Grab

Grab

TC

IC

TC

IC

None

TC

TC

IC

None

IC

TC

TC

None

TC

TC

Grab

Grab

Grab

Grab

None

None

None

None

None

None

None

Station

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Station information 1985
	

Station information 1985 (Continued)

	

Latitude!	Water depth	Core	Trigger core
Station	longitude	(meters)	(length)	!grab

121	680 14.2'S	412	Bagged	None
69°49.1 'W

122	680 15.9'S	676	94"	 None
69°33.2'W

123	680 15.1'S	538	815"	 None
69021.0'W

124	680 12.7'S	215	Bagged	None
69°29.O'W

125	680 13.9'S	558	4'8"	 None
69°40.7'W

126	680 10.3'S	860	4'	 TC
69°41.O'W

127	68008.5'S	247	NA	Grab
69°36.3'W

128	68002.5'S	774	99"	 None
69°37.3'W

129	67049.9'S	256	5'2"	 Grab
67°34.9'W

130	67054.3'S	137	NA	Grab
67°39.6'W

131	67050.7'S	247	Bagged	Grab
67°32.2'W

a "NA" denotes "no recovery?'
b "NA" denotes "none attempted?'

collected within this feature will be investigated for its Quatern-
ary glacial record.

Marguerite Bay area. Marguerite Bay is the terminus of the
George VI Ice Shelf, which drains a large segment of Palmer
Land. British scientists have already done careful glacial
geology studies of the region (Sugden and John 1973), and it
was our intention to gather marine geologic information to
complement their work. The complex morphology of the sea-
floor in this area provided an indication that this would be a key
region in which to investigate Antarctica's Quaternary glacial
record and to study glacial marine sedimentation. Rough seas
prevented completion of the survey; however, most of our ob-
jectives were completed, and we gathered some 90 ki1ometer,
of seismic data and 42 geologic samples before having to leav
the area.

The primary objective in the Pine Island Bay survey was to
examine the Quaternary glacial history of the area. Our surve'
took us to 75°00'S 101°30'W, the deepest recorded penetratioi
of the bay (figure). Two short seismic lines and 12 piston core
were obtained. Other activities included recovering a damagei
weather station from Lindsey Island, taking a hydrocast ner
the terminus of Pine Island Glacier, sampling a raised moraire
(situated approximately 300 meters above the present gladil
surface) near the base of the Hudson Mountains, and geologc
sampling of previously unmapped islands (Lindsey Island,
Sterrett Islands, Edwards Islands, and Brownson Islands). Tie
passage out of Pine Island Bay required extensive backing aid
ramming, and on one occasion, progress was slowed to abcit
500 meters in 15 hours.
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This scientific party consisted of John B. Anderson (chief
scientist), Lou Bartek, Tom Griffith, Margaret Herron, Doug
Kennedy, Jill Singer, and Mike Smith of Rice University, and
Tom Kellogg, Davida Kellogg, and Terry Hughes of the Univer-
sity of Maine at Orono.

We are indebted to the men and women of the U.S. Coast
Guard icebreaker Glacier for their enthusiastic support during
our cruise. We could not have expected any greater support
than we received. Peter Barker kindly provided seismic data
from the South Orkney Plateau, which proved invaluable in the
planning of our cruise. John West of the U.S. Geological Survey,
Corpus Christie, assisted us in preparing for our seismic work.
Steve Montgomery also helped in this regard.

This reasearch is funded by National Science Foundation
grants DPP 83-15555 (to John B. Anderson) and DPP 80-20000 (to
Thomas B. Kellogg).
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Marine geology of the northwestern
Weddell Sea and adjacent coastal
fjords and bays: Implications for

glacial history
M.J. SMITH*

Department of Geology
Rice University

Houston, Texas 77251

During austral summer 1981 - 1982, scientists on board the
U.S. Coast Guard icebreaker Glacier collected 53 piston cores
and grab samples from the northwest Weddell Sea continental
shelf and from fjords and bays of the James Ross Island area
(figure 1). The purpose of this study was to examine these cores
n light of the postulated expansion of the late Pleistocene Ant-
rctic Peninsula ice sheet into this region.
Detailed sedimentologic, compositional, and clast-shape

nalyses reveal that piston cores penetrated compound glacial
anne sediments north of 64°30'S, residual glacial marine sedi-
ents adjacent to Seymour Island, and transitional glacial ma-

rne sediments south of 64°30'S (figure 2). Basal tills are not
resent in these cores. If the deposits penetrated in these cores

a e of late Wisconsin age, these data are inconsistent with pre-
vously proposed models for the late Wisconsin extent of
g ounded ice in the Antarctic Peninsula region (Stuiver et al.
1 81). The presence of transitional glacial marine sediments on
t  continental shelf does, however, imply expansion of a float-
irg ice shelf over this area at some time during the past.

Petrologic analyses of pebbles and coarse sand from the tran-
sitional glacial marine units has led to the identification of dis-
ti petrologic provinces and indicates eastward expansion of
th Larsen Ice Shelf over the continental shelf. Compound
glicial marine sediments are located to the north of the transi-

* Fresent address: Pecten International Company, Houston, Texas 77001.

tional glacial marine units, which suggests that a floating ice
shelf was not present in this region (figure 3). Surface sediments
on the shelf show that marine currents are redistributing ter-
rigenous material derived mainly from local islands, because
there is textural grading in an offshore direction.
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Figure 1. Locations of piston cores and grab samples.

Sediments obtained in fjords and bays of the northeastern
Antarctic Peninsula were examined to characterize sedimentary
processes active in these areas and to relate sedimentation to
land-based studies of local glacial history. Sediments obtained
in the Prince Gustav Channel consist of sand and gravel, sug-
gesting deposition by floating ice under the influence of rela-
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tively strong currents. Lithologic analyses indicate that sedi-
ment distribution in the southern portion of the channel is
related to proximity to source.

Sedimentation in Croft Bay and Herbert Sound is charac-
terized by (1) a minor coarse-grained ice-rafted component,
(2) a very fine-grained terrigenous sand component trans-
ported into the marine environment via suspension in melt-
water streams or possibly by wind, and (3) high biogenic pro-
ductivity which masks the input of ice-rafted debris except
adjacent to actively calving glaciers or ice-free areas charac-
terized by high ablation rates and meltwater runoff in summer.

This research was supported by National Science Foundation
grant DPP 81-16623. This report is a result of my Master's thesis
research at Rice University in Houston, Texas.

Figure 2. Distribution of glacial marine sediments on the northwest
Weddell Sea continental shelf. "TGM" denotes "transitional glacial
marine sediment"; "CGM" denotes "compound glacial marine sedi-
ment"; "RGM" denotes "residual glacial marine sediment." Pe-
trographic, sedimentologic, and shape analyses imply that TGM

units were deposited from the base of a floating ice shelf. This
suggests eastward expansion of the Larsen Ice Shelf in the study
area. CGM sediments represent deposition from floating ice within a
low-energy marine environment.

Marine currents are sufficiently strong in Hope Bay to remove
most fine-grained sediment, resulting in sandy deposits. In
contrast, the fine-grained sediments in Herbert Sound suggest
that currents in the inlet are weak, allowing fine-grained mate-
rial to settle. The overall trend in sedimentation in fjords and
bays of the northeastern Antarctic Peninsula is related to glacial
retreat and climatic warming.

While fluvially transported glacial sediment comprises the
greatest volume of sediment delivered to temperate and sub-
arctic fjords, biogenic sediments (primarily diatomaceous mud)
comprise the bulk of sediment accumulating in fjords and bays
of the northeastern Antarctic Peninsula. Similar to arctic fjords,
ice-rafted debris in antarctic fjords is an important component
of sediments only adjacent to glacier termini. Fluvial or eolian
transported fine-grained sediment typically comprises less
than 30 percent of the total volume of fjord sediment.

Figure 3. Two petrologic provinces were established on the north-
western Weddell Sea continental shelf, shown here with a gener-
alized outcrop map of the study area. Province 1 is characterized by
nearly equal amounts of material derived from James Ross Island
(JRI) and the Antarctic Peninsula. Province 2 contains a very high
percentage of rocks derived from the James Ross Island region. The
province lines extend perpendicular to the coastline. The dashed
southern boundary of province 1 is Inferred because of the lack of
Upper Mesozoic Volcanics and very limited amounts of Andean
intrusive material in the cores, although these rocks outcrop exten-
sively south of Cape Longing. ("KIT" denotes "Cretaceous/Tertiary."
"MV denotes Mesozoic." "TRIN PENIN" denotes "Trinity
Peninsula:')
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RIV Discovery, the British oceanographic research ship, un-
dertook a 3 1/2-month cruise that explored the Antarctic Penin-
sula, the Weddell Sea, and the South Sandwich Trench (61°S
26°W) regions of the southern oceans. We were invited to take

heat-flow measurements on the cruise to study thermal pro-
cesses connected with subducted slabs. On the fourth leg of the
Discovery 154 cruise from Grytviken, South Georgia (12 March
1985) to Montevideo, Uruguay (11 April 1985), we were able to
spend 3 days in the vicinity of the South Orkney block taking
heat-flow measurements in Jane Basin, a remnant back-arc
basin (see Barker, Barber, and King 1984, for description of Jane
Basin).

We were able to make 37 separate measurements of heat flow
during five stations (figure). Twenty-three of the penetrations
were made using a 6-meter barrel with seven outrigger ther-
mistors spaced 65 to 90 centimeters apart. A water-temperature
thermistor 2 meters above the uppermost outrigger thermistor
was located in the piston-core weightstand. The remaining 14
penetrations were taken using a 3.5-meter probe. We lost two
lower sections of the 6-meter probe in attempts to penetrate
very hard sandy sediments.

During this cruise, we found that bathymetric highs shal-
lower than 2,000 meters generally had sediments that were too
coarse to penetrate well. Our first station on leg 4 was on the
forearc section of the active South Sandwich Arc. There, we
were able to penetrate only 3 meters in an area where the water
depth was about 1,700 meters. The first two penetrations indi-
cated a nearly vertical thermal gradient in the top 2 meters of
sediments with a much higher gradient in the bottommost 65
centimeters. Vertical thermal gradients are most reasonably
explained by either variable bottom-water temperature or by
recent turbidic deposition of the top 2 meters of sediments. The

Heat-flow (HF) penetrations marked by crosses at stations HF#1 through HF#5. Contour intervals are 500 meters each. Polar stereographic
projection.
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third penetration was slightly up slope from the previous two
and showed a modestly higher thermal gradient in the upper 2
meters of sediments, and the same high gradient in the bottom
65 centimeters. The lower section of the probe was lost on pull-
out from the third penetration indicating very stiff and/or coarse
sediments. In contrast, the stations in the Jane Basin, with the
exception of the one penetration nearest the South Orkney
block, all showed full penetration with virtually straight ther-
mal gradients. The thermal gradients that had changes in slope,
could generally be correlated with changes in the measured in
situ thermal conductivity.

Two hundred fifteen in situ thermal conductivities were
measured in the Jane Basin area. While most of the thermal
conductivity values were from 0.91 to 1.05 watts per meter per
degree Kelvin, some were as high as 1.66 watts per meter per
degree Kelvin, and a few were as low as 0.86 watts per meter per
degree Kelvin. We were able to make needle-probe thermal
conductivity measurements on three gravity cores recovered
from the central Jane Basin. The 74 needle-probe conductivities
mostly ranged from 0.91 to 1.03 watts per meter per degree
Kelvin with a few as low as 0.88 watts per meter per degree
Kelvin and one at 1.15 watts per meter per degree Kelvin. In
general, the in situ thermal conductivity agreed to within a few
percent of the measured needle-probe thermal conductivity.

Heat-flow penetration 4.1 was closest to the South Orkney
block and about 40 meters shallower than the main part of the
Jane Basin. At this station, we broke off the second lower section
of the 6-meter probe, again indicating a very stiff and sandy

bottom. Station 5.1 was taken close to station 4.1 and the meas-
ured in situ thermal conductivities ranged from 1.10 watts per
meter per degree Kelvin to over 1.5 watts per meter per degree
Kelvin. The higher values clearly indicate sand and possibly
gravel layers in the near-surface sediments.

Jane Basin, according to Barker et al. (1984), formed as a back-
arc basin prior to the collision of the northern Weddell Sea
spreading center with Jane Bank. Barker et al. (1984) estimated
the time of collision to be 20 million years ago. They are con-
fident they can detect marine magnetic anomaly 6B (22.5 mil-
lion years ago) seaward of Jane Bank and possibly 6A (21 million
years ago) as well. Our preliminary heat-flow results indicate a
general age of the Jane Basin to be about 25 to 30 million years
old. We plan further analyses of our heat-flow results and hope
to produce a model that will bound the age of the Jane Basin.

This work was supported by National Science Foundation
grants DPP 84-14173 to the Woods Hole Oceanographic Institu-
tion and DPP 84-05968 to the Institute for Geophysics, Univer-
sity of Texas at Austin. Shiptime was provided as part of a British
Antarctic Survey research contract to the University of Bir-
mingham, United Kingdom.
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During the summer of 1983, a collaboration was begun with
the goal of merging unpublished University of Birmingham
Marine geophysical data with similar data that had been col-
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lected along the American Antarctic Ridge (Law yer and Dick
1983) and with all the pertinent National Geophysical Data
Center profiles. The cruise of RIV Melville in 1981 provided
sufficient bathymetric soundings to delineate the major features
of the Cenozoic South American antarctic plate boundary be-1
tween the Bouvet triple junction (55°S 1°W) and the South
Sandwich Trench (61°S 26°W) (Law yer and Dick 1983). With the
addition of the British soundings, not only have the ridge seg-
ments and the transform faults been located, but, also the off-
ridge area, particularly between 59° and 61°S, can be contoured.
In addition, the British profiles allowed us to correlate and
identify magnetic anomalies and to determine the direction and
rate of spreading along the American Antarctic Ridge during
the past 45 million years (Barker and Law yer in press).

From the work of Norton and Sclater (1979), Lawyer, Sciater,
and Meinke (1985), Barker (1979), and Bergh (1977), a model for
the latest Mesozoic evolution of the South Atlantic has evolved.
This model uses a simple two-plate break-up of Gondwana in
Middle to Late Jurassic. The two-plate model changed to a
three-plate break-up with the separation of South America from
Africa in the Early Cretaceous. The triple junction thus de-
veloped was of the ridge-ridge-ridge (RRR) type and produced
the magnetic bights found off the Agulhas Plateau (Bergh and
Barrett 1980; LaBrecque and Hayes 1979), and off Queen Maud
Land, East Antarctica (Bergh 1977; Bergh unpublished data),
and a third as yet undescribed. When the RRR triple junction
formed, there was an initial 1,400-kilometer offset of the Mid-
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Atlantic Ridge along the Falkland-Agulhas fracture zone. At the
end of the Cretaceous period the Mid-Atlantic Ridge jumped
westward eliminating 800 or more kilometers of the offset (Bar-
ker 1979). Figure 1 illustrates the jump of the spreading center
by showing the presumed location of the spreading center at
magnetic anomaly 34 time (82 million years ago, prejump) and
at anomaly 28 time (65 million years ago, postjump). From our
model, some of the magnetic anomalies formed between 82 to
65 million years ago at the South American/Antarctic plate
boundary should now be found southeast of the Falkland
Plateau (see figure 2). ("See page 90.")

A	 ANOMALY 28
60'W	 30	 0'

B	 ANOMALY 34
60'W	 30'	 0'

Figure 1. A. Reconstruction of Africa, Antarctica, and South America
t anomaly 28 time (65 million years ago). South America is held
ixed with Antarctica rotated to Africa and Antarctica/Africa then
otated to South America. B. Reconstruction at anomaly 34 time (82
llllon years ago). Note large offset on Falkland-Agulhas fracture

one and change at the triple junction from ridge-ridge-ridge to
Idge-fault-fault.

In the fall of 1984, during a National Science Foundation

tustin,
onsored visit by Hugh Bergh to the University of Texas at

 we discussed where the best place to test this hypoth-
esis would be. Using time available on R/V Agulhas, the South
African research and supply ship, he decided to run the lines
shown in figure 3. As can be seen, he found the Late Cretaceous
magnetic anomalies close to our predicted locations shown in
figure 2.

This work started under National Science Foundation grant
DPP 81-17402 to the Massachusetts Institute of Technology and
has continued under grant DPP 84-05968 to the Institute of
Geophysics, University of Texas at Austin. Hugh Bergh is sup-
ported by the South African Scientific Committee for Antarctic
Research and the South African National Committee for
Oceanographic Research. Peter Barker is supported by the Brit-
ish Antarctic Survey at the University of Birmingham, United
Kingdom.

Figure 3. Marine magnetic anomalies collected on R/V Aguihas
cruise 039, lines 11, 13, and 15. Anomaly identifications made by
Hugh Bergh.

References

Barker, P.F. 1979. The history of ridge-crest offset at the Falkiand-
Aguihas Fracture Zone from a small-circle geophysical profile.
Geophysical Journal of the Royal Astronomical Society, 59, 131 - 145.

Barker, RE, and L.A. Lawyer. In press.

Bergh, H. 1977. Mesozoic sea floor off Dronning Maud Land, Ant-
arctica. Nature, 269, 686 - 687.

Bergh, H.W., and D.M. Barrett, 1980. Agulhas Basin magnetic bight.
Nature, 287, 591 - 595.

LaBrecque, J. L., and D.E. Hayes. 1979. Seafloor spreading history of the
Agulhas Basin. Earth and Planetary Science Letters, 45, 411 - 428.

LaBrecque, J., and P.F. Barker. 1981. The age of the Weddell Basin.
Nature, 290, 489 - 492.

Lawyer, L.A., and H.J.B. Dick. 1983. The American-Antarctic Ridge.
Journal of Geophysical Research, 88, 8193 - 8202.

Lawyer, L.A., J. G. Sclater, and L. Meinke. 1985. Mesozoic and Cenozoic
reconstructions of the South Atlantic. Tectonophysics, 114, 233 - 254.

Norton, 1.0., and J.G. Sclater. 1979. A model for the evolution of the
Indian Ocean and the break-up of Gondwana. Journal of Geophysical
Research, 84, 6803 - 6830.

1985 REVIEW	 89



40°S

50°S

60°S

30°W	20°W	100W	 00	 iO°E	 200E	 300E	 400E

Figure 2. Map of the far South Atlantic showing the Agulhas magnetic bight, and the Maud Rise magnetic bight. The 4,000-meter contour Is
shown as a thin line. Known spreading centers are indicated by hatched lines. Short, medium-weight lines are "identified" magnetic anomalies.
Long, medium-weight lines or long dashed lines are lineations taken from SEASAT-derived geoid maps presumably representing approximate
locations of fracture zones. Heavy-weight lines indicate magnetic anomalies formed at the ridge-ridge-ridge triple junction. Anomaly numbers
with question marks were predicted anomaly locations based on our model. Dashed line with triangles indicates the subduction zone along the
South Sandwich Trench. Shaded areas show ridge jump components. Box indicates location of figure 3. ("MR" denotes "Maud Rise:' "AP"
denotes "Agulhas Plateau:' "FAFZ" denotes "Falkland-Agulhas fracture zone:')

Morphometric and stable isotopic
evidence for subpopulations in high-
latitude Globorotalia truncatulinoides

N. HEALY-WILLIAMS, R. EHRLICH, and D.F. WILLIAMS

Department of Geology
University of South Carolina

Columbia, South Carolina 29208

In a continuing effort to understand more fully the pal-
eoecology of high-latitude planktonic foraminifera (Healy-
Williams, Williams, and Ehrlich 1983; Pharr, Williams, and
Healy-Williams 1983), a detailed morphometric and isotopic
study was conducted on populations of Globorotalia trun-
catulinoides from core-top samples from the southern Indian

Ocean. Recently new techniques have been developed for de
scribing precisely the shape outline of microfossils. Use of thes
quantitative methods and automated digitizing instrument
makes it possible to produce rapidly the data necessary to tes
hypotheses concerning the paleobiology and paleoecology o
microfossils.

The results of this study demonstrate for the first time that th
assumption of unimodality in population structure may lead t
an oversimplified understanding of the changes in fo -
aminiferal populations through time and space (i.e., latitudin 1
changes in distributions and vertical changes in the water co -
umn). For example, the population structure of G. tru -
catulinoides in the southern Indian Ocean is bimodal to pol -
modal, reflecting the existence of three subpopulations. Eadh
subpopulation has a particular shape and isotopic character.
Each subpopulation or morphotype occupies a distinct niche
within the water column, and the predominance of each mor-
photype varies with latitude as the physiochemical parameters
of the water column change with latitude and water-mass prop-
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erties. In addition to the above, the results have implications for
isotope paleoceanography in general, because significant (0.5 to
1.0 parts per thousand) differences in oxygen-18/oxygen-16 and
carbon-13/carbon-12 of the different morphotypes may influ-
ence interpretations of isotopic changes through time if the
population structure for the particular species being analyzed
changes through time.

EM3

EMI
HARMONIC 2 • BELOW 31'S

0 ABOVE 31'S

EMI

HARMONIC 3 • ABOVE 31'S
A 4010 31'S
o BELOW40'S

Iigure 1. Ternary diagrams of end member proportions for (top)
tarmonic 2 (conicalness) and (bottom) harmonic 3 (elongateness)

recent Globorotalia truncatulinoides from the southern Indian
cean. ("EM" denotes "end member:')

To determine the above conclusions, Fourier series analysis
(Scott 1980; Healy-Williams 1983) of G. truncatulinoides spec-
imens from 23 core top samples, mostly from the USNS Eltanin

collection, were used to determine change in shape charac-
teristics with latitude. Maximum entropy analysis of the har-
monic amplitude spectra (Full, Ehrlich, and Kennedy 1984)

showed that harmonics 2 and 3 (elongateness and conicalness,
respectively) contained the most information and could be used
to define end members in the populations (figure 1, top). Tern-
ary diagrams of end member proportions for each harmonic as
determined by extended Q-model (Full, Ehrlich, and Kiovan
1981) show that for harmonic 2, samples consist essentially of
binary mixtures of two end members: mixtures of end members
2 and 3 occur in samples below 31°S and mixtures of end
members 1 and 3 occur above 31°S (figure 1). For harmonic 3
proportions, a more complex population structure is revealed
(figure 1, bottom). Samples above 31°S appear to be a mixture of
end members 1 and 3 while those below 40°S are a mixture of
end members 2 and 3. Samples between 31°S and 40°S (which
includes the Subtropical Convergence) are also binary mixtures
of 1 and 3 or 2 and 3 but do not show a latitudinal preference.
Scanning electron microscopy of specimens of the three end
members reveals that highly conical forms dominate the sub-
tropical region. In the subantarctic region, specimens are more
compressed and elongated. The shape of specimens between
40°S and 35°S appear to be "intermediates," (i.e., elongate-like
subantarctic forms and conical-like subtropical forms). The in-
termediate specimens dominate in the subtropical convergence
region.

10'N	20'	30'	40'	50	60'N

10'N	15'	20'	250	30'	35	400	45	50'N
Oj	.I	I0

Figure 2. Depth stratification (vertical bars) of Globorotalia trun-
catuilnoides plotted onto the distribution of the major core layers
(upper portion) and temperature gradients (lower portion) for the
southern Indian Ocean. The hatched area indicates the depth zone
of 8 to 12 micrograms per liter of nitrate/nitrogen (Wyrtki 1971). ("m"
denotes "meter:')

A comparison of the oxygen isotopic composition of G. trun-

catulinoides and the hydrographic properties of the water col-
umn at the sample locations reveals that G. truncatulinoides
appears to move upward in the water column from subtropical
into subantarctic waters possibly following the oxygen max-
imum layer and the 26.6isopycnal (figure 2). The upward
movement of G. truncatulinoides in the water column also sug-
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gests that the species may be distributing vertically in rela-
tionship to the nitracline in the southern Indian Ocean which
can be considered to reflect the deep chlorophyll maximum
(Herbland and Voituriez 1979).

Globorotalla truncatuilnoldes

highly conical morphotype U
compressed morphotype •

U
U

•	•
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Figure 3. Oxygen isotopic (top) and carbon isotopic values (bottom)
for the highly conical and compressed morphotypes of Globorotalia
truncatulinoides separately analyzed from within the same sample
and the same size fraction. In all cases, highly conical morphotypes
are more depleted in oxygen-18 and carbon-13. ( "hPDB" denotes
"isotopic oxygen-18 pee dee Belemnite.")

Isotopic analyses of highly conical and compressed mor-
photypes (figure 3) show that morphotypes from the same
sample have different isotopic signatures. Highly conical mor-
photypes are more depleted in oxygen-18 and carbon-13 than
the compressed forms. The isotopic and morphometric results
therefore indicate the existence of three morphotypes in the
southern Indian Ocean and that the morphotypes occupy dif-
ferent niches within the same water column.

The exact reasons why these subpopulations developed is not
known at this time. We suspect that the recent expansion of this
species into the subantarctic (Kennett 1970; Pharr, Williams,
and Healy-Williams 1983) may play a role. This and related
questions are the subject of continuing investigations in our
laboratory.

This work was supported by National Science Foundation
grants DPP 83-11097 and OCE 82-08911. We thank Dennis Cas-
sidy for his curation of the Antarctic Core Storage Facility at
Florida State University.
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We set up Late Quaternary stratigraphies for two diatom
species (Hemidiscus karstenii and Eucampia antarctica) in selected
cores from the Indian sector of the southern oceans (table). As
previously noted (Burckle 1983), the first abundant appearance
datum (FAAD) of H. karstenii occurs near the oxygen isotope
stages 11/12 boundary at about 430,000 years ago. The last
abundant appearance datum (LAAD) occurs near the top of
oxygen isotope stage 7 at about 195,000 years ago. Through this
interval, abundance values for H. karstenii range from 0 to as
high as 70 percent. Increased abundances of this species gener-
ally coincide with increased calcium cabonate concentration
indicating that this species is a warm-water indicator. Our data
indicate that abundance fluctuations in this species are time
dependent and that a stratigraphy based upon these changes
can be set up for the subantarctic region. This stratigraphy
appears to be applicable for all sectors of the southern oceans
north of the Polar Front. We have no evidence at present that it
can be applied to regions south of the Polar Front.

not correlative with E. antarctica abundance changes in the
subantarctic of the Pacific sector, however. Increased abundance
of E. antarctica in the Indian sector occurs on glacial/interglacial
and interglacial/glacial transitions rather than on glacial max-
ima. Most commonly, the maximum abundance will occur at a
glacial/interglacial transition, the single exception being the
oxygen isotope stage 6/7 boundary.

We applied spectral analysis on core E49-17, using a provi-
sional age/depth model indirectly tied to oxygen isotope stages.
Most of the variance is concentrated in three spectral peaks of
100,000, 42,000, and about 21,000 years. These peaks closely
correspond to the dominant periods of the Earth's solar orbit
and essentially agree with the work of Hays, Imbrie, and
Shackleton (1976). The 100,000-year component is dominant
and has an average period close to orbital eccentricity.

E. antarctica is considered to be a largely ice-related form
(Burckle 1983). In the present day southern oceans, it is found in
highest abundance close to the continent, adjacent to icebergs
(Combos 1976) and associated with sea ice. Its abundant pres-
ence in late Quaternary sediment of the sub-antarctic rules out
sea ice as a direct causal mechanism. Recently, however, La-
beyrie et al. (in press) reported a close correlation between
increased E. antarctica abundance during the late Quaternary
and decreased surface salinity. This low-salinity layer is be-
lieved to be due to increased calving and melting of icebergs
during glacial and deglacial intervals. This is supported by our
data for the last glacial maximum in the Weddell Sea (Burckle
1983, unpublished data).

This work was supported by National Science Foundation
grant DPP 84-00575 to L.H. Burckle. We thank Dennis Cassidy
of the Antarctic Research Facility, Florida State University for
kindly providing us with core material for this study.

Cores used in this study

Estimated age
of bottom

Latitude Longitude	Depth	Length	(in thousands
Core	(south)	(east)	(in meters) (in meters)	of years)

E45-29 4453'	10631'	3,863	11.7	490
E49-17 4817'	9015'	3,542	13.0	460
E49-18 46003'	9010'	3,291	15.0	480
E49-25 4923'	9450'	3,283	5.4	250

A late Quaternary stratigraphy based upon changes in abun-
dance of E. antarctica was previously set up by Burckle and
Cooke (1983) for the Weddell Sea region. This, however, ap-
pears to have limited value in that it cannot be applied with
confidence to other regions of the southern oceans south of the
Polar Front, and there is definite evidence for diachroneity
between sites north and south of the front (Burckle and Abrams
in press). Within the subantarctic region of the Indian sector,
however, our data show that abundance peaks and troughs of
this species are correlative from site to site, at least between the
interval from oxygen-isotope substage Se and the stage 11/12
boundary (about 120,000 to 430,000 years ago). These data are
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In January and February 1984, as one phase of Scripps Institu-
tion's 8-month PROTEA Expedition (a Scripps Institution of
Oceanography expedition), R/V Melville carried out a 31-day
bathymetric magnetic and igneous rock sampling exploration of
the Antarctic/Africa plate boundary as expressed in the very
slowly spreading southwest Indian Ridge and associated frac-
ture zones, the chasms that mark transform faults (Fisher and
Sclater 1983). The exploration was concentrated within and near
the crestal zone as marked by earthquake epicenters, but the
cross-fractures displacing and disrupting that zone were sound-
ed, delineated, and sampled by serial dredging (figure 1). The
plate edge was examined from longitudes 23° to 48°E; this pro-
gram, completing a rock-sampling reconnaissance of the Af-
rican plate boundary along 11,000 kilometers of its length,
builds upon and here extends coverage obtained to the west by
South African and United States (Lamont-Doherty Geological
Observatory and Woods Hole Oceanographic Institution)
workers and to the northeast by Fisher and co-workers in 1968,
1970 - 1971, 1976, and 1978. The shipboard party included
senior scientists from Scripps Institution of Oceanography and
Woods Hole Oceanographic Institution in the United States and
from the University of Cape Town and Bernard Price Institute in
Johannesburg. Notable among the junior scientists were eight
research students from those South African institutions.

Out of Melville's track of 9,750 kilometers, navigated by satel-
lite throughout, underway watch-standing produced 9,315 kilo-
meters of precision depth recording, 7,925 kilometers of total-
field magnetics, and 5,290 kilometers of single-channel digital
seismic reflection profiling. These bathymetric data have been
used to update recent interpretations of tectonic trends, specifi-
cally for geophysical modeling by Massachusetts Institute of
Technology and Scripps Institution of Oceanography scientists.
In this project, surface-ship portrayals of seafloor elements are
directly compared with satellite altimetry-based portrayals to
examine applicability and possible limitations of remote-sens-
ing methods in part of this tectonically complex, high-latitude,
and relatively inaccessible region (Driscoll, Fisher, and Parsons
in press).

However, the principal determinant on this leg of the PROTEA
Expedition—and the primary on-station activity—was the re-

covery by dredge of mafic extrusive and plutonic crustal rocks
and their possible ultrarnafic equivalents or forebears from the
upper mantle or lower crust. Of 36 attempts, 33 hauls recovered
igneous rocks with a total weight of 7,146 kilograms (figure 2).
Well over 3,000 specimens were sawed, examined, and de-
scribed in hand-specimen during the 31-day operation. That
preliminary study and statistical summary from such a large
sample set, patently of seafloor setting, permit and invite some
comparisons of mineralogical composition, range within rock
types, and relative representation of igneous species, in three
demonstrated environmental settings—active ridge crests,
transform faults, and "uplifted blocks" at or near ridge-trans-
form intersections. These, in turn, can be compared with sub-
aerial assemblages frequently postulated or assumed to have
originated at midocean ridge or in back-arc basin and now
obducted and beached, the ophiolites.

Apart from minor hydrothermal products and ice-rafted er-
ratics, three principal groupings of rocks were obtained by
dredging (figure 3). The largest fraction, by a slight amount, is
basaltic rocks, within which we include glass-margined pillows
and flows, volcanic glass breccias, and coarser grained di-
abases. Only slightly less abundant are ultramafic rocks, mainly
serpentinite, serpentinized peridotite, and serpentinized
harzburgite, with much lower proportions of talc, dunite,
lherzolite, and other rock types. Finally, a surprisingly small
fraction of the rocks are gabbros, here including olivine-poor
gabbros, olivine gabbros, ferrogabbros, and metamorphosed
gabbros.

Rock proportions differ according to environment, with
basalts predominating within hauls from ridge crests ("rift-val-
ley" walls in figure 3) and ultramafic rocks in fracture zones.
One large haul from Anna de Koeningh Seamount, an un-
usually shallow blocky feature where DuToit Fracture Zone
intersects the spreading ridge, netted exclusively gabbros, ul-
tramafic rocks, and a few ice-rafted erratics, providing all the
rocks in those categories shown as "uplifted blocks" in figure 3.

Reasoning from ophiolite studies on land, several rock types
which might be expected are either absent or occur sporadically
and in minor amounts. Chief among these are demonstrably
intrusive basaltic rocks (representing dikes, primarily). In some
hauls only extrusive basalts and ultramafic rocks were re-
covered—no gabbros. Truly olivine-rich gabbroic or ultramafic
cumulates, representing the presumed early stages of shallow
magmatic differentiation, are extremely rare. Almost all the
ultramafic rocks are sheared and tectonized, representing re-
sidua left from extraction of basaltic magma. The hauls thus
suggest a general deficiency of magmatic activity directly within
the fracture zones. The conventional conception of a layered
ocean crust—pillow basalts over sheeted dikes over gabbros-
inferred from seismic refraction studies and ophiolites, does
not apply here. The fracture zones are not just exceptionally
faulted ocean crust; important components of an idealized
ocean-crust "stratigraphy" apparently are not present.

Woods Hole Oceanographic Institution petrologist Peter
Meyer participated tirelessly in the classification and hand-
specimen description of the rocks. Resident technician Ronald
Corner and Melville's officers and crew made difficult deck oper-
ations, under rigorous and occasionally dangerous conditions,
most successful and almost routine. The shipboard work and
preliminary data reduction and sample description were sup-
ported primarily by National Science Foundation grant OcE
81-17702.
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Evidence for early Late Miocene
climate change
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We studied diatoms in sediments from five late middle to
early Late Miocene sites from the southern oceans (table). Mag-
netostratigraphic control in one piston core (101277-25) com-
bined with the application of foraminiferal datum levels in Deep
Sea Drilling Project (DSDP) sites 278 and 512 indicate that the
majority of our sites cover the interval from magnetic chrons 9
to 11 (approximately 8.5 to 10.4 million years ago). Additional
paleoenvironmental control is provided by an oxygen isotope
record on DSDP site 278 (Margolis, Kroopnick, and Showers
1982).

96

Piston cores and DSDP sites used in this study

Depth
Core	 Latitude	Longitude	(in centimeters)

E345a	 57023'S	159060'E	 3,795
I0127725b	68037'S	10058'E	 2,015
DSDP 278	56033'S	160004'E	 3,675
DSDP 512	49052'S	40051'W	 1,846
DSDP 513A	47035'S	2438'W	 4,373

a "E" denotes 'Etanin."
b 10" denotes "Islas Orcadas."

Our data show considerable fluctuation in abundance of indi-
vidual diatoms through this time interval. In DSDP site 278 these
abundance changes coincide with changes in the oxygen iso-
tope ratio and are likely tied to water mass shifts. However, we
hesitate to relate these fluctuations to north-south movements
of the Polar Front since, in the present-day southern ocean and
in surface sediments, diatoms also show striking changes across
the subantarctic front (Burckle, Jacobs, and McLaughlin in
press). In any event, during the interval of time studied, we see
one northward expansion and one southward contraction of
polar waters. This expansion is seen as a marked increase in
abundance of Denticulopsis dimorpha accompanied by a decrease
in abundance of D. praedimorpha. This response is most strikin
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in the more southerly cores studied by us but is also observed in
those sites taken north of the present-day Polar Front. In DSDP

site 278 the increase in D. dimorpha is also marked by an oxygen
enrichment. Using the magnetostratigraphy in core 101277-25
as our control, our best estimate of the age of this cooling is
about 8.6 to 8.8 million years ago. A change in composition of
diatom floras in the equatorial Pacific is recorded at about the
same time (Burckle 1983). This latter change appears to reflect
an intensification of the equatorial current system. We have
evidence for a subsequent contraction of polar waters in DSDP

site 278. Although we lack adequate time control on this event,
our best estimate is that it occurred in the early part of magnetic
chron 9 about 8.2 to 8.3 million years ago. A reduction in
intensity of equatorial Pacific circulation also occurs at about this
time (Burckle unpublished data).

This research was supported by National Science Foundation
grant OCE 76-82046 to Lloyd Burckle. We thank Dennis Cassidy

of the Antarctic Research Facility, Florida State University and
the Deep Sea Drilling Project for providing us with core
materials.
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Water-column particulate flux and
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A recent proliferation of moored sediment-trap experiments
and surface sediment collection has allowed us to begin to
characterize the complex water column and seafloor processes
which govern sedimentation on the antarctic continental shelf.
Each summer, as the annual sea ice breaks up and melts, emerg-
ing areas of open water are sites of episodic algal blooms and the
production of large amounts of particulate matter enriched in
opal and organic carbon. Biogenic phases are also produced
within the basal portion of the sea ice (Sullivan et al. 1982). Only
a fraction of the particulate matter produced in the photic zone
actually accumulates in shelf deposits, because these phases
may be readily dissolved, degraded, or winnowed both in the
water column and at the seafloor. Here we compare vertical
fluxes and concentrations of biogenic components in the water
column with the composition of sediments at the seafloor of the
Antarctic Peninsula and the southern Ross Sea. These areas
appear to represent two end-member environments in terms of
particle transport, recycling, and deposition. Our ultimate goal
is to construct a quantitative model for the production or input
of both terrigenous and biogenic sedimentary components and
their subsequent modification within the water column or at the
seafloor. Such models are prerequisites for retrospective studies
involving shelf sediments and also provide important insight
into nutrient element recycling in this unique environment.

Surface sediment data is derived from samples collected by
Rice University, North Carolina State University, and Kiel Uni-
versity (Dunbar, Dehn, and Leventer 1984; Dunbar et al. 1985).
Vertical flux samples were collected with sediment traps de-
ployed by Rice University (Dunbar 1984), Kiel University (Fut-
terer et al. 1984), and Victoria University of Wellington (Pyne
1984). Organic carbon contents were determined by either LECO
carbon analyzer or Perkin Elmer CHN analyzer. Biogenic silica
content was measured by a silica dissolution technique modi-
fied from DeMaster (1981).

Sediments from the Ross Sea are enriched in biogenic silica
(up to 45 percent by weight) relative to sediments from the
Bransfield Strait region (maximum opal content: 10 to 20 per-
cent). Organic carbon contents approach 2 percent in both
areas. These antarctic shelf sediments are greatly depleted in
organic carbon relative to both modern and ancient siliceous
deposits from low- and mid-latitude upwelling areas (table). We
have attributed this trend to more efficient degradation of
organic carbon relative to silica dissolution in the cold, well-
oxygenated waters of the antarctic shelf (Dunbar et al. 1984,
1985). Smith and Nelson (1985) have reported the presence of an
ice-edge phytoplankton bloom with an anomalously low
organic carbon/biogenic silica ratio, in agreement with previous
observations which show a decrease in the organic carbon/
biogenic silica ratio of near-surface particulate matter in a trans-
ect from north to south across the Polar Front (Suess and Un -
gerer 1981). Thus, the low carbon signature of antarctic shelf
siliceous sediments may partially reflect a primary input signal.

Figure 1 shows flux and composition variations versus depth
for two sediment trap experiments. The Bransfield Strait experi-
ment (figure 1A) used traps similar to those of Zeitschel,
Uhlmann, and Diekmann (1978) deployed on a single mooring
in King George Basin under open water conditions dunn
November and December 1983 (Futterer et al. 1984). The Gra
nite Harbour (southwestern Ross Sea) samples (figure 1B) wer
acquired from sediment traps similar in design to those o
Soutar (Dymond et al. 1981) deployed at separate location
within and adjacent to an 800-meter-deep basin beneath th
annual sea ice from October to December 1983 (Pyne 1984). Bot
experiments show an increase in total flux with depth. Tot 1
fluxes are generally higher in the Bransfield Strait although
direct comparison is not possible because of differences in sedi-
ment-trap design.

Opal content (weight percent biogenically produced silica)
and opal flux (downward flux of biogenic silica) decrease with
depth in the Bransfield Strait samples. Although zooplankton
fecal pellets were important components of all samples from
this location, pellet fluxes were highest (greater than 250,000
pellets per square meter per day) at depths shallower than 600
meters. Pellet settling velocities ranged from 200 to 400 meters
per day and were generally higher in the deeper trap samples.
Because surface-water productivity in the Bransfield Strait in-
creased dramatically during the 18-day experiment (von
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Bodungen personal communication), we attribute these trends
to an episode of pellet production followed by fractionation via
settling within the water column and some pellet disaggrega-
tion. Dilution of biogenic phases by terrigenous detritus occurs
in the mid and lower portions of the water column and results in
an increase in total flux. With increasing depth, the material in
vertical transit becomes compositionally more similar to the
basin surface sediments (figure 2).

Approximate organic carbon/biogenic silica weight ratio for
antarctic surface water particulate phasesa, antarctic sediment

trap samples, and sediment samples.b

silica ratios (table). Organic carbon preservation is enhanced by
the high rate of supply of terrigenous material in this lower
latitude antarctic setting as well as the effects of pelletization
and efficient transport to the seafloor. The process operating in
the Ross Sea appears to be more a reduction in organic carbon
content to form sediments with very low organic carbonlbio-
genic silica ratios. Dilution by terrigenous phases occurs but is
of lesser importance than in the Bransfield Strait. Such a trans-
formation can be achieved through extensive winnowing and
transport during which the oxidation of organic carbon out-
paces the dissolution of biogenic silica. Reworking of biogenic
material in the Ross Sea is facilitated by the decreased impor-
tance of zooplankton pellet transport and presumed lower set-
tling velocities of water-column particulates.

Location

Near Surface particulate phases
North of Polar Front
South of Polar Front
Ross Sea ice edge

Sediment trap samples
Ross Sea
Bransfield Strait

Sediments (> 10% biogenic silica)
Surface sediments

Ross Sea
Bransfield Strait
Upwelling areas

Peru
California
Southwestern Africa

Monterey Formation

Weight ratio organic carbon/
biogenic silica

2/1
1/1

1/3 to 1/4

1/4 to 1/8
1/8 to 1/16

1/20 to 1/30
1/10 to 1/13

1/2 to 1/4
1/1 to 1/3
1/1 to 1/4
1/2 to 1/8
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a Suess and Ungerer 1981; Smith and Nelson 1985.
b Donegan and Schrader 1981; Bremner 1983; Reimers and Suess 1983;

Dunbar 1984.

In contrast to the Bransfield Strait results, samples from Gra-
nite Harbour show an increase in both opal concentration and
flux with depth. Pellets were not common components of the
trapped sediment and accounted for less than 10 percent of the
flux to all traps. Biogenic phases apparently settled as un-
digested aggregates of organic opaline debris. Since the opaline
flux is comprised mainly of diatom tests, the increase below 400
meters must be due to lateral transport of material winnowed
from the water column or seafloor either locally or from other
areas of the Ross Sea. The increase in opal concentration to
nearly 40 percent attests to the ease with which these low-
density biogenic phases are transported and the small amount
of terrigenous input from the continent in this very high-lati-
tude setting.

Figure 2 shows the concentrations of opal and organic carbon
n trap samples and surface sediments from both the Bransfield
trait and southern Ross Sea. We have also included data from
ndividual sediment traps previously deployed both in the
ransfield Strait and, for 1 year, adjacent to the Ross Ice Shelf in
he central Ross Sea (Dunbar 1984). In the Bransfield Strait, the
asin sediment can be produced by diluting biogenic material
roduced in shallow water with terrigenous material in the
ater column or at the seafloor. Basin sediments and particulate
atter in vertical transit have similar organic carbon/biogenic
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Figure 1. Total flux, weight percentage biogenic silica, and flux of
biogenic silica (A) to traps deployed on a single mooring in the
Bransfield Strait in November and December 1983 and (B) to traps
deployed on multiple moorings in Granite Harbour from October to
December 1983. ('mg m 2d 1 " denotes "milligrams per square
meter per day:' "m" denotes "meter:')

This work was supported by National Science Foundation
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Wefer and a grant from Victoria University of Wellington to
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Suspended particulate matter in
antarctic coastal waters

A.R. LEVENTER and R.B. DUNBAR

Department of Geology
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Houston, Texas 77251

Suspended particulate matter plays an important role in
maintaining chemical and biological gradients in the ocean. Its
composition and concentration reflect dynamic water-column
processes such as primary production in surface waters, dis-
solution and degradation at depth, and vertical and lateral parti-

cle transport (Biscaye and Eittreim 1977; Bishop et al. 1977; Lal
and Lerman 1973). Because much of the ocean's bottom water
originates on the antarctic margin, variations in particulate-
matter supply and interaction with the southern-ocean water
column may influence global ocean chemistry significantly.

Suspended particulate matter was collected by filtration of I
to 2 liters of seawater (from Niskin bottle samples) through
preweighed 0.4-micrometer Nuclepore membrane filters. Fil-
ters were dried in a dessicator and reweighed as soon as possi-
ble. Based on processing of "blank" filters, weighing precision
for our samples is 20 micrograms. Areas studied include
transect parallel to the edge of the Ross Ice Shelf (February 1983,
figure 1), McMurdo Sound (October to November 1984, figur
2), and the Antarctic Peninsula region (November and De
cember 1983, figure 3). The Ross Ice Shelf and Antarctic Penin
sula samples were collected in areas relatively free of sea ice
The McMurdo Sound samples were collected from beneat
annual fast ice.
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Figure 1. Suspended particulate matter profiles adjacent to the Ross Ice Shelf, February 1983. ("m" denotes "meter." "pgIl" denotes
"micrograms per liter.")

Collection and filtration of suspended particles has several
advantages over indirect methods employing nephelometers,
in which light scattering is measured and particle con-
centrations are calculated based on a previously derived calibra-
tion curve (Gibbs 1974; Biscaye and Eittreim 1977). Through
direct filtering, absolute concentrations may be determined.
Subsequently, the filtered sample can be analyzed both geo-
chemically and microscopically.

Suspended particulate concentrations range from approx-
imately 50 to 3,000 micrograms per liter and usually fall between
50 and 800 micrograms per liter (figures 1 through 3). Elverhoi
and Roaldset (1983) measured suspended particle con-
centrations from 100 to 2,000 micrograms per liter in water
samples from the eastern and central Weddell Sea, by filtering
through 0.22-micrometer Nuclepore filters. All of the reported
antarctic values are significantly lower than suspended particle
concentrations observed in glaciomarine environments subject
to major influxes of sediment-laden meltwater, where con-
cntrations may be as high as 15,000 micrograms per liter (Ber-
ing Sea, Lisitzin 1972).

Surface-water particulate concentrations vary widely among
the profiles and are greatly influenced by primary production
within the photic zone. The highest concentrations, up to 3,000
micrograms per liter, were observed along the Ross Ice Shelf

transect (figure 1). In both McMurdo Sound (figure 2) and the
Antarctic Peninsula (figure 3), maximum suspended particulate
concentrations in surface waters were less than 800 micrograms
per liter. Smith and Nelson (1985) have reported high con-
centrations of biogenic phases within a phytoplankton bloom
associated with a late summer receding ice edge in the Ross Sea.
Particle residence times in surface waters of the Ross Sea are
high probably because of the low-standing stock of planktonic
herbivores (Biggs, Amos, and Holm-Hansen in press). Thus,
surface-water particulate concentrations during bloom periods
may be maintained at a higher level in the Ross Sea than in the
Antarctic Peninsula/Scotia Sea region where zooplankton are
effectively filtering and pelletizing bloom products (Dunbar,
Anderson, and Leventer 1984). A high particulate concentration
was also observed adjacent to the underside of the annual sea
ice in McMurdo Sound (site I, figure 2), early during the austral
spring, presumably related to the development of the sea-ice
microbial community (Sullivan et al. 1982).

Concentrations of particulate matter recorded from
November and December 1983 in the Antarctic Peninsula area
probably do not represent maximum seasonal values. Based on
a year-long study at Arthur Harbor (Antarctic Peninsula), Krebs
(1983) observed a small spring phytoplankton bloom in
November, followed by a much larger summer bloom in early
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Figure 2. Suspended particulate matter profiles from beneath sea
ice in McMurdo Sound, October and November 1984. ('rn" denotes
"meter." "g/1" denotes "micrograms per liter:')

Concentrations of suspended matter generally decrease with
depth, reaching average mid-water values at about 100 meters.
Mid-water concentrations adjacent to the Ross Ice Shelf fluctu-
ate between 100 and 500 micrograms per liter (figure 1). Mid-
water concentrations from the Antarctic Peninsula region de-
crease to 100 to 200 micrograms per liter (figure 3), the lowest
concentrations observed, again reflecting efficient grazing, pel-
letization, and shorter suspended particle residence time.

The Weddell Sea is believed to be a major site of formation of
antarctic bottom water (Foster and Carmack 1976). Several of the
1983 profiles of suspended particulate matter in the northwest
Weddell Sea (figure 3B) indicate a well developed near-bottom
nepheloid layer (sites 233 and 238), possibly related to particle
resuspension and transport by newly produced bottom water.
However, such a near-bottom increase in particulate con-
centration is not observed at depths below 3,000 meters (sites
254 and 267). Three of seven profiles taken adjacent to the Ross
Ice Shelf (figure 1, sites a, c, d) also display increased con-
centrations of particulate matter within 50 meters of the bottom.
Current-meter and sediment-textural data from the Ross Sea
suggest that shelf currents are actively resuspending and trans-
porting fine-grained sediments from depths of up to 500 meters
(Dunbar et al. in press). Episodic and variable flow events
(Jacobs, Amos, and Bruchhausen 1970) produce nepheloid
layers which are ephemeral in nature, and which transport
winnowed phases to basins and other low-energy areas of the
shelf.

We plan to continue our studies by examining the rela-
tionship between those particles in rapid vertical transit and
those suspended in the water column. We hope this will lead to
a better understanding of the factors involved in the modifica-
tion of particulate matter through dissolution and degradation
during descent to the sea floor and through current winnowing
and resuspension.

This work was supported by National Science Foundation
grants DPP 83-12486 and INT 83-14541.
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Wilkes Land Expedition 1985

THEODORE D. FOSTER

Marine Sciences
University of California

Santa Cruz, California 95064

The Wilkes Land Expedition 1985 sought to study an almost
unexplored region of the southern oceans off Wilkes Land be-
tween 147° and 162°E. The scientific party embarked on the U.S.
Coast Guard icebreaker Polar Star on 12 February 1985 at
McMurdo Station, Antarctica, and disembarked on 9 March
1985 at Wellington, New Zealand. The primary impetus for the
expedition was the suggestion of Carmack and Killworth (1978)
that this region may be a source of deep water which may be an
important contribution to the abyssal waters of the world ocean.
Satellite sea-ice observations have shown that this region is
nearly always ice-covered even in austral summer; 1985 proved
to be no exception. The continental shelf portion of the region
was found to be covered with closely packed ice floes. The ice-
breaking capabilities of the ship limited penetration of the re-
gion to the edges of the ice pack. Nevertheless, most of the
region was explored.

The primary research program's goal was to make a physical
and chemical reconnaissance of the potential deep-water forma-
tion region. The physical oceanography program was directed
by Theodore D. Foster of the University of California, Santa
Cruz, and included participation by Miao Yutian, a scientific
observer from the Second Institute of Oceanography of the
People's Republic of China, and Eric C. Eckert of the University
of California, Santa Cruz. The chemical oceanography program
was under the direction of Robert L. Michel of Scripps Institu-
tion of Oceanography and included participation by Roy A.
Schroeder of the United States Geological Survey, Robin S. Keir
of Scripps Institution of Oceanography, and Frederick A. Van
Woy from Ray F. Weiss' group at Scripps Institution of
Oceanography. In addition to the investigation of deep-water
formation, Nancy M. Harrison and Zoe A. Eppley from George

L. Hunt's group at the University of California, Irvine, con-
ducted ornithological research, and David L. Garrison from the
University of California, Santa Cruz, conducted biological
oceanographic studies. Technical assistance was provided by
Timothy J. Fields and James A. Schmitt from Scripps Institution
of Oceanography and by the Marine Science Department of the
Polar Star.

Track of Polar Star and positions of hydrographic stations during
Wilkes Land Expedition 1985.

The figure shows the cruise track of Polar Star in the potential
deep-water formation region off Wilkes Land. A total of 86
hydrographic stations were occupied in this region. In addition,
two test stations were occupied proceeding to the area, and five
hydrographic stations were attempted on the transit to Well-
ington. Winch failure and inability of Polar Star to carry out
satisfactory open-water hydrographic work, as well as a short-
ened cruise, prevented completion of this section.
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Physical oceanography during the
Wilkes Land Expedition 1985

THEODORE D. FOSTER

Marine Sciences
University of California

Santa Cruz, California 95064

M. YUTIAN

Second institute of Oceanography
Hangzhou, Zheijiang 310005

People's Republic of China

E.G. ECKERT

Physics
University of California

Santa Cruz, California 95064

The goal of our research was to investigate the possibility that
deep water forms in the region off Wilkes Land between 147°

and 162°E. We made seven hydrographic sections orthogonal to
the general bathymetry from the open ocean up onto the conti-
nental shelf to delineate the temperature and salinity structure
of the ocean in the potential formation region. At each hydro-
graphic station we made a complete vertical profile of tem-
perature and salinity using a Neil Brown Mark III CTD (electronic
conductivity-temperature-pressure sensor), took water sam-
ples with Niskin bottles for salinity calibration, and used revers-
ing thermometers for temperature calibration. The con-
ductivity-temperature-depth data were stored on magnetic tape
for processing by computer. Using a microcomputer system, we
were able to do some preliminary data processing at sea. The
figure shows the temperature structure using these preliminary
data for the middle section in the region.

Although we cannot make any definitive conclusions until we
have analyzed the corrected data set, the preliminary hydro-
graphic sections indicate that there was no markedly anomalous
water such as that shown by Carmack and Killworth (1978). Our
sections indicate that only mildly anomalous water was present
at the time of our observations. The figure is typical of the type
of interleaving that we observed. One feature of our sections is
similar to those in the southern Weddell Sea (Foster and Car-
mack 1976): a tongue of the warmer, saltier intermediate water
(Warm Deep Water) intrudes onto the continental shelf. Be-
cause the salinity and temperature of the water on the conti-
nental shelf off Wilkes Land are similar to that on the shelf in the
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Preliminary section of ocean temperature oft Wilkes Land between 67024'S 153003'E and 65055'S 154053'E.
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southern Weddell Sea, it appears that bottom water may form
here as it does in the Weddell Sea.

One feature that is different from the southern Weddell Sea
continental shelf is that in this region off Wilkes Land the shelf
slopes upward toward the shelf break (as shown in the figure).
Thus the shelf waters may be partially constrained to-
pographically. On a helicopter flight just to the south of our
most western hydrographic section, we observed a line of ice-
bergs tending toward the coast for nearly 100 kilometers. At the
same time, the wind was blowing strongly off shore. Satellite
imagery (we had "real time" satellite imagery aboard ship)
showed that the sea ice was absent to the west of our region.
Thus we can conclude that either the icebergs were blown
offshore by the high winds or they were grounded on the edge
of the continental shelf. In either case, there is a mechanism for
inducing recirculation of the shelf waters (topographic trapping

or wind stress) so that the region may recirculate shelf water
until sea-ice formation has increased its salinity sufficiently for
bottom water to form. Our conclusions, however, must remain
tentative until the data are properly analyzed.

This work was supported by National Science Foundation
grant DPP 83-00804.

References

Carmack, E. C., and P.D. Killworth. 1978. Formation and interleaving of
abyssal water masses off Wilkes Land, Antarctica. Deep-Sea Research,
25, 357 - 369.

Foster, T.D., and E.G. Carmack. 1976. Frontal zone mixing and Ant-
arctic Bottom Water formation in the southern Weddell Sea. Deep-Sea
Research, 23, 301 - 317.

Chemical oceanography during the
1985 Wilkes Land Expedition

R.L. MICHEL and R.S. KEIR

Scripps Institution of Oceanography
University of California

San Diego, California 92093

R.A. SCHROEDER

U.S. Geological Survey
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The 1985 Wilkes Land Expedition included a chemical sam-
pling program to help elucidate the physical processes that
occur in this region. Information on the cruise track and pre-
liminary physical oceanographic results are given in Foster
(Antarctic Journal, this issue) and Foster, Yutian, and Eckert
(Antarctic Journal, this issue). Seven hydrographic sections were
taken during the Wilkes Land Expedition, with chemical sam-
pling conducted at selected stations in each section. Freons, acid
balance (pH), alkalinity, and nutrients were collected at selected
stations in all sections. More extensive chemical sampling oc-
curred in section 3 (stations 28 - 39) and section 7 (stations 71 -
88) where samples for tritium, helium-3, carbon-14, calcium,
and stable isotopes were also collected.

The acid balance was determined using the method and ap-
paratus described by Zirino (1975) with some modifications. A
Fisher Accu-phast combined pH-double junction reference
electrode was used. This electrode has a fast response and is
remarkably stable. Rather than National Bureau of Standards
buffers, an equimolar mixture of 0.04 molar tris and tris-hydro-
chloride in bicarbonate and borate-free artificial seawater was
used as a reference buffer. A fresh buffer solution was generally
prepared every 2 days. Drift of the measured electromotive

force of the buffer solutions over the 1-month period was 0.7
millivolts (0.012 pH units). Alkalinity was determined by poten-
tiometric titration of a 10-milliliter sample. The end point was
determined from Gran function extrapolation (Edmond 1970).
The average of all sample replicate deviations was 0.0015 millie-
quivalent per kilogram.

In the figure, the data for all samples south of 65°S are plotted
as alkalinity versus total carbon dioxide, when this latter is
computed from the pH and alkalinity using Lyman's constants
(Lyman 1956). As is shown in the figure, the samples taken
from below the pycnocline in deep water off the continental
shelf cluster about A, = 2.36 milliequivalents per kilogram,
irCO2 = 2.27 millimole per kilogram. This agrees well with the
Geochemical Ocean Sections Study (GEOSECS) deep southern
ocean data (Takahashi et al. 1980). The cold shelf water lying
beneath the seasonal halocline forms a second cluster of points
at A = 2.3 milliequivalents per kilogram, rCO 2 = 2.235 milli-
mole per kilogram. The pCO2 of this water is computed to be
about 410 parts per million, and its alkalinity and total carbon
dioxide are similar to the winter water and western shelf water
of the Weddell Sea (Weiss, Ostlund, and Craig 1979). All points
with total carbon dioxide values less than 2.178 millimole per
kilogram come from summer surface water above the seasonal
halocline. Between a total carbon dioxide of 2.1 and 2.175 milli-
mole per kilogram, the summer surface water total carbon diox-
ide, alkalinity, and salinity variation appears to be a result of
dilution with sea-ice melt. Calculation of the carbon dioxide
partial pressure of this water for a temperature range of - I to
+ 1°C gives 230 to 250 parts per million, substantially below the
present atmospheric carbon dioxide concentrations. The sur-
face water of station 45, located just north of a large field of
grounded icebergs, has an even lower carbon dioxide partial
pressure than that of the other surface samples collected in this
region. The surface pH value (20°C) here was 8.048 compared to
typical values of 7.91 to 7.95 elsewhere, giving a carbon dioxide
partial pressure at station 45 of 170 parts per million.

The distributions of the dissolved atmospheric chlo-
rofluorocarbons (freons) CC1 3F (F-il) and CC1 2 F2 (F-12) were
measured by F.A. Van Woy from the laboratory of R.F. Weiss
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(Scripps Institution of Oceanography). Because waters that
leave the surface ocean and enter the subsurface circulation
contain concentrations of F-li and F-12, which reflect the tem-
poral increases of these anthropogenic compounds in the at-
mosphere, dissolved freon concentrations are valuable time-
dependent tracers of new deep- and bottom-water formation at
high latitudes (Bullister and Weiss 1983; Wallace and Moore
1985; Weiss et al. 1985).

Concentrations of dissolved F-li and F-12 were measured
along the five longer hydrographic sections occupied during
the 1985 Wilkes Land Expedition and in the atmosphere using
electron capture gas chromatography. An additional major ob-
jective of the freon program was a series of five deep hydro-
graphic stations across the circumpolar current which had to be
abandoned because the Polar Star could not maintain station in
open water.

Although the results of the freon measurements have yet to
be fully processed and integrated with the final hydrographic
observations, the preliminary data for the five sections across
the shelf break near Wilkes Land all show high freon con-
centrations along the continental slope. The highest values
(about one quarter of present surface-water values for both
freons) are found near the base of the continental slope at
depths of 2.5 to 3.0 kilometers and indicate the presence of
newly formed bottom water which is apparently constrained
geostrophically in a westward-flowing current. A major compo-
nent of this newly formed bottom water must therefore origi-
nate to the east of our easternmost section. However, a more
thorough analysis of this feature and its relationship to local
shelf-edge processes must await the final freon and hydro-
graphic data.

Tritium and calcium samples were drawn into bottles and
returned to the Mount Soledad Tritium Laboratory for analyses.
The tritium samples will be analyzed according to a method
outlined in Bainbridge, Sandoval, and Suess (1961). Dissolved
inorganic carbon was extracted from seawater in a method de-
scribed by Linick (1980) and will be analyzed by the Mount
Soledad facility. Helium-3 samples were collected and returned
to Zafer Top (University of Miami) for analyses. The analyses of
the stable isotopes will be handled by Roy Schroeder.

The sampling program was carried out with support from
National Science Foundation grant DPP 83-00804.
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Modern sediments of the Terra Nova
Bay polynya, Ross Sea, Antarctica

P. HUGHES and L.A. KRISSEK

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

content within the polynya. Smear-slide data indicate that sedi-
ments within the polynya contain a higher ratio of terrigenous
to biogenous material than sediments from surrounding ice-
covered areas (figure 2). This change reflects the dilution caused
by the influx of eolian material in the open-water zone, rather
than a decrease in the biological productivity within the poly-
nya. Significant eolian input has been previously identified in
other regions of the Ross Sea (Barrett, Pyne, and Ward 1983),
and visible quantities of dust have been observed blowing over
Terra Nova Bay (Bromwich personal communication).

This study is a survey of the surface sediments of the Terra
Nova Bay polynya. The survey was designed to identify sedi-
ment characteristics that reflect polynya-influenced deposition.
We examined surface samples from 41 piston cores taken by the
U.S. Coast Guard icebreaker Glacier during its austral summer
1979 - 1980 cruise. Analysis of the cores consisted of visual
examination and description, particle-size analysis, smear-slide
analysis, and X-ray diffraction studies of both the less than 63-
micrometer and less than 2-micrometer size fractions.

The Terra Nova Bay polynya is located between 75°30' and
74°30'S and 162°30' and 164°E (figure 1). The polynya is kept ice-
free by two factors: the strong persistent katabatic winds that
blow down the Reeves Glacier valley and the Drygaiski ice
tongue, which blocks the northward flow of sea ice into Terra
Nova Bay (Bromwich and Kurtz 1984). The mean surface area of
the polynya is 1,000 square kilometers, with a maximum area of
5,000 square kilometers. Polynya size varies by migration of its
eastern boundary; the maximum eastward extent of the poly-
'nya is limited by the length of the Drygalski ice tongue (Kurtz
and Bromwich 1983). The bathymetry of the western Ross Sea is
characterized by the combination of a series of ridges and basins
oriented subparallel to the coastline and a general landward
slope of much of the continental shelf. This general landward
slope probably resulted from glacial action during the Wiscon-
in glacial maximum (Anderson, Brake, and Myers 1984). The

tnaximum water depth within Terra Nova Bay is over 1,100
peters and occurs near the western boundary of the polynya, in
he Drygaiski Basin (Anderson and Kurtz 1980).

The primary process that affects sedimentation within the
erra Nova Bay polynya differently than in adjacent ice-covered
reas is eolian transport of terrigenous material. The katabatic
inds in this region have an average velocity of 15 meters per

s cond, with much greater velocities present during storms
urtz and Bromwich 1983). These velocities, combined with

t e presence of exposed weathering surfaces of rocks found
u wind, are sufficient to explain the high terrigenous sediment

1 85 REVIEW

Figure 1. Location map showing Terra Nova Bay and surrounding
features (from Kurtz and Bromwich 1983). ("km" denotes "kilo-
meter," "C" denotes "Campbell Glacier," "P" denotes "Priestley
Glacier," "H" denotes "Reeves Glacier," "N" denotes "Nansen Ice
Sheet," "L" denotes "Larsen Glacier," "0" denotes "David Glacier,"
"K" denotes "Clarke Glacier:')
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Figure 2. Plot of sediment composition based on smear slide analy-
sis, showing the high terrigenous content of the samples from
within the polynya. The volcanic rich samples are from north of the
polynya, near Mount Melbourne.

Although direct measurements are unavailable, the combina-
tion of physical factors acting within the polynya suggests that
biological productivity should be higher there than in sur-
rounding ice-covered areas. In particular, the ice-free environ-
ment of the polynya may be the site of enhanced mixing and
favorable light conditions. Biogenic sediments are common all
along the western Ross Sea, however, suggesting that normal
ice-covered conditions are also favorable for biogenic produc-
tion (Anderson et al. 1984). The most important biogenous
components in the surface sediments of the Terra Nova Bay area
are diatom frustules and opaline sponge spicules. Foraminifera
and mollusc shells are abundant in some nearshore areas, while
radiolarians and silicoflagellates occur in lower numbers
throughout the study area.

Glacially transported components would be expected to be
less abundant in the polynya than in the surrounding ice-
covered regions for two reasons: dilution by other components
is increased within the polynya, and glacial input from icebergs
is decreased within the polynya as the strong katabatic winds
quickly push icebergs out to sea. Some glacial input is evi-
denced by the occurrence of isolated pebbles in otherwise mud-
dy sediments throughout the study area. Samples taken in this
study were too small to quantify pebble content and glacial
influence.

Other sedimentary inputs show little variation from ice-free
to ice-covered regions, suggesting that they are less affected by
the presence of the polynya. Mount Melbourne, an active vol-
cano located just north of Terra Nova Bay, has contributed
volcanic material to the sediments of both the polynya and the
ice-covered areas to the north of the polynya. Benthic sedimen-
tary processes should not be affected by the presence of the
polynya. Anderson et al. (1984) propose that vigorous currents
influence the shallow (less than 350-meter) portions of the Ross
Sea by winnowing away material as coarse as medium sand.

The effects of such a process in the Terra Nova Bay area are
indicated by the presence of coarse-grained sediment on off-
shore topographic highs. While Anderson et al. (1984) suggest
that sediment gravity flows should occur in areas such as Terra
Nova Bay, no sedimentary structures indicative of gravity flows
were observed in any of these samples. This lack of physical
structures, however, may also be due to extensive bioturbation.

This project was funded by a grant from Ohio State Univer-
sity to Lawrence Krissek.
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Figure 3. Plot of textural data showing that the sediments of the
polynya are texturally similar to the sediments in surrounding areas.
Water depth and distance from shore have more effect on sediment
texture than the presence of the polynya.
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Vertical sediment flux beneath annual
sea ice, McMurdo Sound, Antarctica
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Modern antarctic shelf sediments have unusual sources and
transport paths unique to the present glacial setting. There are
no fluvial supply systems, and sediment input by meltwater is
considered to be minimal along most areas of the antarctic
coastline. Terrigenous material is supplied directly by subglacial
sedimentation or by ice-rafting of material entrained in icebergs
or floating ice tongues. In basins and other low-energy areas of
the antarctic shelf, sediments enriched in biogenic phases are
accumulating rapidly, attesting to the low rate of supply of
terrigenous components from the continent. To depths of 500
meters, marine currents are key sedimentary agents and are
effectively winnowing and transporting biogenic phases and
fine-grained terrigenous debris.

We have begun to characterize sedimentary processes on the
antarctic shelf through a program of surface sediment analysis
(Dunbar, Dehn, and Leventer 1984; Dunbar et al. 1985) and
water-column particulate sampling. Our particulate-sampling
program involves the collection of both suspended material
(Leventer and Dunbar, Antarctic Journal, this issue) and the
vertical sediment flux. During austral summer 1984 - 1985, we
sampled the vertical sediment flux in the McMurdo Sound
region via deployment of sediment traps suspended beneath
the annual sea ice.

Sources of "new" sediment in McMurdo Sound include
aeolian transport (Barrett, Pyne, and Ward 1983), ice rafting by
icebergs or ice tongues, and biologic production within the
photic zone (figure 1). Significant primary production may oc-
cur within the basal layer of the annual sea ice (Sullivan et al.
1982), within the sub-ice platelet layer (Palmisano and Sullivan
in press), and in near-surface waters of ice-free areas. Greatly
enhanced productivity may occur in open water adjacent to the
receding ice-edge (Stirling 1982; Smith and Nelson 1985). Be-
cause of the dependence of both terrigenous and biogenic sedi-
ment sources on temperature, sunlight, sea-ice conditions, and
wind regime, we expect major variations in the quantity and
style of the vertical sediment flux as the annual cycle of sea-ice
formation, maintenance, and decay proceeds. Once delivered
to the water column, particulate matter may he influenced by
helf currents. At the seafloor, sediments may be sorted and

transported by resuspension, mass-flow processes, and densi-
ty currents, and at shallow depth, by the action of anchor ice
(Dayton, Robillard, and DeVries 1969). During austral summer
1984— 1985, our principal objective was to determine spatial and
temporal variations in sediment supply and secondary rework-
ing processes.

During the season, we deployed 45 sediment traps at 14 sites
within McMurdo Sound (figure 2). Water depths at the trap sites
ranged from 40 to 750 meters. Our traps are open-cone, single-
cup se Jiment traps similar in design to those of Soutar (Dy-
mond et al. 1981). At each site, between two and eight sediment
traps were suspended beneath the sea ice on wire rope or

braided nylon (e.g., figure 1). Traps were hauled out, serviced,
and redeployed approximately every 2 weeks from mid-
October to mid-December resulting in a season total of 128
discrete samples of the vertical flux. On 20 December, eight
traps were set out for a 1-year deployment on two moorings
attached to glacier tongues in Granite Harbour and New Har-
bour (sites M and N, figure 2). Auxilliary samples collected
during the season include suspended particulates (by Niskin
sampling), aeolian debris from the sea-ice surface, and the
microbial community from the basal sea-ice layer (by SIPRE

auger).

Figure 1. Sketch model of sediment sources and distribution pro-
cesses in McMurdo Sound. Also shown is a representation of six
sediment traps suspended on a mooring line beneath the annual sea
ice. Depth scale is not linear. ("m" denotes "meter:')

Total particulate flux to traps at sites I, L, and E for several
different sampling intervals is given in figure 3. Total fluxes at
these sites range from less than 3 to greater than 230 milligrams
per square meter per day. These fluxes are lower than those
measured in the water column of the Antarctic Peninsula region
(Dunbar 1984) under open-water conditions. These values are
also lower than the fluxes calculated from lead 210 based sedi-
ment accumulation rates in the southern Ross Sea (Ledford-
Hoffman, DeMaster, and Nittrouer in press). It is likely that
significant fluxes of biogenic debris occur during and after
break-up of the sea ice, an event which we were unable to
sample this year. Terrigenous input is likely to be episodic as
well, related to iceberg calving, the intensity of marine currents,
and the frequency of winter storm events. Further elucidation
awaits measurement of sediment accumulation rates in south-
ern and western McMurdo Sound, full-year deployment of time
series collecting traps, and examination of the remainder of our
samples from austral summer 1984 - 1985.

Biogenic phases are important components of all sediment-
trap samples analyzed to date. Opal contents (weight percent
biogenically produced silica) typically range from 10 to 45 per-
cent. The diatom tests of species of Am phiprora, Pleurosigfna,
Nitzschia, and T/lalassiosira dominate the opal flux. Carbonate
components include the tests of pteropods, and both
planktonic and benthic foraminifera. Fecal pellets of marine
zooplankton are relatively rare, and most biogenic particulate
matter in vertical transit appears to settle as undigested aggre-
gates of organic opaline debris. This is in sharp contrast to our
observations from the Antarctic Peninsula where pellet trans-
port is a dominant sedimentary process (Dunbar 1984; Ger-
sonde and Wefer 1984).
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Figure 2. Location of sediment-trap moorings deployed through fast ice between October and December 1984.

Vertical sediment flux increases with depth at all three sites in
figure 3. At site E, the increased flux within the lower 50 meters
of the water column primarily reflects the addition of ter-
rigenous detritus. This is not a steady state process, however,
and near-bottom fluxes during mid- to late December are lower.
At sites I and L, both opal content and opal flux increase with
depth. We attribute these trends to the winnowing action of
shelf currents which erode fine-grained sediments from shal-
low regions of the shelf and redeposit some portion of this
material in basins and other low-energy areas. Low-density
biogenic phases are more susceptible to transport, both within
the water column and at the seafloor.

At sites for which we have time-series data, we observe an
increase in vertical particulate flux by a factor of 4 to 10 between
October and December (figure 3) reflecting the late season

growth of the sea-ice community. Ultimately during ice break-
up and melting, large amounts of biogenic and aeolian debris
must be released to the water column. Short-term biogenic and
terrigenous flux events are most likely the rule, rather than the
exception, governing sedimentation on the antarctic shelf.

This work was supported by National Science Foundation
grant DPP 83-12486.
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Ross Sea oceanography, 1985
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Our field studies of ocean/ice interactions and the general
circulation of the Ross Sea continued in 1985 on two cruises of
the U.S. Coast Guard icebreaker Polar Star. During "STAR 1" (28
to 30 January 1985), we recovered current-meter mooring J
(figure) which had been set in Terra Nova Bay in February 1984
(Jacobs etal. 1984). Neil Brown conductivity-temperature-depth
(cTD) profiling equipment was set up aboard ship, and CTD

stations were made in the bay, in part for post-calibration of the
current-meter conductivity sensors. A line of expendable
bathythermograph (xBT) casts was taken during transit between
McMurdo Station and Terra Nova Bay. We also assisted in bring-

ing an automatic weather station on Inexpressible Island back
into operation.

The longer "STAR II" cruise (I to 8 February 1985) began with a
transit leg from McMurdo to mooring I near the eastern end of
the Ross Ice Shelf. XBT casts were taken every half hour, and the
Ross Ice Shelf barrier position was logged every 15 minutes
along this eastward track. Mooring I was recovered, and the
ship then worked westward, recovering each of the lettered
moorings and occupying CTD stations approximately 1, 10, 20,
and 30 kilometers from the barrier (figure). Water samples were
taken with a modified Niskin rosette on most of the 42 CTD

stations. The CTD conductivity cell failed near the end of the
cruise, apparently cracking as a result of water freezing and ice
thawing around it on deck. This precluded making CTD stations
between 175°E and Ross Island.

One current-meter mooring was reset for a 2-year period near
site Gin the figure. This is the location of a persistent southward
flow of relatively warm water into the sub-ice shelf cavity (Pills-
bury and Jacobs in press). We serviced an automatic weather
station that had been in operation since February 1984 about 10
kilometers south of the barrier near G, by raising its mast
another 1.5 meters and replacing its batteries.

The planned use of air-deployed XBT5 to supplement the CTD

station work was cancelled because one of the ship's helicopters
could not be flown. When only one helicopter is operational,
safety considerations restrict the range of flight, and not enough
additional data coverage could be obtained to justify use of the
air-deployed XBT5.

IGOOW

Positions of oceanographic stations (squares, not all are shown) and bottom-moored current meters (lettered dots). The northern limit of the ice
shelf at the time of the cruise is shown. Ross Sea bathymetry is in meters after Hayes and Davey (1975).
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Surface seawater samples were taken for carbon dioxide par-
tial pressure and total carbon dioxide while the Polar Star was
underway southbound and northbound between Seattle and
McMurdo. This work was carried out by U.S. Coast Guard
marine science technicians aboard Polar Star on behalf of a
geochemistry program at Lamont-Doherty Geological
Observatory.

Reduction, analysis, and reporting of these data and related
observations are continuing at Oregon State University and
Lamont-Doherty Geological Observatory (e.g., Pillsbury et al.
in press; Jacobs, Haines, and Ardai in preparation). The 1985
field program was carried out by R.D. Pillsbury, R. Still, J.
Simpkins, and D. Root for Oregon State University and by I.
Szelag and D. Woodroffe under the guidance of J.L. Ardai, Jr.
for Lamont-Doherty Geological Observatory. The assistance of
the U.S. Coast Guard marine science technicians aboard the
Polar Star and L. DeGalan of ITT/Antarctic Services, Inc. is grate-
fully acknowledged. This work is supported by National Sci-
ence Foundation grants DPP 81-20677 (to Oregon State Univer-
sity) and DPP 81-19863 (to Lamont-Doherty Geological Obser-
vatory), with supplemental support provided by the Depart-
ment of Energy through Interagency Agreement DE-
AI01-84ER60201.
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Oceanic inclusions in the
J-9 sea-ice core
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plate structure of the crystals and distributed unevenly along
the length of the core (figure 1). Several ice samples containing
these inclusions were selected by A. Gow from a section of the
ice core stored at the U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) in Hanover, New Hampshire.
Slides of the melted ice and its contents were prepared at La-
mont-Doherty Geological Observatory by L. Burckle and are
being studied to determine probable origin of the debris and its
significance to the sub-ice shelf circulation.

METERS ABOVE BOTTOM

S.S. JACOBS

Lamont-Doherty Geological Observatory
Palisades, New York 10964

In 1978- 1979 a 416-meter ice core was obtained from the Ross
Ice Shelf in the vicinity of J-9 (82°21'S 168°42'W) (Zotikov 1979).
The upper 410 meters of this core consists of bubbly glacier ice
(Grootes and Stuiver 1983) and includes microparticles trans-
ported by or through the atmosphere to the deposition sites
(Mosley-Thompson and Thompson 1982). We know, from sali-
nity measurements, oxygen isotope data (Grootes and Stuiver,
Antarctic Journal, this issue) and thin sections studied in polar-
ized light, that the lower 6 meters of the core consists of sea ice
with long, mostly vertical crystals formed by freezing seawater
at the ice shelf base (Zotikov, Zagorodnov, and Raikovsky 1980),.
Visual analysis of a portion of the sea-ice core stored at the State
University of New York at Buffalo revealed a considerable
number of brownish, plate-like inclusions, on the order of 0.5
entimeter wide and less than 0.5 millimeter thick. They ap-

peared to be aggregations of finer particles incorporated into the
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Figure 1. Number of oceanic inclusions per unit length of the J-9
sea-ice core. The timescale corresponds to a constant freezing rate
of 1 centimeter per year between the grounding line and J-9 (82'21'S
168°42'W). ("B.P." denotes "before present:')

A preliminary evaluation of the sea-ice inclusions indicates a
variety of detrital aggregates typical of the sea-floor sediments
at J-9 (Webb et al. 1979). In some samples, this resuspended
material includes diatom fragments of extinct species, while
other samples also include species that exist today but are un-
common in the cold waters south of 60°S (Burckle personal
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communication). A third group, as yet represented by only a
single small sample, consists of brownish ovoids, perhaps the
cysts of a dinoflagellate (Caron personal communication).

The Ross Ice Shelf at J-9 has traveled about 200 kilometers
from its grounding line over a period of about 600 years, given
flow rates on the order of 300 meters per year (figure 2). If ice-
shelf movement and bottom freezing rates were constant at
about 1 centimeter per year over that time, then the variable
distribution of inclusions might indicate that water-column tur-
bidity varies with distance or time along the flowline. This
might occur through the action of tidal currents (MacAyeal
1984) acting on the bottom sediments in a water column of
variable thickness (figure 3) and by grounding of the ice shelf on
submarine rises. Alternatively, the freezing rate may not be
constant between the grounding line and J-9. Evidence from a
discontinuity in the ice crystals near bottom (figure 40 in Weeks
and Ackley 1982) and from an ultrasonic device suspended
beneath the ice indicates that the freezing rate near J-9 may be 2
to 4 centimeters per year. The salinity of the sea-ice core is
higher near its base, and both the retained brine and inclusions
may be related to the freezing rate or subsequent drainage from
the ice.

its constituents and of circulation beneath the Ross Ice Shelf
over the past several hundred years.

I. Zotikov was a U.S.S.R.-U.S. Exchange Scientist at Lamont-
Doherty Geological Observatory at the time this report was
prepared. This work is supported in part by the National Sci-
ence Foundation under grant DPP 81-19863.
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Figure 2. The Ross Ice Shelf and related features, after Bentley
(1985). Ice shelf velocity vectors were used to construct the stream-
line and time scale for the ice at J-9. Dark shading shows the areas of
grounded ice, and hatched shading shows where the seawater layer
beneath the ice shelf is less than 50 meters thick. ("M/YR" denotes
"meters per year:')

The number of inclusions also increases near the base of the
core, which was presumably formed while above the thickest
water column. Some material frozen in the sea ice could be
advected beneath the barrier by steady, southward currents
(Pillsbury and Jacobs 1985), or as a result of vertical convection
in crevasses (Barrett 1975). Both mechanisms could be factors in
supporting the life that exists beneath the ice shelf (e.g., Azam
et al. 1979).

The J-9 sea-ice core was formed several hundred meters be-
low the sea surface at pressures of 35 to 70 atmospheres. It
provides a potentially valuable proxy record of the seawater and

50	100	150	200

DISTANCE FROM GROUNDING LINE, KM

Figure 3. The seafloor and ice shelf base along the glacial ice
stream-line to J-9 shown in figure 2. Water thickness and bottom
topography relative to sea level are from Bentley (1985). The 6-meter
sea-ice layer at J-9 is exaggerated in the vertical and drawn to
illustrate nearly constant accretion between the grounding line and
J-9. ("M" denotes "meter." "Km" denotes "kilometer:')
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Use of acid-balance values to trace
water-mass in the Weddell Sea

C-TA. CHEN* and M.R. RODMAN
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Corvallis, Oregon 97331

Acid-balance (pH) data were obtained in the eastern Weddell
Sea in the late austral winter of 1981 as part of the U.S. -U.S.S.R.
Weddell Polynya Expedition aboard the Soviet icebreaker So,nov
(Chen 1982, 1984; Huber et al. 1983). The data are plotted vs.
potential temperature (0) in figure 1. There is a distinct break in
the slope near 0 0.08°C and 94 = 46.06. (r4 is the density
referenced to 4,000 decibar surface, Reid and Lynn 1971.)

A less pronounced break in slope occurs at 0	0.6°C and
= 46.16. The deeper discontinuity is more distinctly shown

in the silicate/pH diagram (figure 2). Table 1 gives the charac-
teristics of the two discontinuities determined from the com-
plete Somov data set. The depth (z), the (72 (density reference to
2,000 decibar surface) and the (T0 surface associated with the
appropriate (7., surface are average values computed from the
composite Somov data.

0

6,0 c

 - 2 7.70	775	780	7.85

pH

Figure 1. Composite Somov potential temperature vs. acid balance
(H) diagram; crosses and open circles are, respectively, data above
and below the salinity maximum layer.
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It is not unexpected that the deep Weddell Sea waters possess
distinct regimes. We believe that the breaks in the pH slopes
result from, and can be used to study, the lateral spreading of
deep- and bottom-water masses (Reid, Nowlin, and Patzert
1977; Schlemmer 1978; Foster and Middleton 1979; Gordon
1982). Significant dilution of these deep-water masses has oc-
curred in transit to the basins near Antarctica, probably with a
complex mixing history (Callahan 1972). The Circumpolar Deep
Water (cDw) entering the southwestern Atlantic has a low-
oxygen and high-nutrient content (derived from the Pacific
Deep Water, PDW). It encounters in the same density range the
higher oxygen, lower nutrient, and markedly higher salinity
North Atlantic Deep Water (NADW) (Reid et al. 1977). The incor-
poration of the NADW into the CDW results in a low-oxygen
component above a broader high-salinity component which
becomes decreasingly separated vertically upon approaching
the antarctic continent (see for example plates 110, 111, and 113
in Gordon, Molinelli, and Baker 1982).. The CDW undergoes
further modification in the Weddell Sea by the input of antarctic
components, becoming considerably colder, fresher, and more
oxygenated.
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Figure 2. Composite Somov silicate vs. acid balance (pH) diagram.
("Si" denotes "silicate." "ol/kg" denotes 'micromole per
kilogram:')

The CDW is now essentially a new deep-water mass frequently
referred to as Weddell Deep Water (wDw) (Gordon 1978; Gor-

* Written while on sabbatical leave at the National Sun Yat-Sen Univer-
sity, Kaohsiung, Taiwan, Republic of China.
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don and Huber 1984); however, the low-oxygen signal overlying
a high-salinity signal is still identifiable. Within the shelf do-
main the WDW is further modified. The water-mass charac-
teristics for the important end-members which constitute the
water masses in the study region either directly or indirectly are
presented in table 2.

C-T. Chen acknowledges the hospitality and support of the
National Sun Yat-Sen University and the National Science
Council of the Republic of China. Financial support was
provided by the Department of Energy (81EV10611 and
19X-89608C under Martin Marietta Energy Systems, Inc., Con-
tract DE-AC 05-84 OR 21400).
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Table 1. Characteristics at the deep-water discontinuities in the Weddell Sea

Characteristic	 Top(a)a	 Break 1(b)a	Break 2(c)a

o (OC)b	 0.19 to 0.2°C	 0.05 to 0.08	 -0.5 to -0.6
pH	 7.73	 7.750 to 7.757	 7.779 to 7.789
Salinity (x 10 3)b	 34.680	 34.683	 34.660
Si (in micromoles per kilogram)	 124.5	 129.5	 125.5
Apparent oxygen utilization (in micromoles per kilogram)	 148	 135	 111
if, (in grams per liter)	 27.828	 27.843	 27.861
if2 (in grams per liter)	 37.123	 37.158	 37.219
if4 (in grams per liter)	 46.00	 46.056	 46.156
Average depth (in meters)	 312 ± 151	 1241 ± 131	 3944 ± 156

a "Top" refers to the top of the deep water; see figure 1 for locations of a, b and c.

b The ranges recorded are due to slightly different values given when different parameters are plotted.

Table 2. Water-mass characteristics in the Drake Passage, South Atlantic, and Weddell Sea

Water mass
Potential temperature

0 (°C)

02
Sulfur	 (in milliliters

(x 10 3)	 per liter)

Si02
(in micromoles
per kilogram)

Winter Surface Water (WW)
Summer Surface Water (SW)
Shelf Water
Modified Warm Deep Water 
Weddell Deep Water (WDW)'
Pacific Deep Water (Pow)
North Atlantic Deep Water (NADW)
Weddell Sea Bottom Water (wsBw)
Antarctic Bottom Water (AABW)k

a Carmack 1977; the t refers to freezing temperature.

Carmack 1974.

tf to
> t

tf to
-1.6 to 2

0 to 2
1.8 to 2.5ef

2 to 39
< -0.7

-0.4° to 00'

33.8 to 346a,b	6.9 to 75C	 70C
< 34 . 2b	> 7. 8c	70b

34.2 to 34 . 8a	71d	 70d
34.35 to 347 a	5.5 to 72b	 65 to 85b

34.65 to 3475 a	4.3 to 53c	90 to 120C
34.55 to 347ef	3.7 to 4.6°'	60 to boat
34.8 to 3495e,g	4.5 to 55e.9	50 to 70

34.65'	 6.5	 95 to 115$
34.6 to -34.68'	5.4 to 5.8"	110 to 125$

Weiss, Ostlund, and Craig 1979. These values have been taken from the temperature-minimum water.
d Weiss, Ostlund, and Craig 1979. Summer values.

GEOSECS Atlantic Expedition Vol. 2, 1981: plates 3,5,11,15 are the Western Atlantic and into the Scotia Sea; plates 55 and 59 are for the Drake Passage;
oxygen values are given in micromoles per kilogram and have been converted to milliliters per liter.

Gordon et al. 1982. Plates 184, 185, 186 are a detailed transect across the Drake Passage.

g Gordon et al. 1982. Plate 104 is for the South Atlantic.

Weddell Deep Water is also sometimes referred to as warm deep water.

'Foster and Middleton 1979.

Carmack 1973.

The upper boundary of AABW has been somewhat arbitrarily chosen to be 00 to fit with the lower boundary of WDW.
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Salinity, alkalinity, and calcium

of the Weddell Sea ice

C-T.A. CHEN*

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

Sea-ice formation and melting have been known to modify
eawater composition (see, for instance, Reeburgh and Spring-
r-Young 1983). Jones, Coote, and Levy (1983) demonstrated
hat surface seawater had an excess alkalinity (TA) in the Baffin
ay (between Canada and Greenland) during the summer sea-
on and attributed the excess to calcium carbonate (CaCO3)

f om sea-ice meltwater. They also suggested that the excess
lkalinity in the summer Weddell Sea reported by Weiss, Os-

t und, and Craig (1979) came from the sea-ice meltwater.
owever, no Weddell Sea ice samples have yet been analyzed

for alkalinity or calcium (Ca).
We collected broken chunks of sea ice in the Weddell Sea

d.iring the Weddell Polynya Expedition (9 October to 25
November 1981) on Mikhail Somov (Gordon 1982; Chen 1984). In
addition, samples from ice cores collected by S. Ackley on
Somov were melted and shipped to Oregon State University for
analysis. Conductivity salinities and densities of meltwater
were measured with an Autosal and a Sodev 02D densimeter,
respectively, using standard seawater P91 for calibration. The
salinities were also calculated from the densities and a seawater
equation of state (Millero and Poisson 1981).

Both conductivity salinities and density salinities are listed in
the table. On the average, the density salinities are 0.0104 x
10 higher than the conductivity salinities, perhaps reflecting
higher proportions of multi-valence ions trapped in the ice
(Zubov 1945; Nelson and Thompson 1954; Thompson and
Nelson 1956; Assur 1958; Tsurikov 1965; Richardson 1976). Four

samples, however, contribute to most of the deviations, thus
the results should not be taken at face value without further
confirmation. The average density salinity is only 0.003 X 10
higher than the average conductivity salinity if we exclude these
four samples (14-4, 0-7 centimeters, 14-20 centimeters, 32-38
centimeters, and 38-46 centimeters). This difference is smaller
than the combined precision, 0.005 x 10 1 , in the conductivity
and density measurements.
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2000
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Figure 1. Normalized alkalinity (NTA) vs. salinity for melt sea-ice
samples. Triangles denote the standards. ("0/00" denotes "parts
per thousand." "ieq/kg" denotes "micro equivalents per
kilogram:')

* Written while on sabbatical leave at the National Sun Yat-Sen Univer-
sity, Kaohsiung, Taiwan, Republic of China.
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The alkalinities of meitwaters were also measured using the
method of Culberson, Pytkowicz, and Hawley (1970), and P91
and a weight-diluted P91 as standards. The normalized al-
kalinity (NTA TA x 35/salinity) values are all higher than
found in the Weddell seawater, especially at low salinities (fig-
ure 1 and the table). Qualitatively these results agree with
earlier reports (Wiese 1930; Laktionov 1931; Zubov 1945; Jones
and Coote 1981; Jones et al. 1983), but the accuracy is suspect
because the methodology has not yet been fully developed for
alkalinity measurements at low salinities. Our normalized cal-
cium (NCa = Ca x 35/salinity) values (table and figure 2) are
generally higher than the seawater values, as expected
(Thompson and Nelson 1956) but do not correlate with NTA or
salinity. These NCa values are also suspect because of insuffi-
cient calibration. We agree with Reeburgh and Springer-Young
(1983) that this is a fertile area for careful laboratory and field
studies.

We acknowledge the assistance provided by S. Ackley, A.L.
Gordon, and E. Sarukhanyan and the hospitality of the Na-
tional Sun Yat-Sen University. Financial support was provided
by the Department of Energy (19X-89608C under Martin Mar-
ietta Energy Systems, Inc., contract DE-ACO5-84 OR 21400) and
National Science Foundation grant OCE 82-15053.
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Conductivity salinity, density salinity, normalized alkalinity, and salinity of Weddell Sea ice.

Sample

10/24
	

broken ice	 5.769
	

5.760
	

9

10/26
	

broken ice
	 5.917

	
5.906
	

11

10/29
	

broken ice
	 8.446

	
8.455	-9

10/31
	

broken ice	 16.968
	

16.974	-6

11/3
	

broken ice
	 6.180

	
6.182	-2

11/3a
	broken ice
	 4.554

	
4.555

11/8
	

broken ice
	 2.795

	
2.782
	

13

11 /8a
	broken ice
	 1.261

	
1.257
	

4

11/8
	

25-35 centimeter
	2.596
	

2.605	-9

11/8
	

35-45 centimeter	 1.544
	

1.557	-13

11/8
	

50-60 centimeter	1.243
	

1.250	-7

11/13
	

broken ice
	 6.194

	
6.182
	

12

14-4
	

0-7 centimeter
	 4.853
	

4.897	-44

14-4
	

7-14 centimeter
	 4.283
	

4.306	-23

14-4
	

14-20 centimeter
	3.976
	

4.032	-66

14-4
	

20-26 centimeter
	2.193
	

2.202	-9

14-4
	

26-32 centimeter	3.104
	

3.114	-10

14-4
	

32-38 centimeter
	4.079
	

4.115	-36

14-4
	

38-46 centimeter
	3.940
	

3.975	-35

14-4
	

46-52 centimeter
	5.264
	

5.278	-14

14-4	52-58 centimeter	4.492	 4.498	-6

14-4	58-64 centimeter	4.531	 4.524	7

14-4	64-70 centimeter	5.328	 5.334	6

a A = 1000 (conductivity salinity/density salinity)
b f = my best estimate for the hydrogen activity, needed for alkalinity measurements

Normalized
alkalinity

(in microequivalents
Conductivity Salinity	Density Salinity

	Aa	per kilogram)

Normalized calci,.
(in micromoles

ri
	per kilogram)

	

0.83
	

10,122

	

0.83
	

10,284

	

0.82
	

10,276

	

0.75
	

10,398
0.83

	

0.85
	

10,518

	

0.86
	

10,310

	

0.88
	

10,810

	

0.87
	

10,233

	

0.88
	

10,205

	

0.89
	

10,330

	

0.83
	

10,132

	

0.84
	

10,540

	

0.85
	

10,209

	

0.85
	

10,218

	

0.87
	

10,290

	

0.86
	

10,330

	

0.85
	

10,294

	

0.84
	

10,440

	

0.85
	

10,316

	

0.85
	

10,493

	

0.84
	

10,313

3,750
3,590
3,210
2,760
3,560

3,740
5,360
7,490
7,100
6,650

6,730
3,340
3,050
3,660
3,780

3,680
4,460

4,020
3,150

3,280
3,710
4,180
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Figure 2. Normalized calcium (NCa) vs. salinity for melt sea-ice
samples. The triangle denotes the standard. ("oloo" denotes "parts
per thousand." "ieq/kg" denotes "micro equivalents per
kilogram:')

Atlantic long lines, leg II, Cape Town
to Punta Arenas

T. WHITWORTH, III

Department of Oceanography
Texas A&M University

College Station, Texas 77843

The major circulation patterns in the open ocean are oriented
i the east-west direction, so they are best studied with
ceanographic sections which cross the currents in a north-
uth direction. But, because meridional transits involve great

istances, few such sections have been made. The Atlantic long
es experiment was designed to provide a nearly synoptic
ction between North Africa and Antarctica along the Green -
ich Meridian. It is anticipated that these data will substantially
prove our understanding of the general circulation of the
uth Atlantic and Weddell Sea.
The first leg of the Ajax cruise aboard the R/V Knorr (figure)
s under the direction of J.L. Reid and sampled between

Abidjan, Ivory Coast (7°N) and 45°S, during October and
November 1983. Leg 11(11 January to 21 February 1984) was
directed by W.D. Nowlin, Jr.

The first part of the cruise track of Ajax II completed the
Greenwich Meridian section from 45°S to the edge of the pack
ice off Antarctica at 69°30'S. The entire section is some 8,400
kilometers long and comprises 83 conductivity-temperature-
depth stations, most of which included a deep cast to the bot-
tom and a shallow cast. About 3,000 individual water samples
were collected and analyzed for salinity, oxygen, silicate, nitra-
te, nitrite, and phosphate concentrations. Additional analyses
were made for partial and total carbon dioxide, freons, helium,
tritium, trace elements, rare earths, and lead. On leg II, upper
water samples were used to characterize biologicallysuspended
particulates using high-pressure liquid chromatographic and
enzymatic techniques.

The rest of leg II was devoted to several specialized studies in
the Weddell and Scotia Seas. A series of stations was made
across the northern limb of the Weddell Gyre to the mid-ocean
ridge, and then northwest across the South Sandwich Trench to
the Scotia Arc. These closely spaced stations were made to
study the frontal structure of the boundary between waters of
the Circumpolar Current and those of the Weddell Sea and to
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sample within the abyssal boundary current which carries cold
Weddell Sea waters into the South Atlantic.

Stations were made in the eastern and southern Scotia Sea
where there is a paucity of modern station data and where tracer
measurements may be particularly useful in characterizing the
numerous water masses present. A short north-south section
was made across the South Scotia Ridge into the Weddell Sea to
study the Weddell-Scotia Confluence. The final set of stations
was made off the coast of Elephant Island to verify the existence
of the narrow, westward-flowing Polar Slope Current.

Analysis of the preliminary data from Ajax II reveals that the
subantarctic and Polar Fronts are nearly as narrow (50 to 100
kilometers) in the open ocean along the Greenwich Meridian as
they are in the restricted confines of Drake Passage (Nowlin and
Clifford 1982). Evidence was found of an eastward extension of
the Weddell-Scotia Confluence to 1°E, confirming an earlier
observation by Gordon and Huber (1984). Tracer distributions
indicate that Weddell Sea bottom water circulates cyclonically
around the Weddell Gyre as a bottom boundary current.

The section across the South Sandwich Trench shows that
cold, fresh Weddell Sea deep water flows to the north along the
western flank of the trench. On the eastern edge of the trench,
the deep flow is to the south. A similar flow pattern was inferred
by Warren (1973) over the Tonga-Kermadec Trench. North of

Elephant Island, there is a narrow (10-kilometer) band of cold,
fresh, highly oxygenated water between 300 and 1,000 meters.
The water characteristics imply a Weddell Sea origin, and the
westward flow may be part of a circumpolar Polar Slope
Current.

The Atlantic long lines cruise was supported by National
Science Foundation grant OCE 82-13276 and contract N00014-80-
C-0440 from the Office of Naval Research. Analysis of the leg II
hydrographic data is supported by National Science Foundation
grant OCE 84-14886 and contract N00014-80-C-0113 from the
Office of Naval Research.
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Basal sediment ages of 1983
piston cores

F.A. KAHAROEDDIN and D.S. CASSIDY

Antarctic Research Facility
Department of Geology
Florida State University

Tallahassee, Florida 32306

Presented here are the preliminary basal sediment ages (see
table) of piston cores and bagged piston-core sediments re-
covered by 21 coring attempts during austral summer 1982 -
1983 in the Ross Sea/Sulzberger Bay area (figure) aboard the
U.S. Coast Guard icebreaker Glacier. Most sediments recovered
on this cruise are clastic glaciomarine sediments, as can be
expected because of their proximity to the antarctic continent,
and the sediments are either barren or contain very few micro-
fossils. [For a summary of the scientific objectives and prelimin-
ary results of the 1983 antarctic piston-coring and grab-sam-
pling program, see Anderson (1983). Detailed lithologic
descriptions and other data attendant to the 1983 antarctic mate-
rials are presented by Kaharoeddin et al. (1984).1 The only
significant presence of a biogenic component in any of these
cores is found in core 17. That component consists of di-
atomaceous ooze and muddy diatomaceous ooze with diatoms
that are moderately to poorly preserved. The age of this core is
Late Miocene/Early Pliocene.

160'W	 155'W	 Icr,'w
5'S

6'S

7'S

8'S
160'W	 155'W	 150'W

Làcatlon map of cores and grab samples retrieved aboard the U.S.
COast Guard icebreaker Glacierduring austral summer 1982-1983.
Note: Stations 14 and 45, located in the Ross Sea (table) could not be
shown on this map.

The only common microfossils present in the glaciomarine
sediments are diatoms; thus, the age-diagnostic diatoms were
used in determining the basal sediment ages. The presence of
reworked microfossils, commonly encountered in these sedi-
ments, made age determinations difficult.

From the liner-encased cores, samples for analysis were
taken from the bottom, or very near the bottom, of the un-
disturbed part of the sediment. In cases where the basal sedi-
ments are sand or pebbly sand (cores 24, 25B, 35), samples were
taken from the lowermost fine grain sediments in which micro-
fossils are most likely to occur. Core 35 was also sampled near
the bottom (47 to 48 centimeters) of the lowermost fine grain
sedimentary unit. In core 17, the bottom 3 centimeters of sedi-
ment contain abundant sedimentary clasts which are difficult to
distinguish from autochthonous sediment. Therefore, an addi-
tional sample was taken several centimeters above the base of
this core where the sediment is free of these clasts. In the case of
bagged samples representing the sole recovery of sediment by
the piston-corer at the ship station (26, 29, 30, 39), samples for
analysis were taken from the middle part of the bagged sedi-
ment "lump," where the sediment sample is least likely to have
become contaminated.

Two smear slides were prepared from each sample and were
examined, independently, by two workers for their diatom con-
tent. These analyses indicate that two-thirds of the total number
of samples are barren of microfossils and that five of the fos-
siliferous samples contain only trace amounts, or less than 1
percent, of diatoms.

To obtain the maximum number of age-diagnostic micro-
fossils (microfossils that are scarce in glaciomarine sediments)
on which to base reliable age-dates, all fossiliferous samples
were processed to concentrate the diatoms. Approximately 1
cubic centimeter of each sample was wet sieved through a 63
micrometer sieve screen to remove the sand fraction. The fine
fraction was then diluted with water to 50 milliliters and allowed
to settle for 8 minutes. The supernatant, which contained most
of the clay fraction, was decanted and discarded. The remaining
slurry was diluted to 50 milliliters, and then allowed to settle for
1 minute to remove most of the silt. The supernatant was de-
canted and then concentrated by centrifugation. The concen-
trate was used to prepare two strewn slides for each sample;
these slides were analyzed for age-dating.

The ages of the sediments are based on the diatom zonation
schemes of Weaver and Gombos (1981), as revised by Ciesielski
(1983).

Funding in support of this work was provided by National
Science Foundation contract C-1059.
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Sediment ages of the piston cores

Water	Core	 Sample
Core	Latitude	 depth	length	 interval

	
Sediment

number 	(south)
	

Longitude	(in meters)	(in centimeters)	(in centimeters)
	

lithology	Age

14'
17
18
19
22

23
24
25B
26
28

29
30
31
32
33

34
35
36
37
39
45C

78°28.8'
77°43.1'
77°26.4'
77°19.2'
76°57.3'

76°59.0'
76°55.0'
76°57.9'
76°57.9'
76°49.8'

76°43.5'
76°35.8'
76°35.8'
76°36.0'
7638.6'

76°42.7'
76°26.0'
76°24.0'
76021.5'
76°28.0'
76°51.2'

164-08.6'(W)
159-45.5'(W)
159-04.2'(W)
158-42.0'(W)
157-06.8'(W)

156-36.6'(W)
155-34.6'(W)
155027.2'(W)
155036.3'(W)
152-30.6'(W)

152039.5'(W)
153-11.3'(W)
154-05.9'(W)
155-33.3'(W)
156-21.5'(W)

156-14.9'(W)
157052.0'(W)
157055.0'(W)
157046.7'(W)
157-52.0'(W)
175056.3'(E)

276-277
44-45;52-53
69-70;77-78
221-222
90-91

64-65;71-72
95-96
10-11
BAG
267-268

BAG
BAG
35-36
40-41
83-84

54-55
47-48;76-77
273-274
270-271
BAG
34-35

M
DO; MDO
Sit; Sit
SM
SM

M; M
MS
M
M
PbM

sit
Site
M
M
M

MS
M; SM
M
M
S
MS

Quaternary
Late Miocene/Early Pliocene
Barren
Barren
Barren

Quaternary
Barren
Barren
Quaternary
Barren

Barren
Quaternary
Barren
Barren
Barren

Barren
Barren
Barren
Barren
Quaternary
Quaternary?

601
	

277
229
	

53
376
	

78
770
	

225
530
	

92

393
	

74
216
	

104
778
	

22
1207
	BAGd

1024
	

270

933
	

BAG
643
	

BAG
713
	

36
373
	

42
787
	

85

677
	

59
549
	

162
808
	

276
1390
	

300
347
	

BAG
330
	

35

a Piston core numbers correspond to the ship stations numbers.
b "DO" denotes diatomaceous mud; "PbM" denotes pebbly mud; "M" denotes mud; "S' denotes sand; "MDO" denotes muddy diatomaceous ooze; "SM"

denotes sandy mud; "MS' denotes muddy sand; "Sit" denotes silt

The recovery locations of station numbers 14 and 45 are not shown on figure because their positions were considerably west of the area covered by the
map.

ci "BAG" denotes bag sample

Matrix sediment.
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Marine biology

Wilkes Land Expedition 1985:
Biological observations in the

ice-edge zone

D.L. GARRISON and K. VAN Sco

Center for Marine Studies
University of California

Santa Cruz, California 95064

The ice-edge regions in polar oceans are important sites of
production and biological interactions. Microbial populations
in sea ice are often well developed, and plankton blooms are
frequently associated with an ice-edge frontal system. The ac-
tivity of large pelagic consumers, such as birds and marine
mammals, at the ice edge may be a result of localized enrich-
ment throughout the ice-edge food web. As part of the Wilkes
Land Expedition 1985 cruise (Foster, Antarctic Journal, this is-
sue), we made a study of features of the ice-edge zone along the
Wilkes Land Coast.

Algal biomass in ice and water was estimated by measuring
chlorophyll a. Samples from throughout the upper water col-
umn were collected using water-sampling bottles. In ice floes,
samples were taken with an ice coring auger. Several samples of
broken ice floes, surface slush, and brash ice were collected by
bucket. Algal populations in all samples were concentrated on a
glass fiber filter, pigments were extracted in 90 percent acetone,
and chlorophyll a fluorescence was measured with a Turner
fluorometer. Replicate samples of pigment extracts from se-
lected ice and water samples were stored frozen in a nitrogen
environment and returned to our laboratory for pigment analy-
sis by high-performance liquid chromatography (HPLC) (Man-
toura and Llewellyn 1983). Aliquots of ice and water samples
were retained for nutrient analysis, and subsamples were also
preserved for microbial population studies.

Phytoplankton studies. Phytoplankton biomass was more con-
centrated along the ice edge than in open water away from the
ice edge (figure 1). Chlorophyll a concentrations in the ice-edge
zone of 1 to 3 milligrams per cubic meter were typical, and
integrated biomass through the upper 100 meters reached ap-
proximately 182 milligrams of chlorophyll a per square meter at
station 45 (see figure 1). In contrast, chlorophyll a con-
centrations away from the ice edge were usually less than 0.5
milligram per cubic meter with integrated values reaching ap-
proximately 36 milligrams of chlorophyll a per square meter
over the upper 100 meters.

15OE	 5OE

150'E	 160'E

Figure 1. Cruise track of U.S. Coast Guard icebreaker Polar Stan 5 to
27 February 1985, along the Wilkes Land Coast. Shaded bars indi-
cate chlorophyll a concentrations at 10 meters. Integrated chlo-
rophyll biomass for the upper 100 meters is shown for selected
stations. The location of the ice edge was determined from ice
charts and the ship log. ( 11 mg/rn 3" denotes "milligrams per cubic
meter.")

Ice algal studies. Chlorophyll a concentrations were extremely
variable among ice samples (table). Stratified samples, collected
by ice coring, indicated that algal populations were distributed
throughout floes as internal populations. Pack-ice floes consist-
ed mainly of small, densely packed floes surrounded by broken
ice chunks and slush ice. Chlorophyll a concentrations of 10 to
15 milligrams per cubic meter appeared to be typical of the slush
ice between floes throughout the entire pack-ice region. During
a period with strong katabatic winds, Garrison observed and
collected sea ice as it formed in open areas. Algal concentrations
in this young ice were 6 to 26 times higher than algal con-
centrations in nearby surface-water samples. This observation
supports our previous speculations that algal cells can be har-
vested and concentrated when frazil ice is formed (Garrison,
Ackley, and Buck 1983).

Pigment analysis by HPLC. The results of four analyses of pig-
ments by high-performance liquid chromatography are shown
in figure 2. In comparison to pigment composition of a culture
sample of ice diatoms (figure 2A), samples from natural popula-
tions had relatively small amounts of chlorophyll breakdown
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products. One of the striking differences among ice samples
from natural populations was the relative abundances of
xanthophylls in the surface, slush ice in comparison to other ice
and water samples.

Summary of chlorophyll a concentrations in sea ice

Range of concentrations

Milligrams per	Milligrams per
Type of sample	 cubic meter	square meter

Ice cores	 0.2-68.2	 0.8-50.6
Broken blocks	 99-220
Surface slush	 10.8-15.8
Young sea ice	 6.0-26.0

(less than 1 day old)

This study was supported by National Science Foundation
grant DPP 83-00804 to T.D. Foster. I thank Douglas Barnhart for
his assistance during the cruise and Beth Mathews for the
graphics.
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Figure 2. Absorbance (abs) and fluorescence (fl) chromatograms
from high-performance liquid chromatography analysis on selected
ice and water samples. A. Culture sample of an ice diatom, Nitzschia
neglecta. B. Discolored ice from broken ice floe. C. Surface, slush
ice. D. Bottle-collected plankton sample from 25 meters. Peak identi-
ties: 1. chlorophylllde a, 2. chlorophyll c, 3. fucoxanthin, 4. diadi-
noanthin, 5. neofucoxanthln, 6. diatoxanthin, 7. chlorophyll a, 8.
phaeophytin a, and 9. 3 carotene.
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Nutrients and ice-shelf water along the
barrier edge of the Ross Ice Shelf
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To extend previous oceanographic studies of epipelagic am-
monium distributions in the southern Ross Sea (Biggs 1982;
Biggs, Amos, and Holm-Hansen 1985), we piggy-backed in
January and February 1985 on two physical oceanographic
cruises of the U.S. Coast Guard icebreaker Polar Star. We were
interested primarily in defining summertime scales of spatial
variability in near-surface ammonium, concentrations in rela-
tion to chlorophyll standing stocks and the local circulation, and
so measured chlorophyll, dissolved oxygen, ammonium, and
five other micronutrients (nitrate, phosphate, silicate, nitrite,
and urea) while the physical oceanographers mapped the tem-
perature and salinity fields.

Surface sampling every 15 minutes along transects McMurdo
to Terra Nova Bay (leg 1) and the entire length of the Ross Ice
Shelf (leg 2) allowed 5-kilometer resolution of surface nutrient
and chlorophyll fields. Bottle sampling at 4 to 5 depths in the
upper 200 meters at conductivity-temperature-depth stations
(see Pillsbury and Jacobs, Antarctic Journal, this issue) provided
vertical detail. As in previous field seasons, these bottle cast
profiles generally targeted high concentrations of ammonium
subsurface, at depths of 100 to 150 meters.

We encountered no well defined outflow(s) of Shallow Ice
Shelf Water (sISw of Jacobs et al. 1979) during the expendable

bathythermograph and conductivity-temperature-depth sur-
vey and so were unable to address one of our cooperative
objectives, that of determining its nutrients-chlorophyll extent
in space and variation through the course of a tidal cycle by
holding a conductivity-temperature-depth and pump combina-
tion at the depth of the temperature minimum. We did,
however, pump profile the subsurface ammonium maximum at
a site located 177°W and 6 miles off the barrier edge of the Ross
Ice Shelf, which we had bounded to the immediate west and
east with lines of conductivity-temperature-depth casts. Here,
our downcast gave fine-scale vertical resolution of nutrients,
chlorophyll fluorescence, and dissolved oxygen in relation to
temperature and salinity from 0 to 200 meters (see Johnson,
Macaulay, and Biggs 1984, for a description of the general sys-
tem). Upcast, we pumped for 1 hour at 125 meters, for 1 hour at
60 meters, for 2 hours at 30 meters, and for 1 hour at 20 meters to
evaluate ranges in ammonium fields in relation to internal wave
activity.

This work was supported in part by National Science Founda-
tion grant DPP 79-21355. We thank Chief Scientist Dale Pillsbury
for outstanding coordination and cooperation during this coop-
erative physical-biological research effort.
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During several expeditions to investigate sea-ice properties in
the Antarctic, researchers observed that large concentrations of
biological material, primarily algae, were incorporated in the
frazil sea ice (Ackley, Buck, and Taguchi 1979; Cow et al. 1982).
Ackley (1982) proposed two possible mechanisms for the incor-
poration of this matter in sea ice. Incorporation could occur
either by ice nucleation, if the frazil ice crystals preferentially
nucleated on the suspended particles, or by scavenging.
However, based on the number of crystals per unit volume of
ice, Garrison, Ackley, and Buck (1983) concluded that for algae
the principal mechanism for incorporation is scavenging. They
found concentrations of algae with densities that were greater
than what would be accounted for by preferential nucleation.
They also noted the lack of any preferential concentration of any
one species in the sea ice when compared with concentrations
found in the water column.

Bacteria are also found in sea ice (Sullivan and Palmisano
1981, 1984) and may be involved in its nucleation (Sullivan
1984). The role of ice nucleation active (INA) bacteria in frost
damage is well documented in the literature. Schnell (1975)
tested 23 marine phytoplankton cultures for ice-nucleation ac-
tivity and found that one was especially active, Heterocapsa niei.
Subsequently, Fall and Schnell (1985) isolated an INA bacterial
strain from cultures of this dinoflagellate. They found this or-
ganism to be phenotypically similar to Pseudomonas fluorescens
biotype C. They also searched for an INA pseudomonad in sea
water from La Jolla, California but were unsuccessful. They did
isolate several INA Erwinia, which they felt were most likely
terrestrial in origin. Schnell (1975) proposed that marine INA
organisms may be responsible for the bands of airborne ice
nucleation activity found along latitudes of 400 to 55°S by Bigg
(1973). In this paper, we present some initial studies on the

relative ability of melted sea ice and pure cultures of ice algae
and ice bacteria to nucleate water droplets.

Ice nucleation activity was determined using the droplet
freezing technique of Vali (1977). The freezing point of the
droplets was determined by measuring the surface temperature
with a calibrated thermistor.

The diatoms tested for ice nucleation activity were cultured in
Guillard's F/2 medium and grown at 0°C. Ice nucleation tests
were performed on cultures concentrated by centrifugation and
resuspended in a small volume of the growth medium.

The bacteria were cultured in Zobell's marine broth (2216E) at
0°C and were tested in the broth medium. Initial screening tests
were performed by adjusting the optical density of bacterial
suspensions at 660 nanometers to 0.05. Bacterial suspensions
contained approximately 107 cells per milliliter.

When looking for ice nucleation activity, we first tested a
sample of sea ice that was rich in biological material. Figure 1
gives the freezing spectra for the sea-water blank and for sam-
ples that had been concentrated by factors of 2, 20, and 60. The
results indicated an increased activity associated with the par-
ticulate material. However, it was not clear whether the active
materials were algae or bacteria since many cell types of both
were present in the sample (Clarke, Ackley, and Kumai 1984).

We next tested several pure cultures of antarctic marine di-
atoms, which were provided to us by Greta Fryxell of Texas
A&M University. The species we tested included Synedra sp.,

Chaetoceros dichaeta Ehrenberg, Chaetocerosfl.wsum Fryxell, Po-

rosira glacialis (Grunow) Jorgensen, and Porosira pseudoden-

ticulata (Hustedt) Jouse. The freezing spectra of these organ-
isms showed no significant ice nucleation activity at tem-
peratures higher than - 12°C. Figure 2 gives the freezing
spectrum for C. flexuosum.
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Figure 1. Freezing spectra for sea water and plankton.

126	 ANTARCTIC JOURNA



ft

0.8

C
0

0
C

9.-

C

NJ
0

LL

C),

0.4

0.2

0.8

C
0

0
0

C
a)
N4

0

LL

.	0.4
a)
0.
0

0

0.2

-2	-4	-6

ice nucleation activity at temperatures higher than - 10°C. We
are currently conducting tests to identify HK-31.

The authors wish to thank Diane Clarke, Melissa Hutt, and
Pat Schumacher for technical assistance. This research was sup-
ported by a DA grant, 2-00145, to S.F. Ackley, D. Clarke, and L.
Parker (In-House Laboratory Independent Research) on "Frazil
Ice Nucleation From Bacterial Sources" and by National Science
Foundation grant DPP 81-17237 to C.W. Sullivan.

Temperature (°C)

Figure 3. Freezing spectrum for HK-31.
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Figure 2. Freezing spectrum for C. flexuosum.

We also screened 11 strains of antarctic marine bacteria pri-
marily isolated from sea ice from the McMurdo Sound area of
Antarctica (Kobori, Sullivan, and Shizuya 1984). These organ-
isms are psychrotrophic or psychrophilic and, therefore, are
capable of growing at 0°C. We tested a number of sea-ice psy-
chrotrophs, including HK-1, HK-10 and HK-31 (white pig-
mented), HK-4 (orange pigmented), HK-7, HK-54, HK-60 (all
pink pigmented), and HK-64, (a yellow pigmented bacterium
isolated from sediment). We also screened three sea-ice psy-
chrophiles HK-16 (yellow pigmented), HK-21 (pink pigmented),
and HK-44 (orange pigmented). HK-31 was ice nucleation active
between —2.0 and —3.5°C. Figure 3 gives the freezing spec-
trum of this organism. The other organisms did not show any
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Ecology of sea-ice microbial
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During the austral spring and summer, land-fast sea ice of
McMurdo Sound supports the growth of rich and diverse sea-
ice microbial communities composed of psychrophilic micro-
algae, bacteria, and protozoans (Bunt and Wood 1963; Pal-
misano and Sullivan 1983; Grossi, Kottmeier, and Sullivan 1984;
Sullivan and Palmisano 1984). In addition, a cryofauna (animals
associated with sea ice) consisting of pteropods, copepods,
amphipods, fish, and seals has been described (Dayton,
Robilliard, and DeVries 1969; Bunt and Lee 1970; Bradford
1978). Thus sea ice may be of importance not only in primary
productivity but also in the secondary productivity of McMur-
do Sound (Palmisano and Sullivan 1983; Sullivan and Palmisano
1984).

Research during the 1984— 1985 season began at winter fly-in
(last week of August). A light-perturbation experiment was
initiated to study the effect of extremes in downwelling irra-
diance on the growth and development of the sea-ice microbial
community. The following questions addressed the ecology of
the sea-ice microbial community during the seasonal transition
from winter (low irradiance) to summer (high irradiance):
• What are the seasonal patterns of temperature gradients in

sea ice under variable snow cover?
• How does the spectral composition and total downwelling

irradiance change during this seasonal transition?

• How does the growth and metabolism of the sea-ice microbial
community change during this seasonal transition?

• What is the effect of salinity on metabolism of the sea-ice
microbial community?

• What are the dominant "cryopelagic" fauna (Golikov and
Scarlato 1973) in McMurdo Sound and the trophodynamics of
these organisms?
Vertical profiles of temperature for sea ice in the light-pertur-

bation experiment were obtained by freezing duplicate strings
of thermocouples (copper constantan with Teflon insulators
and oversheaths) in 4-inch diameter holes made by a Jiffy Drill.
From early October to mid-December, sea ice without snow
cover exhibited temperatures ranging from - 18° to - 1.9°C at
25 centimeters above the surface of congelation ice, - 24° to
- 1.9°C at the surface of congelation ice, to - 1.9°C at the inter-
face of the congelation/platelet ice layers, the platelet layer, and
sea water beneath the sea ice (figure, A and B). During the same
period, sea ice under a 1 meter of snow cover exhibited a range
of temperatures from - 18° to + 4°C at 25 centimeters above and
at the surface of the snow cover, - 4° to - 1.9°C at the surface of
the congelation ice, to - 1.9°C at the interface of the congelation/
platelet ice layers and deeper. An RTD (copper constantan) was
lowered into the seawater beneath the sea ice to determine its
temperature. Seawater was isothermal down to 19 meters and
warmed only slightly from —1.91 to - 1.76°C during the sea-
son. Because the majority of the sea-ice microbial community
biomass is found in the bottom 20 centimeters of congelation ice
(Palmisano and Sullivan 1983; Sullivan and Palmisano 1984) and
in the platelet ice layer (Bunt and Wood 1963), growth and
metabolism of the sea-ice microbial community occur at tem-
peratures of - 1.9°C or lower.

Diel patterns of surface and sub-ice photosynthetically active
radiation (PAR) (400 to 700 nanometers) were determined during
the seasonal transition. A hemispherical irradiance sensor
(QSR-240, Biospherical Instruments) was mounted on the roof
of our dive hut, a spherical profiling irradiance sensor (QSP-200,
Biospherical Instruments) was moored beneath the platelet ice
layer, and a spectroradiometer with a cosine collector
(MER-1000, Biosphencal Instruments) was moored beneath the
congelation ice and connected via cable to a DEC 350 Professional
Computer in the heated dive hut to collect irradiance data.
Preliminary analysis of the irradiance data indicates that peak
surface irradiance increased from approximately 100 microEin-
stems per square meter per second in mid-September to more
than 1,600 microEinsteins per square meter per second from
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late October through early January, when there was continuous
light. During this period, peak downwelling irradiance beneath
congelation ice without snow cover decreased from approx-
imately 30 to 2 microEinsteins per square meter per second, and
its spectral composition changed due to blooms of microalgae
(Sullivan, Palmisano, and Soo Hoo 1984; Sullivan et al. in press).

During the first week of October, blooms of microalgae oc-
curred in both the congelation and platelet ice layers of sea ice.
In 1 week, carbon fixation per square meter increased an order
of magnitude. When melting of the congelation ice began in
early December, a second intense bloom was observed pri-
marily in the upper 10 centimeters of the 45-centimeter thick
platelet layer. No blooms were observed in sea ice covered with
1 meter of snow.
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Vertical profile of temperature for sea ice in a light perturbation
experiment. Open circles denote 0-centimeter snow cover, while
closed circles denote 100-centimeters snow cover. Circle is the
mean of duplicate thermocouples whose range is denoted by the
horizontal line. ("cm" denotes "centimeter.")

Bacterial production in sea ice without snow cover paralleled
carbon fixation more closely in the platelet layer than in the
congelation layer of sea ice. Bacterial production per square
meter of sea ice was equivalent to that found in a 1,000- to
10,000-meter integrated column of sea water from McMurdo
Sound. These results lend further support to the ideas that the

sea ice is an extended phycosphere and that blooms of micro-
algae may stimulate bacterial growth in sea ice as hypothesized
by Grossi et al. (1984).

In salinity experiments, sea-ice microbial community slurries
derived from congelation ice were gradually acclimated to a
range of salinities from 5 to 90 parts per thousand over 24 hours
at 0°C in the dark. Slurries were then incubated in a tem-
perature-controlled incubator at - 1.9°C under simulated in situ
downwelling irradiance. Peak carbon fixation, and thymidine
and leucine incorporation occurred at 30 to 32 parts per thou-
sand, approximately the salinity of the water perfusing the
bottom layer of congelation ice where sea-ice microbial commu-
nities are concentrated.

The largest concentrations of cryopelagic fauna, except seals,
were observed primarily in relatively shallow, snow-free lo-
calities of McMurdo Sound, where blooms of microalgae also
occurred. Low concentrations were observed in areas over deep
water, even if microalgae were present. Amphipods, Paramoera
walkeri and Cheirimedon fougneri, were the most conspicuous
cryopelagic organisms, reaching a biomass of 6 grams per
square meter in some areas. Chlorophyll a analysis of gut con-
tents from freshly collected animals and laboratory feeding
experiments using carbon 14-labelled microalgae revealed that
these two amphipods include microalgae in their diets. These
two species have diets similar to another amphipod, Pon togeneia
antarctica, described at Signy Island, Antarctica (Richardson
and Whitaker 1979). Less conspicuous but quite abundant in
the platelet layer were copepods and ostracods. These organ-
isms, and C. fougneiri, were found in the stomachs of small
Pagothenia borchgrevinki, a fish living in the platelet layer. Larger
P. borchgrevinki had carnivorous hyperiids and Orchornene spp. in
their stomachs. These results, similar to those of Eastman and
DeVries (1985), suggest that a food chain with three or more
trophic levels may be associated with land-fast sea ice in
McMurdo Sound.

Our continuing studies suggest that sea-ice microbial com-
munities are well adapted for growth in sea ice and play impor-
tant roles in primary and secondary productivity of polar
oceans.

The authors thank B. Marinovic, I. Bosch, and J . McClintock
of the University of California at Santa Cruz; C. Smith and P.
Nichols of Florida State University; W. Stockton of Scripps In -
stitution of Oceanography; and J . Wood of ITT/Antarctic Serv-
ices, Inc. for diving support. B. Matter of ITT is also acknowl-
edged for drilling dive holes through sea ice and bulldozing
snow on sea ice to create and maintain the light perturbation
experiment. A.C. Palmisano, J . Beeler SooHoo, and S.L.
SooHoo assisted in the field. The Office of Naval Research
(grant N00014-84-G-011) is thanked for providing the DEC 350
Professional Computer to collect and analyze the irradiance
data. This research was supported by National Science Founda-
tion grant DPP 81-17237 to C.W. Sullivan.
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We used phospholipid ester-linked fatty acids to characterize
and distinguish the microbial populations at three different
sites in McMurdo Sound: Cape Armitage, Cape Evans, and
New Harbor. Biological marker compounds, which can be used
to estimate the contribution of source organisms in sediments,
were compared for antarctic benthic sediments, a preliminary

sediment-trap sample, and selected biota. Differences were ap-
parent in microbial activity—measured using carbon- 14-acetate
(incorporated into microbial lipids) and hydrogen-3-thymidine
(incorporated into bacterial deoxyribonucleic acid [DNA])—
when comparing sediment samples collected in late November
and early January which correspond to periods before and
during the annual Phaeocystis diatom bloom respectively on the
east side of McMurdo Sound.

A brief description of one of the sampling sites (Cape Armi-
tage) together with sample work-up procedures has been pre-
viously reported (White, Smith, and Stanton 1984). A detailed
description of the labelling procedures used is found in Findlay
et al. (1985).

Hydrogen-3-thymidine incorporation into bacterial DNA
showed only a slight increase during the sampling period. The
New Harbor site showed the only significant (p is less than 0.05,
table 1) increase in activity. The increase in activity at the New
Harbor site may be associated with land run-off because the
Phaeocystis bloom did not reach this site during the study
period. No significant difference was seen between any of the
study sites during the prebloom analyses. The sites were
shown to be significantly different from each other in incorpora-
tion in the early January sampling (table 1). Due to the long
incorporation time of 8 hours, necessary because of the low
activity measured in this environment, the hydrogen-3-thy-
midine was not incorporated into eukaryotic DNA as shown in
parallel studies using the eukaryotic inhibitor cycloheximide.
Eukaryotic DNA synthesis, ranging from 3.5 percent at the Cap
Armitage 18-meter site to 33 percent at the Cape Evans site, wa
detected.

Carbon-14-acetate incorporation (8 hours) into total sedimen
lipid revealed a statistically significant (p is less than 0.05) in
crease in activity in the early January samples at the Cape Evan
and Cape Armitage anchor-ice (14-meter) sites (table 2). An
increase in activity, although not statistically significant, was
also observed at the Cape Armitage spicule mat (20-meter) and
New Harbor sites. The lowest activity was observed for the New
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HighestLowest

nh-30 metersa
12884 b

nh-30 meter

22081

ca-1 8 meters
70469

sp-mat

67133

sp-mat
43855

ce-18 meters

64827

ca-14 meters
33465

ca-1 8 meters

52909

ce-i8 meters
39314

ca-i4 meters

59414

Before Bloom
(late Nov.)

During Bloom
(early Jan.)

Harbor site for both the late November and early January sam-
ples (table 2). This feature correlates with the lower microbial
biomass at this site and, again, is in accordance with the fact that
the Phaeocystis bloom did not reach the western regions of the
Sound, including New Harbor, during the period of this study.
Activity at all sites on the eastern side of McMurdo Sound
during the Phaeocystis bloom was similar, in spite of the vastly
different sediment types. Measurement of the incorporation of
carbon-14 into specific lipid classes was also undertaken to gain
a greater understanding of microbial processes at these sites.
These analyses are in progress.

We performed a more detailed study than last season (1983-
1984) of the sediment phospholipid fatty acids, identifying ap-
proximately 80 individual components. Selected data are
shown in table 3. The high abundance of many fatty acids points
to the high microbial biomass, particularly in the spicule mat
(White, Smith, and Stanton 1984), in these samples. Microbial
biomass, based on comparison of the total abundance of phos-
pholipid fatty acids, is significantly lower at the New Harbor

site. The high proportions of 20:5w3* and 22:60 in the sedi-
ment samples at all locations indicate a significant eukaryotic
contribution (e.g., Bobbie and White 1980; Smith, Eglinton, and
Morris 1983). In nearly all cases, the abundance of these two and
other unlisted polyunsaturated components increased when
comparing the early January to the pre-Phaeocystis bloom (late
November) sediments. Similarly 18:lw7c, a common compo-
nent in bacterial lipids, is also present at increased con-
centration in the sediments collected in early January. The
branched chain signature fatty acids for bacterial chemotypes
(iso and anteiso 15:0, 10 methyl 16:0, and iso 17:1w7c) did not
show any significant increase. The latter two components have
been proposed as markers for the sulphate reducing bacteria
Desulfobacter (Parkes and Taylor 1983) and Desulfovibrio (Boon et
al. 1977). The lipids of a number of bacterial and algal mono-
cultures and consortia are being analyzed to test the hypothesis

* This is fatty acid nomenclature, number of carbon atoms: number of
double bonds from the w (methyl) end of the molecule.

Table 1. Thymidine incorporation in bacterial DNA at sediment sites under the Ross Ice shelf: Before and during Phaeocystis sp. bloom

Lowest'	 Highest

spmata	nh-30 meters	 ca-18 meters	 ca-14 meters	 ce-18 meters
Before bloom	 3585b	 4268	 5827	 7187	 10267
(late Nov.)

sp-mat	 ca-18 meters	 ca-14 meters	 ce-18 meters	 nh-30 meters
During bloom	 1637	 4887	 6109	 10339	 14144
(early Jan.)

a sp-mat denotes Spicule Mat Cape Armitage 20 meters (water depth); ca-14 meters denotes Cape Armitage 14 meters (anchor ice); ca-18 meters
denotes Cape Armitage 18 meters; nh-30 meters denotes New Harbor 30 meters; and ce-18 meters denotes Cape Evans 18 meters.

b Decentigrations per minute per gram wet weight.

Tukey wholly significance test (family error at 0.05) n = 4. Treatment means for Hydrogen-3-thymidine incorporation increase from left to right and those
means connected by a common line segment are not significantly different by the test.

Table 2. Acetate incorporation into cellular lipids of benthic microorganisms at sedmiments sites under the Ross Ice Shelf:
Pre and during Phaeocystis sp. bloom

a nh-30 meters denotes New Harbor 30 meters;
ca-18 meters denotes Cape Armitage 18 meters;
ca-14 meters denotes Cape Armitage 14 meters (anchor ice);
ce-18 meters denotes Cape Evans 18 meters; and
sp-mat denotes Spicule Mat Cape Armitage 20 meters.

b Decentigrations per minute per gram dry weight.

Tukey's wholly significance test (family error at 0.05) n 5. Treatment means for carbon-14 acetate incorporation increase left to right and those means
connected by a common line segment are not significantly different by the test.
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that biomarkers can be used in antarctic studies. Novel long
chain monounsaturated acids; 22:1, 24:1, and 26:1, were de-
tected in the sea-ice diatom Nitzschia cylindrus, and these com-
ponents could potentially be used as markers for this alga,
along with other lipid classes such as sterols (White un-
published data) in the antarctic ecosystem. The long chain
monounsaturated acids were also detected in Cape Armitage
sediment-trap material and in sediment samples from all sites.
In future experiments, we plan to determine the precise double-
bond configurations to further test the potential of these
biomarkers.

Cape Armitage sediments were distinguished by fatty acid
analyses in our previous study (White et al. 1984). Comparison
of the other McMurdo Sound sediments collected during the
1984 - 1985 season and analysis of sediments into which the
carbon-13-labelled diatom Nitzschia cylindrus had been placed is
underway. Sediment traps were placed at all sites, along with
apparatus for biofilm collection, at the end of the 1984 - 1985
study for recovery in future field seasons.

This work was funded in part by National Science Foundation
grant DPP 82-13796-01. We thank John Wood and the U.S. Navy
VXE-6 squadron for their help during the field season and
Steven P. Collins and Christopher P. Antworth for their skilled
assistance with computational and gas chromatography-mass
spectrometry analyses, respectively.
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Table 3. Phospholipid ester-linked normal fatty acid profiles (Picomoles per gram dry weight) of selected antarctic sediments, sediment
trap material, a marine sea ice diatom Nitzschia cylindrus and a benthic bacterium isolated from Cape Armitage

Fattya acid	 Cape Armitage	Cape Evans	New Harbor	Nitzschiac	Antarctic
	Sedimentd

(14 metersb)	(20 meters)	(30 meters)	cylindrus	benthic	trap
bbC	db	pb	db	pb	db

	
bacterium	Cape Armitage

14:0
15:0

a15:0
1 6:3o4c
16:lw7c

16:1o1 3t
16:0

i17:1w7c
lOmel6:0

cyl7:0
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8359
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10881
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259
	

356
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241
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276
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36

	

2893	4260	12995	13711

	

571	438	68	138

	

4731	6489	9953	13029

	

1078	1549	2413	1859
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6	22	45	nd
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208
	

826
	

364

	

64
	

23
	

13

	

89
	

23	nde

	

23
	

67	nd

	

1233
	

861
	

4290

	

38
	

28	nd

	

1449
	

388
	

1014

	

25	nd
	

12

	

35	nd	nd

	

15	nd	nd

	

1207	16	364

	

90	}158	nd
1946 nd

	

664	7	nd

	

31	9	nd

	

4	171	nd

	

nd	209	nd

18:lw7c
20:4w6
20:5w3
22:6o3

24:l

75
52
67
47

1100

45
815

20
34

4

464
412
945
388

17

3
nd

107
23
18

9
382

11
536
157

7
tre

167
30

216
228

12

6
3

Total Phospholipid fatty acid (picomoles/	34600	34000	75700	84700	6170	10400	3500	1300	 3660
gram dry weight)

a Fatty acids designated as number of carbon atoms, number of double bonds, location of unsaturation nearest the aliphatic end (w) of the molecule. The
suffixes c and t indicate cis and trans configuration for monoenoic acids. The prefixes i, a, cy, and 1 Ome indicates iso and anteiso branching, the presence
of a cyclopropyl ring, and a methyl group 10 carbons from the carboxyl end. Only 16 of the 75 acids detected are reported in this table.

b Depth at which sample were collected.

bb and db indicate Before-Phaeocystis bloom (late November) and during bloom (early January), respectively.
d (Picomoles per gram dry weight) x 1000.

nd denotes not detected, tr denotes trace component.

Identification of i17:lw7c in the sediment trap sample is based on GC retention data alone.

g More than one isomer.
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Photoadaptive strategies in a natural
population of Phaeocystis pouchetii in

McMurdo Sound

second. Photosynthetic rates normalized to chlorophyll a were
fitted to the empirically derived equations of Platt, Gallegos,
and Harrison (1980).
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The microalga Phaeocystis pouchetii (Hariot) Lagerheim enjoys
a virtually worldwide distribution including antarctic marine
ecosystems. Classified as a prymnesiophyte, its life history
consists of both a colonial form in a mucilaginous envelope
(figure 1) and a motile or "swarmer" stage. Colonies of Pha-
eocystis have been reported in McMurdo Sound both in the
water column and in association with sea ice (Bunt 1964; Dayton
and Oliver 1977; Palmisano and Sullivan 1985).

McMurdo Sound provides a natural situation for examining
photoadaptation in this common microalga. Prior to the Pha-
eocystis bloom, primary production is virtually restricted to sea-
ice microalgae, with only low levels of chlorophyll a (less than
0.4 microgram per liter) found in the under-ice water column.
With the onset of the Phaeocystis bloom in late December, P/ia-
ocystis accounted for more than 99 percent of the phy-
oplankton in surface waters of east McMurdo Sound. Surface

rrents on the east sound move southward from ice-free Wa-
ers to beneath fast ice (Dayton and Oliver 1977). Thus, Pha-
ocystis would be carried from a relatively high-light, ice-free
nvironment to the low-light conditions (typically less than 1

percent of surface downwelling irradiance) beneath annual sea
ice.

Surface seawater samples were collected along a north-south
transect in east McMurdo Sound at five stations beginning at the
edge of the fast ice (figure 2). The onset of the bloom in the east
sound was followed between 18 and 28 December 1984. Low-
salinity seawater carrying Phaeocystis was advected from the ice
edge to beneath 1.5 meters of fast ice. Levels of dissolved oxy-
gen and chlorophyll a and the number of Phaeocystis cells in-
creased with time as the bloom progressed (Palmisano et al. in
preparation).

To examine photoadaptive strategies in Phaeocystis, photo-
synthesis-irradiance [(i)] relationships were determined using
small-volume, short-term (1-hour) incubations at — 1.8°C,
which is the mean ambient surface water temperature in
McMurdo Sound (Littlepage 1965). Photosynthetic rate was es-
timated by the uptake of 14C-sodium bicarbonate over a range of
irradiances from 0 to 874 microEinsteins per square meter per

I	a	I
'

-

411-,	 f,:	A
Figure 1. Scanning electron micrograph of a colony of Phaeocystis
pouchetii. Individual cells can be seen within a mucilaginous
envelope.

Figure 2. Map of east McMurdo Sound. Samples were collected
along a transect from station 1 at the fast-ice edge to stations 2
through 5 beneath 1.5 meters of fast ice. ("km" denotes "kilometer:')

We found that Phaeocystis demonstrated a unique photoadap-
tive strategy in response to reduced irradiance beneath annual
ice. A series of P(I) curves from samples collected on 24 De-
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cember 1984 (figure 3) revealed that the photosynthetic efficien-
cy or oc (the initial slope of the P(i) curve where light is limiting)
increased by fourfold as the Phaeocystis adapted to the reduced
irradiance. The maximum photosynthetic rate increased gradu-
ally from 3.5 to 7.3 milligrams carbon per milligram chlorophyll
a per hour. The low-light adapted cells not only used lower
irradiance more efficiently but also reached their maximum
photosynthetic rate at 50 percent lower irradiance. The in-
creased photosynthetic efficicency was not the result of an in-
crease in cellular chlorophyll a. Instead, it may reflect changes
in accessory pigments, the enzymes of carbon fixation, or ener-
gy flow between photosystems (Prezelin 1981). Adaptation to
reduced irradiance was also evaluated by measuring in vivo
absorption and fluorescence excitation spectra. Patterns ob-
served in the spectra are consistent with the response of other
microalgae to reduced growth irradiance (SooHoo et al. in
press).

One long-range goal of our research is the development of a
model for carbon cycling in McMurdo Sound. We estimated that
in situ production by Phaeocystis beneath annual sea ice in the
east sound contributed 16 grams of carbon per square meter to
the annual carbon budget. This value is comparable to primary
production by ice algae in McMurdo Sound of 18 grams of
carbon per square meter estimated by Grossi (1985). The study
of photoadaptation in natural populations of Phaeocystis in
McMurdo Sound will help us to estimate more accurately pri-
mary production in the changing light regimes that characterize
pack-ice regions.

The authors thank U.S. Navy squadron VXE-6 for helicopter
support and Steven T. Kottmeier for field assistance. Research
was supported by National Science Foundation grant DPP 83-
04985.
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We have been engaged recently in research to define the
significance of the microzooplankton in antarctic waters. These
studies began in 1983 on a cruise to the Weddell Sea during
which we studied the abundance and the reproductive (divi-
sion) frequencies and periodicities of the tintinnids, a group of
planktonic ciliates (Heinbokel and Coats 1984).

In 1984 - 1985 we continued these studies at the Palmer
Station (64°46'S 64°3W). Our studies were broadened last sea-
son to include definition of the entire ciliate assemblage in the
waters of Arthur Harbor and definition of the phytoplankton
population on the basis of size-fractionated (less than 5 microm-
eter, less than 10 micrometer, less than 20 micrometer, and total)
chlorophyll a determinations. In addition, we continued the
studies of ciliate reproduction begun the previous year. Sample
analysis was largely completed while at Palmer Station. Data
anlaysis is still incomplete, but general results are clear now.

Our research during the 1984 - 1985 field season both con-
firmed our findings from the 1983 cruise in the Weddell Sea
(Heinbokel and Coats 1984) and supported our suppositions
concerning the numerical importance of the ciliate and
nanophytoplankton assemblages. Five 24-hour stations were
occupied in or near Arthur Harbor at approximately weekly
intervals from 14 December 1984 through 10 January 1985.
Samples were obtained at regular intervals from three depths:
surface, 10 meters, and 20 meters. Water samples were size-
fractionated using 10- and 20-micrometer Nitex mesh and 5-
micrometer Nuclepore filters prior to fluorometric analysis of
chlorophyll a; ciliates in "whole water" samples were fixed and
preserved in basic Lugol's fixative (iodine/potassium iodide)
prior to enumeration using an inverted microscope. Net tows
(35-micrometer mesh) were taken vertically from 20 meters to
the surface to collect tintinnids for analysis of the frequency of
dividing cells. Sample analyses for the first four stations were
ompleted at Palmer Station; those data are summarized in the

accompanying table. Tabulated data are presented as station
averages for the purpose of this discussion, although the de-
tailed and interesting points concerning depth distributions
and diel effects are lost with such an approach. A more detailed
discussion will be prepared when station 5 samples have been
analyzed.

Even at this level of analysis, however, several points are
striking. As in the 1983 samples, there was no indication that
tintinnine reproduction was phased over the diel cycle. Fre-
quencies of dividing cells ranged approximately between 12 and
22 percent for Cymatocylis spp. and between 30 and 50 percent
for the other two species of tintinnines studied. Division fre-
quencies for all three species generally increased as the period
of study (December and January) progressed. Observed fre-
quencies were similar to those reported from the Weddell Sea in
1983 (Heinbokel and Coats 1984).

The chlorophyll data were consistent with those of Fay (1973).
Between 47 and 75 percent of the total chlorophyll  passed a 10-
micrometer mesh (as much as 49 percent passed a 5-micrometer
Nuclepore filter!). Unlike the 2 years sampled by Krebs (1973,
1974), however, a major phytoplankton bloom did not develop
in Arthur Harbor during the December/January study period.
Chlorophyll a concentrations greater than 6 micrograms per
liter were never observed in the samples taken during this
study, although other investigators (e.g., Quetin personal com-
munication) reported heavy phytoplankton blooms in waters
east and north of our study area.

Finally, we were able to sample carefully and examine the
total ciliate assemblage present in the vicinity of Palmer Station.
Oligotrichs (including both tintinnine nd non-loricated forms)
dominated all of our samples. Concentrations of tintinnines
greatly exceeded values we observed in the Weddell Sea (Hem-
bokel and Coats 1984) or those reported by Littlepage (1968) for
McMurdo Sound. The most abundant tintinnine was a small
species of Salpingella which, to our knowledge, has not been
reported previously from the Antarctic, although we did ob-
serve it in samples collected from beneath the seasonal pack ice
in 1983. At times it exceeded 2,000 individuals per liter. Rela-
tively small (less than 50 micrometers) oligotrichines (genus
Strombidiutn and/or closely related genera) generally exceeded
the tintinnines in abundance. As in the case of tintinnine re-
productive efforts (frequency-of-dividing-cells), the abundance
of both tintinnines and non-loricate oligotrichs tended to in-
crease as the season progressed but showed no general rela-
tionship to chlorophyll a concentrations.

Our data on the size-distribution of the phytoplankton as-
semblage and on the abundance of ciliates in these waters
support and extend the previous data appropriate for assessing
the importance of the ciliates and nanophytoplankton in the
Antarctic. While our data are quite limited in spatial and tem-
poral extent, they clearly illustrate how important these minute
and under-studied forms could be within the antarctic food
web.

This work was supported in part by National Science Founda-
tion grant DPP 83-16216. The assistance of K. Henderson and the
crew of the U.S. Coast Guard Arctic Survey Boat is gratefully
acknowledged.
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Data summary: Arthur Harbor studies, December 1984 and
January 1985

Station

Chlorophyll a
(in micrograms per liter)

Total
^ 20 micrometer
^ 10 micrometer
^ 5 micrometer

Chlorophyll a
(percent of total)

^ 20 micrometer
^ 10 micrometer
^ 5 micrometer

Ciliate abundance
(number per liter)

Tintinnines
Other oligotrichs
Total ciliates

Frequency of dividing cells
(percent of total cells)

Cymatocylis spp.
Laackmariniella spp.
Codenellopsis glacialis

Microheterotrophs in the
ice-edge zone:

An AMERIEZ study

D.L. GARRISON and K.R. BUCK

Center for Marine Studies
University of California

Santa Cruz, California 95064

Microheterotrophs, such as heterotrophic flagellates and cili-
ates, are now widely recognized as important components of
pelagic food webs (e.g., Taylor 1982). The abundance of these
organisms in the ice-edge zone may reflect increased produc-
tion in ice communities and in ice-edge plankton blooms (Gar-
rison et al. 1984). As part of the Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ) program in November
1983, we began to study microheterotrophs in the ice-edge
region of the Weddell Sea. In initial reports, we reported (Buck
and Garrison 1984; Garrison, Buck, and Silver 1984; Garrison
and Buck 1985) finding a surprising diversity and abundance of
microheterotrophs in ice-edge zone, and an apparent increase

in microzooplankton at the ice edge. During 1984 and 1985, we
have examined approximately 75 ice and water samples. Here,
we present a summary of our continued studies.

Population studies. The abundance of microheterotrophs in the
upper water column for stations under heavy ice cover (stations
5 and 6) and along a transect across the ice-edge zone (stations
15 through 21) is shown in the figure. Most of the micro-
zooplankton biomass was concentrated in the upper 50 meters;
abundance dropped markedly below approximately 50 to 60
meters. Microheterotroph populations are much more concer-
trated in ice than in water but, because ice is limited to the upper
1 t 2 meters, the largest fraction of microheterotrophs will still
be found in the water column (table; see Garrison et al. 1984).
Our data for early spring conditions overlap the range of values
von Brockel (1981) cites for late fall conditions. Our lower range
of values suggests a seasonal abundance cycle for micro-
zooplankton. This possibility will be addressed during an AMER-
IEZ cruise in March 1986.

Microheterotroph populations in ice were often dominated
by heterotrophic flagellates, (see Buck and Garrison 1984; Gar-
rison et al. 1984), whereas those in water were almost entirely
comprised of naked ciliates. We have been able to recognize
several forms that occur in both ice and water. However, there
are still many forms that we cannot yet identify with certainty,
and our efforts to determine the relationships between ice and
water is continuing.
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were supported by an award to John Corliss from the Smithso-
nian Sorting Center (Contract No. PC-504011). We thank J.O.
Corliss and Richard Snyder for their collaboration.

Summary of ciliate biomass (in milligrams of carbon per square
meter) in ice and water. (Data from von Brockel 1981 was

recalculated for the upper 50 meters and is presented for a
comparison with values from the present study.)

Sample	 X	 Range	 Remarks

Ice cores	13	3-19.9	Ice floes < 1.5 meter
Water column	69	24-179	Upper 50 meters
Water column	136	11-453	von Bröckel (1981)

Systematic studies of ciliated protozoans. Ciliates from our ice
samples have been examined, identified, and described by John
Corliss and Richard Snyder, University of Maryland (Corliss
1985). Corliss and Snyder found 26 ciliate species and described
seven new species. Other forms in the samples may constitute
additional new species, but these could not be described ade-
quately from the present samples. This brief study serves to
emphasize how poorly the antarctic ciliates are known. Our
population studies suggest that naked ciliates are abundant and
probably ecologically important in food webs in the ice-edge
regions.

On-going studies on microheterotrophs in the ice-edge zone
was supported by a National Science Foundation grant (DPP
82-18747) to D.L. Garrison and M.W. Silver. Systematic studies
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November 1983. Stations 5 and 6 were under heavy ice cover. Stations 15-21 were along a transect across the ice-edge zone. Station locations,
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Contrasting modes of reproduction by
common shallow-water antarctic

invertebrates
J.S. PEARSE, I. BOSCH, and J.B. MCCLINTOCK

Center for Marine Studies
University of California

Santa Cruz, California 95064

High-latitude invertebrate faunas long have been charac-
terized as having an unusually high proportion of species that
brood their young and avoid pelagic larval stages (White 1984).
Yet some shallow-water species in the Antarctic are not
brooders but have planktotrophic larvae. Among the most
abundant shallow-water echinoderms of the antarctic coast, for
example, the sea urchin Sterechinus neumayeri and the sea star
Odontaster validus have planktotrophic larvae that are nearly
indistinguishable from the larvae of similar species on the Cal-
ifornia coast (Pearse 1969; Bosch et al. 1984; Pearse and Bosch in
press). Our on-going research program is examining reproduc-
tion of the common shallow-water invertebrates in McMurdo
Sound to ascertain which mode, if any, predominates there and
to determine the factors that select for different modes.

We have focused on asteroids (sea stars) because they are
conspicuous and diverse. Moreover, when ripe, animals often
can be induced to spawn by injection of 1-methyladenine (Ste-
vens 1970), and larvae can be reared in the laboratory following
standard techniques (Strathmann 1971). We collected and ex-
amined 13 species of asteroids in 1984 - 1985 (table). Two of
these species, Diplasterias brucei and Notasterias armata were
known to brood embryos (Clark 1963); approximately 10 per-
cent of the population of D. brucei were brooding in 1984— 1985,

and several of these were followed in the field until they re-
leased their young (about 5 months).

At least six other species are broadcast spawners and were
seen to spawn gametes in the laboratory during 1984— 1985. The
planktotrophic larvae of one of these, Odontaster validus, had
been described (Pearse 1969) and these larvae were reared
through metamorphosis in 1984 - 1985 (5.5 months). Only one
other species, 0. meridionalis, was found to produce
planktotrophic larvae.

Large (550 to 1,300 micrometer diameter) eggs were freely
spawned into the water by four species. The eggs of Porania sp.,
a small (1- to 2-centimeter ray length) undescribed species,
settled on the bottom of the culture dishes where they de-
veloped to the morula stage. The eggs of the other species were
buoyant and floated to the surface when spawned. Those of
Acodontaster hodgsoni developed into non-feeding swimming
larvae that passed through a modified brachiolaria stage before
metamorphosing in about 2.7 months.

The ovaries were dissected from five other species of as-
teroids. All contained large numbers of oocytes between about
450 and 1,200 micrometers in diameter, and similar to those of
species that broadcast spawned and produced lecithotrophic
larvae. Moreover, although frequently noted and collected by
earlier workers, none of these species have ever been noted
brooding their young; they almost certainly are broadcast
spawners with lecithotrophic larvae.

Thus most species of shallow-water antarctic asteroids appear
to have pelagic larvae (mainly lecithotrophic). However, as-
teroid larvae have rarely been collected from the plankton.
Extensive sampling with diver-towed nets, stationary nets, and
traps from September 1984 through June 1985 yielded only 14
larvae of 0. validus, and no lecithotrophic larvae. The fate of
these larvae therefore remains unclear. Because most of the
lecithotrophic larvae are buoyant, they may float to the under-
surface of the sea ice where they could develop within the
platelet ice without being swept far away.

Reproductive characteristics of shallow-water asteroids in McMurdo Sound, Antarctica

Egg diameter
Species	 (in micrometers)

	
Embryo/larva nutrition

Brooders
Diplasterias bruceia
Notasterias armata

Confirmed Broadcastersb
Odontaster validusa
Odontaster meridionalis
Acodontaster hodgsonia
Porania sp.
Bathybiaster loripes
Lophaster sp.

Probable Broadcasters
Porania antarctica
Acodontaster conspicuus
Psilaster charcoti
Macroptychaster accressens
Perknaster fuscus

	

2250-3150
	

Lecithotrophic
>2500
	

Lecithotrophic

150-200
	

Planktotrophic
150-200
	

Planktotrophic
550
	

Lecithotrophic
550
	

Lecithotrophic

	

950-1000
	

Lecithotrophic
1300
	

Lecithotrophic

>450
	

Lecithotrophic
>700
	

Lecithotrophic
>800
	

Lecithotrophic
>1000
	

Lecithotrophic
>1200
	

Lecithotrophic

a Reared through metamorphosis.
b Spawned in laboratory.
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Other shallow-water animals in McMurdo Sound also have
pelagic development. We found numerous small eggs (190 mi-
crometers in diameter) in the abundant large nemertean Par-

barlasia corrugatus from September to December; these were
spawned in December and January. Many pilidium larvae were
present from November at least through June. The common
burrowing bivalve Laternula elliptica, mistakenly reported to
brood (Burne 1920), spawned large numbers of small eggs (220
micrometers) in the laboratory and field in March 1985; em-
bryos within fertilization membranes were abundant in the
plankton and bottom sediments the following month until they
hatched as tiny juvenile clams. On the basis of egg size in the
ovaries, two other common bivalves, Adamussium colbecki and
Limatula hodgsoni almost certainly are broadcast spawners also.
The three most abundant large shallow-water gastropods,
Amauropsis grisea, Trophon ion gstaffi, and Neobuccinum eatoni,
were found to deposit eggs in capsules within which embryos
develop into juveniles. Nevertheless, gastropod veligers of un-
known origin were the most abundant meroplankters during
the 1984 - 1985 season.

Our findings to date indicate that the predominate mode of
reproduction among common shallow-water invertebrates in
McMurdo Sound is pelagic lecithotrophy (about 60 percent of
the asteroids), in theory a poor reproductive strategy (Vance
1973). Lecithotrophy indicates that food conditions for larvae
are limiting, and the parents need to provide the embryos and
larvae with large nutrient supplies. Only a few species in the
Antarctic depend on plankton for larval food. On the other
hand, relatively few species brood their embryos, and there
does not seem to be unusual selection against species with
pelagic larvae as previously assumed.

We thank Ronald Britton and Baldo Marinovic for assistance
in the field, and Vicki Pearse, Rodney Simpson, and William
Stockton for comments on the manuscript. This work was sup-
ported in part by National Science Foundation grant DPP
83-17082.

References

Bosch, I., K.A. Beauchamp, M.E. Steele, and J.S. Pearse. 1984. Slow
developing feeding larvae of a common antarctic sea urchin reared
through metamorphosis. American Zoologist, 24, 198.

Burne, R.H. 1920. Mollusca, Pt. 4. Anatomy of pelecypoda. British
Antarctic Terra Nova Expedition 1910, Natural History Reports, 2(4), 233-
256.

Clarke, H.E.S. 1963. The fauna of the Ross Sea. Part 3: Asteroidea. New
Zealand Department of Science Industrial Research Bulletin, 151, 1 - 84.

Pearse, J.S. 1969. Slow developing demersal embryos and larvae of the
antarctic sea star Odontaster validus. Marine Biology, 3, 110 - 116.

Pearse, J.S., and I. Bosch. In press. Are the feeding larvae of the
commonest antarctic asteroid really demersal? Bulletin of Marine
Science.

Stevens, M. 1970. Procedures for induction of spawning and meiotic
maturation of starfish oocytes by treatment with 1-methyl-adenine.
Experimental Cell Research, 59, 481 - 484.

Strathmann, R.R. 1971. The feeding behavior of planktotrophic echi-
noderm larvae: Mechanisms, regulation, and rates of suspension
feeding. Journal of Experimental Marine Biology and Ecology, 6, 109-160.

Vance, R.R. 1973. On reproductive strategies in marine benthic inverte-
brates. American Naturalist, 107, 339 - 352.

White, M.G. 1984. Marine benthos. In R.M. Laws (Ed.), Antarctic ecolo-

gy. London: Academic Press.

Sinking rates of natural phytoplankton
populations of the western Weddell

Sea
T.O. JOHNSON and W.O. SMITH

Botany Department
University of Tennessee

Knoxville, Tennessee 37996

One potentially large loss of biogenic material from the eu-
photic zone is via sinking of particles. Data exist which imply
that sinking may be particularly important in ice-edge systems
and in the southern oceans in general. For example, large de-
posits of siliceous oozes occur on the continental shelfs of the
southern oceans (DeMaster 1981). These deposits are di-
atomaceous and often appear to consist of whole, non-frag-
mented diatoms. In addition, antarctic diatoms are usually
heavily silicified when compared to temperate and tropical
forms; such ornamentation might be expected to increase the
density of cells and increase the relative sinking rates. Finally,
epontic algae have been reported to sink very rapidly when ice

is melted (Sullivan personal communication), and because ac-
tive ice-melt and ice algal release occur in marginal ice zones,
losses of these species due to sinking might be expected to be
large. However, an analysis of the total (dissolved plus particu-
late) silica distribution within an ice-edge bloom in the Ross Sea
indicated that losses of siliceous material from the euphotic
zone were low (Nelson and Smith in preparation); a corollary to
this is that net sinking rates within the bloom were low (Smith
and Nelson 1985). Determination of sinking rates could help us
understand the temporal and spatial variations of phy-
toplankton biomass within the ice-edge system.

Measurements of particle sinking rates were conducted on
the R/V Melville during November and December 1983 as part of
AMERIEZ (Antarctic Marine Ecosystems Research at the Ice-Edge
Zone). All determinations were made using settling chambers
constructed using the recommendations of Bienfang (1981-a)
(figure). The chambers were suspended on a gyro mount,
placed on deck and maintained at in situ temperatures by cir-
culating surface seawater through the water jacket. By con-
ducting measurements on deck, experimental manipulations of
the ambient-light regime could be performed. The method used
to calculate sinking rates determines the change in phy-
toplankton biomass after a period of time in the chamber's lower
portion; this increase can then be related to population sinking
rate (see Bienfang 1981-a for theoretical treatment of the meth-
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od). Parameters measured at time zero and at the end of each
experiment included chlorophyll, phaeophytin, particulate car-
bon, particulate nitrogen, biogenic silica, and cell number. Thir-
ty sets of experiments (each set consisting of two independent
measurements) were conducted.
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again, absolute rates varied between 0.49 and 3.09 meters per
day, depending on the parameter measured. This variation was
not unexpected because many factors (e.g., physiological state,
cell size and shape, etc.) influence sinking rates.

In general, sinking rates were easily measured and ranged
from 0.0 to 4.8 meters per day, similar to (although slightly
greater than) those rates measured in temperate waters (e.g.,
Bienfang 1981-b). The preliminary results indicate that antarctic
phytoplankton do not exhibit anomalous sinking rates, but that
the rates are high enough to influence the vertical distribution
of phytoplankton. Further analysis will be conducted to see if
sinking rates might explain the observed variations in phy-
toplankton community composition and distribution within
the ice edge. Experiments are also planned to measure precisely
the sinking rates of epontic algae in water underneath the ice to
assess accurately the role of particle sinking to the flux of ele-
mental materials within the ice-edge system.

Results of two experimental determinations of particle sinking
ratesa (SR) represented by four chemical parameters

Chlorophyll-	Biogenic silica-	Carbon-	Nitrogen-

	

Experiment	based SR	based SR	based SR based SR

Station 32 (60027.2S 39°50.5'W)-Surface vs. pychocline

	

0 meters	1.53	1.56	1.71	2.10

	

65 meters	0.80	0.91	0.79	0.54

Station 17 (60019.5PS 37°5.8'W)-Light vs. dark at 0 meters

	

100 percent	0.49	0.71	2.89	0.81

	

0 percent	0.52	0.63	3.09	0.86

a Sinking rates are measured in meters per day.

The authors with to acknowledge J. Ahern, J. Jennings, and
M. Sparrow for assistance in the collection of water samples. We
also thank J. Ahern for the analyses of silica for our experiments.
This research was supported by National Science Foundation
grant DPP 82-18758.
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SETCOL chamber (modified from Bienfang 1981-a). ("cm" denotes
"centimeter:' "ml" denotes "milliliter:')

Results of two experiments are shown in the table. The ex-
periment at station 32 measured the sinking rates at the surface
and at the pycnocline (65 meters). All parameters indicated that
the surface population sank faster than that from the pyc-
nocline, although variations in the absolute rates calculated
from different biomass indices ranged from 0.54 to 2.10 meters
per day. The experiment at station 17 tested the effect of light on
sinking rates. Little difference was noted between a sample
exposed to surface irradiance and one placed in darkness;
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Size fractionation of antarctic
phytoplankton

S.Z. EL-SAYED and L.H. WEBER

Department of Oceanography
Texas A&M University

College Station, Texas 77843

The antarctic phytoplankton community is generally domi-
nated by organisms less than 20 micrometers in size, as evi-
denced by size-fractionated measurements of chlorophyll a (Fay
1973; El-Sayed and Taguchi 1981; von Brockel 1981; Yamaguchi
and Shibata 1982; Hewes, Holm-Hansen, and Sakshaug 1983;
Sasaki 1984; Weber 1984). Attention has been focused recently
on the significance of photoautotrophic picoplankton, chlo-
rophyll-containing organisms which are less than 1 to 3 mi-
crometers in size (see Li et al. 1983; Platt, Subba Rao, and Irwin
1983; Takahashi and Bienfang 1983). During two cruises in the
1984 - 1985 austral summer season, we determined the relative
contributions of the pico (less than 1 micrometer), nano (greater
than 1 micrometer but less than 20 micrometer), and micro
(greater than 20 micrometer but less than 200 micrometer) size
fractions to the total phytoplankton biomass, as estimated by
chlorophyll a. The first cruise was aboard the Federal Republic
of Germany's F/s Polarstern in the southwestern Drake Passage
and eastern Bransfield Strait (figure 1A) between 14 November
and 8 December 1984. The second was aboard the South African
Ris Africana in the western Indian sector of the Antarctic (figure
1B) between 20 February and 23 March 1985. Both of these
cruises represented the respective country's contributions to
phase II of the Second International BIOMASS (Biological Inves-
tigation of Marine Antarctic Systems and Stocks) Experiment.

As such, multidisciplinary studies revolving around the ecolo-
gy and physiology of krill were carried out. Our program was
designed to assess the vertical and horizontal distribution pat-
terns of phytoplankton biomass, productivity, and species com-
position in relation to various physico-chemical parameters and
to the distribution of krill. Here we report only on the size-
fractionated measurements of chlorophyll a.

The 33 closely spaced stations occupied in the vicinity of
Elephant Island (figure 1A) have an average chlorophyll con-
centration in the upper water column (down to 100 to 300
meters) of 0.23 milligram per cubic meter, with a maximum of
0.82 milligram per cubic meter. The picoplankton component
was not measured at these stations. Overall, the contribution of
the less than 20-micrometer size fraction to the total estimated
chlorophyll a concentration is 76 percent. The proportion of
nanoplankton in surface waters (83 percent) is somewhat higher
than for the deepest samples (68 percent). This shift results
from a decrease in the concentration of nanoplankton with
depth, as the microplankton component is, at all levels, very
low (figure 2A). The relative contribtuion of the nanoplankton
to total chlorophyll shows station-to-station variability.
However, at more than half of the 33 stations, the nanoplankton
contributes greater than 85 percent to the surface chlorophyll
and greater than 70 percent to water-column mean values of
chlorophyll (figure 3A).

Average water-column chlorophyll concentrations at the six
Polarstern stations outside the Elephant Island grid (stations 200,
201, 203, 206, 207, and 209 in figure 1A) vary greatly, from a low
of 0.07 milligram per cubic meter at station 200 to a high of 2.60
milligram per cubic meter at station 207. At these stations, a
substantial amount of the chlorophyll is contained in cells
which passed through a 1-micrometer Nuclepore filter (figure
2B). The relative contribution of these very small cells to the
photoautotrophic biomass varies considerably from station to
station, ranging from only 3 percent at station 201 to 70 percent
at station 209. (The mean is 40 percent.)

ELEPHANT I.

680W	K
59°S

600

300 E
.FRIC5
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Figure 1. Station positions of the F/S Polarstern (A) and R/S Africana (B) cruises.
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Figure 3. Number of Elephant Island grid stations (A) and Africana
stations (B) with various amounts of the mean water column chlo-
rophyll a in the less than 20 micrometer size fraction. ("rim" denotes
"micrometer:')

The 15 Africana stations (figure 1B) have an average chlo-
rophyll concentration in the upper water column (to 150 meters)
of 0.29 milligram per cubic meter, with a maximum of 1.48
milligrams per cubic meter. These values are similar to those for
the Elephant Island stations. In contrast to the very high pro-
portion of small phytoplankters in the Polarstern samples (and
to values generally reported in the literature), the Africana sta-
tions display a mean contribution of chlorophyll from cells less
than 20 micrometers in size of only 47 percent (range of 29 to 84
percent, figure 3B). Again in marked contrast to the Polarstern

samples, the relative contribution of the nanoplankton in-
creases with depth. Cells less than 20 micrometers contribute
an average of 37 percent and 62 percent to the total chlorophyll
concentration at the surface and 150 meters, respectively. The
picoplankton biomass is very low, contributing an average of
only 14 percent (range 7 to 43 percent) to the total concentration
of chlorophyll.

The fact that we found high, but extremely variable, amounts
of picoplankton and nanoplankton emphasizes the need to
further study the size distribution of antarctic marine
phytoplankton.

We are grateful to our colleagues of the Alfred-Wegener In-
stitut fur Polarforschung, Bremerhaven, Federal Republic of
Germany, and the Sea Fisheries Research Institute, Cape Town,
South Africa, for the opportunity to participate with them in the
cruises of the F/S Polarstern and R/S Africana. The research re
ported herein was supported mostly by personal funds. Grate-
ful acknowledgement is expressed to Kenneth Sherman, Direc-
tor, Northeast Fisheries Center, National Marine Fisheries
Service, for arranging financial assistance through the Fisheries
Center.
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Phytoplankton from the southwestern
Atlantic Ocean

G.A. FRYXELL, R.W. GOULD, JR., and T.P. WATKINS

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Dynamic changes of phytoplankton abundance under frontal
conditions presented by the antarctic ice edge have been con-
firmed by quantitative data from preserved water samples, rela-
tive abundance measurements from net hauls, and experiments
with living cultures. Materials were collected on the November
and December 1983 cruises of the U.S. Coast Guard icebreaker
Westwind and RIV Melville as part of the AMERIEZ (Antarctic
Marine Ecosystem Research at the Ice-Edge Zone) project. Our
data show an ice-edge phytoplankton increase (not a surface
discoloration or "bloom"), dominated by the prymnesiophyte,
Phaeocystis poucheti (Hariot) Lagerheim, and the diatom,
thalassiosira gravida Cleve. Using samples taken under and in
the ice, plus those from the open ocean, we conclude that T.

^
ravi'da was part of austral spring phytoplankton increase inocu-
ated from the west or from the north and travelling south to the
ce edge, while Phaeocystis was an important part of phy-
oplankton under the ice and showed a great increase in situ as
he seasonal ice melted (figure 1).

Acrylic acid production by Phaeocystis was confirmed by
uillard and Hellebust (1971), and it has been suggested that
erring avoid dense blooms of this taxon. The colonial stage of

Phaeocystis is reputed to affect phytoplankton adversely, as well,
t least in northern waters (Yentsch personal communication).

I fact, the presence of Phaeocystis can be indicated by an altered
ppearance of cellular contents in other phytoplankton (chlo-

r sis and a heavy granulation of the cellular contents, Smayda
1973). Such a negative relationship between the dominant di-

oms and Phaeocystis was not noted in our material. On the
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contrary, often the numbers of Phaeocystis and diatoms (from
discrete samples taken at 7 or 8 depths at each station) showed
increases or decreases that were parallel, or directly related.
There was an exception deep under the ice at the southernmost
station and in an ice core, where the Phaeocystis maximum was
in dim light, but diatoms were not abundant. We have no data
on species succession at any one station or in any one water
mass as yet.

We noted what may have been zygote production by Pha-
eocystis, with the maximum number of such cells at the surface
farthest south into the ice zone (Westwind stations 15, 14) and
deeper into the water column north toward the ice edge. This
stage will be sought in future collections.

Under the ice, the classic antarctic phytoplankton was pres-
ent, but with few resting spores (Fryxell, Theriot, and Buck
1984). The quantitative analysis showed dominance by species
of the diatom genus Nitzschia united in ribbon colonies (figure
2). N,tzschia spp. from the water columns of the two stations
farthest south (Westwind stations 15, 14) averaged 70 percent of
the diatoms, while those from the stations out of the ice (West-
wind stations 20 through 23) averaged less than half that. Abso-
lute numbers of Nitzschia did not decrease, but other diatom
numbers showed greater increases. Cell counts of water col-
umns under the ice averaged 22.5 x 10 911cells per square meter,
an order of magnitude higher than in the open ocean of lower
latitudes (Fryxell, Taguchi, and El-Sayed, 1979).

Away from the ice edge, cell counts were even higher, with an
average of 41.6 x 10 9 cells per square meter in the water col-
umns of the four open-ocean samples of the Westwind. In addi-
tion to Phaeocystis, the water column was dominated by
Thalassiosira gravida (figure 3). The diatom, like Phaeocystis, oc-
curred in this area in gelatinous colonies. The fact that both
dominant taxa, not representing closely related organisms,
showed the same growth habit provides enticing clues as to
form and function of phytoplankton as well as to the nature of
winter water or turbulent water as a medium for phytoplankton
growth. T gravida also dominated the net hauls from the R/V
Melville, especially in stations farthest north in the early part of
the study period, reaching south toward the ice by the first of
December.
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Figure 1. Relative abundances of diatoms and prymnesiophytes in
samples taken during AMERIEZ on board the Westwind. ("rn- 1 " de-
notes "per meter.")

The abundance of the prymnesiophyte under and in the ice,
as well as a possible sexual stage in the life cycle under the ice
suggests that the seed stock of that part of the ice edge "bloom"
came from the water column under the ice and from the ice
itself. On the contrary, low numbers of T. gravida under the ice
(from 0 to 7,000 cells per liter, with an average of less than 1,000),
as opposed to an average of more than 150,000 cells per liter in
all samples taken north of the ice at cruise's end suggest that this
component was radiating principally from outside the ice.

The importance of the diatom genus Thalassiosira in blooms
and upwellings makes its dominance in the austral spring of
1983 come as no surprise, and a key to the species found in

antarctic waters has now been published (Johansen and Fryxell
1985), illustrated principally with light microscopy and stylistic
drawings. The vegetative and resting spore ultrastructure of the
bipolar diatom T. antarctica Comber has been studied in light
and electron microscopes (Doucette, Burghardt, and Fryxell
1984; Doucette and Fryxell 1985). They noted distinctions in the
ultrastructure of life stages but saw few discernable differences
between the disjunct populations. Johansen, Doucette, and
Fryxell (in press) explain variation in Thalassiosira resting spore
valve morphology by restrictions placed on the developing
valve by its position within the chain. Their material came from
a scanning electron microscope study of field populations
around South Georgia, taken on the 1982 cruise of the RRS John

Biscoe.

Figure 2. Ribbon colony of Nitzschia sp., a representative of the
genus that dominated under the ice. Nitzschia spp. accounted for 70
percent of diatoms at the two stations farthest south (Westwlnd
stations 15, 14). (Light micrograph.) ("gm" denotes "micrometer?')

It does appear, however, that the potential is present for
genetic separation of disjunct populations on relatively short
time scales. A.M. Wood and R. Lande, University of Chicago,
have been working with us on the inheritance of morphological
variance within and among 10 genotypes of the antarctic diatom
T. tumida (Janisch) Hasle, using a combination of light and
scanning electron microscopy on clones isolated on board the
Westwind. T. tumida is a variable species (Fryxell, Hasle, and
Carty in preparation) also known to cause blooms in antarctic
waters. Preliminary analysis thus far reveals a highly significant
component of genetic variation: about 30 percent of the total
phenotypic variance is caused by genetic differences between
clones. These results suggest that natural populations of di-
atoms contain sufficient genetic variance for significant mor-
phological evolution on a time scale of weeks or months. Dy-
namic ocean fronts, such as the ice edge, can thus be expected
to provide temporary isolated zones that could play vital roles in
evolutionary patterns.

Morphologic studies on other diatom genera are underwa
with antarctic material making key contributions. A portion o
the planktonic genus Coscinodiscus was being considered as
new genus, with the proposed name Circellus (Fryxell
Johansen, and Doucette 1982), but examination of fossil materia
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at the British Museum (Natural History) and the Museum Na-
tional d'Histoure Naturelle, Paris, confirmed that the group fits
into an existing fossil monospecific genus, Azpeitia (Fryxell,
Sims, and Watkins in preparation). Although it is considered to
be a warm-water genus, one member with primitive charac-
teristics (described as Coscinodiscus tabularis Grunow, to be
transferred to Azpeitia) has radiated into antarctic waters. It does
not, however, reach as far south as the ice.

64 species found and distributional records revealing zonal
patterns from the austral spring and fall 1978 - 1979 cruises of
the Islas Orcadas.

The antarctic portions of the above studies were supported by
National Science Foundation grants DPP 78-23463, DPP 80-20381,
DPP 82-18491, and University of Chicago subcontract DE-ACO2
81-ER60014.

Figure 3. Thalassiosira gravida, a diatom that, with Phaeocystis,
dominated the water column outside the ice. This diatom, like the
prymnesiophyte, occurred in gelatinous colonies. (Scanning elec-
tron micrograph.) ("Lm" denotes "micrometer.")

The closely related diatom family, Hemidiscaceae, appears to
share a common ancestor with the genus Azpeitia and may be
directly descended from Azpeitia. Generic concepts of its mem-
ber genus, Actinocyclus, are being explored in regard to warm-
and cold-water species, including one species found under the
ice on the AMERIEZ project (Watkins and Fryxell in preparation).

Because the literature dealing with the dominant diatoms of
antarctic waters is scattered, a handbook is now in press (Prid-
die and Fryxell in press) and should soon be available. It is an
annotated compilation of literature from diverse sources intend-
ed for the light microscopist. Scanning electron microscopy has
been used in a morphological study of the armored dinoflagel -
lates in the southwestern Atlantic Ocean (McKenzie 1985) with
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Photoadaptations of photosynthesis
and carbon metabolism by antarctic
phytoplankton: Species-specific and

community responses

R.B. RIvKIN, M.A. VOYTEK, and I. MORRIS

Horn Point Laboratories
Center for Environmental and Estuarine Studies

University of Maryland
Cambridge, Maryland 21613

In most aquatic environments, temperature, nutrients, and
light are the primary factors regulating the production and
growth of the phytoplankton (Bunt 1964; Holm-Hansen et al.
1977; Falkowski 1980). In the Antarctic, inorganic-nutrient con-
centrations are high, and temperatures are low and relatively
uniform. Thus adaptations to the variable light regime will, for
the most part, regulate photosynthesis and growth. Photoadap-
tations which enhance the absorption of light, fixation of carbon
or the synthesis of energetic or structural polymers could be of
selective advantage (Morris 1981). Species-specific adaptations
which influence cell division rates may ultimately be reflected in
spatial and temporal differences in species composition. Rates
of photosynthesis and cell division, the mechanisms and time
course of photoadaptations, and the expression of the pho-
toadaptations of photosynthesis in altered cell division rates
would be species-specific. A water sample collected in any
aquatic environment would contain a large number of different
species of photoplankton; thus, to discriminate between the
extent to which a measured change is due to an adaptation per
se or to a change in the species composition, it is essential that
adaptations of photosynthesis, carbon metabolism, and growth
be evaluated for individual species rather than just for the entire
phytoplankton community. The overall objective of this re-
search is to develop an understanding of the interactions be-
tween the photoadaptations of photosynthesis and carbon me-
tabolism and the expression of these adaptations in altered cell-
division rates.

During the 1984 - 1985 field season (mid-November to mid-
February), we examined the relationship between photo-
synthesis and carbon metabolism (i.e., the pattern of polymer
synthesis) for the individual phytoplankton species and that of
the phytoplankton assemblage in McMurdo Sound. Samples
were collected at the ice edge and through holes in the ice at 8
sites along a north to south transect on the eastern side of
McMurdo Sound. Samples for physiological experiments were
collected in 10-liter Niskin bottles or by vertically towing a 20-
micrometer aperture, 0.20-meter plankton net. Whole-water
and species-specific rates of carbon uptake, ribulose 1,5-
bisphosphate carboxylase activity, chlorophyll a con-
centrations, and photosynthate labelling patterns were meas-
ured as previously described (Rivkin and Seliger 1981; Rivkin et
al. 1982; Rivkin in press). Time course incubations were done in
flowing seawater (- 1.8°C) with incident insulation attenuated
with neutral density filters.
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Reported herein is a comparison between the photo-
synthesis-irradiance relationships for two of the more common
phytoplankton, Thalassiosira scotia and Fragilariopsis sp. and that
of the phytoplankton community. Plankton were synoptically
collected at the ice edge and from under the annual ice approx-
imately 16 kilometers south of the ice edge. In this region the
prevailing current flows south along the east side of McMurdo
Sound. Phytoplankton would therefore be carried from the ice
edge, where they would be exposed to relatively high irra-
diances, under the annual ice, where irradiances are low. This
would thus represent ideal conditions to examine the in situ
photoadaptations of photosynthesis and carbon metabolism
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and cell division. The photosynthesis vs. irradiance rela-
tionship for the phytoplankton assemblage is shown in the
figure, part A. The rate of carbon uptake for a sample collected
from 15 meters at the ice edge saturated at approximately 75
microEinsteins per square meter per second with no pho-
toinhibition during the approximate 6-hour incubation. The
maximum rate of carbon uptake of samples collected from 15
meters under the annual sea ice saturated at approximately 55
microEinsteins per square meter per second with significant
photoinhihition above 60 microEinsteins per square meter per
second. The photosynthesis vs. irradiance relationships of T.

scotia (figure, part B) and Fragilariopsis sp. (figure, part C) iso-
lated from the ice edge were similar. Carbon uptake saturated
approximately 350 to 400 microEinsteins per square meter per
second and was photoinhibited over 450 microEinsteins per
square meter per second. These diatoms apparently pho-
toadapted to the reduced irradiances experienced during the
transport beneath the annual ice. When isolated from under the
annual ice, carbon uptake by T. scotia saturated at approximately
45 microEinsteins per square meter per second and was moder-
ately photoinhibited above 60 microEinsteins per square meter
per second. This contrasts with the responses of Fragilario psi sp.
where carbon uptake saturated at approximately 325 microEin-
stems per square meter per second followed by a rapid onset of
photoinhibition.

The slope of the light-limited region of the photosynthesis vs.
irradiance relationship was greater for the diatoms isolated from
under the annual ice (i.e., low-light adapted) compared to the
ice edge (i.e., high-light adapted). This was not unexpected and
suggests that these algae used low irradiances more efficiently
(Prezelin 1981). The higher photosynthetic capacities for the
low-light adapted diatoms was unexpected. Studies of the spe-
cies-specific photoadaptations of phytoplankton from coastal
and offshore temperate regions has not heretofore shown this
pattern.

The results of this study serve to emphasize the differences in
photoadaptations among species and between species-specific
and community responses. Our continuing studies will exam-
ine the coupling between photoadaptations of photosynthesis,
carbon metabolism, and cell division. By measuring these adap-
tations for individual species in situ, it may be possible to under-
stand the factors which regulate physiological adaptations,
growth, and succession of phytoplankton in the sea.

This research was supported by National Science Foundation
grant DPP 83-14607.
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Trophic position of benthic rhizopods	microflora as bacteriovores and herbivores and on the micro-
and meiofauna as predators is unknown. Their importance as a

	

in McMurdo Sound	 food source to higher trophic levels, especially small species
and developmental stages of larger organisms may be signifi-
cant. Research conducted in the Antarctic during the 1984 -
1985 austral summer was in response to a clear need to develop
a better understanding of this diverse and abundant order.

T.E. DELAcA

	

	 The board objectives of the research program carried out both
in the Antarctic and in the United States are (1) the examination

	

Scripps institution of Oceanography	 of the distribtuion, ecology, and physiology of important ant-

	

University of California-San Diego	 arctic benthic rhizopods and (2) the evaluation of the roles and
Lajolla, California 92093 significance of benthic rhizopods in the energy flux through

benthic communities. These investigations were accomplished
by assessing the range and concentration of food available in
microhabitats inhabited by rhizopods and by measuring the
ability of a selected suite of rhizopod species to use those food

Benthic rhizopods may be an important component in energy	resources under laboratory conditions. The resulting feeding
transfer in the benthic food webs of McMurdo Sound. They	studies focused on the direct uptake of dissolved organic mate-
represent large standing stocks and biomasses and are capable	rial (D0M) (amino acids, carbohydrates, and lipids) and the
df rapid growth using a variety of food sources. Their impact on	consumption of small particulate organic carbon (0.2 to 50 mi-
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crometers) including bacteria, unicellular algae, and pro-
tozoans. Predation on small metazoans (up to 10 millimeters)
was also investigated. Ten species of benthic rhizopods were
studied including eight foraminifera, a xenophyophorian, and
Gromia oviformis (Testacida).

These investigations have shown significant differences in
both the spectrum of food taken (size and composition) and the
rates of uptake by the benthic rhizopods examined (see the
figure for an example). While these investigations indicate that
some foraminifera are restricted to the consumption of small
particulates (bacteria, diatoms, and DOM), other species have
wider ranging diets.

Detailed studies were conducted on the foraminifer Astram-
mina rara, a large (up to 11-millimeter maximum dimension),
agglutinated species found in abundances of up to 1,800 indi-
viduals per square meter on both sides of the sound. This

species was found to consume all small particulates presented
including six species of bacteria and four species of diatoms at
typical environmental concentrations. It was also found to use
free amino acids at concentrations available in the sediment and
to kill and devour the larvae, juveniles, and adults of small
metazoan species commonly co-occuring with this species. The
list of metazoan prey taken by A. rara includes eleven species of
crustaceans, three species of molluscs, and four species of echi-
noderms. Polychaetes and nematodes were also consumed.
Some of the prey were up to six times larger than the for-
aminifera that captured them. Investigations in progress con-
centrate on methods of prey capture and digestion.

Field personnel including T.E. DeLaca, W.L. Stockton, and
J.M. Bernhard began studies adjacent to McMurdo Station dur-
ing winter fly-in (late August) and continued at New Harbor
and other study sites along the western side of the sound
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Variation In the rates of uptake of algal protein hydrolysate (Amersham Corp., Product CFB.25) and glucose between six species of foraminifera,
a testacean, and a xenophyophorlan. Experiments were conducted at 0°C in seawater. Amino acid concentration is 10 micrometers, glucose is
10 micrometers, and bacteria (1 x 4 micrometers Gram negative rods) is 106 per milliliter. All values extrapolated to micrograms of uptake per
gram of protoplasm per hour (DeLaca in press). Biomass estimates used to normalize data were made from adenosine triphosphate
measurements. ("ig/g/hr" denotes "micrograms per gram per hour?')
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through the end of January. S.S. Bowser, K.A. Miller, and J.C.
Valencic joined the project during the austral summer. This
research was supported by National Science Foundation grant
DPP 83-05475.
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Biomass, distribution, and
trophodynamics of Salpa thompsoni

in the Scotia Sea
near the Antarctic Peninsula,
austral summer 1983 - 1984

M.E. HUNTLEY, P. SYKES, R. ROHAN, and V. MARIN

Scripps Institution of Oceanography, A-002
La Jolla, California 92093

The salp, Salpa thorn psoni, was a dominant component of the
zooplankton of the Scotia Sea/Antarctic Peninsula region in the
1983-1984 field season. We studied the biometry, biomass, dis-
tribution, feeding behavior, and trophic impact of this species
on two 6-week segments of the Protea Expedition (leg 4,
November and December 1983, and leg 6, February and March
1984), during which we made almost 200 plankton tows and
conducted several dozen feeding experiments using natural
particulate matter.

Both sexual and asexual forms occurred in the samples. The
sexual form was dominant, comprising more than 91 percent of
salps at every station. The size range of the sexual form, mea-
sured from oral to aboral apertures, was 5 to 70 millimeters.
Unimodal and bimodal size-frequency distributions were
found. In the latter, a high proportion of 5- to 10- millimeter
individuals accounted for the small peak.

Wet, dry, and ash-free weights of frozen individuals of the
sexual form were measured in the laboratory. In the size range 5
to 60 millimeters, the proportion of water (95.0 ± 1.3 percent)
and organic matter (1.25 ± 0.3 percent) were independent of
size. Regression analysis of the relationship between length and
weight showed that ash-free dry weight is proportional to the
square of the length (r2 = 0.93). This suggests that the mass of
the salp is concentrated in its surface area and not in its volume,
as is the case in most other zooplankton (Omori and Ikeda
184).

Feeding rates of sexual individuals were measured in 6- to 24-
hur experiments in which they were suspended in natural
pa ticulate matter contained in 10-liter carboys and rotated at 1
re olution per minute on a grazing wheel at 1°C; the rate of
di appearance of particulates calculated from chlorophyll mea-
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surements (Adams and Steele 1966). Clearance rate, F (in milli-
meters per salp per hour), was related to body dry weight, W (in
milligrams), by the power function: F = 2.27 W° 79 with regres-
sion coefficient of 0.51. This relationship agrees well with clear-
ance rates of boreal zooplankton predicted by the model of
Huntley and Boyd (1984). The clear implication is that, per unit
body weight, Salpa thorn psoni does not have inordinately higher
grazing rates than other boreal zooplankton.

We used the equation above, along with data on the biomass
and distribution, to calculate the trophic impact of salps on
primary production in the Scotia Sea/Antarctic Peninsula re-
gion. These data are summarized in the table and are compared
to similar calculations for Euphausia superba, based on biomass
data from the 1980 - 1981 field season (Brinton and Antezana
1984) and on the projected feeding rates of krill following Holm-
Hansen and Huntley (1984). We asked the following questions.
• What fraction of the primary production was consumed by

the average salp and krill biomasses?
• What fraction of the primary production was consumed by

the maximum salp and krill biomasses?
• Was the consumption of particulates by salps greater than

that by krill?
We calculated consumption rates of these populations by four

independent methods: (1) clearance rate, using the methods
described above; (2) respiration rate, based on the data of Ikeda
(1974); (3) maximum ingestion rate; and (4) maximum growth
rate. Both latter estimates were based on equations given by
Huntley and Boyd (1984). These values were then compared to
the primary production values for the Scotia Sea region given by
Holm-Hansen and Huntley (1984).

Using the results shown in the table, we can draw the follow-
ing conclusions. First, in terms of wet weight biomass, salps
were one order of magnitude more abundant than krill, but in
terms of carbon biomass the reverse was true. Second, the
average salp and krill biomasses appear to consume no more
than 10 percent, and perhaps as little as 1 percent, of the
primary production. Third, only the maximal krill biomass (i.e.,
the "superswarm" of 1981) might have been capable of cropping
the average primary production; even the maximal salp bio-
mass appears not to have been capable of this. Finally, con-
sumption by salps appears to be less than that by krill; prelimin-
ary data collected by Edward Brinton indicate that the
biomasses of dispersed krill in the study region in 1981 and 1984
were approximately equal. Thus, we conclude that in 1984 salps
probably did not effectively compete with krill for food
resources.

This research was supported by National Science Foundation
grant DPP 82-19147 to Mark Huntley and Edward Brinton.
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Trophic impact of saip and euphausiid populations on phytoplankton of the Scotia Sea/Antarctic Peninsula region 

Wet weight	Dry weight	Carbon
biomassb	biomass'	biomassc

570	 35.0	 1.31
53	 10.6	4.24

2411	 146.5	5.55
1350	270.0	108.00

121.21

Maximum	Maximum
Respiration	growth	ingestion

rated	rated	rated

0.027	0.08	0.15
0.105	0.26	0.52
0.161	0.34	0.71
2.430	6.53	12.81

4.80	 4.80	4.80

Clearance	Grazing
rate 	constant'

0.79	0.00079
0.63	0.00063
3.31	0.00331

16.20	0.01620

0.03878

Zooplankton
Salps: '84 mean
Euph.: '81 mean
Salps: '84 max:
Euph.: '81 max:

Phytoplankton
Biomass:
Productivity:
Doubling rate:

a Consumption of particulates by saips was calculated in three ways (respiration, maximum growth, maximum ingestion) which can be compared to
phytoplankton production, and in one way (grazing constant) which can be compared to the phytoplankton doubling rate. Neither salps nor euphausiids
appear capable of removing the entire phytoplankton production, even at their greatest abundance.

In milligrams per cubic meter.

In milligrams of carbon per cubic meter.

In milligrams of carbon per cubic meter per day.

In liters per cubic meter per day.

Per day.
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Observations at the Bransfield Strait/
Bellingshausen Sea frontal zone in

April 1985

V. MARIN, M. HUNTLEY, and 0. HOLM-HANSEN

Marine Biology, A-002
Scripps institution of Oceanography

University of California
La Jolla, California 92093

Our work in the Antarctic this year was concerned with two
major factors which control phytoplankton biomass-losses
caused by zooplankton grazing and those caused by physical
mixing processes.

150

A 9-day sampling program, from 6 to 15 April, was conducted
on board R/V Polar Duke. The major objective of this program was
to study the small-scale variability of phytoplankton and zoo-
plankton populations and their relationship to physical
oceanographic features. Two stations (A and B in the figure)
were sampled every 3 hours over a 24-hour period. This sam-
pling protocol was repeated at station B after a 5-day interval.

Just north of Elephant Island, a series of four stations was
used to study sampling variability of plankton populations over
a distance of 12 nautical miles. Net samples were obtained every
0.5 hour with 3-mile intervals between stations. These stations,
which were on a north-south line over the 100-fathom depth
contour, were sampled twice during daytime and once duri g
nighttime over one 24-hour period. Samples were also obtain d
at six additional stations in a west-east transect which mt r-
sected the north-south transect.

Sampling at the above stations included: (1) Bongo nets (3 3-
micrometer mesh) hauled obliquely from 200 meters to he
surface, (2) surface chlorophyll a concentrations, (3) surf ce
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salinity, (4) preserved water samples for phytoplankton exam-
ination, (5) solar irradiance (400 to 700 nanometers), and (6)
water-temperature profiles (0 to 700 meters).

Observations indicated high concentrations of chlorophyll at
stations A and B in the Bransfield Strait, because phytoplankton
often clogged the nets. Krill were more abundant at station B
than at station A. When station B was sampled again after an
interval of 5 days, the day/night variability in zooplankton was
much more pronounced. During the day, the community was
dominated by T/iemisto gaudichaudii, but during the night it was
dominated by Euphausia superba.

North of Elephant Island, phytoplankton populations were
high near the island and decreased northward. High con-
centrations of krill were encountered 3 to 6 miles from the

island. Net hauls made at night caught much more krill than net
hauls made in the daytime.

Recent reports (Mann 1984; Heywood, Everson, and Priddle
1985) suggest that important changes occur in the zooplankton
community from year to year. One of the problems of compar-
ing data from different years is that different sampling equip-
ment has been used, especially prior to recent expeditions.
Therefore, a second objective of our program was to assess the
effect of sampling gear on the analysis of zooplankton commu-
nities in the Antarctic. At stations A and B (figure), three types
of sampling gear were used: a 0.7-meter vertical net (183-mi-
crometer mesh), 0.7-meter Bongo nets (333-micrometer net),
and a Miller net (571-micrometer mesh). The Miller net was
used to determine if a fast net could sample 'large zooplankters,

62°
	64°	 62°

	
60°W	62°S

TEMPERATURE (°C)
AT 150m

63°
	

ro	

S.
	 63°

64°

FRO

r;," VIIJ

PALMER
STATION

oçq	.

Co

C

CP
c/i,

65° 640	 62°
	

60°
	 65°

Temperature at 150 meters in the frontal mixing zone between Bellingshausen Sea water and Bransfield Strait water. intensive biological
sampling was done at stations A and B. Dots indicate locations of expendable bathythermograph profiles.
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especially E. superba, more efficiently than slower nets. The
Miller net was towed at 7 knots while the Bongo net was towed at
1.5 knots.

Using the expendable bathythermograph (xBT) system of R/V
Polar Duke, a high-resolution sampling program was conducted
to identify a recurrent and undersampled feature of Bransfield
Strait: the front between Bellingshausen Sea water and
Bransfield Strait waters. XBT's were launched approximately
every 6 miles, and the survey was completed in 18 hours. The
distribution of temperature at 150 meters (figure) shows the
presence of a convoluted frontal zone which has not been
shown with this degree of resolution in the past. The main
reason for the absence of this frontal zone in other records of the
area (e.g., Sievers 1982) is that classical antarctic expeditions
have taken just a few widely separated profiles in the area
covered by our survey; we based ours on 37 profiles. Chlo-
rophyll data obtained during this survey were basically similar
to chlorophyll patterns described by Uribe (1982) and suggest
that the physical oceanographic conditions associated with this

frontal zone may be important for enhanced biological produc-
tion in Bransfield Strait.

Field work was carried out by Victor and Carlos Mann during
the period 6 to 15 April 1985. This research was supported by
National Science Foundation grant DPP 83-18465.
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Vertical distributions and abundances
of zooplankton in the vicinity of

Elephant Island

J.H. WORMUTH and S.P. BERKOWITZ

Department of Oceanography
Texas A&M University

College Station, Texas 77840

During February and March 1984, we made a cruise from
Capetown, South Africa, to Punta Arenas, Chile, covering the
area from South Georgia to Elephant Island and the Bransfield
Strait. Our program was structured around large krill patches
and included physical, chemical, acoustic, and towed-net ob-
servations. This report covers only the latter.

We used a 1-square meter MOCNESS (multiple opening/closing
net and environmental sensing system) (Wiebe et al. 1976)
equipped with a conductivity-temperature-depth (cTD) system
and a flowmeter. The mesh size was 0.333 millimeter. We made
a total of 31 tows, most of which were made at a single station
north of Elephant Island over a 5-day period. Most of these tows
sampled the upper 80 meters with discrete samples collected
every 10 meters vertically while the net was descending. Sever-
al tows were taken to depths of 350 meters and one day/night
pair was taken to 200 meters with 25-meter depth resolution.
Each tow collects eight discrete samples.

Samples were preserved in 10 percent formalin and sorted
into krill and non-krill fractions. The non-krill fraction included
copepods, amphipods, and salps. The amphipods have been

analyzed elsewhere (Shulenberger work in progress), the
copepods and saips will be treated here. Our data are consid-
ered in relation to data collected in the same area in March
1981—a year in which krill, krill larvae, and copepods were in
high abundances. In 1984 our samples were dominated by the
salp, Salpa thorn psoni. Copepods were in low abundance com-
pared to 1981 (table). While all copepod species are lumped
together in this comparison, the species and their rank order of
abundance were the same in the 2 years. (Metridia gerlachei were
more numerous than Calanoides acutus, which were more nu-
merous than Calanus propinquus, which were more numerous
than Rhincalanus gigas, which were more numerous than Eu-
chaeta antarctica.) The "enrichment factor" (1981 mean abun
dance divided by 1984 mean abundance) varied from 36 to 1,11

A comparison of integrated values (quantity per square meter)
from 0 to 80 meters between 1981 and 1984 samples collected

north of Elephant Island

	

Tow	 Total cops	 Total salp$

1981

	

3	 2757	 7.4

	

5	 2590	 7.1

	

10	 11166	 0.9

	

21	 11868	 25.9

1984

	

63	 57.83	 51.7

	

64	 15.70	 63.9

	

68	 5.07	 34.7

	

71	 935	 88.7

in night samples and from 46 to 1,519 in day samples. The
differences, then, were from 1 to 3 orders of magnitude.
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The salps were sorted into five 2-centimeter size intervals. In
comparing 1984 and 1981, the differences were less spectacular
than for copepods but still quite pronounced. The "enrichment
factor" (this time 1984 divided by 1981) varied from 5 to 21 in the
night samples and from 11 to 22 in the day samples.

Ordination analyses of the combined data sets from 1981 and
1984 clearly show that 1984 was a "saip year." Our observations
are representative of a large area of the Scotia Sea based on our
own acoustic observations, those of the first and second BIO-

MASS (Biological Investigations of Marine Antarctic Systems and
Stocks) programs and recent literature reports (Heywood et al.
1985). Additional information concerning the overall program
can be found in Shulenberger (1984).

This research was supported by National Science Foundation
grant DPP 82-18890.
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Euphausia superba:
A preliminary report on three areas of

investigation

R.M. Ross, L.B. QUETIN, and M.O. AMSLER

Marine Science Institute
University of California

Santa Barbara, California 93106

During the 1984 - 1985 austral summer, we continued our
investigations on the energetics and physiology of the adults
and larvae of Euphausia superba, the antarctic krill. In this report,
we will provide some preliminary results from experiments on
field ingestion rates and fecal pellet sinking rates of adult E.
superba that were carried out on board the R/V Hero in 1984 and
the Polar Duke in 1985. We will also discuss some results from
behavioral studies on the naupliar stages of E. superba.

New determinations of the ingestion rates of E. superba from
the field are helping us understand whether krill are food-
limited in the southern oceans. Most laboratory experiments on
the ingestion and clearance rates of F. superba have suggested
that their maximum filtration rates should be about 450 milli-
liters per animal per hour and vary with the size of the food
particle (Boyd, Heyraud, and Boyd 1984; Quetin and Ross 1984).
These studies assume that during the summer E. superba is
primarily an herbivore. At the chlorophyll concentrations usu-
ally quoted as typical in the southern oceans (0.1 to 1.0 micro-
grams chlorophyll a per liter in the summer), the suggested
maximum filtration rate of krill can satisfy only their basic ener-
gy requirements, with no surplus energy for either growth or
reproduction. During 1985, we developed a technique to meas-
ure the ingestion rates of krill in the field. We also determined
the vertical profile of chlorophyll a concentrations in the area
where the krill were collected. Field ingestion rates are calcu-
lated by dividing the whole body fluorescence of a krill by the
whole body clearance rate, i.e., the amount of food in the
an imal divided by the time taken to ingest that food (Dagg and
Wyman 1983). In late February ingestion rates for krill weighing

0.7 gram (wet weight) were about 5.2 micrograms of chlorophyll
a per hour. At 30 meters, where this school occurred, the chlo-
rophyll a concentration was 1.45 micrograms chlorophyll a per
liter, giving a clearance rate of 3,600 milliliters per animal per
hour. The chlorophyll a concentration at the surface was only
one third that at 30 meters, indicating the necessity of measur-
ing the food concentration where the knit occur. If the krill had
been feeding at the surface, clearance rates would have been
calculated to be over 10 liters per hour. Ingestion rates in Janu-
ary were 9 microgram chlorophyll a per hour, higher than those
in late February. Ingestion rates in late March and early April
were extremely low, about 0.01 microgram chlorophyll a per
hour.

Fecal pellets of E. superba are a potentially important energy
source to the midwater and benthic communities. We deter-
mined the sinking rates of fecal pellets from different schools of
E. superba, making it possible to estimate the flux of fecal pellets
through the midwater community. The sinking rates of fecal
pellets were measured in a cylinder 60 centimeters high sur-
rounded by a water jacket connected to a circulating water bath
to maintain a constant temperature during the experiments.
The inner diameter of the chamber was 6.4 centimeters and
chosen to minimize "wall effects" on both sinking rates and
swimming behavior of nauplii (Vogel 1981). The sinking rates of
fecal pellets and nauplii were timed through marked segments
in the middle of the column.

Fecal pellets were obtained by placing freshly caught krill in
glass jars of filtered seawater for a number of hours. A mesh
bottom in the jars separated the krill from the fecal pellets. Fecal
pellets were individually removed from the jars with a pipette
and gently released into the chamber. Usually replicate mea-
surements of the sinking rates of 10 fecal pellets from each krill
sample were made. The average sinking rates of fecal pellets
from 10 schools sampled from January to early April ranged
from 100 to 525 meters per day, rates similar to those found by
Fowler and Small (1972) for euphausiids from the Mediterra-
nean Sea. There was a distinct seasonal trend to our data. The
highest sinking rates generally occurred in February and the
lowest in late March and early April.

The influence of the physical environment on krill larvae
during their developmental ascent from 850 meters to the sur-
face may greatly affect their eventual horizontal displacement
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from the area where they were spawned. Both the current
patterns in the area and the swimming behavior of the larvae are
important factors. We observed the swimming behavior, sink-
ing and swimming rates of nauplii at four temperatures: - 1 0 , 00,

1 0 , and 2°C. Two types of behavior were apparent: swimming
that resulted in a net vertical displacement, either up or down,
and a downward stroking of the appendages while the nauplius
was sinking. Swimming followed a helical path which increased
in diameter with decreasing temperature. At - 1°C the nauplii
swam in wide shallow half loops with an upward slant (hori-
zontal displacement greater than vertical), whereas at 2°C the
helix was very tight (vertical displacement greater than horizon-
tal). We have also observed that calyptopis larvae from the field
are more active than those reared in the laboratory. We do not
yet know if this is also true for the younger, non-feeding nau-
pliar larvae.

The relationship between the stroking rate and the sinking
rate of nauplii is linear (figure 1). The y-intercept of 197 strokes
per minute implies that at this stroking rate the nauplii remain
stationary in the water column, which is consistent with our
observations. There was some variability in the strength of each
stroke, but in general, weaker strokes were observed in animals
who never swam. From the slope of the line, we can calculate
that 21.74 strokes are needed to swim 1 centimeter, or that each
stroke moves the nauplius forward 0.46 millimeter.

The average rate for the vertical displacement of continuously
swimming nauplii was between 150 and 190 meters per day
(figure 2). In earlier experiments Marschall (1984) found swim-
ming velocities ranging from 346 to 864 meters per day but did
not mention the helical nature of the swimming behavior. We
found that larvae raised at 0°C (used in experiments at - 1° and
0°C) were a different density than those raised at 2°C (used in
experiments at 1°C). We have, therefore, not connected the data
for 1°C with data for the lower two temperatures but drawn two
parallel lines (figure 2). An increase in temperature results in an
increase in the vertical displacement rate, but the rate of this
increase must be more thoroughly investigated.
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Figure 1. The relationship between the stroking (y = strokes per
minute) and sinking (x = meters per day) rates of nauplii of
Euphausia superba at —1° and o°C:y = 196.95— 1.51x, r = —0.775.
• = — VC, x = 0°C. ("MIN-"' denotes "per minute:' "MD- 1 " denotes
"meters per day:")
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Figure 2. The relationship between the upward vertical displace-
ment rate (y = meters per day) of nauplii of Euphausia superba and
temperature (x = °C). The mean rate at 1°C is not connected to the
rates for the two lower temperatures because the nauplii at 1°C were
more dense than those at —1° and 0°C. Dashed lines are hypo-
thetical extensions. x = mean displacement rate, . = individual
determinations. ("MD" denotes "meters per day:')

We gratefully acknowledge the assistance of the other mem-
bers of this year's field research team: J. Cook, S. Kehoe, and S.
Larson. We would also like to thank D. Mortvedt and S.
Willason for help in the fecal pellet sinking experiments, the
captains and crews of the RIV Hero and Polar Duke, without
whom krill would have never been found, and the personnel at
Palmer Station. This research was supported by National Sci-
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ence Foundation grant DPP 82-18356 to L.B. Quetin and R.M.
Ross of the Marine Science Institute at the University of Califor-
nia at Santa Barbara.
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Cold-stable microtubules
from antarctic fish

H.W. DETRICH, III

Department of Biochein istri/
University of Mississippi Medical Center

Jackson, Mississippi 39216-4505

The cytoplasmic microtubules of eukaryotic cells participate
in several fundamental cellular processes (e.g., mitosis, nerve
growth and regeneration, intracellular transport, maintenance
of cell shape, etc.; for a review see Dustin 1984). These fila-
mentous organelles are composed of a major subunit protein,
the tubulin alpha-beta dimer, and in addition they may contain
several classes of microtubule-associated proteins (MAP's). To
date, most studies of cytoplasmic microtubule assembly in vitro

have been performed with microtubule proteins obtained from
the brains of warm-blooded vertebrates. Relatively little is
known about the mechanism of assembly of microtubules from
poikilothermic organisms. The microtubules of cold-adapted
antarctic fishes are particularly interesting, because they must
be assembled and maintained at extremely low temperatures
(approximately —2 to + 2°C), conditions under which most of
the microtubules of warm-blooded organisms depolymerize.
Our project is concerned with the biochemical adaptations that
facilitate the assembly and function at low temperatures of
microtubule proteins isolated from the tissues of antarctic fish.

During the 1984 - 1985 austral summer, we obtained large
numbers of the nototheniids Notothenia gibberifrons and N. cor-

liceps neglecta and of the ice fish Chaenocephalus aceratus by bot-
tom trawling from R/V Polar Duke in the vicinity of Low Island.
Specimens of N. rossii, N. nudifrons, N. larseni, N. (Trematornus)
izewnesi, Harpagifer bispin us, Pseudochaen ichthys georgianus,
Chum psocephalus gunnari, and Parachaenichthys charcoti were also
collected in the trawls. Finally, we obtained additional spec-
ipiens of N. coriiceps neglecta at Arthur Harbor by fishing with
baited hook-and-line. Live fish were transported to Palmer Sta-
ton where they were maintained at 0 to + 2°C in sea-water
aquaria.
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At Palmer Station, we studied the assembly of microtubule
proteins isolated from brain tissue of antarctic fish. We purified
tubulin from the brains of N. gibberifrons, of N. corilceps neglecta,

or of C. aceratus by ion-exchange chromatography of brain su-
pernatant fractions on diethylaminoethyl cellulose (DEAE-
Sephacel) followed by one cycle of microtubule assembly and
disassembly in vitro (cf. Detrich and Wilson 1983). Elec-
trophoretic analysis on sodium-do decyl-sulfate urea-poly-
acrylamide gradient gels (Kim, Binder, and Rosenbaum 1979)
revealed that the purified protein contained the alpha- and beta-
tubulins and was free of MAP'S (figure 1). Between 5 and 10
milligrams of purified tubulin could be obtained from 10 grams
(wet weight) of fish brain tissue by these methods.

When purified N. gibberifrons tubulin [0.5 milligram per milli-
liter in polymerization buffer (PB) containing 1 millimolar
guanosine 5'-triphosphate (GTP), see Detrich and Wilson 19831
was incubated at 20°C, the solution became turbid, demonstrat-
ing that large, macromolecular aggregates had formed. Figure 2
presents a dark-field light micrograph of the products of assem-
bly. Numerous thin filaments, corresponding to microtubules
as shown by negative-stain electron microscopy, are seen in this
image. Furthermore, some of the microtubules remained as-
sembled when the sample was cooled to 0°C. We have estimated
the concentration of N. gibberifrons tubulin necessary to support
microtubule assembly (termed the "critical" concentration) at
low temperature by means of a quantitative sedimentation assay
(Johnson and Borisy 1975). Our preliminary results indicate that
this tubulin assembles to form microtubules at concentrations
above approximately 0.4 milligram per milliliter at 0°C (Detrich,
Overton, and Johnson in preparation). [For comparison, the
critical concentration for assembly of pure tubulin from bovine
brain under similar buffer conditions is approximately 2.5 milli-
grams per milliliter at the physiological temperature of 37°C
(Herzog and Weber 1977), and much higher concentrations of
this tubulin are required to support polymerization at lower
temperatures.] Clearly, then, tubulin from antarctic fishes will
assemble in vitro to yield microtubules at the habitat tem-
perature of these cold-blooded organisms and at physiological
protein concentration. Because these purified preparations lack
MAP'S, we conclude that the cold stability of microtubules from
antarctic fish must result from adaptive changes in the tubulin
subunits themselves. We are currently investigating the struc-
ture and chemical complexity of antarctic fish tubulins. Pre-
liminary analysis of the data suggests that there are significant
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chemical differences between tubulins from antarctic fish and
those from a cow.

Although MAP's do not appear to be required for assembly of
cold-stable microtubules in vitro, they may nonetheless be asso-
ciated with microtubules in vivo. In an effort to identify potential
MAP'S from cold-adapted organisms, we employed the taxol-
dependent protocol of Vallee (1982) to prepare microtubule
proteins (i.e., tubulin and MAP'S) from brains of two antarctic
cods (N. coriiceps neglecta and N. gibberifrons) and of two ice fish
(C. aceratus and Chionodraco hamatus). The MAP fraction obtained
from each of these fish contained a prominent protein of un-
usually high apparent molecular weight, 415,000 to 430,000, as
well as smaller quantities of several proteins with lower mo-
lecular weights (Williams and Detrich in press; Detrich and
Sloboda unpublished results). To our knowledge, MAP'S with
molecular weights greater than 400,000 have not been reported
in temperate fish (Langford 1978; Maccioni and Mellado 1981).
Some of these proteins may represent functional homologs of
MAP'S from warm-blooded vertebrates, and the general sim-
ilarity of the MAP'S from the cold-adapted fishes suggests that
they may be structurally or functionally related to each other.

Figure 2. Dark-field light micrograph of microtubules assembled in
vitro from N. gibberifrons brain tubulin. The tubulin sample (0.5
milligram/milliliter in a polymerization buffer containing 1 millimolar
GTP)was incubated at 20°C for 73 minutes prior to preparation of the
micrograph. (The bar represents 20 microns.)
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Figure 1. Electrophoretic analysis of brain tubulin from N. gib-
berifrons. Tubulin (20 micrograms) was electrophoresed on a so-
dium-dodecyl-sulfate urea-polyacrylamide gradient gel as de-
scribed in the text, and the gel was stained with Coomassie Brilliant
Blue R-250. Electrophoretic migration was from top to bottom, and
the molecular weights of standards run on the same gel are given in
thousands on the vertical axis. The positions of the top of the gel,
the dye front (DF), and the alpha- and beta-chains of tubulin are
indicated.

Another goal of this project is to characterize the genes en-
coding antarctic fish tubulins by the techniques of molecular
biology. To support these studies we purified additional nucleic
acid samples from five species of antarctic fish during our first
field Season.

Field work was conducted at Palmer Station from early Janu-
ary to mid-March 1985. I am deeply indebted to Steven T. Case
and Susan Overton of the University of Mississippi Medical
Center, to Kenneth A. Johnson of the Pennsylvania State Uni-
versity, and to Roger D. Sloboda of Dartmouth College for their
participation in the field research program. I also gratefully
acknowledge the assistance provided to the project by the per-
sonnel of ITT/Antarctic Services, Inc., by the captain and crew
of RIV Polar Duke, and by the scientists of Palmer Station. This
research was supported by National Science Foundation grant
DPP 83-17724.
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Growth resolution of antarctic fish
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Not much is known about the processes by which antarctic
fish function within their ecosystem. To learn more about this
group of fish, which has no counterpart anywhere in the world,
a detailed investigation of growth is needed. Historically,
growth processes of antarctic fish have been determined by
collecting fish of various sizes. These methods measure only
contemporary situations rather than past environmental condi-
tions which may have profoundly affected population dynam-
ics. The fish's growth record and concomitant environmental
factors may be available, however, from the fish's otoliths when
the proper techniques are employed.

The otoliths of fish are six calcium carbonate concretions in
the aragonite crystal form (Irie 1955; Degens, Deuser, and
Haedrich 1969; Radtke 1984). Three otoliths (sagitta, lapillus,
and asteriscus) are found on each side of the brain cavity in the
membranous labyrinth of the inner ear (Lowenstein 1971; Pop-
per and Coombs 1980). The location of otoliths in relation to the
brain of the icefish, Chaenocephalus aceratus, is shown in figure 1.
The largest otolith, the sagitta (identified by the arrow), is
pecies specific (Hecht 1978) and is the otolith most used in age

determination. In this study, we are using all six otoliths to
provide growth information.

Otoliths have been used for yearly age determinations in
temperate fish through visualization of opaque and hyaline
zones. This internal arrangement of components results from
seasonally controlled periods of growth. However, in antarctic
fish very little temperature seasonality is present. This has
made it difficult to determine the age of antarctic fish and,
consequently, has led to frustration in the determination of life-
history information.

Pannella (1971) found micro-increments in the otoliths of
fishes and postulated that the micro-increments were daily in
occurrence. Since then, daily increments have been found in a
large number of fish species. Townsend (1980) first reported
that otolith microstructure is found in antarctic fish and sug-
gested that these micro-increments represent daily growth pat-
terns as in other fishes. This study has been expanded by
Radtke and Targett (1984) to make it possible to devise a growth
model for the antarctic fish, Notothenia larseni. The present
research is a further expansion in the use of otolith microstruc-
ture to provide growth information.

In this study, we have investigated the microstructure in the
otoliths of dominant antarctic fish and have validated daily
increments in Notothenia gibberifrons, Trematomus newnesi, and
Chaenocephalus aceratus through the use of tetracycline to mark
the otoliths. By examining the daily increments (figure 2), we
have been able to distinguish growth stanzas and eliminate the
ambiguity of growth determinations. Our research has demon-
strated that antarctic fish grow slowly and that daily increments
in otoliths have the ability to record long-term activity in both
adult and larval fishes. Scanning electron microscope (SEM)
examinations of otolith internal structure has increased the res-
olution of daily increment enumeration and has made it possi-
ble to survey the core region of a fish's otolith and, thus, to
determine growth history (figure 3) and to define events which
have affected growth. Later, results of our SEM studies will be
compared with results of other SEM studies of fish of different
trophic levels to analyze the differences in growth rates and
patterns. Applying the SEM techniques to the study of otoliths
has added a new dimension to antarctic fish population studies.

The captain and crew of the RIV Polar Duke and the Palmer
Station personnel are acknowledged for their help with sam-
pling and logistics. Craig Rowland and Scott Folsom helped
with data analyses. A special thanks is due to the Director of
Polar Programs for permitting the senior author to travel to
Palmer Station despite being handicapped. This research was
supported by National Science Foundation grant DPP 82-14492.
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Figure 1. Location of otoliths within the brain area of the icefish, Chaenocephalus aceratus. Arrows denote the sacks which contain the largest
otoliths, the sagittae.

 tv

SS'S	
'SS'S

SSS

55	

"kS'

30 pm
Figure 2. Daily increments from the sagitta of the icefish, Chaenocephalus acertaus, viewed by light microscopy. Visualization of increments
made it possible to age antarctic fish. ("tim" denotes "micrometer:')
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Figure 3. Scanning electron micrograph of the core regions of a sagitta of the antarctic fish Trematomas newnesi. Examination of the rugose
surface from prepared otoliths provided life history information. ("tim" denotes "micrometer.)
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Freezing avoidance and the
distribution of antifreeze

glycopeptides in antarctic fish
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Urbana, Illinois 61801

Three members of our research team from the University of
Illinois (Jeffrey Ahigren, Steve Munsell, and Lisa Crockett)
arrived in McMurdo during the winter fly-in (late August 1984)
and began the season by setting up the new aquarium facilities
constructed during the previous year. They were joined later in
the season by Neil Kizer, Art DeVries, Eric Moody, and Chris
Cheng. As the new building became operational, several fish-
ing houses were established on the annual sea ice offshore from
McMurdo. Specimens of Dissostichus mawsoni, Pagothenia
borchgrevinki, Trematomus hansoni, T centronotus, T. bernacchii, T.
nicolai, Gymnodraco acuticeps, Rhigophila dearborni, and even
three rarely caught Paraliparis devriesi were captured during the
fishing season. Antarctic fish have adapted to the freezing
conditions of the waters surrounding the continent by produc-
ing "antifreeze" molecules, which in most antarctic fish are a
series of glycopeptides, although a few species use a peptide
antifreeze (Ahlgren and DeVries 1984; DeVries 1984). These
unique molecules are the primary focus of our research
program.

Experiments on the distribution of antifreeze glycopeptides
in the fluids and body tissues of antarctic fish, which had been
initiated during the previous season, were completed during
the 1984- 1985 year. These experiments involved administering
radioactively labeled glycopeptide antifreeze into the blood of
specimens of T. bernacchii. After allowing 12 hours for equilibra-
tion in the body, the major body fluids and tissues were ana-
lyzed for radioactivity and an assessment of antifreeze distribu-
tion was made. Our results showed that the antifreeze
glycopeptides appear to distribute throughout the body sim-
ilarly to other blood macromolecules of equivalent size and
shape. During the current season, the epithelia of the fish was
also assayed for radioactivity, and our results showed that anti-
freeze glycopeptides from the blood are able to move into the
extracellular spaces of the epithelia and into the mucus layer
around the fish. This result is particularly interesting, because it
provides a basis for understanding how ice is prevented from
propagating into the fish's body. To discover experimentally
whether the skin alone could prevent ice propagation, samples
of skin from the scaleless Dragon fish (Gymnodraco acuticeps)
were placed between two fluids chambers, and the solution on
one side was frozen. No ice was observed to cross through the
skin into the unfrozen solution, even though the solution was
undercooled (supercooled). Ice did not propagate until the tem-
perature was lowered to approximately - 2.5C, which is ap-
proximately the temperature at which intact animals freeze.

Therefore our results show a good correlation between the
ability of the whole animal to avoid freezing and the ability of
the skin to prevent ice propagation because freezing occurs in
both cases in the same temperature range. In previous experi-
ments, the cornea and corneal epithelia of the eye were also
shown to be effective barriers to ice propagation at environmen-
tal temperatures (Turner, Shrag, and DeVries in press).

A detailed study of the freezing avoidance in the gut of T
bernacchii was also undertaken during the 1984 - 1985 season.
Measurements of the freezing points and osmolalities of serum,
intestinal fluid, and bile were made, and also an analysis of the
ionized sodium, ionized potassium, and chloride content in
each of these fluids. The results showed that the concentrations
of these ions were higher than temperate-water ocean fish and
lead to higher total osmolalities and greater freezing-point de-
pression. The fluids are all hyposmotic to seawater. An estimate
of the freezing point based on colligative properties indicates
that they should have freezing points warmer than the freezing
point of seawater (- 1.9C). Direct visual observation of their
freezing behavior in the cryomicroscope, however, shows that
ice does not grow until the temperature of the cooling bath is
lowered below - 2.0C, demonstrating the non-colligative freez-
ing point depression that occurs in these fluids due to the
presence of antifreeze glycopeptides.

Polyacrylamide-gel electrophoresis has shown that only low
molecular-weight antifreeze glycopeptides (2,600 and 3,500
daltons (d)) are present in the bile and intestinal fluid (O'Grady,
Ellory, and DeVries 1982). When [ 3H]-antifreeze glycopeptide
of molecular weight 2,600 was injected into the blood with the
inert extracellular space marker [ 14C]-Polyethylene glycol (PEG)
(molecular weight 5,000 dalton (d)), the labeled antifreeze
glycopeptide appeared in the bile more quickly than the PEG.
Five days after injection, the level of [3H] radioactivity in the bile
was greater than in the serum and continued to increase for up
to 10 days post injection.

Primary cultures of isolated hepatocytes from T bernacchii
were shown to take up [ 3H]-antifreeze glycopeptide for up to 48
hours at a rate in excess of that for [ 3H]-PEG. This uptake was
inhibitable by both cyanide and colchicine. These preliminary
results provide evidence for some type of transcellular mecha-
nism of transfer of low molecular-weight antifreeze glycopep-
tides from the blood to the bile.

This research was supported by National Science Foundation
grant DPP 81-16917.
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Nearshore foodwebs and the
distribution of acanthocephalan
parasites in antarctic seabirds

E.P. HOBERG

College of Veterinary Medicine
Oregon State University
Corvallis, Oregon 97331

The host-distribution of parasitic helminths can provide im-
portant insights concerning trophic relationships in marine
communities. Acanthocephalans of the genus Corynosoma Luhe
1904 represent a significant component of the helminth fauna of
homeothermic vertebrates, particularly marine mammals, in
the southern oceans (Deliamure 1968; Edmonds 1957;
Zdzitowiecki 1984-a; and others). Successful reproduction for
most species of Corynosoma is limited, by developmental specif-
icity, to pinnipeds and cetaceans while those typical of avian
hosts are rare (Holloway and Bier 1967; Zdzitowiecki 1978-a,
1984-a, 1984-b, 1985; Hoberg in press). Species of Corynosoma
may have broad patterns of occurrence and the distribution of
these in typical and incidental final hosts is controlled by ecolo-
gical factors, particularly food habits.

Field studies, in the vicinity of Palmer Station during the
austral summer of 1982— 1983, yielded an extensive collection of
acanthocephalans and other parasites from seabirds, fish and
invertebrates (Hoberg 1983, in press; and others). The con-
tinuing analysis of this material has resulted in the elucidation
of factors that control the occurrence of Corynosoma spp. in
antarctic seabirds. Notably, the host-distribution of Corynosoma
spp. suggested that these parasites were being acquired from
piscine or possibly amphipod prey, generally in nearshore
habitats.

Although five species of Corynosoma were found as parasites
of seabirds, only C. pseudohamanni (Zdzitowiecki 1984), was
abundant (Hoberg in press). Sexually immature specimens of
this species were found commonly in adult and nestling P/ia-
lacrocorax atriceps and adult Chionis alba and were rare in Larus
dominicanus and Catharacta lonnhergi (see Hoberg in press for
details). Acanthocephalans were not found in penguins,
Pygoscolis adeliae and Pygoscelis antarctica; procellariiforms in-
cluding Fulmarus glacialoides, Pagadroma nivea, Daption capensis,
Oceanites oceanicus, and Macronectes giganteus; and other cha-
radriiforms including Sterna vittata and Catharacta maccormicki.

The complete life cycle for C. pseudohamanni was inferred
from field collections: Cysticanths develop in the haemocoel of
a gammaridean amphipod, Pontogeneiella sp. of the family Eu-
siridae, and later following ingestion encyst in the body cavity
of nototheniid fishes of several species. The cycle is completed
when fishes or amphipods are consumed as prey by the final
host. Near the Antarctic Peninsula the assemblage involved in
the cycle of C. pseudohamanni includes benthic-littoral amphi-
pods and nototheniid fishes as intermediate and paratenic
hosts, and pinnipeds, including Leptonychotes weddelli,
Hydrurga leptonyx, Lobodon carcinophagus, Mirounga leonina, and
Arctocephalus gazella as final hosts, while seabirds are only inci-
dentally infected (Zdzitowiecki 1978-b, 1984-b, 1985; Hoberg in
press).

In other regions of Antarctica, C. hamanni has been the only
acanthocephalan generally reported from seabirds, and it was
rare in most avian hosts except Chionis alba (Holloway and Bier
1967; Jones and Williams 1969; Feiler, 1984). An exception was a
recent report by Zdzitowiecki (1985) who found five species of
acanthocephalans in seabirds from King George Island.

The characteristic intermediate and paratenic hosts for C.
pseudohamanni have distributions limited to nearshore habitats
(Lowry and Bullock 1976; Targett 1981). Amphipods of the
genus Pontogeneiella have been indicated as important prey for
nototheniid fishes, including several recognized as paratenic
hosts, in coastal areas (Zdzitowiecki 1978-b, 1984-b; Targett
1981). The occurrence of C. pseudohamanni in avian hosts sug-
gested infections were being acquired in littoral habitats by
birds foraging predominantly on small to medium size
nototheniid fishes or possibly amphipods (Hoberg in press).
This was indicated as only Phalacrocorax atriceps and Chionis alba
were commonly infected. As previously mentioned,
acanthocephalans were not found in a larger sample of
pygoscelid penguins (excluding Pygoscelis papua), pro-
cellariiforms, and other charadriiforms (Hoberg 1983, in press).
These latter seabirds are predominantly pelagic foragers and/or
use substantial amounts of krill, particularly Euphausia superba,
as prey (Watson 1975; Croxall and Prince 1980; Volkman, Pres-
ler, and Trivelpiece 1980; and others).

It is apparent that life cycles of Corynosoma spp., occurring in
seabirds, are not generally completed in pelagic situations in-
volving trophic relationships in which krill are significant prey
for potential paratenic or final hosts. Although euphausiids
have been implicated as dominant components of the antarctic
marine ecosystem (Laws, 1985), they have never been found to
be intermediate hosts for acanthocephala in the southern
oceans (Kagei, Asano, and Kihata 1978). C. Pseudohamanni has
paratenic hosts which are predominantly benthic foragers, and
only sporadically feed on krill (Zdzitowiecki 1978-b, 1984-b;
Targett 1981). The importance of gammaridean amphipods in
restricted nearshore foodwebs involving benthic fishes, pin-
nipeds, and some seabirds is demonstrated by the broad dis-
tribution of larval and adult Corynosoma (Holloway and Bier
1967; Zdzitowiecki 1984-a; Hoberg in press). These factors sug-
gest a greater importance for amphipods in antarctic marine
communities than is currently recognized.

Field work and some continuing studies were supported by a
National Science Foundation grant, DPP 81-15975, to R.L.
Rausch and the author. I would also like to thank G.L. Shinn for
assistance at Palmer Station.
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Ornithological investigations at Palmer
Station: The first long-distance

tracking of seabirds by satellites

D.F. PARMELEE and J.M. PARMELEE

Bell Museum
University of Minnesota

Minneapolis, Minnesota 55455

M. FULLER

Patuxent Wildlife Research Center
Laurel, Maryland 20708

From 8 December 1984 to 3 January 1985 D.F. and J.M. Par-
melee recorded birds that previously had been banded as chicks
during the 1970s in the vicinity of Palmer Station. By means of
an Arctic Survey Boat commissioned to go beyond the limits of
the smaller boats (zodiacs) used near Palmer Station, they were
able to search for these birds along the coasts of Anvers Island
and adjacent smaller islands from Peltier Channel (64°52'S
63°32'W) in the southeast to Gerlache Point (64°35'S 64°16'W) in
the northwest. The survey indicates in part that within the
Palmer study area a fair number of young later return to their
natal sites as breeding adults. According to Greenwood (1980),
many bird species are philopatric, but only a proportion of
individuals of any species is faithful to one locality. With but a
single exception (Parmelee and Rimmer 1984), to date no band-
ed individuals have been found breeding far from the natal sites
at Palmer, suggesting that dispersals range beyond the confines
of the current survey. Highlights of the survey are given below.

Band recoveries. Twenty-two southern giant petrel (Macronectes
giganteus) were recovered at nests within the Palmer study area:

2 from 1975 bandings, 2 from 1976, 13 from 1977, 3 from 1979,
and 2 from 1980; 6 additional individuals recovered there in
1983— 1984 were not observed in 1984— 1985. Of these 27 birds,
12 nested at natal sites where they had hatched, the rest at sites
nearby. Of special interest was the recovery of 8 nesting adults
that had been banded as chicks near Palmer Station in 1965;
these 20-year-old birds carried wrap-around bands with badly
defaced numbers on the outside and clearly discernible num-
bers on the inside.

Fifteen blue-eyed shag (Phalacrocorax atriceps) were recovered
at Cormorant Island (Biscoe Bay) nests: 5 from 1979 bandings, 8
from 1980, and 2 from 1981. Five additional individuals re-
covered there in 1983— 1984 were not observed in 1984— 1985. A
yearling banded in 1984 returned to its Cormorant Island colo-
ny in 1984— 1985 but did not breed. On nearby Christine Island,
a newly established colony had as many as 13 shags in adult
plumage and 17 yearlings (1 banded) on 16 January 1985; sever-
al nests but no eggs were produced on this island in 1984— 1985
at what appears to be an incipient colony. No banded shags of
any age were observed at colonies in the Doumer Island!
Wiencke Island area, Joubin Islands, and west coast of Anvers
Island where two heretofore unknown colonies were dis-
covered near Gerlache Point on 2 January 1985.

Fifteen south polar skua (Catharacta maccormicki) were re-
covered at nests in the Palmer area: 9 from 1975 bandings, 1
from 1977, and 5 from 1980. Five additional individuals re-
covered in 1983— 1984 were not observed in 1984— 1985. Of the
20 birds, 12 nested at their natal breeding sites, the rest at sites
nearby. An additional 10 birds were captured in a skua club or
loafing area near Palmer Station: 1 from a 1975 banding, 1 from
1977, 1 from 1979, 2 from 1980, and 5 from 1981. At least a dozen
more were observed but not captured. No banded south polar
skuas of any age were noted at Biscoe Point where many pairs
bred only a few nautical miles east of the Palmer study area.

One brown skua (Catharacta lonnbergi) was recovered. The
1984— 1985 recovery of a brown skua west of Palmer on Dream
Island is noteworthy because it represents an extreme example
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of site tenacity: the nesting skua showed no natal dispersal
whatever by using the identical parental nest cup in which it
had hatched in 1979.

An F 1 hybrid skua (Cat haracta maccorrnicki x C. lonnbergi) was
investigated. The 1983 - 1984 successful nesting of a hybrid of
known age and parentage was reported by Parmelee and Rim-
mer (1984). The pair (hybrid x south polar) occupied the same
territory in 1984 - 1985, but the birds apparently lost their eggs
sometime before 1 January. They continued to occupy the site
but did not repeat laying. The first documented case of repeat
laying by south polar skuas within the Palmer area was recorded
on Humble Island in 1985.

New Adélie colony. During the 1984— 1985 survey an unknown
Adélie penguin (Pygoscelis adeliae) colony with 171 nests was
discovered at a nameless island near Gerlache Point on 2 Janu-
ary 1985. Heretofore, the species was not known to nest any-
where along the west coast of Anvers Island north of the
Joubins. Breeding close by were gentoo penguins (Pygoscelis

papua) with 1,023 nests and chinstrap penguins (Pygoscelis ant-

arctica) with an estimated 3,000 nests.
Satellite tracking. From 4 to 30 January 1985, D.F. and J.M.

Parmelee assisted M. Fuller in testing 200-gram, solar-powered
radio transmitters that were attached to nesting giant petrels on
Humble Island near Palmer Station (figure). Signals from these
transmitters were received by polar orbiting ARGOS/TIROS

satellites. The behavior of a select group of marked and un-
marked nesting giant petrels was observed to provide informa-
tion about the response of the birds to the radios and to attach-
ment methods. The behavioral data and locations, activity,
temperature, and transmitter power-budget data obtained from
the radios during January, February, and March are currently
being evaluated for use in refinement of transmitters and for
indications of the distance the radio-marked giant petrels flew
during those months.

Based on data accumulated since 1955, about 7,800 giant
petrels have been banded with U.S. Fish and Wildlife Service
numbered leg bands and about 240 recoveries have been re-
corded, including a dozen long-distance recoveries of birds
banded during the 1970s at the Palmer study area. Because most
of these recoveries were of birds in their first year of life (Sladen
personal communication), there are few data about the local or
wide-ranging movements of adult southern giant petrels.
Clearly, additional techniques and studies relating to long-dis-
tance tracking by satellite are necessary to understand the for-
aging, dispersal, and migratory movements of long-lived,
wide-ranging seabirds like giant petrels, albatrosses, and other
seabirds occurring in remote areas.

D.F. and J.M. Parmelee holding a giant petrel about to be set free
after having received its satellite transmitter from M. Fuller. (Pho-
tographed by M. Fuller on Humble Island 20 January 1985.)

This project was supported by National Science Foundation
grant DPP 82-13688. For invaluable field assistance we thank B.
Mulford, B. Manning, and T. Michalski of the U.S. Coast Guard;
also S. Dame, J. Fields, R. Flanders, J. Heinbokel, B. Obst, M.
Snyder, and D. Wiggin.
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Distribution of marine birds off
Wilkes Land, February 1985

Z.A. EPPLEY and N.M. HARRISON

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

We conducted ornithological observations during the 1985
Wilkes Land expedition aboard the U.S. Coast Guard icebreaker
Polar Star (12 February through 9 March), in a section of the
southern oceans which has received little ornithological study.
This region is not thought to support large krill populations
(Marr 1962), and we were particularly interested in seabird
distribution uninfluenced by krill. At this time of year, seabirds
were probably not closely tied to breeding colonies in the Wilkes
Land region (Ainley, O'Conner, and Boekeiheide 1984). In addi-
tion to obtaining information on the geographical distribution
of birds, we sampled bird distribution relative to several hab-
itats: dense pack ice, loose pack ice, the ice edge, shelf waters
without pack ice, and deep waters without pack ice. We also
obtained bird numbers relative to hydrographic structure on
five transect lines running from deep water, across the shelf
edge, and into the pack ice (see figure 1 in Foster, Antarctic
Journal, this issue). Analysis of bird numbers relative to hydro-
graphic structure is pending processing of the conductivity-
temperature-depth data.

We conducted 474 counts (10 minutes duration each) while
underway between oceanographic stations near Wilkes Land
and another 210 counts from inside the pack ice to north of the
Antarctic Convergence. Counts were made from the pilot
house (13 meters above the sea surface). All birds were counted
within 300 meters of the ship in a 900 arc from bow to beam.
Ship-following birds were recorded when they first appeared
within the transect zone but were excluded from subsequent
counts. Our data are presently being prepared for automatic
data processing, and a complete analysis should be available
within a year. Manual calculations of mean bird abundance are
presented here (table 1).

In deep waters off the continental shelf, we found an average
density of 15.95 birds per square kilometer. Sooty and short-
tailed shearwaters (Puffinus griseus and P. ten uirostris) were the
most abundant species in this community and together ac-
counted for 75 percent of the birds counted. Shearwaters were
also the most ubiquitous species and occurred in 48 percent of
the transects. The off-shelf community was the most diverse
(table 2) and included four albatross species, five petrel species,
two storm-petrels, prions (Pachyptila sp.), giant petrels (Mac-
ronectes sp.), skuas (Catharacta sp.), antarctic terns (Sterna vittata),
and penguins. None of these species were abundant, although
snow petrels (Pagodroma nivea), antarctic petrels (Thalassoica ant-
arctica) and Wilson's storm-petrels (Oceanites oceanicus) did occa-
sionally occur in moderate numbers (20 or more).

The shelf edge alone did not seem to be a region of enhanced
bird activity. Snow petrels did occur in large numbers at the
shelf edge, and when ice was present, Adélie penguins
(Pygoscelis adeliae) also occurred in large numbers. Inspection of
preliminary hydrographic sections showed surface fronts on
two out of five crossings. We saw enhanced bird activity near
the front on one crossing, where the ice edge and the shelf edge
coincided with a surface expression of the front. Bird densities
here were higher than bird densities on other crossings of the
shelf edge.

Bird density was low in shelf waters without pack ice; averag-
ing 2.44 birds per-square kilometer. Bird density in shelf waters
was highest at the ice edge (23.30 birds per square kilometer).
The ice edge avifauna was diverse and contained species typical
of pack ice and other communities. Bird densities remained
high in loose pack (1 to 60 percent ice cover), with an average
density of 23.36 birds per square kilometer. Snow petrels were
the most numerous and most ubiquitous birds in this habitat,
accounting for 44 percent of the observations and occurring in
84 percent of the transects. Adélie penguins and antarctic terns
occasionally occurred in large numbers (50 or more). Emperor
penguins (Aptenodytes forsteri), giant petrels, antarctic fulmars
(Fulmarus glacialoides), skuas, antarctic petrels, and Wilson's
storm-petrels were also observed.

Dense pack ice (70 to 100 percent ice cover) supported lower
numbers of birds. The same species as in loose pack ice were
present with the exception of antarctic fulmar. During our
cruise, this habitat primarily was used by molting Adélie pen-
guins. Adélie penguins formed groups of 5 to 75 in the shelter of
pressure ridges or on the top of icebergs within the pack. Leads
within pack ice supported slightly higher bird densities, 15.09
birds per square kilometer compared to 14.60 birds per square
kilometer.

These observations concur with those of Ainley et al. (1984)
for the Ross Sea: shelf waters without pack ice seem to be largely
unused by birds. Contrary to the Ainley et al. (1984) observa-
tions, we did not find the shelf edge to be particularly important
to birds. [Ainley et al. (1984) suggested the shelf edge is impor-
tant to Ross Sea birds because of higher krill concentrations at
the shelf edge front.] If, as Marr (1962) suggests, Wilkes Land
krill populations are small, the shelf edge may be functioning
differently in terms of affecting the concentration of bird prey.
We did not observe krill during the cruise, although we ob-
served birds feeding on squid several times.

Ted Foster and George Hunt provided much appreciated
support throughout this project. We thank the captain and crew
of the U.S. Coast Guard icebreaker Polar Star for their hospitality
and cooperation. Financial support for this research was
provided in part by National Science Foundation grant DPP
83-18464.
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Table 1. Densities (in birds per square kilometer) of common  bird species observed in different habitats
during the Wilkes Land Expedition 1985

Habitat	 Number of transects	All birds	Shearwaters	Snow petrels	Adélie penguins	Antarctic terns

Deep water	 215	 15.95	12.00
Shelf waters	 25	 2.44
Shelf break:

No ice	 4	 9.42	 8.45
Ice	 3	 31.51	 1.84

	
29.67

Ice edge	 48	 23.30	 5.77	 4.62
	

9.39
Loose pack ice	 64	 23.26	 10.27	 9.44

	
2.56

Dense pack ice:	 79	 14.60	 6.10
	

9.56
With leads	 27	 15.09	 4.35

	
9.70

a "Common" is defined as having a density greater than or equal to one bird per square kilometer.

Table 2. Uncommon  bird species observed in different habitats during the Wilkes Land Expedition 1985

Habitat

Shelf	Shelf
break	break	 Loose	Dense

Deep	Shelf	without	with	Ice	pack	pack
water	water	pack ice	pack ice	Edge	ice	ice

Unidentified penguin	 _)	X	-	-	-	-	-
Emperor penguin	 -	-	-	-	X	X	X

(Aptenodytes forsteri)
Adélie penguin	 -	-	-	Xc	X	X	X

(Pygoscelis adeliae)
Wandering albatross	 X	-	-	-	-	-	-

(Diomedea exulans)
Black-browed albatross	 X	X	-	-	-	-	-

(Diomedea melanophris)
Gray-headed albatross	 X	-	-	-	-	-	-

(Diomedea chrysostoma)
ight-mantled sooty albatross	 X	X	-	-	X	-
(Phoebetria palpebrata)
ant petrel	 X	X	X	-	X	X	X
(Macronectes sp.)

ntarctic petrel	 X	X	-	-	X	X	X
(Thalassoica antarctica)

"ape petrel	 X	X	-	-	-	-	-
(Daption capense)

now petrel	 X	X	X	X	X	X	X
(Pagodroma nivea)

ntarctic fulmar	 X	X	-	-	X	X	-
(Fulmarus glacialoides)

Pion	 X	-	-	-	X	-	-
(Pachyptila sp.)

Mite-headed petrel	 X	-	-	-	-	-	-
(Pterodroma /essonii)

M oftled petrel	 X	-	-	-	X	-	-
(Pterodroma inexpectata)

S(botv shearwater	 X	Y-	-

Species
Dense

pack ice
with leads

X

X

X

X

Puffinus griseus)
SI nder-billed shearwater	 X	X	-	-	X	-	-	-

Puffinus tenuirostris)
Continued on page 166
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Table 2. Uncommona bird species observed in different habitats during the Wilkes Land Expedition 1985—Continued

Habitat

Shelf	Shelf
Species	 break	break	 Loose	Dense	Dense

Deep	Shelf	without	with	Ice	pack	pack	pack ice
water	water	pack ice	pack ice	Edge	ice	ice	with leads

Wilson's storm-petrel	 X	X	-
(Oceanites oceanicus)

White-faced storm-petrel	 X	-	-
(Pelagodroma marina)

Skua	 X	-	-
(Catharacta sp.)

Unid. tern	 X	-	-
(Sterna sp.)

Arctic tern	 -	-	-
(Sterna paradisaea)

Antarctic tern	 X	-	-
(Sterna vittata)

a "Uncommon" is defined as having a density less than one bird per square kilometer.

b "" denotes "zero:'

"X" denotes "species is present at higher density."

-	x	x	x

-	x	x	x

-	x	-	-
	X

-	x	-	-

-	x	x	x
	 X

Distribution of marine birds and their
prey in Bransfield Strait and southern

Drake Passage

G.L. HUNT, JR.

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

I. EVERSON

British Antarctic Survey
National Environmental Research Council

Cambridge, England

R.R. VEIT and D.W. HEINEMANN

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

We investigated the distribution and abundance of marine
birds and their principal food, krill (Euphausia superba), in the
Bransfield Strait and southern Drake Passage from January to
March 1985. Information on the correspondence of the distribu-
tion and abundance of marine birds and their prey is scarce
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(Woodby 1984; Obst in press). Additionally, the temporal and
spatial scales at which correlations of these highly mobile pre-
dators and their prey may be strongest is not known. Jesperson
(1930) found correlations in seabird and zooplankton density at
the scale of thousands of kilometers, while Obst's work identi-
fied correspondence at a scale of tens and hundreds of meters.
In our study, we used continuous counts of marine birds and
simultaneous continuous echo sounding surveys of krill to ex-
amine the correspondence between predators and their poten-
tial prey. This will allow us to examine patchiness on scale
varying from tens of meters to hundreds of kilometers.

We counted birds from the bridge wing of the RRS John Bisco

(eye level was 10 meters above the water line) throughout th
cruise (figure 1). We recorded all birds observed in a zone fro
300 meters ahead of the ship to 300 meters abeam the ship o
the side with the best visibility. Ship-following birds were e).-
cluded from counts. We entered all observations directly into
Husky Hunter microcomputer with 208 kilobytes of rando -
access memory. Position and environmental data were als o
entered in the microcomputer at the beginning and end of each
observation period and at half-hourly intervals between. T1 ie
computer was programmed to provide a set of data entry di s -
plays that prompted correct data logging (Updegraff and Hu t
1985). Data were taken whenever the ship was underway -
tween speeds of 2 and 11 knots depending upon sea conditio s
and other activities on the ship, such as mid-water trawls a d
Longhurst-Hardy Plankton Recorder tows.

Krill abundance was estimated using a calibrated SIMRAD K
400 echo-sounder with operating frequencies of 38 and 20
kilohertz. Signals were processed using a SIMRAD QD digital
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integrator in sequence mode to give mean volume backscatter-
ing strength (MvBs) in eight layers referenced to the surface.
These MVBS's were converted to density by assuming all krill in
the region were of target strength-65 decibels. We confirmed
that krill were the source of echoes using a rectangular mid-
water trawl (Baker, Clarke, and Harris 1973) with a mouth area
of 8 square meters and a mesh size of 4.5 millimeters towed at 2
to 2.5 knots.

Figure 1. Cruise track of the RRS John B!scoe 16 January to 6 Febru-
ary 1985. A. The site of the large foraging flock of cape pigeons and
antarctic fulmars. B. Where we encountered the aggregation of for-
aging Adélie penguins.

120 KHz
depth

JLET-_ _J	 —

-	 120 KHz
20-100m depth

LJL
0800	0900	1000	110

GMT (hours)

Figure 2. Aggregation of surface foraging cape pigeons and ant-
arctic fulmars above echoes presumed to be krill.

Preliminary inspection of our data suggests that, at a regional
scale, marine bird densities were similar in all areas surveyed,
but biomass was highest in the Weddell and the Bellingshausen
Seas. Within the Bransfield Strait, bird densities were generally
greater in the northern end and on the west side near the South
Shetland Islands. Krill densities were also higher in the north-
ern end of the strait and in the channels between the islands.

At a smaller scale (1 to 10 kilometers), all major aggregations
of birds we encountered were associated with strong echoes
suggesting high densities of krill. The converse was not true; on
several occasions high densities of krill at depths appropriate for
penguins to reach were found without accompanying birds.
Detailed small-scale work over individual krill swarms
provided data on the localization of bird foraging at the swarms.
Apparent correlations between penguin presence and krill
above 100-meter depth was on a scale of tens to hundreds of
meters.

In two instances, particularly striking correspondence was
found between birds seen within 300 meters of the ship and
echoes obtained from what were believed to be krill (no trawls
were made to confirm echo source on these occasions, although
the echochart indications were similar to those obtained during
net hauls when krill were caught) directly beneath the ship
(figures 2 and 3). On 19 January 1985 northeast of Gibbs Island
(figure 1, point A), a mixed flock of cape pigeons (Daption
capense) and antarctic fulmars (Fuirnarus glacialoides) was en-
countered between 8:30 and 9:10 Greenwich mean time (local
time = GMT-3 hours) (figure 2). Many birds were sitting on the
water and a few were seizing krill. Additionally, thousands of
birds were observed flying and sitting on the water outside our
transect zone. Estimated krill density along our track line in the
10- to 20-meter depth zone peaked approximately 2.5 kilo-
meters before bird density, but on a scale of 2 to 10 kilometers
the coincidence of birds and krill near the surface was striking.
In contrast, there was no apparent correlation between bird
density and the density of krill between 20 and 100 meters
depth. However, the observation of two minke whales (Ba!-
aenoptera acutorostrata) coincided with the peak density of 2.5
krill per cubic meter between 20 and 100 meters at 10:25 Green-
wich mean time.

GMT (hours)

Figure 3. Aggregation of subsurface foraging Adélie penguins
above echoes presumed to be krill.
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The foraging of birds at this near-surface swarm of krill was
detected shortly after sunrise. A repeated transect over the
same area at mid-day a week later showed an abundance of krill
at greater depths and few foraging birds. These observations
support the notion that surface feeding birds may take krill
primarily at night or in twilight, and that their foraging is sen-
sitive to the depth at which krill are swarming.

On 20 January 1985, we came upon an unusually high con-
centration of Adélie penguins (Pygoscelis adeliae) that were near
the edge of the continental slope northwest of the entrance to
the Antarctic Sound (figure 1, point B, and figure 3). The pen-
guins were tightly clustered in rafts of 30 to 2,000 birds, and
whole rafts or portions of them were seen to submerge or
reappear at the surface as a unit. Over a distance of 4 nautical
miles, we counted 2,560 penguins in our transect zone. Includ-
ing birds outside our transect zone, we estimated 10,000 to
15,000 birds were present. The distribution of birds coincided
with strong echo returns from both the 10- to 20-meter layer (up
to 34 krill per cubic meter) and the 20- to 100-meter layer (up to
14 krill per cubic meter) above a small sill.

These two examples show that the coincidence of seabirds
and their prey can be strong at fine scales. The degree of correla-
tion of seabird and prey densities at larger scales was lower,
probably due to the high variance in the distribution of both bird
flocks and prey patches and to the fact that not all prey patches

have birds associated with them. The analysis of the effect of
scale on our ability to relate bird density to prey density will be
the focus of our continuing efforts.

We thank R.B. Heywood and the captain and crew of the RRS

John Biscoe for their help and support during this cruise. Earlier
versions of the manuscript were commented on by Zoe Eppley.
Financial support for this research was provided in part by the
British Antarctic Survey and National Science Foundation grant
DPP 83-18464.
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Population studies of Adélie, gentoo,
and chinstrap penguins

W.Z. TRIVELPIECE, C. GEUPEL, J. KJELMYR, S.G. TRIVELPIECE,
and N.J. VOLKMAN

Point Reyes Bird Observatory
Stinson Beach, California 94970

A thorough understanding of the antarctic community re-
quires an in-depth knowledge of the breeding biology, feeding
ecology, and population biology of the pygoscelid penguins—
the Adélie (Pygoscelis adeliae), gentoo (P. papua), and chinstrap
(P. antarctica). These penguins constitute 60 to 70 percent of the
total antarctic avian biomass (Everson 1977) and are major pre-
dators of krill. We have collected data on their breeding and
feeding ecologies during the past 4 years. This season (12 Oc-
tober 1984 through 13 February 1985) we studied banded,
known-age populations of these penguins near the Polish Acad-
emy of Sciences Arctowski Station, King George Island, Ant-
arctica (62°10'S 58°30'W).

The primary objective of our project is to elucidate the ways in
which demographic variables interact to affect changes in pen-
guin populations. Specifically, we collected data on fecundity,
age of first breeding, annual survival, immigration and emigra-
tion rates, nest-site tenacity, and mate fidelity. Preliminary ana-

lyses of data revealed several interesting findings. First, 225 of
1,100 Adélie penguin chicks banded in 1981 - 1982 (3 year olds)
returned to their natal rookery in 1984– 1985. (See figure.) This
represents 20.4 percent of all banded chicks surviving to 3 years
of age. By comparison, Ainley, LeResche, and Sladen (1983),
reported only 8.2 percent survival of Adélies to 3 years of age at
the Cape Crozier rookery in the Ross Sea. Furthermore, while
the 8.2 percent Crozier survival figure was the mean for several
cohorts, yearly variations ranged within 3 percentage points of
the mean, never approaching the 20 percent survival rates w
found (Ainley personal communication).

Secondly, almost 30 percent of all gentoo chicks banded i
1983 - 1984 returned to their natal rookeries in 1984 - 1985 as
year olds, and 9 percent of the 2-year-old age cohort survived
Approximately 9 percent of the 2- and 3-year-old cohorts o
chinstraps were sighted in their natal rookeries. All data ar
uncorrected for band losses and for losses of chicks betwee
banding (3 to 4 weeks old) and fledging (7 to 10 weeks old).

Finally, Adélies and chinstraps first attempted breeding at
years of age, and all breeders were females, as reported b
Ainley et al. (1983) from the Crozier Adélie populatio
However, while only 1 t 2 percent of Adélie 3-year-old females
laid eggs, at least 40 percent of all returning 3-year-old chinstrap
females bred. Breeding attempts were made by 55 percent of all
2-year-old gentoo penguins; including 9 females, 23 males, and
4 birds of unknown sex, out of a total of 662-year-old returnees.
These are the first data on age of first breeding in gentoo pen -
guins. All species' first-time breeders were much less successful
than older experienced birds.
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The differences in age of first breeding and the percent of
breeding attempts among the pygoscelids, and in the survival
rates of Adélies at our site and in the Cape Crozier area, suggest
that our population data may provide significant new informa-
tion towards understanding this important krill-consuming
genus.

We are grateful to the Polish Academy of Sciences and the 9th
and 10th Polish Antarctic Expeditions for their hospitality and
help. We would also like to thank the Fuerza Aerea de Chile and
U.S. Antarctic Research Program for logistical support. This
research was supported by National Science Foundation grant
DPP 83-14667.
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Researcher checks returning, banded, known-age, Adélies at a
colony in the Point Thomas rookery in early October.

Ultrastructural histochemical
demonstration of concanavalin A

binding sites on Adélie penguin blood
cells

V.A. P. ZINSMEISTER

Department of Anatomy
School of Veterinary Medicine

Purdue University
West Lafayette, Indiana 47907

J. VALENCIA

Inst it uto Antartico Chileno
y Departamento de Biologia

Facultad de Ciencias Basicas y Farmaceuticas
Universidad de Chile

Santiago, Chile

Our studies are concerned with the cellular and chemical
composition of the hematopoietic system of wild pygoscelid
penguins, analyzed by means of morphologic and histo-
chemical techniques. We hope to correlate the morphologic and

histochemical data with the functional aspects of each type of
hemic cell in the peripheral circulation of these penguins and
increase the useful knowledge of the natural biological history
of these species.

Ultrastructural histochemistry using particular markers (col-
loidal gold or ferritin) has provided an ideal approach for identi-
fying various cell surface components and allows the ready
comparison of labeling densities and/or surface distribution of
these membrane components in the heterogeneous cell popula-
tion of the bone marrow and blood. Thus, the histochemical
approach allows the investigator to follow qualitative and quan-
titative changes in surface reactive groups and membrane re-
ceptor sites during the period of membrane change and to relate
these changes to the functional and metabolic characteristics of
individual hemic cell lines.

Blood samples collected during October and November 1983
(Ardley Island, Antarctica) were stored in buffered 2.5 percent
glutaraldehyde pH 7.4 at 4°C and have only recently been
processed for cell-surface studies.

Taking advantage of the two binding sites of concanavalin A
(CON A) for alpha-D-mannose residues, this lectin can bind to
both the reactive group on the cell surface and to an added
protein containing this residue. Thus, CON A is reacted with
the cell and the bound lectin is then exposed to the gold-labeled
man nose -con taining protein, horseradish peroxidase. This
gold-complex is visualized ultrastructurally as electron dense
particles along the cell surfaces at sites having sterically avail-
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able alpha-D-mannopyranodise, D-fructofuranoside, and their
glycosides. The high-quality electron micrograph (figure) at-
tests to the morphologic integrity of the intracellular organelles
and the presence of concanavalin A binding sites on the cell
surfaces. Long-term fixation has no deleterious effects on the
cells in our studies. For specific methods and procedures the
reader is referred to Zinsmeister and Ackerman (1983) and
Zinsmeister, Valencia, and Golowasch 1984. Our studies at this
time are preliminary; in depth studies will be forthcoming.

This research was supported in part by National Science
Foundation grant INT 83-14929.
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CON A-HRP-G surface receptors. 1. Polymorphonuclear Heterophil, Pygoscelis ade!iae, 13,000X. 2. Polymorphonuclear Eosinophi
Pygoscelis adel!ae, 1 3,000X.
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The role of krill (Euphausia superba) in antarctic ecosystems
has received much attention. It has been widely contended that
"the increased availability of krill, due to the large-scale reduc-
tion in whale stocks. . . [has] permitted increases in the popu-
lation of other krill-eating predators, including penguins"
(Croxall and Kirkwood 1979, page 180). While data on penguin
populations have been interpreted as being consistent with this
view (Croxall and Kirkwood 1979), the reliability of historical
data and of assumptions regarding the importance of krill in the
diet of certain species (Ainley, O'Connor, and Boekeiheide
1984; Jehl 1985) are open to examination. Nevertheless, dis-
covering, censusing, and monitoring penguin colonies is a mat-
ter of priority in polar research (SCAR 1979).

On 30 November 1984, Jehl was able to spend 4 hours ashore
on Paulet Island (63°35'S 55°47'W), a small island at the north-
western corner of the Weddell Sea (figure 1). A large colony of
Adélie penguins (Pygoscelis adeliae) was known to occur there,
but it had never been censused. The only published estimate
was by Andersson (1905, cited by Croxall and Kirkwood 1979),
who thought it contained several hundred thousand birds.
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A census of the Adélie penguin
colony on Paulet Island, Weddell Sea

birds nested on ridges paralleling the shore, he determined the
number of birds in a column perpendicular to the beach and 1
meter wide and paced the length of the colony. Additional
estimates were made from hilltops overlooking the colony areas
(figures 2 and 3). Finally, he circumnavigated the island in a
Zodiac boat to be sure that all nesting locations had been count-
ed. Photographs of the major subcolonies, counted indepen-
dently by S. Hawkins (on file at Hubbs-Sea World Research
Institute), provided a check on the reliability of field estimates.
Field estimates indicated that there were 54,200 ± 10 percent
nests in the colony. A similar figure (53,500) resulted from a
study of the photographs. Because of foreshortening in the
photographic field, Jehl considers these estimates to be con-
servative by about 10 to 15 percent.
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Figure 2. View of Adélie penguin cology on Paulet Island (see figure
1 for orientation).

On 23 December 1984, Todd was able to land at the colony,
which was well along with most nests containing two chicks of
10 to 14 days age; many birds were still incubating. Due to the
lack of snow and the reproductive stage of the colony, which
included many birds moving back and forth into the rookery
area, he was unable to make a precise estimate but thought that
the colony might contain as many as 75,000 pairs. We suggest
that a total population of 60,000 ± 5,000 pairs is the best estimate
of abundance.

It is inherently difficult to determine the size of large aggrega-
tions of colonial birds, and some problems peculiar to penguins
have been discussed by Croxall and Kirkwood (1979). In at-
tempting to interpret historical data, it is important to recognize
that few of the early antarctic explorers made any serious at-
tempt to determine colony sizes accurately and that many pub-
lished estimates have been based on the impressions of persons
with no compelling interest in the subject, who have gone
ashore briefly for other reasons. In that light, it is interesting to
note that 55 passengers on the November trip, whose scientific
training varied from none to great, tended to greatly overesti-
mate the size of the Paulet Island colony (x = 394,000 pairs, S. D.
453,000, range 4,210 to 2,845,000); there were only 15 estimates
of less than 100,000 pairs. The degree to which the accuracy and
variability in these estimates may parallel those made by casual
observers in former years is a matter of conjecture.
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Figure 3. View of Adélie penguin colony on Paulet Island (see figure
1 for orientation).

Two other aspects of the colony were notable. First, despite its
size, there were virtually no predators in attendance. We each
saw only 1 or 2 pairs of snowy sheathbills (Chionis alba) and the
same number of brown skuas (Catharacta skua lonnbergi), and
neither of us saw any evidence of egg predation, which is
conspicuous in colonies where avian predators are more abun-

dant. Mammalian predators were also uncommon. Jehi saw a
maximum of five leopard seals (Hydrurga leptonyx), most resting
on floes in areas slightly removed from the penguins' main
egress sites; Todd saw none.

Second, unlike many colonies elsewhere on the Antarctic
Peninsula, the one on Paulet was essentially continuous and not
divided into discrete subcolonies. Furthermore, thousands of
birds were nesting on very steep hillsides in habitats that are
typically occupied by chinstrap penguins (Pygoscelis antarctica).
Evidently, the Adélies occupied all of the area that was suitable
for nesting at the start of the season. This suggests that nest site
availability was the major factor regulating the size of the colony
in the 1984 - 1985 season.

We are indebted to T.C. Swartz and Werner Zehnder of So-
ciety Expeditions and Capt. Hasse Nilsson of the MIV Lindblad
Explorer for assistance and support of this study, and to Sally
Hawkins for her painstaking counts of the photographs. This
article is a contribution from the Hubbs-Sea World Laboratory at
Sea Project.
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Foraging characteristics of king
penguins from Saint Andrews Bay,

South Georgia

G.L. KOOYMAN and P.H. THORSON

Physiological Research Laboratory
Scripps Institution of Oceanography
University of California at San Diego

La Jolla, California 92093

Much emphasis has been placed on the abundance and
growth rate of those species of birds and seals that feed on krill.

However, population growth has been impressive, at least at
South Georgia among those species—elephant seals, Mirounga
leonina, and king penguins, Aptenodytes patagonicus—t hat do not
feed on krill and that forage in midwater to deep depths. This
fundamental difference, as well as several other striking dif-
ferences in king penguins compared to other penguins, prom-
pted continued work on this remarkable species (figure).

This study was an extension of a preliminary project begun in
February 1980 at Schleiper Bay, South Georgia (Kooyman et al.
1982). The objectives of the present study were to determine the
energy consumption rate of foraging trips and to divide the total
energy cost into the component parts of resting and swimming.
In addition, the foraging success will be estimated from the
energy consumed minus the energy returned to the colony.
Feeding behavior was determined by analyzing the dive dept
frequencies and determining the type of prey.
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Two king penguins at Saint Andrews Bay, South Georgia. One re-
markable bird (on the right) was all black except for the yellow
auricular patches. Several partially black penguins were also seen.

The data were obtained at Saint Andrews Bay, South Georgia,
during February and March 1985. Energy estimates were meas-
ured by the doubly labeled water method (Lifson and McClin-
tock 1966), in which the disappearance rate of the isotopes of
oxygen and deuterium were determined. This procedure was
the same as that used by Nagy et al. (1984) to estimate foraging
energetics of jackass penguin, Spheniscis demersus, and differed
from previous estimates of king penguin (Kooyman et al. 1982)
and gentoo, Pygoscelis papua, and macaroni Eudyptes

chrysolophus penguin (Davis et al. 1983) energetics, where sever-
al assumptions had to be made about food composition and
water uptake. Penguins were weighed before and after trips to
sea to determine foraging success by the criteria of weight gains
and losses, and energy content of the gain in mass. In addition,
some birds' stomachs were lavaged (Wilson 1984) to determine
amount of weight gain attributable to undigested food and to

determine the type of prey captured. Depth distribution of prey
was estimated by measuring the dive depths of penguins using
depth histogram recorders (Kooyman et al. 1983).

At this time, no analyses have been completed on energy
requirements of the birds, but average weight gain for birds
spending 7 days at sea was about 1.8 kilograms. Most of this
gain was undigested food in the stomach. The food appears to
consist mainly of fish. Dive depth records suggest that the fish
are midwater species. Based on 11 dive records which were
obtained from about 2 months at sea, we found that the fre-
quency distribution over nearly 7,400 dives seemed to be bi-
modal, with 27 percent of the dives deeper than 100 meters.

This research was supported by the British Antarctic Survey
and National Science Foundation grant DPP 83-16963. Collab-
orators in various aspects of this project were Randall Davis and
John Croxall. The captain and crew of RRS John Biscoe provided
transport of supplies to Saint Andrews Bay and transported
Thorson and me back to South America. Society Expeditions
provided transport from Punta Arenas, Chile, to South
Georgia.
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Examination of potential hearing
damage in Weddell seals

(Leptonychotes weddelli) in McMurdo
Sound, Antarctica

B.A. BOHNE
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In McMurdo Sound, Antarctica, an area covered under the
Marine Mammal Protection Act of 1972 and protected by the
Antarctic Treaty, marine organisms have been subjected to dy-
namite explosions used by geologists to profile acoustically the
ocean sediments and by the U.S. Navy to make holes in the ice.
Explosions are high in amplitude and are used in several areas
of Antarctica (McGinnis 1979, 1980; Ikami et al. 1984). For exam-
ple, from 15 November to 9 December 1979, 247 "shots" (1,485
kilograms of nitramon dynamite with an average charge of 6
kilograms) were fired in McMurdo Sound. Such explosions
have the high amplitude and short rise-time that charac-
teristically can cause hearing damage in animals (Wright 1982).
Two apparently deaf Weddell seals (Leptonychotes weddelli) were
found in McMurdo Sound in 1982 (David and Kooyman person-
al communication 1982). Subsequently, there has been concern
that their hearing damage resulted from manmade noise.

The objective of our study was to assess impacts of manmade
noise in McMurdo Sound by examining the inner ears of Wed-
dell seals for possible noise-induced loss of sensory cells. Our
results have worldwide application to the question of whether
manmade noise adversely affects marine mammals.

During the 1984— 1985 austral summer, there were at least 80
dynamite explosions in McMurdo Sound (26 above water and 54
through sea ice), made by the U.S. Navy, the University of
Alaska, and Scripps Institution of Oceanography. In January
1985, 25 Weddell seals taken from the east and west sides of
McMurdo Sound (table) were sacrificed as part of an ongoing
program by the New Zealand Antarctic Research Program
(NZARP). The heads of these animals were collected through
cooperation with NZARP. In addition, a Weddell seal found dead
(3 to 5 days) was also collected.

Collection of temporal bones from each seal was hindered by
the method of killing. The seals were killed with shots to the

head by a .308 caliber NATO Standard rifle. Unfortunately, the
ammunition was hollow-tip bullets, which exploded within the
skull and shattered at least one of the temporal bones, and both
temporal bones in 10 of the heads.

In the laboratory, the bullae were exposed ventrally and the
cochleas removed. The perilymphatic spaces were perfused
with fixative (1 percent osmium tetroxide in Dalton's buffer) and
the cochleas immersed in fixative for 2 hours. All temporal
bones were fixed within 4.5 hours of the seals' deaths; 60 per-
cent were fixed within 2.5 hours.

A total of 18 cochleas were transported in Tyrode's solution to
Washington University Medical School, St. Louis, Missouri, for
analysis using techniques by Bohne (1972). The otic capsules
were thinned and removed to ensure adequate exchange of
fluids during the embedding process. The cochleas were dehy-
drated and infiltrated with plastic (araldite) which was then
polymerized (figure 1).

Figure 1. Low-power photomicrograph of cochlea which has been
fixed in osmium tetroxide and embedded in plastic. The cochlear
bone was removed after the plastic polymerized to reveal the spiral-
shaped cochlear duct. "SPL" denotes "spiral ligament:' Bar equals
0.2 millimeters.

One inner ear was preserved from each of 14 of the harvested
seals, both inner ears from another, and both inner ears from the
seal found dead. Five specimens were found to have such
extensive gunshot damage that no examination of the sensory
epithelia was possible. The remaining 11 cochleas have one or
more of the following characteristics which may limit analysis:
blood in the perilymphatic spaces obscuring sensory epithelia;
fracture of the osseous spiral lamina; or detachment of the organ
of Corti from the basilar membrane.
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The final dissection and analysis of the inner ears collected
during this study will be undertaken in a separate proposal to
the National Science Foundation. Results will provide informa-
tion on damage to the peripheral auditory system of Weddell
seals.

In eight of the 11 cochleas which were embedded in plastic,
the entire osseous sprial lamina is present. Final dissection of
these specimens will allow us to determine the length of the
basilar membrane (and thus infer the length of the organ of
Corti) in the Weddell seal. Length of the organ of Corti reflects
the frequency range of the animal's hearing. It will be difficult or
impossible to perform counts for present/absent sensory hair
cells in these specimens because the organ of Corti was dis-
placed from the basilar membrane at many locations. On the
other hand, since the osseous spiral lamina, which contains the
auditory nerve fibers, was intact in the majority of these spec-
imens, an analysis of the nerve-fiber population can be per-
formed (figure 2). Extensive loss of sensory cells due to exces-
sive exposure to noise is always accompanied by degeneration
of the adjacent nerve fibers within the osseous spiral lamina.
Thus, analysis of the nerve-fiber population will allow us to
infer whether or not the sensory cell population was intact in
these specimens, thereby indicating normal or damaged hear-
ing in these seals.

This work was supported by National Science Foundation
grant DPP 83-17708.

Figure 2. Horizontal view of portion of cochlear duct from specimen
shown in figure 1. Sensory cells are located in organ of Corti (oc).
Peripheral processes of primary auditory neurons are mylinated
(MNF) as they traverse the osseous sprial lamina to innervate the
sensory cells. "SPL" denotes "spiral ligament." Bar equals 40
micrometers.

Seals taken during 1984-1985 New Zealand seal kill

Length	Auxiliary girth
Seal	Sex	Location	Time Date (in centimeters) (in centimeters) Cochlea taken and condition of cochlea.

01	Male	Dailey Island	1223 011885	254	 176	No
02	Male	Dailey Island	1225 011885	238	 170	Yes. Large segment of OSL missing. Clot throughout scalae.
03	Male	Dailey Island	1311 011885	268	 171	No
04	Female Blue Glacier	1325 012185	220	 142	No
05	Male	Blue Glacier	1327 012185	240	 158	No

06	Male	Blue Glacier	1335 012185
07	Female Blue Glacier	1500 012185
08	Male	Blue Glacier	1606 012185
09	Male	Dailey Island	1425 012285
10	Female Dailey Island	1441 012285

11	Male	Cape Bernachi 1640 012285
12	Male	Cape Bernachi 1641 012285

13	Male	Cape Bernachi 1642 012285

14	Male	Cape Bernachi 1744 012285
15	Male	Cape Bernachi 1745 012285

16	Male	Pram Point	0650 012685
17	Male	Pram Point	0659 012685
18	Male	Pram Point	0720 012685
19	Male	Pram Point	0720 012685
20	Male	Pram Point	0810 012685

21	Male	Pram Point	0820 012685
22	Male	Pram Point	0820 012685
23	Male	Pram Point	0820 012685
24	Male	Pram Point	0748 020185
25	Male	Pram Point	0753 020185
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144	Yes. Entire OSL present. Blood in scalae, OSL light stained.
171	No
155	Yes. Entire OSL present. Hair cells visible.
151	No
172	Yes. Crack through OSL and second turn. Blood throughout

scalae.

156	No.
153	Yes. Entire OSL present but OC detached from basilar

membrane.
142	Yes. Entire OSL present but cracked in three fragments at

base. Other ear was saved but was cracked open in second
turn.

150	Yes. Basal tip of OSL gone. Piece of tissue loose at apex.
149	Yes. Base and modiolis cracked, blood in scalae.

168	No
201	Yes. OSL intact.
157	Yes. Blood in scala prevented fixing.
163	Yes. OSL cracked and displaced at apical tip.
151	No

165	No
175	Yes. Blood in scala prevented fixing.
180	Yes. Basal tip missing.
167	Yes. Cochlea shattered and incomplete.
182	Yes. Cochlea shattered and incomplete.
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207
243
245
248
248

214
221

222

210
221

222
255
242
246
223

234
255
253
248
235
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Reproductive bioenergetics of the
antartic fur seal Arctocephalus gazella

D.P. COSTA, P.H. THORSON, and J.G. HERPOLSHEIMER
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Santa Cruz, California 95064

J.P. CROXALL

British Antarctic Survey
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During austral summer 1983 - 1984, we had the unusual
opportunity to examine the reproductive bioenergetics of the
antarctic fur seal during a period when food was scarce. Food
scarcity was indicated by an increase in pup mortality, reduced
pup masses, and long female foraging trip durations. During
austral summer 1984 - 1985, we were able to complete equiv-
alent measurements when prey was abundant as indicated by
low pup mortality, high pup growth rates, and female foraging
trips of short duration.

Field measurements were completed during the months of
December, January, and February 1983 - 1984 and November,
December, and January 1984 - 1985 on the fur seal rookery in
the immediate vicinity of the British Antarctic Survey base at
Bird Island, South Georgia. Logistic support was supplied by
the British Antarctic Survey. Specific parameters quantified
were milk intake of pups; change in milk composition through
time; metabolism and protein catabolism of fasting pups, sub-
adult males, and females; and energy expenditure of lactating
females onshore and while foraging.

The rate of milk ingestion by pups was estimated from total
body water influx (Ortiz, Le Boeuf, and Costa 1984; Costa and
Gentry in press). Milk intake and fasting metabolism were
determined in 25 pups each year during the first 2 months of
life. Fasting water influx, measured while their mothers were
absent, was used to estimate the pups' metabolism (Ortiz, Cos-
ta, and Le Boeuf 1978).

The contribution of protein to energy metabolism was deter-
mined by the turnover of carbon-14-labeled urea in the pup's
blood (Pernia, Hill, and Ortiz 1980). Measurements were made
on 16 of the 25 pups studied. Additional measurements of
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protein catabolism were completed on nine fasting subadult
males whose masses ranged from 15 to 40 kilograms. The main-
tenance metabolism and protein catabolism of eight (four in
1983-1984; four in 1984-1985) fasting females during the initial
perinatal period were also measured.

Food and energy consumption of eight female fur seals forag-
ing at sea was measured during 1983 - 1984. Of these, four were
measured twice: once in December and once in January to
determine whether there were changes in foraging energetics
within a season. Additional measurements were made on 15
females during 1984- 1985 to quantify foraging energetics dur-
ing a normal season when food was abundant. These measure-
ments were completed on eight females with male pups and
seven females with female pups ranging in size from 25 to 50
kilograms. These data will allow comparisons of differences in
foraging energetics as a function of pup sex and body size.
Measurements were completed using a combination of tritiated
and oxygen-18-labeled water. Tritiated water turnover (HT0)
provides an estimate of prey intake (Nagy 1975; Costa and
Gentry in press), and the difference in the turnover of tritium
and oxygen-18-labeled water measures carbon dioxide produc-
tion, an index of energy expenditure (Lifson and McClintock
1966; Nagy 1980).

r

Figure 1. A female antarctic fur seal, nurses her pup, while resting on
a tassock mound. (Photo by Daniel Costa.)

The at-sea average daily metabolic rate of eight adult females
in 1983- 1984 was 788 ± 131 sd kilojoules per kilogram per day,
6.6 times the predicted rate for a terrestrial mammal of equal
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size and nearly equivalent to the 846 ± 60 kilojoules per kilo-
gram per day reported for northern fur seal females foraging
during a poor season (Costa and Gentry in press). Food intake
estimated from water influx was 20 ± 3.4 percent of their body
mass or 1024 ± 174 kilojoules per kilogram of krill per day. The
fasting metabolic rate of lactating and fasting female antarctic
fur seals was 415 ± 43 kilojoules per kilogram per day, a value
similar to the 406 kilojoules per kilogram per day reported for
lactating and fasting northern fur seals (Costa and Gentry in
press). In addition, the fasting metabolic rate of eight subadult
animals ranging in mass from 15.1 to 38.4 kilograms was 569 ±
92 kilojoules per kilogram per day.

for the northern fur seal of 41.5 percent fat, 44.4 percent water,
and 14.2 percent protein (Costa and Gentry in press) than
values previously reported for a single milk sample of 51.1
percent water, 26.4 percent fat, and 22.4 percent protein for the
antarctic fur seal (Bonner 1968). However, this single milk sam-
ple falls within the range of compositions observed.

The rate of mass gain, absolute mass change, and time in days
between departure and arrival

Mass increase
Kilograms

Season	Days	Kilograms	per day

4	 -

-	..J....	 .

Figure 2. Researcher P. Thorson catches a female fur seal using a
choker. As can be seen from the photograph, fur seals near the base
are accustomed to the activities of the researchers. (Photo by Daniel
Costa.)

It has been proposed that there is a body set point that
regulates the intensity and duration of a female's foraging bout
(Costa et al. 1985; Costa and Gentry in press; Gentry et al. in
press). Data reported in the table support this hypothesis. In
1983 - 1984 the rate of mass increase was significantly less than
in 1984- 1985. Females appear to compensate for reduced prey
intake and mass gain by increasing the foraging-trip duration
until a predefined body-mass set point has been achieved.
These observations are also consistent with the response of
California sea lions to the severe 1983 El Niño event (Costa et al.
1985).

There was no significant trend in the percentage of fat, water,
and protein in 63 milk samples taken over a 2-month period in
1983 - 1984. The mean composition of antarctic fur seal milk
was: water 42.4 percent ± 6.8, fat 40.3 percent ± 6. 1, and protein
17.4 percent ± 4.1. These data are closer to the values reported

1983-	 10.1	 2.53	 0.24
1984	 (0.6)	 (0.48)	 (0.04)
1984-	 5.85	 2.36	 0.44
1985b	(1.51)	 (0.37)	 (0.07)

a For eight females.
For 15 females.
Figures in parenthesis are ± one unit of standard error.
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Terrestrial biology

Field studies of antarctic
cryptoendolithic microbial
ecosystems, 1984 - 1985
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In the "Ross Desert" (unofficial geographic name for the "dry
valleys," cf. Friedmann 1985) of southern Victoria Land, cryp-
toendolithic microorganisms colonize porous Beacon sand-
stone and are a primary agent in the characteristic weathering of
the rock surface (Friedmann 1977). Such colonized surfaces
were regarded to be widespread in the Asgard Range, Olympus
Range, and Quartermain Mountains ("Beacon Valley area")
(Friedmann 1982). One of the most richly colonized areas, Lin-
naeus Terrace (Asgard Range), has been proposed recently to be
designated as an area of "Special Scientific Interest" under Ant-
arctic Treaty provisions and the U.S. Conservation Act.

In the course of a survey during the 1984 - 1985 austral
summer conspicuously colonized, very extensive rock surfaces
were found in the sandstone formations surrounding Alatna
Valley (Convoy Range), especially in the massive sandstone
cliffs of Battleship Promontory (figures 1 and 2). The geology
and lithology of this area has been studied by Mirsky, Treves,
and Calkin (1965). The presence of extensive microbial coloniza-
tion of sandstone surfaces in the northern parts of the "Ross
Desert" is a further indication of the widespread occurrence of
the cryptoendolithic community.

The biology of the cryptoendolithic ecosystem is the subject
of a cooperative research effort of the antarctic cryptoendolithic
microbial ecosystem research group, an interdisciplinary
grouping of independent scientists. During the 1984 - 1985
austral summer, members of the field group were R.O. Fried-
mann (Florida A&M University), P. Hirsch (University of Kiel,
Federal Republic of Germany), C.P. McKay and S. Squires (Na-
tional Aeronautics and Space Administration, Ames Research
Center), J.R. Vestal (University of Cincinnati), R. Darling (grad-
uate student, Florida State University), R. Weed (graduate stu-
dent, University of Maine), and E.I. Friedmann (group leader,
Florida State University).

Some preliminary results of the field activities of the group
are reported by Friedmann and McKay; Hirsch, Gallikowski,
and Friedmann; and Vestal (Antarctic Journal, this issue).

Field research is supported by National Science Foundation
grant DPP 83-14180 to E.I. Friedmann. Laboratory research is

supported by National Aeronautics and Space Administration
grant NSG 7337 to E.I. Friedmann and R.O. Friedmann.

Figure 1. Sandstone cliffs of Battleship Promontory (Convoy
Range). To the right: Alatna Valley.
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Figure 2. Sandstone surfaces at Battleship Promontory, the heavy
colonization by the cryptoendolithic microbial community Is recog-
nizable from the characteristic exfoliating weathering. (Scale: 10
centimeters.)
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A method for the continuous
monitoring of snow: Application to the
cryptoendolithic microbial community

of Antarctica

E.I. FRIEDMANN

Department of Biological Science
Florida State University

Tallahassee, Florida 32306

C.P. MCKAY

Solar System Exploration Office
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Ames Research Center
Moffett Field, California 94035

The largest ice-free region in Antarctica is the approximately
5,000-square-kilometer "Ross Desert" (unofficial name for the
area of "dry valleys") of southern Victoria Land. This area is ice-
free primarily because it was cut off by the Transantarctic Moun-
tains from the flow of ice from the east antarctic ice sheet.
Extreme arid conditions prevail due to scant precipitation, low
albedo, and downslope winds. In this cold desert there is no
visible sign of life on soil or rock, and water stress plays a key
role in the abiotic nature of exposed surfaces. Below the surface
of porous rocks, however, a rich community of microorganisms
exists (Friedmann and Ocampo 1976; Friedmann 1982). Field
studies conducted during the past nine austral summers dem-
onstrated that environmental conditions in this endolithic zone
are very different from the macroclimate (Friedmann 1977; Kap-
pen and Friedmann 1981; McKay and Friedmann 1985-a).
Water, unavailable on the rock surface, is trapped in the pore
spaces of the rock providing the moisture necessary to support
life. Water enters the rock from the melting of the occasional
snowfalls (Friedmann 1978), and leaves by diffusion through
the porous crust.

As part of a concentrated effort to study the cryptoendolithic
microbial community, we developed automatic data-acquisition

systems capable of year-round recording of biologically signifi-
cant environmental data (McKay and Friedmann 1985-b). To
monitor the water cycle in the rocks, a method of detecting both
moisture in the rocks, and snowfall was required. In this paper
we describe a simple, reliable method for detecting the pres-
ence of snow on rock surfaces.

The study site is Linnaeus Terrace (77°36'S 161°05'E, 1,600
meters altitude) on the southern slope of Wright Valley, an area
particularly rich in cryptoendolithic microbial life. McKay et al.
(1984) reported unusually large snowfalls at this site in De-
cember 1980 and discussed the timescale for recycling of large
drifts and accumulations.

Thompson, Craig, and Bromley (1971-a, 1971-b) have pub-
lished temperature and snowfall data over a 2-year interval from
the floor of Wright Valley, indicating extreme variability in snow-
fall for years with comparable temperature profiles. They re-
ported snow on 62 days in 1969 but only on 8 days in 1970
(Thompson et al. 1971-a). Keys (1980) recently reviewed data on
precipitation in Wright Valley during the summer months as
well as studies of precipitation balance in snow-covered areas.
He suggests that a 100-millimeter water equivalent is a reason-
able estimate of the average annual precipitation in the area
with very high variability both in time and in location (east-to-
west along the valley). These considerations suggest that results
from other stations or mesoscale meteorological calculations
would not be sufficient to characterize any particular study site
and direct monitoring of snow is necessary.

Instruments for monitoring snow reported in the literature
are essentially snow catchers (see e.g., Goodison 1978) and are
not suitable for continuous unattended operation. Walton
(1982) has recently reviewed instruments for use in polar and
high alpine environments, including moisture measurement
techniques. None of these methods is capable of giving either
quantitative or qualitative information on snow in a continuous
unattended operating mode.

We constructed a simple qualitative snow monitor based on
measuring conductivity of a salt-impregnated porous disc
placed on the surface rocks. The disc is about a 5-centimeter
diameter glass microfiber filter disc (e.g., Whatman GF/D)

soaked in 1 mole sodium chloride solution and dried. The disc is
placed in a glass petri dish, covered by a perforated black plastic
disc (or a flat piece of rock) and attached to a voltage source by
two metal clamps (figures 1 and 2). When snow is present, the
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resulting salt-water solution increases conductivity compared
to the dry disc. The method is theoretically capable of detecting
snow at temperatures as low as the eutectic point of sodium
chloride/water solutions of - 21.1°C and, in fact, did respond at
daily average temperatures as low as —23°C.

Figure 1. Snow monitors in the field. In some, the disc is covered by a
flat piece of rock and in others by a perforated plastic disc as shown
in figure 2.

GLASS MICROFIBER FILTER DISK SOAKED IN NaCI

Figure 2. Diagram of snow monitor.

Preferably the resistance should be measured with alternat-
ing-current excitation to prevent polarization of the solution or
chemical alteration of the electrodes. We have used this method
successfully with a data handling and recording system that
provides an alternating-current signal. However, for certain
types of data systems, alternating current was not available and
direct-current excitation had to be used. We found that when
the snow monitor was in series with a large resistor (approx-
imately 200 kiloohms) to limit the conduction current and the
sensing voltage is applied only during periods of actual mea-
surements (pulses of about '/16 of a second every 200 seconds)
the direct-current excitation did not result in any degradation
due to polarization over a 1-year interval with about 30 days of
snow.

A sample output of the snow monitor for December 1984 is
shown in figure 3 (from Friedmann, McKay, and Nienow in
preparation). Full peaks of different widths indicate intervals of

snow during which the sensors were saturated while the small-
er peaks probably represent light snow flurries insufficient to
saturate the sensors.

It should be kept in mind that the instrument monitors the
presence of snow on the disc rather than the amount of snow or
snowfall. Yet, for characterization of the biological effect of
snow, it is the snow cover on the rocks (rather than the amount
of fallen snow that may be removed by wind or sublimation) that
is the significant parameter. Snow on the rock surface can melt
under suitable conditions (Friedmann 1978), providing water
source for the microbial community. This fact has now been
verified by measurements of the conductivity of the rock (Fried-
mann et al. in preparation).

We thank the members of the field party for assistance in
deployment of the equipment. This work was supported by
National Science Foundation grant DPP 83-14180 and National
Aeronautics and Space Administration grant 7337 to E.I.
Friedmann.
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Figure 3. Output of snow monitor for December 1984, on Linnaeus Terrace, northern Victoria Land.

Effects of light intensity on the
cryptoendolithic microbiota

J.R. VESTAL

Department of Biological Sciences
University of Cincinnati

Cincinnati, Ohio 45221-0006

Photosynthetic activity of the cryptoendolithic microbial
community in Beacon sandstone (Friedmann 1982) at Linneaus
Terrace was studied under controlled conditions. Phycobionts
of lichens and nonlichenized green algae and cyanobacteria are
the primary producers of this unique ecosystem. Light inten-
sity, temperature, and moisture are major environmental fac-
tors affecting this biota. We studied the effects of light intensity
on the metabolic incorporation of bicarbonate with carbon-14
(' 4C-bicarbonate) into the cellular lipids of the microbial com-
munity. In a previous report (Vestal, Federle, and Friedmann
1984), the effects of light and temperature on the uptake of 14C_

bicarbonate were shown. In that report, the maximum light
intensity used was 120 microEinsteins per square meter per
second. It was assumed that because light intensities much
above that would rarely be found inside the rock matrix, this
was an adequate intensity to use for in vitro studies. This report
differs from the previous report (Vestal et al. 1984) in that the
effects of light intensity up to about 1,000 microEinsteins per
square meter per second were studied. In addition, the incor-
poration of ' 4C-bicarbonate into a stable cellular component, the
lipids, was used to measure the metabolic activity of the micro-
biota. The results may help to explain how these physical factors
affect the metabolism of the microbiota in nature.

The biotic zones of colonized rocks were excised and
p wdered, using a mortar and pestal, to the consistency of
s nd. This homogenous material was kept at a temperature
b low 10°C during manipulation and stored at —20°C. One-
ad-one-half grams of sand were placed into '/4-dram glass vials
c ntaining 0.38 milliliter of cold (1°C) bicarbonate (0.1 milligram
p r milliliter; pH 7.5) buffer containing 4.99 microCuries of 14C-

19 5 REVIEW

bicarbonate (0.008 milligram per milliliter; specific activity of
52.0 milliCuries per millimole. Dark controls were covered with
aluminum foil. The vials were capped with parafilm-covered
corks.

The effects of various light intensities and temperatures were
studied using an apparatus called a "photosynthetron"
provided by Anna Palmisano at the Eklund Biological Center at
McMurdo Station. This apparatus contains a high-intensity
street light which shines up through a bath containing an eth-
ylene glycol solution connected to a continuous flow bath to
regulate temperature. Within the bath are 35 separate cylin-
drical containers, each with a different screen filter covering the
bottom. The small glass vials containing the samples were
placed in these containers and incubated for 8 hours at the
appropriate temperatures. At the end of the experiment, the
vials were placed into 20-milliliter scintillation vials and
crushed. The lipids were immediately extracted with chlo-
roform (2.5 milliliters) and methanol (5.0 milliliters) as pre-
viously described (McKinley, Federle, and Vestal 1982). The
radioactivity of the extracted lipids was then analyzed in a
scintillation counter.

The figure shows the effects of light intensity and tem-
perature on the metabolic incorporation of ' 4C-bicarbonate into
the lipids of the cryptoendolithic microbiota. As had been
shown previously with uptake studies (Vestal et al. 1984), meta-
bolic activity was a function of temperature and light intensity.
In this study, it was shown that appreciable activity was seen at
15°C compared to 7.5°C which was greater than 0.0°C. Even at
0°C, measureable activity was seen. Other work (not reported
here) on the effect of temperature on incorporation of labeled
bicarbonate into lipids indicated that optimum incorporation
occurred at 15 to 20°C by the cryptoendolithic microbiota using
the same assay system. It can also be seen from the figure that
there is apparently no photoinhibition of the algae at light
intensities up to 1,000 microEinsteins per square meter per
second and that the maximum light intensity for maximum
metabolic activity was about 500 microEinsteins per square
meter per second. Even though the ambient light intensity at
Linneaus Terrace in Wright Valley on a cloudless day during the
middle of summer reaches 1,500 to 1,800 microEinsteins per
square meter per second, this intensity would never be found
within the rock itself (Nienow and Friedmann 1984). Measured
light intensities in the lichen zone within an intact rock are in
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the range of 0.2 to 20 microEinsteins per square meter per
second. It is concluded that the cryptoendolithic microbiota
would be metabolizing at appreciable rates within the rock in
nature when the temperature, moisture, and light conditions
permit. Exposure to various light intensities would affect the.
metabolism of the rock microbiota but not be inhibitory to the
primary producers in this delicate environment.

I wish particularly to thank Anna F'almisano of the University
of Southern California for the use of the "photosynthetron" at
McMurdo Station and N.J. Coleman for producing the figure.
This work was supported by National Science Foundation grant
DPP 83-14180 to E.I. Friedmann.
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Microorganisms in soil samples from
Linnaeus Terrace southern Victoria

Land: Preliminary observations
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Department of Biological Science
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The existence of a cryptoendolithic microbial community
within the upper few millimeters of rocks in the "Ross Desert"
(unofficial name for the "dry valleys") has been reported by
Friedmann (1982). In Beacon sandstone exfoliative weathering
lead to a characteristic flaking of the rock surface, an indication
of colonization. Flaking pieces of rock crust transport viable
microorganisms to the nearby soil. Little or nothing is known
about processes of rock colonization, the origin of the inocu-
lum, organismal sequence of arrival, penetration into the rock,
or the minimal composition of the primary colonizing com-
munity. Although the antarctic soil might represent a reservoir
of potential colonizers, these could conceivably also arrive-from
air, from snow, or by human contamination.

During the 1984— 1985 austral summer, we studied the micro-
bial community in soils collected in the vicinity of colonized
rocks. Conceivably the soil microflora here would be compara-
ble to the rock microbial community. Presumably uncontami-
nated soils were investigated previously by Horowitz et al.
(1969), Horowitz, Cameron, and Hubbard (1972), Cameron
(1972, 1973), Cameron, King, and David (1970), Uydess and

Vishniac (1976), Atlas, di Menna, and Cameron (1978), Hirsch
and Friedmann (1984), and Gallikowski (1985). Soils con-
taminated by humans and/or birds have been studied by Boyd,
Staley, and Boyd (1966) and Johnson, Madden, and Swafford
(1978). Vishniac and Hempfling (1979) and Vishniac (1982) stud-
ied the yeast population of antarctic soils from the "Ross
Desert."

The present report describes successful enrichments and iso-
lation experiments which were designed to obtain as many
different microorganisms as possible from 13 soil samples taken
in December 1984 from Linnaeus Terrace, southern Victoria
Land. Sampling sites also included a small area used for urina-
tion by field parties ("Kidney Pond"). As will be shown, the
microflora composition depends very much on the sample loca-
tion, on the depth within the profile, and on the degree of
contamination. Pink and orange-red bacteria as well as black
fungi were the most conspicuous organisms in these samples.

Samples were obtained aseptically by using sterile spoons
and sterile, transparent Whirl-Pack' plastic bags. The sample
locations, depths, and pH's are listed in table 1. All samples
were transported and stored continuously frozen until their use
as inoculum in Tallahassee or Kiel, Germany.

Enrichment experiments consisted of inoculating 1 to 3 grams
of soil in-to 50-milliliter portions of liquid medium in 125-milli -
liter Erlenmeyer flasks plugged with cotton and protected with
loose aluminum caps. The following media were employed: (1)
PYGV (Staley 1968) contained 0.25 grams per liter of each, "Bacto
Peptone," "Bacto Yeast Extract," and glucose, as well as mineral
salts, trace elements, and vitamins; (2) PYGV/10 was a tenfold
dilution of PYGV. "66a/5" was a 1:5 dilution of "Bacto Nutrient
Broth" to which 10 grams per liter glucose had been added
before dilution. Solid media contained 1.5 to 1.8 percent "Bacto
Agar." Standard incubation was at 9 to 10°C and dark. Soil
samples were also spread directly and thinly onto agar plates;
such cultures were incubated upright and in plastic bags to
avoid drying out during long incubation times.

Enrichments were studied microscopically. After 13 to 16
days, and again after 49 to 51 days, the liquid cultures were
streaked onto corresponding agar plates for colony identifica-

Table 1. Soil samples investigated

Depth
pie	 Location	 (in centimeters)

"Kidney Pond ,,a site A	 0-2
"Kidney Pond," site A	 2-5
"Kidney Pond," site B	 0-2

"Kidney Pond," site B	 2-6

05	Snow meltwater stream bed	 0-6
13	Olive green powder inside of sphe-	 0-4

rical concretion
24	North of boulder I (30 centimeters)	 0-4
25	Northeast of boulder I (75 centimeters)	 0-4
26	Under east end of boulder I	 0-4
27	South of boulder I (75 centimeters)	 0-5
28	Under west end of boulder I	 0-3.5
46	Under north end of boulder iii	 0-5
47	Under north end of boulder III	 5-7

pH in
0.1 N

potassium chloride	 Remarks

5.9
	

Contaminated with urine.
6.2
	

Contaminated with urine.
6.5
	

Heavily contaminated
with urine.

6.7
	

Heavily contaminated
with urine.

6.6
	

Sample moist.
6.7

6.4
	

Contains dolerite.
6.3
	

Contains dolerite.
6.4
	

Near snow patch.
6.3
	

Contains dolerite.
6.3
	

Contains dolerite.
5.2
	

Sample moist.
5.6
	

Sample moist.

a n area, about 1.5 x 1 x 5 meters, on Linnaeus terrace used for urination by field parties between 1980 and 1984.
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tion and isolation. Colony numbers per plate were scored as	and the numbers and types of colonies. Plating the enrichments
follows: (-) sterile, + 1 to 5 colonies, + + 6 to 25 colonies,	after less than 13 days yielded colony growth only in rare cases
+ + + more than 25 colonies (tables 2, 3, and 4).	 and then only at higher temperatures (table 3). Most sub-

Colony types were registered before subculturing these onto	cultures on plates showed growth only after 49 to 51 days
master plates for further isolation. We recorded colony shape,	incubation of the primary enrichments. Generally, various
size, surface, texture, and color. The following symbols were	growth conditions, the sample origin, and to a certain degree
used in tables 2, 3, and 4: A, green/bluegreen; B, tan/brownish;	sample depth, appeared to influence colony development on
C, colorless; D, dark/black; C, gray; 0, orange/salmon; P, pink/	plates. Optimal was medium PYGV with a pH of 7.0 and incuba-
red; S, skin-colored; W, white; Y, yellow; F, fungus; A, alga; and	tion at 9 to 10°C. Direct inoculation of PYGV agar resulted in
H, yeast.	 significantly fewer tan, colorless, or white colonies and thus

None of the samples was completely sterile, although consid-	less organism diversity as compared to the liquid enrichments.
erable differences existed with respect to the time of appearance	Prolonged incubation (72 days) did not improve this situation.

Table 2. Colony growth of antarctic soil microorganisms on PYGV agar adjusted to different pH values. The inoculum came from liquid
enrichments in PYGV medium of corresponding pH and kept dark at 9-10°C. The inoculation occurred after 13-16 days and 49-51 days.

(For abbreviations see article text.)

Sample	Sample depth	
PYGV pH 5.5	 PYGV pH 7.0

number	(in centimeters)	Sample pH	13-16 days	49-51 days	13-16 days	49-51 days

PYGV pH 8.0

13-16 days	49-51 days

845/201	0-2	 5.9	-	+ + + P	-
845/202	2-5	 6.2	 -	 -
845/203	0-2	 6.5	-	 -	 -
845/204	2-6	 6.7	-	 -	 -

845/205	0-6	 6.6	-	 -	 -
845/213	0-4	 6.7	-	 -	 -

845/224	0-4	 6.4	+ + + OPW	+ + + BD(F)	+ + P/
owY

845/225	0-4	 6.3	++ C	+ +COPW	+ + PV

845/226	0-4	 6.4	-	 -	+ +CPW
845/227	0-5	 6.3	++ C	+++CID
845/228	0-3.5	6.3	-	 -	 -

845/246	0-5	 5.2	-	+ + + C	 -
845/247	5-7	 5.6	-	+ + +CP	+ + CID

++ C
++ C
++ C

+ + +Cw

+ + +BCPW

+ + +C
+ + +BCP

+ + + BC
+ + +BCPW

Table 3. Colony growth of soil organisms on PYGV agar incubated at different temperatures. The inoculum came from liquid enrichments
in PYGV which were kept at the corresponding temperatures and dark. Inoculation occurred after 13-16 days and again after 49-51 days

of enrichment culture. (For abbreviations see article text.)

	Depth	 4-6°C	 9-10°C
Sample	(in
number centimeters) 13-16 days 49-51 days 13-16 days	49-51 days

845/201	0-2	-	-	-
845/202	2-5	-	-	-
845/203	0-2	-	-	-
845/204	2-6	-	-

845/205	0-6	-	+ +çw(F)
845/213	0-4	-	-

845/224	0-4
	 ++W	+++CPW

845/225	0-4	-	 ++PW	+++BCPW
845/226	0-4	-	 ++CPW	+++BC
845/227	0-5	+ + + P	+ + + BCO +++W +++BCP

PW
845/228	0-3.5	-	-
845/246	0-5	-	 +13	 -
845/247	5-7	-	 +P

	+CP	+++BCPW

18-26°C	 30-31°C

13-16 days	49-51 days 13-16 days 49-51 da

++CP	+++CP	 ++PW(
+Y	 -	-	-
+O(H)W	++C	++W	++BW
++Y	+++WY	++Y

-	++CW	++çC(
+ + WY	+ + + CPW + +çW(F) + + + C

+++PW	+++C(F)	-	-
OPW

+++CPW ++BcP	++CY	-
++OP	 -
++COP	-	-

-	++CWY	-	-
++CPW	-

a Organisms not found at later time may have undergone analysis in the liquid enrichments before the second plating occurred.
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+ +G

+ +ci
+ +BCP
+ + +A(A)PY
+ +cP
+ +P

+ + CD(F)
+ +13P

+++P +++QP	+++P
++w +++osw +++
-	+P	+Y

++CP ++CP	+++COW(F)

- +c	 -
++ P	++y

Pink or red colonies appeared on directly inoculated plates just
as frequently as on plates inoculated with liquid enrichments.
Similar results were obtained with pycv/10, which again al-
lowed excellent growth of pink colonies but had less tan, color-
less, or white organisms (data not shown on tables).

When medium PYGV was adjusted to pH 5.5, the diversity of
agar plate colonies was also reduced (with especially tan and
white colonies missing) (table 2). PYGV with pH 8.0 increased
the diversity somewhat, especially in the case of "Kidney Pond"
samples (table 2).

Growth temperatures during the liquid enrichment had a
pronounced effect on colony diversity. "Kidney Pond" soils
mainly contained organisms which grew best around 18 to 26°C
and still well at 30 to 31°C. In contrast, samples collected near or
under rock boulders showed microbial growth at 4 to 6°C, but
did not contain organisms growing at 30 to 31°C (table 3). These
observations indicate a possible origin, of such "Kidney Pond"
organisms, from contamination. This is also supported by a
high frequency of spore-forming bacteria among these micro-
organisms. It is worth noting that the indigenous microflora of
the uncontaminated soil samples, which grew at lower tem-
peratures and was often intensely pigmented (pink, red, or-
ange, tan), was virtually absent from "Kidney Pond" samples—
possibly because of inhibition by urine.

The influence of low-intensity illumination (100 to 350 lux, or
3 to 4 microEinsteins per square meter per second) is illustrated
in table 4. A few green algal colonies appeared in both illumi-
nated cultures after long incubation. Yet, non-photosynthetic
organisms were also stimulated by light, as is especially well
demonstrated with medium 66a/5. The reason for this effect is
not well understood. Because the enrichments are, in fact, mi-
crocosms (i.e., heterogeneous communities), intensive interac-
tions among the individual organisms can be assumed to occur.
It may be possible that even the low light intensity inhibited
microorganisms which otherwise controlled growth of these

bacteria, allowing them now to develop better. These aspects
certainly need further investigations.

The microflora of the "Kidney Pond" sites was generally less
diverse and numerous than that of uncontaminated soil sam-
ples collected near rock boulders. A preference for higher tem-
peratures indicates a possible origin from human
contamination.

The sample from a snow meltwater stream bed also had
surprisingly few microorganisms. This may have been due to a
lower temperature in this soil and/or to a decreased nutrient
concentration. The presence of light- and temperature-stimulat-
ed organisms in the inside of the spherical concretion needs
further investigations.

Uncontaminated soil samples from near or underneath the
rock boulders contained a rich and active microbial population
with the exception of 845/228, which was collected from under
the west end of boulder I. Less sun and therefore generally
lower temperatures as well as increased wind exposure (i.e.,
lower moisture content), may have been the reasons for the
paucity of organisms in this sample. Sample 845/226 from under
the east end of boulder I also had fewer microorganisms than
samples 845/224, –225, or –227 (tables 2 and 4). Shading and
lower temperatures may have been the reason for this effect.
The soil from underneath boulder III had significantly fewer
microorganisms in the upper 5 centimeters as compared to the
5-to-7-centimeter layer. An increased moisture content with
depth may explain this observation.

Most organisms in the enrichments and on agar plates were
bacteria. Occasionally there were also black, filamentous fungi
or even green algae. Spore-formers and yeasts were the pre-
dominant organisms in "Kidney Pond" samples. In uncontami-
nated soils, the pink, orange, or red bacteria were most conspic-
uous. Microscopically these were cocci, small rods, or rods
aggregated in polymer masses. A large number of isolates re-
sembled bacteria of the radiation-resistant genus Deinococcus,

Table 4. Colony growth of soil organisms on PYGV and 66a15 medium with or without light. The inoculum came from liquid enrichments
kept at 9-10°C and dark or with 100-350 lux of incandescent light (PYGV), or from 66a15 agar plates kept dark or at 3-4 microEinsteins

per square meter per second (fluorescent light). Inoculation occurred after 13-16 days and again after 49-51 days (PYGV), or 43 and
81-84 days (66a15), respectively. (For abbreviations see article text.)

66a/5 agar, pH 6.4
3-4 microEinsteins per

Depth	PYGV liquid, pH 7.0	PYGV liquid, pH 6.9	66a15 agar, pH 6.4	 square meter
dark8	 100 (-350) lux	 dark	 per secondSample	(in

number centimeters) 13-16 days 49-51 days 13-16 days 49-51 days	43 days	81 days	43 days	84 days

845/201
845/202
845/203
845/204
845/205
845/213
845/224
845/225
845/226
845/227
845/228
845/246
845/247

0-2	-	 ++OP
2-5	-	 -
0-2	-	 ++ GW
2-6	-	-	++ GW(F)

0-6	-	-	-
0-4	-	-	-
0-4	++PW	+++CPW ++P
0-4	++PW	+++BCPW ++GOPW
0-4	++CPW +++BC	++GOP
0-5	+++PW +++Bcp	++P
0-3.5	-	-	-
0-5	-	 -
5-7	++çP	+++BCPW	-

+C(F)	+C(F)	 -
+w	 -	-	+c

-	-	-
-	-	-

+BC(F)	-

+ +D(F)Y
+ + cwY

+ +cOSY

+PW(F)
+ + +CD(F)OS

+ + +G(F)OS
+ +G(F)PS
+ PY
+ + +B(F)PS

+ + +S
+ + A(A)OSW(F)

a Occasionally the incubator room was illuminated with up to 180 lux.
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some appeared to multiply by a budding process. The identi-
fication of several hundred pure isolates is in progress.

The present work was supported by National Science Foun-
dation grant DPP 83-14180 to E.I. Friedmann, by National Aero-
nautics and Space Administration grant 7337 to E. I. Friedmann,
and by a grant from the Deutsche Forschungsgemeinschaft to P.
Hirsch. The Department of Biological Science, Florida State
University, Tallahassee, kindly provided laboratory facilities to
P. Hirsch during a sabbatical leave. Skillful technical assistance
of B. Hoffman and A. Stutzel-Studt is gratefully acknowledged.
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Variability in vegetative and
reproductive biomass in Acaena
adscendens VahI. (Rosaceae) at
Kerguelen (South Indian Ocean)

J.M. LAWRENCE and J.B. MCCLINTOCK*

Department of Biology
University of South Florida

Tampa, Florida 33620

The rosaceus herb Acaena adscendens currently covers much of
the eastern part of the Courbet Peninsula on the large island of
Grande Terre at Kerguelen. There is a general consensus that A.
adscendens has extended its distribution on the island as a result
of the elimination of its competitors following the release of
rabbits there by the British Transit of Venus Expedition in 1874
(Chastain 1958; Cours 1958, 1959; Aubert de la Rile 1964). A.
adscendens was the only species on the island that possessed a
radicular system allowing it to recover from winter herbivory.
Chastain, however, suggested some caution in attributing the
emergence of A. adscendens as the dominant plant solely to the

presence of rabbits, noting that the ascendency of A. adscendens
over Azorella selago Hooker (Ombelliferae) began before the
introduction of rabbits. He hypothesized that physical factors
might be involved. There is some support for this in the obser-
vations of Schalke and van Zinderen Bakker (1971) of an altera-
tion in the occurrence of the pollen of A. adscendens and A. se/ago
in cores taken on Marion Island. They interpreted these alter-
nating phases as an indication of alternating climatic changes.

Chastain (1958) noted that A. adscendens existed in two major
growth forms on Courbet Peninsula. One form was charac-
terized by long woody stems and roots and large leaves. This
form occurred in meadows where there was a relatively high
level of water (average of 72 percent), an average pH of 5.5, and a
high level of colloidal organic material. This form also occurred
in heaths where the water level was lower (average of 27.7
percent), the average pH was higher (7.01), and the soil was a
brown-black humus with sand and pebbles. Although these
forms were similar in both habitats, plants in the meadows had
a more luxuriant vegetative growth and did not bloom, while
plants in the heath did bloom despite much less vegetative
growth. The second form of A. adscendens occurred in areas with
high levels of water (70 to 90 percent) and a pH of 6.4 to 6.9. This

* Present address: Center for Marine Studies, University of California, Santa
Cruz, California 95064.
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form was slender and creeping, scrawny in appearance, and
with few leaves. Chastain made no quantitative measurements
of the different forms.

In January 1982, we collected A. adscendens from various
populations in the vicinity of Port-aux-Francais. The total bio-
mass of the individual plants and of their structural compo-
nents was measured. We also counted the number of blossoms
to indicate the fecundity of the plants.

A. adscendens from the different populations differed dis-
tinctly in the biomass allocated to various structural compo-
nents, the total biomass, and the number of blossoms (table).
Plants with the highest level of vegetative growth (site 3) and
those with the lowest level of vegetative growth (site 4) were not
reproductive. The lack of reproduction in the former implies
that total allocation of production to vegetative growth is adap-
tive under certain situations, and not due to inadequate material
or energy. There must be internal control of allocation in such
situations. The lack of reproduction in the latter is probably due
to inadequate production in unfavorable conditions of high
exposure and low soil water. Reproduction by A. adscendens
occurs in those locations where production is sufficient for
reproduction (sites 1 and 2), but not so great that reproduction is
completely inhibited (site 3).

Characteristic of different populations of Acaena adscendens on
Grande Terre, Kerguelen, in January 1982

Site

Biomass
(grams wet weight per square meter)

Leaves and stems	 960	608	2496	208
Blossoms and blossom stalks	272	112	0	0
Total	 1232	720	2496	208

Number of blossoms	 272	144	0	0
(per square meter)
Exposure to wind	 Moderate	High	Low	High
Soil water (%)	 87	38	65	18

Boulière (1982) noted that there have been few estimations of
biomass and production of plants on the subantarctic islands,
and specifically alluded to the lack of such data for Kerguelen
and Crozet Islands. Because the leaves of A. adscendens com-
pletely die back in the winter (Cours 1958; Aubert de La Rile
1964) and growth generally stops at the end of February, the
biomass reported here is an approximate estimation of annual
production of A. adscendens on Kerguelen. Proximate analysis of
the various components of the plant will allow us to calculate
the amounts of soluble protein, soluble carbohydrate, fiber, and
joules present in individual plants and the populations. This
will indicate the manner in which total production is divided
among these organic classes, and will have implications for
understanding the way in which rabbits on Kerguelen use A.
adscendens as food.

This research was supported by National Science Foundation
grant DPP 81-08992 and by the administration of the Terres
Australes et Antarctiques Françaises. We thank C.J. Dawes for
commenting on the manuscript.
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Biomass of Durvillea antarctica
(Cham.) Hariot (Phaeophyceae) in the

Bay of Morbihan, Kerguelen Island
(South Indian Ocean)

J. M. LAWRENCE

Department of Biology
University of South Florida

Tampa, Florida 33620

The genus Durvillea is a member of the Phaeophyceae, the
brown algae. It is conspicuous in the austral regions by its
formation of a belt (or ceinture) on high-energy rocky shores
where its long, floating fronds can reach a length of more than
10 meters (Fritsch 1965). The species Durvillea antarctica occurs
at Kerguelen Island (Delepine 1963, 1964; Grua 1971; Arnaud
1974; Delepine and Aseni 1976; Delepine, Imbault, and
Padovani 1978-1979; Delepine and Legeley-Padovani 1979).

The allometry of growth of D. antarctica involves an initial
rapid increase in stipe length followed by rapid increase in stipe
diameter (Hay and South 1979). Although the growth of the
stipe length seems to plateau, the stipe diameter continues to
increase with time, as does the length of the blade. The relative
sizes of these different plant components are interesting be-
cause they represent the amount of material and energy that is
allocated to different functions. The material and energy allo-
cated to the stipe could be considered for "maintenance" func-
tions, while that allocated to the blade could be considered for
"production" functions.

I measured the wet weights of the three components of D.
antarctica collected in December 1984 west from Pte. de la Baig-
nade along the Promenade des Amerlocks in the Bay of Mor-
bihan (table). Even in the smallest individuals, most biomass is
found in the blade, and the differential allocation of material
there becomes even more pronounced with growth. The disc
and stipe increase in size also but much more slowly. It seems
that a minimal increase in their sizes can allow them to accom-
modate the increased demand placed on them by the much
larger increase in blade weight. The biomass of the blades of D.
antarctica at Kerguelen Island was larger than found by San-
telices et al. (1980) for plants in Chile that had a similar stipe
diameter (table). I am currently doing proximate analyses of the
different components of D. antarctica to determine whether the
composition changes with size and to provide a basis for cal-
culation of allocation of material in terms of organic and energet-
ic units.

I censused several populations of D. antarctica along the
Promenade des Amerlocks. The greatest biomass was 264 kilo-
grams wet weight per square meter of a population with a

density of 474 individuals per square meter. This is considerably
greater than the maximum of approximately 60 kilograms wet
weight per square meter reported for two recolonizing popula-
tions in New Zealand with densities of I and 8 individuals per
square meter, respectively, or the 18.5 to 33 kilograms wet
weight per square meter of non-recolonizing populations of
unreported densities (Hay and South 1979).

This research was supported by National Science Foundation
grant DPP 81-08992 and by the administration of the Terres
Australes et Antarctic Françaises. I thank C.J. Dawes and J.B.
McClintock for commenting on the manuscript.

The relationship between the stipe diameter (in millimeters) and
the wet weight (in grams) of the holdfast, stipe, and blade of
Durvillea antarctica from Kerguelen Island. The values for the
blade of D. antarctica from Chile are approximate as estimated
from the regression given in figure 5 of Santelices et al. (1980).

Wet weight

Holdfast	Stipe	 Blade

Stipe diameter	Kerguelen	Kerguelen	Kerguelen	Chile

	

10	 10	 7	 150	100

	

20	 100	 50	1,000	600

	

30	 400	150	5,000	1,800

	

40	 800	200	10,400	5,000
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Lower atmosphere studies

Antarctic automatic weather stations,
austral summer 1984 - 1985

C.R. STEARNS and G.A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

The automatic weather stations (Aws) in Antarctica measure
air temperature, wind speed, and wind direction at a nominal
height of 3 meters above the surface, and air pressure at the
electronics box. The system is under the control of a microcom-
puter, which at 10-minute intervals updates the data and at 200-
second intervals transmits five data points for each sensor to
polar-orbiting satellites equipped with the Argos systems
(Stearns and Weidner 1983; Weidner and Stearns 1985).

The AWS units provide surface weather observations for the
following studies:
• Barrier wind along the Transantarctic Mountains and the

Antarctic Peninsula.
• Katabatic flow down the Adelie coast, the Byrd Glacier, and

the Reeves Glacier.
• Mesoscale circulation on the Ross Ice Shelf.
• Climatology of Dome C, Byrd Station, and Siple Station.
• Sensible and latent surface heat fluxes on the Ross Ice Shelf.
• Oceanographic support.
• Meteorological support for aircraft operations at McMurdo.
Some of the AWS units may be used for three or more of the
above studies.

The table gives the AWS identification number, location, and
start date for the installed units. An AWS unit that fails and is
repaired may go to a different location with a different identi-
fication number, or the identification number may stay the
same. Attempts are being made to keep the identification
number the same at each site to minimize confusion, but this is
not always possible. As of 1 May 1985, 18 AWS units were operat-
ng satisfactorily, one was transmitting incorrect data, and three
eployed units were not being received (although AWS 8921 is
eceived occasionally and the data are correct). The figure is a
ap of the AWS units in the vicinity of McMurdo Station.
During 1984, AWS units 8906, 8907, 8908, 8910, 8915, 8921, and

922 ceased being received by the Argos system. These needed
to be retrieved, repaired, and reinstalled with the B-data format
introduced in austral summer 1983 - 1984 (Stearns 1984).

Improvements to the AWS units included a waterproof box for
the electronics, a shorter boom with the aerovane mounted
directly over the supporting tower, and a ground-plane anten-
na. The waterproof boxes are necessary because if any snow
Enters the box and melts on the electronics, corrosion even-

tually breaks a connection and the unit stops working. This
happened to AWS 8906. The aerovane had been mounted on the
end of a 1.8-meter boom with the antenna on the other end.
With high winds perpendicular to the boom, the tower-boom-
box system could oscillate and break. The shorter 0.9-meter
boom with the aerovane in the middle is less subject to oscilla-
tion in high winds. The old antennas were fully enclosed and
impossible to inspect visually for internal failures. Vibration
could and had broken internal connections. The ground-plane
antenna has minimal exposure to the wind, can be visually
inspected, and is received well by the Argos system. All booms,
boxes, and antennas will be replaced with the newer units when
possible. Although winds above 40 meters per second were
encountered at several sites, no damage was noted on power,
signal, and antenna wiring.

1985 AWS Locations

Automatic weather station units in the vicinity of McMurdo, Ant-
arctica, as of 7 February 1985. The numbers by the dot are the last
two digits of the automatic weather station identification number.
The location of McMurdo Station on Ross Island is indicated by x.

The AWS units 8906, 8907, 8908, 8915, and 8922 were repaired
and reinstalled. The moisture sensors on 8908 and 8911 were
recalibrated and the one on 8909 was replaced. Two new units,
8924 and 8925, were installed on the Ross Ice Shelf east of
Byrd Glacier using a ski-equipped Hercules airplane for
transportation.
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Geographic
Identification	location

8900	D-80
8901 B11	D-10
8902B	Rothera

8903	Byrd
8904	Dome C
8905	Minna Bluff
8906B	Marble Point
8907	Ross Ice
8908B	White Island

8909B	Madison
8910B	Siple
8911B	Cape Crozier

8912	Larsen Ice
8913	Franklin Island
8914B	D-47
8915B	Ross ice
8916B	D-57
8917B	Rothera

8918
	

Windless Bight
8919B
	

Madison
8920B
	

Rothera

8921 B
	

Byrd Glacier

8922B
	

Inexpressible Island
8923B
	

Ross Ice
8924B
	

Byrd Glacier

8925B
	

Byrd Glacier

8926B
	

Rothera

Elevation
Latitude	Longitude	(in meters)

70.020S	134.72E	2,500
66.700S	139.80E	240

80.00°S	1 20.00°W
	

1,530
74.500S	123.00°E

	
3,280

78.770S	166.850E
	

66
77.430S	163.750E

	
121

78.020S	170.800E
	

44
77.950S	168.170E

	
25?

75.900S	84.30'W	900
77.550S	170.090 E	27

67.00'S	60.47'W	50?
76.240S	168.660E	274
67.380S	138.720 E	1,560
78.520S	170.180 E	52
68.180 S	137.520 E	2,103

77.750S	167.670 E	44

79.980S	165.030 E	75?

74.920S	163.600 E	80
78.31 0S	172.50'W	42
79.560S	169.450 E	50?

80.00°S	179.00°W	50?

Start
date

14/01/83
15/01/84

02/80
13/01/84
25/11/80

02/80
10/12/80
10/12/80

26/11/83
14/01/84

07/02/83
23/01/82
10/01/84
04/12/80
06/01/84

09/02/83

16/01/84

06/02/84
01/02/84
01/24/84

01/24/84

Four new AWS units were sent to the British Antarctic Survey
(BAs) for installation along the Antarctic Peninsula. Damage to
the landing gear of two twin otter airplanes prevented the
installation of the units during austral summer 1984 - 1985.

AWS 8922 at Inexpressible Island was visited by ice breaker
and helicopter. The electronics had been returned to McMurdo
in early January 1985 and the power supply was repaired. The
location may be one of the windiest places on Earth near sea
level. The March 1984 average wind speed was 18.6 meters per
second with a maximum of 45.1 meters per second. The con-
stancy of the wind was .98 from 295 degrees which is the
direction from the Reeves Glacier and normal to the boom.
Several cross braces and one leg of the tower were broken
indicating twisting of the tower. The shorter boom was installed
with the aerovane located in the middle of the tower. The limber
tower was left in place as a replacement was not available. The
electrical wires did not show any damage. The new box with the
repaired unit was installed.

The AWS units at D-10, D-47, and D-57 along the line from
Dumont d'Urville Station toward Dome C had batteries and

new battery voltage regulators installed. The ground-plane an-
tennas arrived too late for installation at D-47 and D-57 but one
was installed at D-10. AWS unit 8923 had new batteries and a
voltage regulator installed.

AWS 8910 and 8921 were not visited during austral summer
1984-1985 so repairs will have to wait until austral summer 1985
- 1986. AWS 8921 is occasionally received by the Argos system.

George Weidner and Charles Stearns were at McMurdo from
4 January 1985 to 1 February 1985.

Mark Lewis of the BAS was prepared to install AWS units along
the Antarctic Peninsula. The AWS unit at Inexpressible Island
was returned to McMurdo for repairs by members of Bun-
desanstalt für Geowissenschaften und Rohstoffe under the di-
rection of Franz Tessensohn. Didier Simon of the Expeditions
Polairs Francaises went on a traverse to D-10, D-47, and D-57. J.
Ardai assisted at Inexpressible Island and did the work on the
Ross Ice Shelf at 172.5 0W (Aws 8923). The support we received
from ITT/Antarctic Services, the National Science Foundation
staff, VXE-6 pilots and crew and the Naval Support Force Ant-
arctica was outstanding. Special thanks go to Lt. Commander
Littke and Lt. Gill.

Automatic weather stations, Antarctica

Status as of 7 February 1985

Operating satisfactorily.
Operating satisfactorily.
Ready for deployment in austral summer 1984-198l

by the British Antarctic Survey.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily. This unit has relative

humidity and temperature difference detector.
Not deployed. Currently stored at Madison, WI.
Not being received.
Operating satisfactorily. This unit has relative

humidity and temperature difference detector.
Transmitting incorrect data.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily.
Ready for deployment in austral summer
1984-1985 by the British Antarctic Survey.
Operating satisfactorily.
Not deployed. Currently stored at Madison, WI.
Ready for deployment in austral summer 1984-198

by the British Antarctic Survey.
Not being received. This unit has relative humidity

and temperature difference detector.
Operating satisfactorily.
Operating satisfactorily.
Operating satisfactorily. This unit has relative

humidity and temperature difference detector.
Operating satisfactorily. This unit has relative

humidity and temperature difference detector.
Ready for deployment in austral summer 1984-1985

by the British Antarctic Survey.

a The "B" after the identification number indicates that the transmitted data word was modified to include five values of wind speed and direction.
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This work was sponsored by National Science Foundation
grant DPP 83-06265.
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Air chemistry monitoring at Palmer
Station

D.R. CRONN, T.W. FERRARA, and W.L. BAMESBERGER

Laboratory for Atmospheric Research
Washington State University
Pullman, Washington 99164

Regression data for weekly averages (4 April 1982-27 April 1985)

Annual
Compound	Intercept	Slope	r2	n	trend

F-11	 183.0±0.2 0.182±0.002 0.985 139 +5.17%
F-12	 300.3±0.5 0.341±0.005 0.971 137 +5.91%
Methyl chloroform	113.2±0.3 0.120±0.004 0.885 142 +5.51%
Carbon tetrachloride 146.5±0.2 0.037±0.002 0.783 142 +1.31%
Nitrous oxide	299.7±0.2 0.015±0.002 0.224 140 +0.260%

The 1984- 1985 season was the third year of operation for the
Washington State University Palmer Station air chemistry facili -
ty. A paper describing some of the results of the first 2 years of
the program has been published (Robinson et al. 1984) and the
establishment and operation of the program have been de-
scribed in previous Antarctic Journal reports.

The original program goal was to document time trends,
seasonal variability, and meteorologically influenced changes
in the concentrations of various atmospheric trace gases which
have implications for stratospheric ozone depletion and climate
change. The two-fold objective for the 1984 season was to con-
tinue the atmospheric trace chemistry monitoring and to meas-
ure the chemical composition of precipitation.

The atmospheric trace gases measured hourly were ozone
(03), methane (CH4), carbon dioxide (CO,), carbon monoxide
(CO), fluorotrichloromethane (F-il or CClF), di-
fluorodichloromethane (F-12 or CC12F7), carbon tetrachloride
(CC,), methyl chloroform (CH3CCI 3) and nitrous oxide (N20).
These gases are measured using gas chromatographic tech-
niques with the exception of ozone (uv-photometry). Typical
meteorological variables and condensation nuclei are also meas-
ured continuously.

Figure 1 shows the concentrations as a function of time for
nitrous oxide F-12, F-li, carbon tetrachloride, and methyl chlo-
roform, respectively. Missing data result both from periods of
equipment failure and unreduced data. The data cover the
period from 4 April 1982 through 27 April 1985. The table shows
the preliminary results of the time trend regression analysis for
five of the atmospheric components based on 3 years of pre-
liminary average weekly concentrations. As can be seen in the
table, the trends for F-li, F-12, methyl chloroform, and carbon
etrachloride continue to show increasing concentrations of 5.2

percent, 5.9 percent, 5.5 percent, and 1.3 percent per year,
respectively. The nitrous oxide increase is only 0.26 percent per
year. These trends are similar to the trends seen by others

(Weiss et al. 1981; Cunnold et al. 1983-a, 1983-b; Prinn et al.
1983; Simmonds et al. 1983).

Carbon dioxide and methane are not included in the table
because simple linear regression analysis is inadequate because
of the pronounced seasonal fluctuations. However, preliminary
weekly average concentrations as a function of time beginning
31 January 1982 and ending 27 April 1985 are shown for carbon
dioxide and methane in figure 2. Carbon monoxide (co) data for
1984 has not yet been reduced.

There is a report on the first austral summer season precipita-
tion chemistry program by Robinson, Cronn, and Bamesberger
(1984) in the 1984 Antarctic Journal. In the second season of the
precipitation program, precipitation events were sampled be-
tween 1 January and 20 April 1985. As in 1984, the modified
Hubbard-Brooks rain and snow samplers were located between
Palmer Station and the adjacent glacier. In addition, a new
automatic sampler was placed between the old Palmer Station
and the surrounding glacier, and a sampler was placed on the
Polar Duke to collect samples while the ship was cruising the
waters surrounding Anvers Island. Rain samples were ana-
lyzed for pH and acidity, anions (e.g., chloride and sulfate), and
cations (e.g., potassium, calcium, magnesium, and am-
monium). Preliminary results of the pH measurements gave
volume-weighted means for the Palmer Station samples only of
4.68, 4.98, and 5.13 for January, February, and March 1985,
respectively. These values are lower than the pH of 5.65 ex-
pected from equilibrium with atmospheric carbon dioxide and
therefore might be considered "acid" rain. Analysis and inter-
pretation of the precipitation chemistry data will be accom-
plished following receipt of the entire data set currently in
transit from Palmer Station.

The field program at Palmer Station was carried out by Tom
Ferrara, the 1984 wintering scientist, and Connie Rauen, who
was responsible for the 1983 - 1984 and 1984 - 1985 austral
summer precipitation measurements. Assistance was provided
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by Robert Koppe (1983— 1984 summer) and Ervin Hindin (1984-
1985 summer), and Harry Howard relieved Tom Ferrara as the
wintering scientist. This work was supported by National Sci-
ence Foundation grant DPP 80-05797.
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Figure 1. Weekly average concentrations of nitrous oxide (N20),
F-12, F-il, methyl chloroform (CH 3CCI3) and carbon tetrachloride
(Cd 4) from 4 April 1982 through 27 April 1985 showing the regres-
sion lines. ("ppb" denotes "parts per billion." "ppt" denotes "parts
per trillion:')
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Weather and solar radiation
measurements and

Mount Takahe and Mount Murphy,
West Antarctica

M. LOSLEBEN

Mountain Research Station
University of Colorado

Nederland, Colorado 80466

During our geological trip to Marie Byrd Land, (party mem-
bers Nick Banks, Nelia Dunbar, Pam Ellerman, Wes LeMasurier,
Mark Losleben, and Bill McIntosh) took weather observations
and short-wave solar radiation measurements. These measure-
ments may be some of the first ever taken in the area.

The weather was recorded one to six times each day, as condi-
tions permitted, from 21 December 1984 through 18 January
1985 primarily around the base of Mount Takahe (112°05'W
76°17'S) but also for 5 days near Mount Murphy (111°15'W
75°24'S). The Mount Murphy data is recorded at the 800-meter
site, (camp 7).

Table 1 summarizes these recordings which are in-
stantaneous values at the time of actual recording with the
exception of temperature maximums and minimums. They are
the maximums and minimums for that Greenwich-Mean-Time
day. Time is in Coordinated Universal Time (or Greenwich
Mean Time) which is the local Mount Takahe time minus 17
hours. Temperature was measured with a Taylor max/mm "U"
tube thermometer suspended in a 1-cubic-foot cardboard box,
which had slits cut to allow air flow, set on the "ground." This
shelter worked very well with two exceptions. (1) From 13 to 16
January, when air speed was virtually nil and the sun was
bright, some unrepresentative heating probably occurred in-
side the box. (2) During snow storms, snow would pack inside
the box. The number of observations taken per day is shown on
table 1. Of course, the more times the following parameters are
measured the better such values represent the true condition.
Barometric pressure was read from an aneriod barometer sup-

Figure 1. Global shortwave incoming radiation (20-minute intervals) for days 11, 12, 13, and 14.
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plied by the Navy weather center, McMurdo Station. Accurate	north equals approximately 112°. East equals 90°.) Visibility for
comparisons of barometric pressures can only be made among	the day is a measure of the predominant condition for that day.
those readings at the same camp or location since these are true	[Good (C) means visibility of more than 12 kilometers; fair (F)
pressures, not corrected to sea level. To help compare inter-	means I to 12 kilometers; poor (P) means 100 meters to I
camp readings, in a rough way, the approximate elevations iri	kilometer; nil (N) means less than 100 meters.]
meters are given on table 1 for each camp. Note camps 1, 6, and	During the circumnavigation of Mount Takahe, three
8 are the same location. Wind speeds are in knots and are the	"smooth" or "calm" zones were noticed on the north, east, and
range of average speeds measured that day. Direction is the	south sides (grid direction). These areas were separated by well
predominate direction of the day and in grid degrees. (Grid	formed sastrugi or wind-roughened surfaces. The north "calm"

Table 1. Weather observation summary for Mounts Takahe and Murphy

Date 

Wind
range

(in knots)

Temperature

Elevation	(in degrees Celsius)

(in meters)	Max.	Mm.	Ave.

Barometric
pressure

Number of	(in millibars)

observations	Max.	Mm.

Predominant
wind

direction
(in grid

degrees)
Predominant

visibility

Gc
F

P
P

G
G
G
G
G
G

G
G
G

N
P
G
G

G
G

G

G
G
G
G
G

N
G
G

1200

1300

1450

1325

(travel)
1400

(travel)
1200

800

1200

Camp 1
12/21/84
12/22/84
12/23/84
12/24/84
12/25/84

Camp 2
12/26/84
12/27/84
12/28/84
12/29/85
12/30/84
12/31/84

Camp 3
01/01/85
01/02/85
01/03/85

Camp 4
01/04/85
01/05/85
01/06/85
01/07/85

Camp 5
01/08/85
01/09/85

Camp 6
01/10/85

Camp 7
01/11/85
01/12/85
01/13/85
01/14/85
01/15/85

Camp 8
01/16/85
01/17/85
01/18/85

-8
3
4.5

-6
-5

-3
0

-4.5
2

-3

-4.5
-1

-9
-12
-9
-7

-8--10

14

-7
-7

b8?
10?
8?

6?
4.5
2

	

-19	13.5

	

-13	-5

	

-10	-2.75

	

-11	-8.5

	

-10	-7.5

	

-10	-6.5

	

-12	-6

	

-16	-10.2

	

-19	-8.5

	

-14	-8.5

	

-14	-7.5

	

-12	-8.8

	

-12	-6.5

	

-12	-5.5

	

-17	-12.5

	

-14	-13

	

-13	-10.5

	

-13	-10

-9

	

-16	-8.5

-14

	

-12	-9.5

	

-12	-9.5
-12
-8
-8

-10

	

-18	-6.3

	

-20	-9

	

823.23	822.89

	

838.81	825.94
840.16

	

853.37	847.27

	

846.60	839.15

	

818.83	811.72

	

817.81	815.78

	

819.51	817.47

	

819.51	818.83

	

819.51	818.83

	

828.65	824.92

	

832.71	831.02

	

807.65	807.32

	

805.62	802.24

	

801.90	796.48

	

819.17	816.46

	

819.84	818.83

	

820.86	819.51

	

822.55	821.54

	

832.71	827.97

	

826.28	825.60

	

826.96	823.56

	

886.90	886.90

	

890.28	891.97

	

893.67	891.30

	

894.01	893.67

	

890.62	885.20

	

816.80	812.73

	

816.12	815.44

	

819.17	816.80

12
0-1

15-22
2-17

0
0-8

0
0

0-21
16-24

0
0-9
0-2

11-20
7-10
9-11
0-4

0-9
4-12

0

7-12
2-15
0-7

0
0

5
2-3
0-2

2
4

6
4

3
4
3
2
4
3

2
3
3

3
4
3
3

2
4

2

2
2
3
3
2

2
2
6

250
300

295
95

90

45
50

000
000

330
340
340
340

20
20

20
20
20

280
150
130

a Days are Coordinated Universal Time. (In month/day/year format.)

b ? denotes that the value is probably artificially high.

See text for definitions.
d No data.

None.
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zone was the largest in the area and also had the deepest soft
snow, whereas the west side had no "smooth" area at all. The
predominant wind direction as "read" from the snow appears
to have been from grid north-northwest and then split to "bend"
around the mountain.

Solar radiation was recorded from 10 to 17 January 1985 at the
Gill Bluff camp (112°44'W 76°13'S) near Mount Takahe but only
the entire days of 11 to 16 January are shown in table 2. This is
total incoming (direct plus diffuse), short-wave (285- to 2,800-
nanometer) radiation reaching the ground. Short-wave radia-
tion is that which clouds block out when they cover the sun.
This was sensed with an Epply precision spectral pyranometer,
recorded on a Campbell CR-21 logger and powered by a solar
photovoltaic panel.

Table 2. Mount Takahe daily radiation totals

Energy

In Kilojoules per
Day	 square meter	In Langleysa

11	 16,435	(16,698)b	393	(399)
12	 16,779	(17,047)	401	(407)
13	 14,771	(15,007)	353	(359)
14	 15,296	(15,541)	365	(371)
15	 14,563	(14,796)	348	(354)
16	 13,811	(14,032)	330	(335)

Average	 15,276	(15,520)	365	(371)

Percentage of
calculated value	60.7	(62.3)	50.0	(51.6)

a 1 Langley equals 1 calorie per square centimeter.

Numbers in parentheses are the recorded values plus 1.6 percent

The surrounding topography was a flat (less than 1°) ice sheet
with this exception: Mount Takahe was to the grid north and
described a relatively smooth arc of height 8° above the horizon
tapering to the horizon on both sides. The azimuth of the 5°
altitude point on each side was 55°.

The instrument used has not yet been officially recalibrated
since returning from Antarctica; however, an initial check

against the National Oceanic and Atmospheric Administration
(Boulder, Colorado) short-wave reference indicates the instru-
ment is now reading about 1.6 percent low using the pre-
antarctic calibration. Therefore, the true values lie between the
reported values and 1.6 percent higher than these reported
values. (See table 2.)

Figures 1 and 2 show the total incoming radiation in 20-
minute totals by day with the total for that day in the lower right
corner. The ordinate is energy in kilojoules per square meter
while the abscissa is time in Greenwich Mean Time hours. By
visual observation at the site, days 11 and 12 were fairly clear,
and day 16 was overcast.

To gain a little perspective, some comparisons were made
with other sites and with calculations. I did all the calculations
according to the Smithsonian Meteorological Tables (Sixth edi-
tion) and assume a transmissivity coefficient of 0.70. This coeffi-
cient was chosen because studies conducted by Jacobs (1973)
indicated an average transmission coefficient of 0.70 to 0.75.

According to Jacobs (1978), the arctic station of Resolute
(74°43'N) received an average daily total of 390 Langleys for the
month of July, which would correspond to January in the Ant-
arctic. This value is 62.6 percent of the calculated value of direct
plus diffuse short wave reaching the ground at Resolute. The
Mount Takahe values ranged from a high of 63.2 to 60.7 percent
to a low of 51.6 to 50.0 percent of their corresponding calculated
values.

Thus, for these 6 days in January, this antarctic site compared
closely, though a bit lower, to a similar (by latitude) arctic site.
Some possible mitigating factors could have been the proximity
of Mount Takahe and greater cloud coverage.

Compared to a high altitude, mid-latitude site (3,749 meters
elevation, 40°N) the average daily total in July 1984 was 552
Langleys. Mount Takahe (1,200 meters, 76°S) was 371 Langleys.
Even though the sun shines for 24 hours in Antarctica, its rays
must penetrate a thicker atmosphere to reach the Earth's
surface.

The author wishes to thank all the members of the field party,
Rudy Haas, the National Oceanic and Atmospheric Admin-
istration, and Ruth Cameron for their help in making this article
possible. This research was supported in part by National Sci-
ence Foundation grant DPP 80-20836 to W.E. LeMasurier.
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Figure 2. Global shortwave incoming radiation (20-minute intervals) for days 15 and 16.
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Katabatic wind interaction with
Inexpressible Island, Terra Nova Bay

D.H. BROMWICH

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

Each winter, Terra Nova Bay (figure 1) is kept mostly free of
ice by strong katabatic winds which continually blow down the
Reeves Glacier from the east antarctic plateau and cross the flat
Nansen Ice Sheet (Bromwich and Kurtz 1984). High wind
speeds and low air temperatures lead to very high ice produc-
tion rates in this recurring polynya (Kurtz and Bromwich 1985);
the ice is continually blown away by the wind keeping the water
open. Formulation of these ideas depended upon historical,
regional, and satellite data. Quantitative in situ observations are
being acquired to test these inferences. The katabatic outflow is
monitored by an automatic weather station (Aws) which is lo-
cated on the southern part of Inexpressible Island. Data for
February through April 1984 and February through April 1985
reveal that the katabatic wind nearly always blows from the
direction of the Reeves Glacier (from 3000 with a directional
constancy of 0.98) at an average speed of 17.1 meters per sec-
ond. These values are very close to those inferred from 1912
historical records (Bromwich and Kurtz 1982, 1984) and suggest
that this site is the second windiest in the Antarctic. Because the
AWS (at 78 meters above sea level) is situated within 3 kilometers
of terrain which rises to elevations well in excess of 200 meters, it
is important to ascertain whether AWS measurements accurately
reflect the upwind katabatic flow. This report summarizes what
is known about the island's perturbation of the airflow.

The U.S. Navy and U.S. Geological Survey have pho-
tographed the western side of Inexpressible Island in five sum-
mers between 1956 and 1984. All the air photographs show an
accumulation zone below the western cliffs which is sur-
rounded on three sides by bare, probably wind-swept ice. The
typical configuration is sketched in figure 1; the widest parts of
the zone lie to the north of the southern tip of the 200-meter
contour. To the west of the highest point on the island, the zone
is about 1 kilometer across and its top is estimated to be 30
meters above the Nansen Ice Sheet (Skinner personal com-
munication). Because this large feature has been observed dur-
ing numerous summers from both ground and air, it is likely to
be permanent (Chinn personal communication).
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Figure 1. Location map adapted from U.S. Geological Survey
1:250,000 reconnaissance series. Elevation contours in 200-meter
increments have been added to labelled glaciers and Inexpressible
Island, but omitted from "high terrain" and nunataks (N).

D. Skinner of the New Zealand Geological Survey has stud-
ied the geology of Inexpressible Island (Skinner 1983) on three
separate occasions, most recently during the 1982— 1983 austral
summer. He generously supplied the author with all available
meteorological observations (Skinner et al. 1983; Skinner per-
sonal communciation). These data identify frequent summer
conditions which allow the accumulation zone to persist
undiminished.

On seven of the days between 7 and 18 January 1983, gale
force katabatic winds (speeds exceeding 15 meters per second)
from the Reeves Glacier interacted with Inexpressible Island;
generally light winds prevailed the remainder of the time. Fig-
ure 2 summarizes the observed interaction on all these days
between the strong winds (sustained speeds of 25 meters per
second were frequently estimated) and the topography of the
northern two-thirds of the island. The gale force winds rose

196	 ANTARCTIC JOURNAL



400m

'Calm' zone with
gusty eddies

Katabatic winds
from Reeves
Glacier

—Turbulent

_,—Little turbulence

directly over the island, and the accumulation zone lay beneath
a comparatively stagnant air mass trapped against the steep
western cliffs. Similar conditions were observed in January
1963. February AWS observations for 1984 and 1985 showed that
winds stronger than 10 meters per second always come from
the direction of the Reeves Glacier. It appears likely that the
strong summer katabatic winds usually overide the island and
do not significantly affect the accumulation zone. Farther to the
west, the wind sweeps the surface clean of new snow.

The southern one-third of Inexpressible Island is a much
smaller obstruction to the airflow. Less lifting of the air should
occur with a consequently narrower accumulation zone, as ob-
served. However, the summer gale force katabatic winds can
deposit large quantities of drift snow over the low areas be-
tween the higher rocky outcrops. On 11 January 1983, Skinner
stood in a relative calm on the southern tip of the island and
observed gale force winds only a few meters away; katabatic
airstreams from the Priestley and Reeves Glaciers converged
and skirted the southern part of Inexpressible Island. In such
situations, AWS observations would completely misrepresent
the complex katabatic drainage through the Transantarctic
Mountains. The frequency of these probably unusual events is
not known.

I obtained additional data on the summer interaction between
the island and marked katabatic winds using two Lambrecht
anemometers (wind meters) set out at sites Al and A2 (figure 1).
The wind recorders ran for 27 hours on 29 and 30 January 1985.
Light, variable winds persisted until midnight on the 29th
when katabatic flow onset at both anemometer Al and the AWS.
Forty-five minutes later the wind picked up at site A2. Between
0100 and 1600 hours (local time) on the 30th, the mean wind
direction at all three sites (approximately 300°) agreed to better
than the estimated uncertainty in orienting anemometers Al
and A2, ± 10°. Direction was more variable at A2 while a similar
directional range was found at the Al and AWS sites. The mean
speed at A2 was about 50 percent of the statistically indis-
tinguishable values measured by the AWS and Al anemometer
(5.8 versus 11.3 meters per second). That katabatic winds

(whose directions were only slightly influenced by the island)
were found at A2 is consistent with the persistent observation
(from traverses and air photographs) that the abrupt northern
edge of the katabatic domain lies a few kilometers to the north of
Inexpressible Island. These wind measurements are inter-
preted as indicating a spatial variation in the strength of the
katabatic outflow from the Reeves Glacier with stronger winds
to the south. Although a similar result can he inferred from
other summer observations, it is not clear whether this is a
general summer condition. The present data show that the AWS
can reliably monitor the undisturbed airflow just upwind of
Inexpressible Island.

The persistent winter interaction between the island and the
airflow can be inferred from the 60° difference (see figure 1)
between the resultant wind direction measured by the AWS and
that inferred for February through September 1912 (Bromwich
and Kurtz 1982). Because the latter is a reliable representation of
the prevailing winds noted by Priestley and is oriented from the
direction of the southern limit of the 200-meter contour (240°), it
suggests that the air reaching the snow cave was generally
deflected southward around the main bulk of the island. By
contrast, the strong summer winds at the snow cave should
come principally from a direction of about 300° (figure 2).

Summer data show that the AWS observations usually provide
a good description of the topographically undisturbed katabatic
wind. In summer, the katabatic wind generally rides over Inex-
pressible Island while it is deflected around the obstacle during
the remainder of the year; both conditions would maintain the
accumulation zone. The stronger temperature stability ex-
pected during winter could produce this change (O'Connor
and Bromwich in preparation). The winter deflection of air
around the island may lead to modified wind directions and
enhanced speeds at the AWS. Also, it is possible that the frequen-
cy with which the wind completely bypasses the southern part
of the island could increase from summer to winter. Further
research is needed to ascertain whether these two phenomena
result in a significant degradation of the representativeness of
the AWS observations.

Flow depth 40-100m

Wind shadow extending 50-100m back from close to cliff edge

7.Nansen	accumulatlon Iiqnd	Terra Nova BayIce Sheet	zone

5km

: igure 2. Interaction of gale force katabatic winds with the northern two-thirds of Inexpressible Island during January 1983. Observations by D.
kinner.
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Real-time measurements of droplet
size distribution in antarctic coastal

clouds

V.K. SAXENA and F.H. RUGGIERO

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

Raleigh, North Carolina 27695-8208

In the Ross Ice Shelf region, measurements of cloud droplet
size distribution were carried out using a forward scattering

11/3-4/80	 (22:52:49-00:12:54 GMT)
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spectrometer probe (FssP) in antarctic coastal clouds during
November 1980. Some results of our antarctic expeditions have
been reported earlier (Saxena 1981, 1982, 1983; Saxena and
Curtin 1983; Saxena and Ruggiero 1984; Saxena et al. in press).

The observational platform used for this study was in instru-
mented ski-equipped Hercules airplane described by Hutchins
and Wall (1981) and Saxena (1981). The airplane made use of the
airborne research data systems (ARDS) which was equipped
with sensors for pressure, temperature, wind, humidity, and
airplane position measurements. In addition, the LC-130 air-
plane was specially equipped with an FSSP to measure the cloud
droplet size distribution and a cloud condensation nuclei (ccN)
spectrometer to measure the spatial and temporal distributions
of CCN.

The wing-span of the airplane is 41.31 meters (or 135 feet, 7
inches) and the FSSP was positioned at the tip of the left wing,
about 1.22 meters (or 4 feet) below it to get a representative
sample of the cloudy air.

The two-dimensional cloud boundaries for 3 and 5 November
1980 are presented in figure 1 (a and b). A liquid water content of

11/5/80	 07:1500 -08:55:00 GMT

LONGITUDE

Figure 1. A. Cloud geometry and flight track for 3 and 4 November 1980. B. Cloud geometery and flight track for 5 November 1980. ("km" denotes
"kilometer." "GMT" denotes "Greenwich Mean Time.")
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0.05 gram per cubic meter was used as a threshold value to help
determine the cloud boundaries. This is the value that has been
suggested by Dergach, Zabrodsky, and Morachevsky (1960)
and used by Tsay and Jayaweera (1983) for similar purposes for
arctic stratus clouds. These calculations were checked against
observations on the flight log and against the dew-point depres-
sion measurements observed by the airplane sensors, and all
were found to be in good agreement with each other.

The table summarizes the observed and calculated param-
eters for each cloud. These parameters are representative of
what one would expect to find in maritime clouds. We observed
a strong correlation between the droplet diameter and height
from the cloud base with a correlation coefficient of 0.93. The
spectral broadening with height is also readily apparent when
comparing individual droplet size distributions (figure 2, a and
b). It can be seen that all the clouds exhibit bimodal size distribu -
tions of varying degrees with an initial peak in concentration
occurring at a diameter less than 4 micrometers. The diameter at
which the second peak occurs varies between 12 and 16 mi-
crometers, and it is this peak that seems to vary with height. For
example, in figure 2(b) the cloud base is at 500 meters mean sea
level (MsL), and the second peak in concentration is at a diame-
ter of 12 micrometers, while in figure 2(a) the cloud base is at
1,450 meters MSL and the second peak is at 18 micrometers. Both
clouds contain approximately the same total concentration, but
we observed that the cloud with a higher base has a second peak
at a larger droplet diameter as compared with the lower base
cloud.

Bimodal size distributions have been observed at other loca-
tions for cumulus clouds, marine stratus clouds, and arctic
stratus clouds. Although these bimodal distributions are found,
often they have not been adequately explained by the classical
theory of cloud droplet growth without the introduction of
extraneous matter such as anthropogenic CCN.

Johnson (1982) believes that large droplets are simply formed
from giant CCN. Since aerosols as large as 100 micrometers are
known to exist in the atmosphere, it is possible a second peak in
droplet size distribution could result from these CCN. Indeed,
the sea is believed to be a source for some of these ultra-giant
aerosols. However, this theory would not be expected to apply
in Antarctica. As Johnson himself points out, clouds that extend

above the freezing level are susceptible to ice phase processes
that occur before the drop coalescence mechanisms, which are
necessary to his theory, have an opportunity to take hold.

One of the major drawbacks of conventional cloud droplet
growth theories (i.e., Jonas and Mason 1982) is that they do not
accurately reflect the spectral broadening and bimodality that is
often observed in stratus clouds. If one assumes differing con-
densation coefficients for CCN, then it is possible to derive a
bimodal distribution with conventional growth theories.
However, assuming the surrounding ocean serves as the pri-
mary source of CCN, it seems unlikely that condensation coeffi -
cients would show much variation. Finally, a varying CCN
coefficient still would not explain the spectral broadening that
occurs with height.

The bimodal size distribution may be explained on the basis
of the entrainments of the surrounding air. Two variations of
this theory have been proposed recently: the entity-type mixing
model of Telford and Chai (1980) and the inhomogenous mixing
model of Baker and Latham (1979, 1982). These models are
closely examined elsewhere (Ruggiero 1985) with respect to our
observations to gain insight into the broadening mechanism of
the droplet spectrum.

This work was supported by National Science Foundation
grant DPP 79-22058. The authors acknowledge the help of Roger
Hutchins during field operations and thank Austin Hogan for
attending to the external heater of the FSSP.
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Figure 2. A. An example of cloud droplet size distribution measured on 3 November 1980. B. An example of cloud droplet size distribution
measured on 5 November 1980. ( 11cm 3 it m" denotes "per cubic centimeter per micrometer:' "GMT" denotes "Greenwich Mean Time:')
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Airborne measurements of the
antarctic cloud water acidity
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Samples of cloud water were collected from antarctic coastal
stratus during the 1982 - 1983 austral summer to assess the
natural component of cloud-water acidity. The pH value ranged
between 4.9 and 6.2, and the average value was below that
expected for the Antarctic, so far from all anthropogenic
sources of acidic and acidifying substances. Acidity was found
to increase with height inside the cloud probably due to the
entrainment of sulfate (SOfl rich stratospheric air at the cloud
top. Average levels of SO were found to be of the same magni-
tude as those in more anthropogenic regions while nitrate
(NO) levels were much lower in antarctic stratus clouds than
elsewhere.

The observational platform used for this study was an instru-
mented, ski-equipped Hercules airplane described by Saxena
(1983). The sampling site was chosen within 50-kilometers radi-
us from the McMurdo Communication Center using the satel-
lite photographs. Samples of cloud water were collected using
teflon probes approximately 122 centimeters in length and 5
centimeters in diameter. The probe was exposed to supercooled
cloud droplets through the sextant port in the fuselage of the
LC-130 airplane. On the surface of the cylinder, there were little
cups 0.63 centimeter in diameter at the rim. The probes were
triply washed with deionized water before the deployment fol-
lowing the procedure of Hegg and Hobbs (1981). Being ther-
modynamically unstable, the supercooled droplets froze upon
impinging on the probe, which was projected upward from the
fuselage while the airplane made tracks within the antarctic
coastal clouds. The cups on the surface of the probe provided
preferential sites for the ice accumulation. The iced cylinder was
then removed and stored in a clean plastic bag that had been
sterilized following the standard procedures prescribed by the
Environmental Protection Agency. Collected cloud water was
immediately retrieved from the bag and stored in scrupulously
cleaned and sterilized plastic vials which were kept frozen in
dry ice.

The samples were analyzed at the Environmental Research
Laboratories, National Oceanographic and Atmospheric Ad-
ministration (N0AA), Boulder, Colorado. The samples were un-
frozen before analysis and brought to room temperature. Ap-
proximately 1 milliliter of the sample was used to determine the
pH and sodium concentration with selective electrodes. An-
other 1 milliliter was used to determine the chlorine (Cl),

nitrate (NO3 ), and sulfate (SO) ion concentrations using an
ion chromatograph. There is a detection threshold of about 106
moles for the ion concentration, and the measured (Nagamoto
et al. 1983) pH values are accurate to within 0.1. In addition to
the cloud water samples collected during December 1982, pre-
cipitation samples were also collected on 6 January 1983 at
McMurdo under calm winds. Using a portable buoy (Saxena
and Curtin 1983), samples of the Ross Sea water were collected
on 8 January 1983. These samples were also analyzed at the
NOAA laboratory using identical procedures as mentioned
above.

Results of the analysis of the cloud water samples are pre-
sented in the table. On 27 December 1982 clouds formed over
the Ross Sea at 600 meters mean sea level (MsL) with a cloud
thickness of about 100 meters. The winds measured by the
McMurdo radiosonde at cloud level were from the northeast at 5
to 15 knots. The pH of cloud water samples ranged between 5.7
and 6.2

On 31 December 1982 clouds formed at 950 to 1,500 meters
MSL over the Ross Sea. The winds at this level as indicated by the
McMurdo sounding were from the southeast at 10 to 15 knots.
There is a significant difference in the pH value for these clouds
in comparison to those of 27 December. The range of pH meas-
ured on 31 December 1982 was from 4.9 to 5.6.

The graph in figure 1 shows the value of pH as a function of
height inside the cloud. The straight line is the least squares
best fit for the data with a calculated correlation coefficient of
—0.85. Acidity increases with height in the cloud.

Because the samples were taken on two different days with
low-level clouds being sampled on one day and higher level
clouds on another, acidity may possibly have varied for some
other reasons. It might be that the clouds from each day are
associated with air masses that came from different source re-
gions and followed different trajectories. This could be possible
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Figure 1. Plot of the pH values measured in cloud water samples as a
function of height (mean sea level). ("m" denotes "meter.")
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Ion concentration in the samples of cloud water, snow, and sea water collected at McMurdo, Antarctica
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since wind directions observed on these 2 days were 900 apart.
However, even if the air masses followed different trajectories,
it is unlikely that it should make a difference in the cloud-water
acidity given the lack of anthropogenic sources in the region.
The only potential site that could alter the pH of the clouds is the
active volcano, Mount Erebus. The impact of Mount Erebus on
the atmospheric chemistry of the region has been recently docu-
mented by Radke (1982). However, on both days the flow was
coming from a direction opposite to that which could induce the
involvement of the Mount Erebus plume. One explanation may
be that lower clouds on 27 December 1982 contained more sea-
salt particles which neutralized the acidity and yielded higher
values of pH.

The increase of acidity with height was found even though
the concentrations of Na, Cl, SO;, and NO 3 ions generally
decreased with height. This can be explained if we consider that
hygroscopic particles serve as CCN at the cloud base. During
their lifetimes in the cloud, the droplets grow; consequently, the
concentrations of the ions could be expected to be diluted and
decreased. The ratios would remain constant with height in the
cloud if no chemical processes were occurring. However, this is
not the case; all the ion ratios vary with height with H/Na
ratio varying two orders of magnitude. Of all the ratios, the only
one that has a good correlation with height is SO;/Na (figure
2). The NO/Na ratios for four of the samples are lower than
that of the sea water. The ratio of Cl !Na is probably not a
significant contributor to the increase of acidity. This leads to an
inference that the increase of acidity with height is due to an
increase in the SO concentration.

The mechanism by which SO; is introduced into the cloud is
probably entrainment from the cloud top. As reported by Sax-
ena and Ruggiero (1984), cloud droplet spectrum broadening is
evident in the antarctic coastal stratus clouds and is believed to
be due to entrainment of dry air at the cloud tops. It is quite
likely that this process also entrains SO; into the cloud. The
source for SO; is most likely a stratospheric-tropospheric ex-
change process that results in the sulfate transport (Hogan 1975)
from the Stratospheric Junge sulfate layer. Another possibility is
that the sulfur may be of biogenic origin as has been discussed
by Saxena, Curtin, and Parungo (in press).

When we examine the results obtained from the precipitation
sample, we realize that no simple conclusions can be drawn.
The level of acidity in the cloud water and precipitation samples
is the result of a series of complicated, complex processes occur-
ring in the hydrologic cycle. Because of such complexity, further
investigations should be made to determine the contribution of
natural sources to the acidity of antarctic precipitation.

This study was supported by National Science Foundation
grant DPP 79-22058. We thank the U.S. Navy VXE-6 flight crews
for flying the LC-130 airplane under stressful conditions.
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Antarctica has very clean air, primarily because it is encircled
by thick cloud and storm systems that scrub a large fraction of
airborne particles that otherwise could be carried south by the
winds from plentiful aerosol sources at mid-latitudes. Extensive
ice and snow covers on and around the continent and the
obvious isolation of Antarctica from pollution sources are addi-
tional factors contributing to air cleanliness. This extreme purity
of antarctic air makes it of interest to the atmospheric sciences.

From November 1983 to August 1984, we conducted a series
of experiments to investigate the origin, number concentration,
and size of the remnant particles suspended in the very clean
antarctic air. The studies were carried out from the cosmic ray
station near McMurdo Station on Ross Island because this site
receives a variety of different air-mass types. The purpose of the
studies was to conduct exploratory investigations on the micro-
scopic size distribution and composition of the aerosol in dif -
ferent large-scale air-mass systems and under varying condi-
tions of light illumination conditions. We were particularly
interested in the smallest suspended particles (about 0.01 mi-
crometer in diameter) which constitute the majority of aerosol
by number concentration but not necessarily by mass.

Suspended particles were size-classified with diffusion
screens to obtain information about the aerosol size spectrum
over the radius interval between 0.001 and 0.1 micrometer.

Particles larger than about 2 micrometers were strongly de-
pleted in the "background" antarctic air. In terms of aerosol
mass, evidence was found for the occasional existence of a large
to giant mode during times when the winds were high or from
the direction of the sea. In general, though, the particle size
distribution spectra were similar to those shown in the figure.
Geometric mean diameter of the particles was 0.015
micrometer.

Pollution from furnaces, vehicles, and airplanes operating in
the area was a continual problem, especially in summer, but
contaminated air was easy to identify from its rapidly varying
and high aerosol concentration and from the very small size of
the particles contained in it. Continuous recordings of aerosol
concentration would sometimes show several hour-long peri-
ods of constant aerosol (both by number and size) with occa-
sionally super-imposed bursts of high aerosol concentration
probably associated with plumes of locally contaminated air
crossing the sampling stack. The stability of aerosol size and
number characteristics during the non-contaminated back-
ground conditions, however, was remarkable; aerosol con-
centration varied less than 10 percent over a day and a half in
November, for example. The good stability suggests the exis-
tence of large-scale processes controlling the evolutionary his-
tory of these particles.

With regard to their composition, aerosols down to 0.1 mi-
crometer diameter were impacted on barium sulfate screens
and found to leave etching patterns similar to those caused by
droplets of sulfuric acid. Additional evidence suggesting a sul-
furic acid composition was obtained from the relatively low
boiling point of the submicron particles; they decomposed at
about 150°C. Sulfate mass concentration in the submicron sizes
was measured with ion chromatography and yielded a mean
mass loading of 0.1 microgram per cubic meter. Sulfate acid
droplets in antarctic air are probably remnants from gas-to-
particle conversion processes in the troposphere.

0.01	0.1	1.0	10.0
DIAMETER (.t)

Size distribution spectra for aerosols In air mass systems in the
vicinity of Ross Island. ("jg m 3 decade-"' denotes "micrograms
per cubic meter per decade:' 11 gcm 3" denotes "grams per cubic
centimeter:')

We found somewhat smaller particles in subsiding air masses
with increased ozone, which suggests an upper troposheric or
stratospheric origin for the particles.

This work was supported by National Science Foundation
grant DPP 82-19625. The author wishes to thank B. McKibben,
A. Anger, and AG1 Crayne for help in the data accumulaion and
A. Hogan for providing ozone records.
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Aerosol transport processes in the	 SOUTH POLE STATION
Antarctic	 SLOW RISE RAWINSONDE

24 JANUARY 1985 - 05 GMT
A.W. HOGAN and J.A. SAMSON

Atmospheric Sciences Research Center
State University of New York

Albany, New York 12222

Our organization celebrated its tenth year of antarctic field
research during the austral summer of 1984 - 1985. Black and
Hogan arrived at South Pole Station soon after it opened to
make aerosol observations and particle collections. Early
November is usually the period of maximum air exchange be-
tween polar and lower latitudes. Murphey arrived in Antarctica
in late November and recovered data recorded the previous
winter, an extension of his McMurdo wintering program of
1983. He also made a wind survey of the Arrival Heights and
radio transmitter areas of the Hut Point Peninsula, to assist in
site selection for a planned meteorology/air chemistry obser-
vatory. He then went on to South Pole Station and began a series
of atmospheric water vapor measurements.

Samson, Barnard, and Obremski arrived at South Pole Station
in January. Barnard and Obremski updated wind instrumenta-
tion on the meteorological tower and installed an experimental
precipitation collector at the 25-meter level of the tower.
Obremski made vertical measurements of temperature on the
tower and found persistent lapse conditions in the lower few
meters. Samson worked with the new South Pole Station com-
puter system and established a series of programs to facilitate
on-site analysis and reduction of meteorological, cli-
matological, and upper-air data. (See figure.) Isentropic chro-
nologies of air mass movements over South Pole Station are now
available, on station, to other investigators.

The South Polar Plateau had a different appearance when we
arrived in early November. The "heavy" snowstorm of January
1984, the several winter storms, and record surface winds had
resulted in a positive precipitation balance in every month at the
stake field (Gilchrist personal communication). These com-
bined to produce very large sastrugi in the vicinity of the sta-
tion. We used a polished steel funnel as a radiation shield and
made temperature measurements on the surface of these
sastrugi, finding large temperature differences between the
sunlit and shadowed sides of the sastrugi. We also found tem-
perature lapse in the meter above the sastrugi and in the lower
tens of meters of the boundary layer by making temperature
measurements from different levels of the meteorological tow-
er. We were assisted by the station meteorologists (Mark Miller,
Kitt Hughes, Tom Smith, and Nick Barrett), who launched
several slow-rising balloons and verified the presence of this
layer of lapse conditions. Samson and Barnard's additional
slow-rise balloon soundings in January and Obremski's tem-
perature measurements on the tower showed these near surface
lapse conditions to predominate through the summer. This
frequency of lapse, as opposed to the dominating inversion
condition found near the surface by Carroll (1981) in the mid
1970s and by Dalrymple, Lettau, and Wollaston (1963), in an
interesting phenomenon. We are preliminarily attributing the
cause of lapse to differential surface heating and increased sur-
face roughness contributed by the large sastrugi.
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	DATE	TIME	A. NO	F. EG STATION

850124.	502	11 1313.1	90001.

	

TIME PRESS	M-MSL	TEMP DP-DEP	POT T

	

0.0 693.1	2835.	-30.7	4.0	269.3

	

0.5 686.4	2904.	-27.9	2.1	273.1

	

1.2 682.0	2951.	-25.8	1.6	275.9

	

1.7 677.5	2999.	-25.3	0.9	277.0

	

2.2 673.0	3047.	-25.4	-0.1	277.4

	

2.5 668.6	3095.	-25.6	0.2	2177.8

	

3.2 664.2	3143.	-24.4	3.8	279.7

	

3.6 659.8	3191.	-23.7	5.6	280.9

	

5.4 646.8	3337.	-23.B	8.8	282.4

	

7.5 629.6	3533.	-24.2	9.9	284.1

	

8.6 621.0	3634.	-24.2	10.0	285.2

	

9.7 612.4	3735.	-24.6	8.3	285.9

	

12. 0 595.8	3935.	-25.7	8.2	287.0

	

14.2 579.2	4139.	-27.0	8.1	287.8

	

19.8 538.8	4658.	-29. 2	S. 4	291.1

	

22.0 522.8	4873.	-30.7	8.4	291.9

	

24.1 507.2	5088.	-32.1	8.4	292.7

	

25.2 500-0	5188.	_32.8	8.4	293.1

Example of output generated from South Pole Digital pop-i 1 com-
puter, viz program.

The November aerosol experiment period was unusually
clear, cold, and windy. Little ice-crystal precipitation occurred,
and wind directions were generally confined to the northeast
(grid) "clean-air" quadrant. A new impactor concentrator was
used to collect particles with diameters greater than 0.1 microm-
eter but less than 0.5 micrometer which seem to dominate the
particle mass, according to light-scattering measurements.
Analysis of these particles showed an abundance of sulfur, in
agreement with prior work by Zoller, Gladney, and Duce (1974).
Silicon-containing particles were frequent in the size classes
above 0.5 micrometer, those collected on the first stage of the
impactor. We did not encounter a stormy condition or apparent
deep mixing and exchange during this experiment period.

A similar experiment was conducted during January when an
hourly observation schedule was established to record mete-
orological parameters as well as aerosol size and concentration
measurements for 2 weeks. These hourly data were supple-
mented by six hourly filter changes to determine the aerosols'
chemical nature. Also on a 6-hour basis, vertical profiles of
temperature structure, condensation nuclei, and wind direction
and speed were obtained from the 30-meter meteorological
tower. Daily slow-rise balloons complemented the twice daily
rawinsonde flights from the meteorological office. One of the
most interesting aspects of this period was the strong, and
unusually high, temperature inversion located about 1,000
meters above' the surface.

This research was supported by National Science Foundation
grants DPP 81-15231, DPP 83-14537, and DPP 83-14763. We express
our thanks to the station meteorologists at South Pole and
McMurdo Stations, to the National Oceanic and Atmospheric
Administration, Global Monitoring for Climate Change person-
nel, to Bill Smythe's computer group, and to all the logistics
personnel for their help.
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The trend of
bromochiorodifluoromethane and the

concentrations of other bromine-
containing gases at the South Pole

M.A.K. KHALIL and R.A. RASMUSSEN

Department of Chemical, Biological, and
Environmental Sciences
Oregon Graduate Center
Beaverton, Oregon 97006

Manmade bromine-containing trace gases can deplete the
stratospheric ozone layer more efficiently than many of the well
known chlorofluorocarbons such as CF3C1 (F-li) and CF2C12
(F-12). When both bromine- and chlorine-containing trace gases
are present in the stratosphere, they may act synergistically and
destroy even more ozone (Watson 1975; Yung et al. 1980; Wofsy,
McElroy, and Yung 1985). Therefore, the concentration dis-
tributions, sources, removal processes, and trends of bromine-
containing trace gases are of considerable interest for at-
mospheric chemistry (see also Cicerone 1981; Berg et al. 1983;
Rasmussen and Khalil 1984; National Academy of Sciences
1985). At present, however, most bromine-containing trace
gases in the Earth's atmosphere exist in extremely small
amounts.

Because Antarctica is far from the origins of manmade pollu-
tion, the global increases of long-lived trace gases can be accu-
rately estimated from the measurements taken at the South
Pole. Here we report the concentrations of eight manmade and
natural bromine-containing trace gases at the South Pole during
the last quarter of 1984, and we will document the increasing
concentrations of bromochlorodifluoromethane (CBrC1F2).

Samples of air at the South Pole were taken for us by the
National Oceanic and Atmospheric Administration using spe-
cially prepared stainless steel flasks. The samples were sent to
our laboratory. We used a Perkin-Elmer 3920B gas chro-
matograph equipped with an electron capture detector to deter-
mine the concentrations of the bromine-containing trace gases
at the South Pole. (See Rasmussen and Khalil 1984.)

CBrC1F2 . It is believed that the presence of CBrC1F 2 in the
atmosphere is due entirely to anthropogenic sources, mostly
from its use as a high-technology, fire-extinguishing com-
pound. Although its present atmospheric concentrations are
relatively low, its rate of increase is rapid. The seasonally aver-
aged concentrations over nearly 6 years (from January 1979

through December 1984) are shown in the figure. The rate of
increase is given in table I and turns out to be 23 percent per
year (range 17 to 26) using nonparametric statistical methods
(Hollander and Wolfe 1973) and 21 ± 6 percent per year by
standard statistical methods (Snedecor and Cochran 1980). The
present concentration is a little above 1 part per trillion by
volume, which is about 5 percent of the total gaseous bromine
observed at the South Pole.

Based on these observations, we conclude that there is about
3.5 ± 0.4 x 1010 grams of CBrCIF2 in the Earth's atmosphere,
most of it in the troposphere, and this is increasing at a rate of
about 0.5 x 1010 grams per year. The ratio of the northern
hemisphere to southern hemisphere concentrations is about 1.3
suggesting that the atmospheric lifetime of CBrC1F 2 is relatively
long, probably much longer than a decade.
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The increase of bromochlorodifluoromethane (BcF) at the South
Pole. The concentrations plotted are average values over southern
hemisphere seasons. ("pptv" denotes "parts per trillion by
volume:')

Other bromine gases. The concentrations of seven other bro-
mine-containing gases at the South Pole during the period from
October through December of 1984 are reported in table 2. The 
total gaseous bromine concentration is about 22 parts per trillion
by volume. The ratios of the concentrations observed at the
South Pole and at Point Barrow in the Arctic at about the same
times are also shown in table 2. For many gases, these ratios are
near their maximum values during the austral summer, because
during the winter in the northern hemisphere, trace gases and
particulate pollutants are most concentrated in the Arctic caus-
ing arctic haze while at the South Pole gases are being removed
most rapidly compared to other times of the year because of the
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seasonal maximum of hydroxyl radicals and sunlight
(Rasmussen, Khalil, and Fox 1983; Khalil and Rasmussen 1984;
Rasmussen and Khalil 1984).

Table 1. The rate of increase of CBrC1 F2 at the South Pole
between 1979 and 1985

Standard	 Nonparametric

parts per	percent	parts per	percent
trillion/yra	per year	trillion/yr	per year

b	 0.14	21	0.15	23
b 1	0.11	17	0.11	17
b	 0.17	25	0.18	26

0.96	0.97
a (parts per trillion)	0.19	0.3

a Parts per trillion per year is the rate of increase based on C = a + bt and
b (percent per year) is based on C = A e t where C is the concentration
in parts per trillion. b, and b, are the 90 percent lower and upper
confidence limits of the rate of increase based on the standard Hest
(Snedecor and Cochran 1980) and Theil nonparametric test (Hollander
and Wolfe 1973). r is the correlation coefficient between C and time
where time is in seasons. a is the concentration in winter of the base year
1979.

Table 2. Concentrations of bromine-containing trace gases
at the South Pole (October through December 1984)

Concentration
Trace gas	(parts per trillion)	Ratioa	Sourcesb

CBrC1F 2	1.1	 1.3	A
CH3Br	 7.5	 1.4	A and N
CH 2BrC1	 2.5	 1.6	-
CHBr2C1	 0.7	 1.5	-
C2 H4Br2	1	 1	A and N
CHBr3	1	 3	N
CF3Br	 1	 -	A

a Ratio is the ratio of the concentrations of the same gases in the Arctic (at
Point Barrow) about the same times. For shorter-lived gases the ratio is
uncertain and variable.

b A and N refer to documented anthropogenic (A) and natural (N) sources.

We have been able to determine the concentrations of eight
bromine-containing trace gases at the South Pole and at other
locations in the non-urban troposphere. Both natural and an-
thropogenic sources contribute to these and possibly other gas-
eous bromine in the atmosphere. Here we have shown that
CBrC1F2' a manmade compound, although present now only in
small concentrations, is increasing in the Earth's atmosphere.
The trends of other bromine-containing trace gases in the at-
mosphere are also being evaluated.

This work was supported in part by National Sicence Founda-
tion grant DPP 81-08684. Additional support was provided by
the Andarz Co. and the Biospheric Research Corp. We thank
the National Oceanic and Atmospheric Administration's Global
Monitoring for Climate Change for collecting the air samples
and Rohith Gunawardena (of the Oregon Graduate Center) for
laboratory work and Darrell Joseph (also of the Oregon Gradu-
ate Center) for data management.

References

Berg, W.W., P.D. Sperry, K.A. Rahn, and E.S. Gladney. 1983. At-
mospheric bromine in the arctic. Journal of Geophysical Research, 88,
6719-6736.

Cicerone, R.J. 1981. Halogens in the atmosphere. Review of Geophysical
and Space Physics, 19, 123 - 139.

Hollander, M. and D.A. Wolfe. 1973. Nonparametric statistical methods.
New York: John Wiley and Sons.

Khalil, M.A.K., and R. A. Rasmussen. 1984. The variability of methane
and carbon monoxide at the south pole. Antarctic Journal of the U.S.,
19(5), 204 - 206.

National Academy of Sciences. 1985. Global tropospheric chemistry. Wash-
ington, D.C.: National Research Council.

Rasmussen, R.A., M.A.K. Khalil, and R.J. Fox. 1983. Altitudinal and
temporal variation of hydrocarbons and other gaseous tracers of arctic
haze. Geophysical Research Letters, 10, 144 - 147.

Rasmussen, R.A., and M.A.K. Khalil. 1984. Gaseous bromine in the
arctic and arctic haze. Geophysical Research Letters, 11, 433 - 436.

Snedecor, G.W., and W.G. Cochran. 1980. Statistical methods. Ames, Ia.:
Iowa State University Press.

Watson, R.T. 1975. The natural stratosphere of 1974. ClAP monograph 1.
(Department of Transportation.) Washington, D.C.: U.S. Govern-
ment Printing Office.

Wofsy, S.C., M.B. McElroy, and Y.L. Yung. 1975. The chemistry of
atmospheric bromine. Geophysical Research Letters, 2, 215 - 218.

Yung, Y. L., J. P. Pinto, R. T. Watson, and S. P. Sander. 1980. Atmospheric
bromine and ozone perturbations in the lower stratosphere. Journal of
Atmospheric Science, 339 - 353.

1985 REVIEW	 207



Measurements of column amounts of
atmospheric trace gases during the

antarctic winter
F.J. MURCRAY, F.H. MURCRAY, and D.C. MURCRAY

University of Denver
Denver, Colorado 80208

The goal of this program is to operate an infrared spec-
trometer system to measure the thermal emission of the at-
mosphere for an extended period including part of the austral
winter. The thermal radiation is produced by carbon dioxide,
water, chlorofluorocarbons, and stratospheric gases such as
ozone and nitric acid as well as clouds and other trace species
with strong infrared bands. The atmospheric emission radi-
ometer (AER) will record the infrared spectrum which will then
be used to deduce amounts for many of the gases listed.

A prototype instrument was operated for a few weeks at
Amundsen-Scott South Pole station during the 1982 - 1983
austral summer. With the experience gained from that experi-
ment, a more elaborate system was constructed with extended
spectral range, improved sensitivity, automatic controls, and
long-term operating capability. The AER is a 1-'/4-meter grating
spectrometer with three detectors simultaneously recording
the first three grating orders. Spectral coverage is 6.5 to 25

microns (with small gaps at order changes). The instrument is
equipped with a rotatable mirror which directs radiation into
the instrument from elevation angles of 45°, 15°, - 45°, or from a
calibration source. The system is controlled by a microprocessor
system which also packs data for storage on two '/4-inch tape
data cartridges.

The instrument starts a measurement sequence by recording
a spectrum of the radiation from 45°. It then records two spectra
from 15°, one from -45' (snow surface), and one from the
calibration source. The view angle is returned to 45° and another
spectrum recorded. The grating is then parked on a specific
wavelength, and data is recorded at a slow rate for about 8
hours, when the sequence repeats. The two data cartridges
have the capacity for about 300 days of operation.

Frank H. Murcray, Fred Fernald, and James Gillis arrived at
South Pole Station in early December. With the help of station
crew, the instrument was installed on the roof of the Clean Air
Facility and began operating on 10 December. Frank J . Murcray
monitored operation until 28 December when the system was
left to be maintained by winter-over personnel. Besides mea-
suring known atmospheric gases, the data will be examined for
possible detection of dinitrogen pentoxide, which is predicted
to be present by photochemical models but has not yet been
observed. The AER will provide an initial site survey for infrared
astronomy by measuring atmospheric emissions over a long
period. It will also give information on the radiative balance of
the antarctic region from the observations of the snow surface.

This research was supported by National Science Foundation
grant DPP 81-18005.

Chemical tests of antarctic
hygroscopic aerosols

T. OHTAKE*

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

To clarify the mechanism of polar atmospheric ice crystals, I
examined aerosols for ice nucleation at the South Pole in austral
summers 1982 - 1983 and 1983— 1984. Formation of ice crystals
on the aerosols was confirmed when relative humidity rises to
82 percent at - 25°C or 79 percent at - 37°C. On the basis of
these observations, I postulated that the hygroscopic aerosols in
the polar atmosphere deliquesce in ambient humid air and are
followed by freezing of the submicron-sized water droplets to
ice crystals at low temperatures. These short-lived water drop-
lets and subsequent ice crystals are small enough to be nearly
invisible, unless the ice crystals grow to a larger size. These ice

* Present address: Air Force Geophysics Laboratory/LYC, Hanscom Air Force
Base, Massachusetts 01731-5000.

crystals must be responsible for causing ice-crystal displays in
the polar atmosphere or clear-sky precipitation. However, the
idea that the deposition nucleation onto soil particles which
were transported from the other continents (Ohtake 1984) was
open to criticism. Major effort was required to compare the
concentrations of hygroscopic particles and soil particles. (The
two types of particles can be distinguished by chemical test.)

During the austral summer of 1984 - 1985, aerosols at the
South Pole were sampled using various samplers such as TSI
electrostatic aerosol sampler, Casella cascade impactor, and a
low-pressure impactor. The low-pressure impactor sampler was
newly constructed in 1984 by referring to the design of Hering,
Flagan, and Friedlander (1978), and it performed quite satisfac-
torily. The minimum size of collected particles was estimated to
be 0.01 micrometer in diameter. An example of the particles
collected is shown in figure 1. Size of the nozzle is 3.24 x 0.04
millimeters with a distance to the specimen substrate of 0.02
millimeter. The sampling rate is I liter per minute at an absolute
pressure of 82 millimeters of mercury, which is attained by use
of two vacuum pumps connected in series.

Chemical tests of the individual aerosol particles collected on
electron microscope specimen screens were made by means of
the thin-film sulfate-analysis technique (Bigg, Ono, and
Williams 1974; Ayers 1977; Ono, Okada, and Akaeda 1981). The
specimen screens were prepared by vacuum (2 x 10-6 millibars)
precoating with 2 milligrams of dried barium chloride or cal-
cium turnings metal at a distance of 27.5 centimeters with
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height of 13 centimeters. Sulfate particles sampled on the thin
film show the distinctive shape of reaction circles under a trans-
mission electron microscope (figures 1 and 2). According to
Ono, Yamato, and Yoshida (1983), calcium thin film can dis-
tinguish whether the particles are sulfuric acid or ammonium
sulfate. Barium chloride tends to produce coarser grains than
small aerosols. Therefore, it is difficult to distinguish barium
chloride grains from aerosols on the film. The calcium film
technique produced better results.

The preliminary results of electron microscopy follow:
• Most of the aerosols sampled by the cascade impactor were

identified as sulfate. The concentrations were 0.1 to 1 parti-
cles per cubic centimeter at mean size of 0.8 micrometer in
diameter; the smallest particle detected was 0.05 micrometer
in diameter.

• The low-pressure impactor was able to collect sulfuric acid
particles at a rate of about 4 particles per cubic centimeter at
mean diameter of 0.1 micrometer; minimum size detected
was 0.01 micrometer.

• The factions of sulfate particles were about 99 percent total
aerosols. Other aerosols (1 percent) were identified as com-
bustion by-products and soil particles rather than sulfate.

• Those few soil particles do not seem to be mixed with any
sulfate.

Al

S
Figure 1. Aerosols on barium chloride thin film sampled by a cas-
cade impactor at the South Pole on 21 November 1984. (The scale at
right corner indicates 1 micrometer.)

Figure 2. Aerosol particles on calcium thin film sampled by a low-
pressure impactor at the South Pole on 22 November 1984. (The bar
at right corner indicates 1 micrometer.)

The concentration of soil particles ranges between those of
condensation nuclei reported by Hogan et al. (1982) and ice
crystals of 0.1 to 0.4 per liter in the antarctic atmosphere. Ant-
arctic aerosols which can convert to ice crystals (Ohtake 1984)
were in a concentration range of 0.1 to 0.4 particles per liter.
Nucleation process occurs in two ways; the condensation-freez-
ing process and direct deposition from water vapor to ice nu-
cleus. From these preliminary results of concentrations of ice
crystals, sulfate particles, and soil particles, it is still not clear
what the dominant process is.

This research is supported by National Science Foundation
grant DPP 83-03964. The author wishes to express his sincere
appreciation to A. Ono, K. Okada, and M. Yamato of Nagoya
University for their preparation of the thin films of barium
chloride and calcium.
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Atmospheric particle collections at
Amundsen-Scott South Pole Station

during 1984

W.A. CASSIDY and R.E. WITK0wsKI

Department of Geology and Planetary Science
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

G.W. PENNEY

Carnegie-Mellon University
Pittsburgh, Pennsylvania 15213

Our interest in nonterrestrial increments of the antarctic ice
sheet is not limited to macroscopic samples: during 1983, we
began a program at the geographic South Pole to collect at-

mospheric dust particles in the size range 0.01 to 1 micrometer,
and this effort continued during 1984. The collector accumu-
lates particles by electrostatic precipitation onto carbon-coated
STEM (scanning transmission electron microscopy) specimen
grids; the grid collections then can be transferred directly to a
STEM analyzer for examination. Direct transferability is impor-
tant because all the collected particles are in the submicroscopic
size range and cannot be manipulated. The use of a STEM
analyzer is worthwhile because with it we can look at single
particle shapes, compositions, and in some cases, electron dif-
fration patterns. We judge that while atmospheric collections
have the disadvantage that they may be heavily loaded with
products of natural and artificial terrestrial origin, they have an
advantage over ice-core collections because when particles are
buried in moving ice the delicate structures may be destroyed.
We chose to make the collection specific for submicroscopic
particles because we don't know of any other researchers who
are examining individual particles that small; therefore, to date
very little is known about individual particles in our size range.

We have found that submicroscopic particles are very abun-
dant in the atmosphere at South Pole Station. The most common
constituent of our collections is droplets of sulfuric acid; it is also

C.

Figure 1. Tiny rod-shaped grains that analyze for calcium and sulfur. STEM analyses do not detect lighter elements, so the grains might be
anhydrite or gypsum. Copper peaks are from the underlying specimen grid. ("gm" denotes "micrometer:' "s" denotes "sulfur:' "Ca" denotes
"calcium:' "Cu" denotes "copper:')
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Figure 2. Submicroscopic titanium, chromium, and cobalt grains. STEM analyses do not detect hydrogen, carbon, or oxygen, therefore, these
grains may be either monoelemental, or the oxides, hydroxides, carbides, or carbonates of those elements. ("u rn" denotes "micrometer:' "Ti"
denotes "titanium:' "Cr" denotes "chromium:' "Cu" denotes "copper:' "s" denotes "sulfur:' "Co" denotes "cobalt:')

Figure 3. Aggregates of submicroscopic iron-rich grains in the South Pole atmospheric collections. Stubby and needle-like crystals may be
metallic iron or an oxide or hydroxide of iron. ("um" denotes "micrometer:' "5" denotes "sulfur:' "FE" denotes "iron." "CU' , denotes "copper:')
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common to find submicroscopic alumino-silicate spheres that
probably are slaggy by-products of fuel burning. In addition to
particles such as these which can be identified as terrestrial
contaminants, we have found a number of particles whose
terrestrial origin we cannot confirm. Even more numerous than
sulfuric acid droplets, for example, are rod-shaped grains 0.05
to 0.10 micrometer in length (figure 1) that give calcium and
sulfur signatures under STEM/EDS (scanning transmission
electron microscopy/energy dispersive systems) analysis. They
could be oldhamite (CaS) grains but, because with our instru-
ment we cannot detect oxygen, they also could be anhydrite
(CaSO4) or gypsum (CaSO 4 . 2H20). We have no idea what the
source of these grains might be.

Rather rare in number, but perhaps more significant in mass,

is another group of grains that apparently consists of single
metallic elements (or their oxides, hydroxides, carbides, or
carbonates). So far in this group, we have noted grains that give
the single-element signatures of iron, titanium, cobalt, chro-
mium, and magnesium. While the chromium and cobalt grains
are typically undistinguished in form (cf. figure 2), the iron
grains (figure 3) seem to be fluffy aggregates of needle-like
crystals that give an appearance of extreme fragility. We have no
good hypothesis as to the terrestrial source of these grains and,
so far at least, we are also considering the possibility that they
may have a nonterrestrial origin.

This work was made possible by National Science Foundation
grant DPP 83-14496 and also by a Westinghouse Research and
Development Senate grant to R.E. Witkowski.

Automatic weather stations in eastern
Antarctica

C. WENDLER, Y. KODAMA, and J. GOSINK

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

press). Because no gravitational flow can occur at a dome, these
winds are among the lowest found anywhere in Antarctica.
Only one station, Windless Bight, where another AWS is located,
showed lower wind velocities.

The temperatures are fairly low at the upper station (e.g.,
Dome C recorded an absolute minimum of - 84.6°C). In con-
trast to this, the coastal area is relatively mild. At D10 the
temperature has never dropped below —40°C. The mean
monthly temperatures of the AWS are given in figure 1. Gener-
ally speaking, they fit well into the picture to be expected for
their latitude and altitude. For example, Dome C agrees fairly
well with South Pole Station.

In a joint French-U.S. experiment, five automatic weather
stations (Aws) have been installed in eastern Antarctica. They
report data by satellite and since 1980 have supplied a steady
flow of meteorological information. They are located roughly on
a line from D10 (240 meters altitude), a station 10 kilometers
south of Dumont d'Urville Station, to Dome C (3,280 meters
altitude), our highest station some 1,080 kilometers inland from
the coast. The other three stations are located at intermediate
points: D47 at 1,560 meters altitude and 100 kilometers from the
coast, D57 at 2,100 meters altitude and 210 kilometers from the
coast, and D80 at 2,450 meters altitude some 400 kilometers
from the coast. The area is infamous for its strong katabatic
winds, which show a very high constancy in wind direction.
The directional constancy is defined as the mean wind vector
divided by the mean wind; a value of 1.0 implies that the wind
blows from one direction only. We are finding values around
0.9. These are very high values and surpass even the trade
winds, which are known for their high directional constancy.
Further, these winds accelerate toward the edge of the ice sheet,
but the maximum is found some distance from the edge. D47
has the high annual mean wind speed of 12 meters per second.
At Dumont d'Urville, where long-term meteorological mea-
surements were carried out, an absolute maximum of 96 meters
per second was observed. In contrast to the windy coastal areas,
the winds are weak at Dome C (Wendler and Kodama 1984, in
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Figure 1. The annual course of temperature for automatic weathei
stations in Adélie Land, eastern Antarctica. Data for stations D1(
and D17 and for D47 and D57, respectively, were combined.
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1)RLThe wind blows from about 40° at the lower slopes and about
60° at the upper slopes to the left of the fall line of the slope,
which is, of course, due to the fact that in the southern hemi-
sphere the Coriolis force is to the left of the flow. In winter, the
wind turns somewhat more down-slope, while in summer the
cross-slope component is slightly more pronounced. This is
understandable, because during the winter months the inver-
sion strength reaches its maximum, hence the gravitational
force is strong. In summer, the inversion can be destroyed
during daytime in the lowest meters of the atmosphere (Senne-
quier, Cheymol, and Martin 1984; Sorbjan, Kodama, and
Wendler in press). Hence, the stability of the surface layer is less
pronounced, and the wind is more aligned with the flow of the
air above this shallow surface layer, which is more cross-slope.

The same phenomenon was observed in summer for day and
night observations. At night, there is a more down-slope direc-
tion, while during the day a more cross-slope direction is ob-
served. Figure 2 shows the wind vector for the mean diurnal
variation at D80. The U-component is aligned with the fall line,
and the V-component is cross-slope and to the left. The figure
shows not only the more down-slope direction at night but also
the stronger winds during daytime. Both are the result of the
better coupling during daytime of the lowest tenth of the at-
mosphere with an upper boundary layer. This upper boundary
layer exhibits no diurnal variation in wind speed, with winds
more cross-slope than at the surface. During the daytime (or in
summer), the temperature is highest and the inversion strength
is weakest, resulting in low stability and low Richardson num-
bers. Since turbulent mixing is enhanced, the surface winds are
controlled and reinforced by the winds in the upper boundary
layer. Conversely, at night, the flow is more down-slope due to
the lower temperature and strong inversion in the surface layer,
which in itself generates a down-slope gravitational force. At
that time, turbulence is suppressed, and the surface layer winds
become decoupled from the upper boundary layer flow.

This study was supported by National Science Foundation
grant DPP 84-13367. Our thanks go to many individuals of the
U.S. Antarctic Research Program as well as to the Expeditions
Polaires Françaises. We are further grateful to C.R. Steam's
group (University of Wisconsin-Madison), who did a great job
maintaining our automatic weather stations.
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Detection of atmospheric tracers in
Antarctica

E.J. MROZ, M. ALE!, J.H. CAPPIS, P.R. GUTHALS, A.S. MASON,
T.L. NORRIS, J. POTHS, and D.J. ROKOP

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

The antarctic tracer experiment is designed to aid scientific
understanding of meridional atmospheric transport processes
in Antarctica. Meridional transport is responsible for bringing
pollutants, both natural and manmade, to Antarctica from the
lower latitudes. These materials then become part of the record
of climate history that is frozen in the polar ice sheet. The
project consists of releasing unique gases into the atmosphere at
a time and place of our choosing and subsequently sampling the
antarctic atmosphere in search of the tracer gases. Figure 1
shows the experimental concept and the location of the stations
where sampling for the tracer is being conducted.

ANTARCTIC TRACER EXPERIMENT

HEAVY METHANE
TRACER GAS

PACIFIC OCEAN

ZEALAND	 ROSS SEA

do	

tAUSTRALIA)

Figure 1. Conceptual view of the antarctic tracer experiment

The tracers used are 13CD4 and "CD,. These gases are isotopic
analogs of methane and are called "heavy methanes" because
they are composed of the heavy isotopes of carbon and hydro-
gen, namely carbon-13 ( 13C) and deuterium. These gases can be
detected in the atmosphere at a level of a few parts in 1017 in air.
This extremely low level of detection means that the gases can
be detected over 4,000 kilometers from the point of release.

During the austral spring of the 1983— 1984 season, samplers
were deployed to eight stations on the antarctic continent. The
stations included the U.S. stations at McMurdo, Palmer, and
Amundsen-Scott. Samplers were also installed at Halley Bay
(United Kingdom), Dumont d'Urville (France), Syowa (Japan),
and Casey and Mawson (Australia). Sampling at these locations
is being conducted with the cooperation of personnel stationed
there.

After the sampling network was established, we conducted
the first release of the tracer gas. This took place at 55°00'S and
167°47'E at 5,500 meters above mean sea level on 9 January 1984
(0015Z). One kilogram of 13CD4 was released from a National

Science Foundation LC-130 airplane flying from Christchurch,
New Zealand, toward McMurdo Station. Upon release of the
tracer, all sampling stations were notified to begin sampling.
The sampling protocol consists of collecting one sample contin-
uously over a 3-day period. This is followed for 60 days after the
release. Thus, 20 samples are collected by each station following
each release.

Following the January release, additional samples were col-
lected by a cryogenic sampler developed for use on board
LC-130 airplane. Samples were collected on a nearly daily basis
from 9 January to 15 February by taking advantage of the nor-
mal flight operations of VXE-6. Samples were collected on
flights between McMurdo and Siple, Byrd, Amundsen-Scott
Stations as well as between McMurdo and Christchurch. Other
flights on which samples were collected included flights to the
Siple coast, Martin Hills, Mount Smart, and the Ohio Range
areas. About 100 samples were collected by this means.

A second release of 1 kilogram of 13 CD, was made on 8 June
1984. This release was conducted with the assistance of the U.S.
Air Force using a WC-135 airplane and was made at 59°40'S and
160°45'W at 5,500 meters altitude. Sampling was conducted at
the Antarctic stations in the manner described above. Of
course, no airborne sampling could be conducted during the
austral winter.

The third and final release took place on 18 October 1984. This
release was comprised of two releases of different tracer gases at
62015'S 172 010'E but at different altitudes. The release of 1 kilo-
gram of 13CD4 was made at 1,530 meters while 20 kilograms of
12 CD, was released at 5,500 meters altitude. The releases were
made from a U.S. Air Force C-141 airplane enroute from
McMurdo to Christchurch, New Zealand. Following this re-
lease, we again collected samples during LC-130 airplane flights
in the manner used for the January release.

Understanding the path by which the tracer travels is an
important aspect of this research. A trajectory forecast of the
first tracer release in January 1984 has been performed by mete-
orologists of the U.S. Air Force, British Antarctic Survey, and
National Oceanic and Atmospheric Administration (NOAA).

The results are shown in figure 2. Trajectories A through D
were forecast by David Limbert of the British Antarctic Survey
while trajectory E was forecast by the U.S. Air Force. The
forecast by Elmer Robinson of NOAA is essentially the same as
trajectory C. The dearth of meteorological observations in th
high southern latitudes exacerbates the uncertainties associate
with trajectory forecasting. The plotted trajectories of the trace
show a wide divergence of possible paths after just a few days
However, all of the trajectories agree that the initial path wa
toward the east and south. Similar trajectory analyses hay
been performed for the other releases.

We are currently analyzing the samples that were obtaine
following the January release for the presence of heavy met -
ane. We have detected heavy methane in samples collected t
7,333 meters over the Ross Ice Shelf 26 hours after the releas
The tracer was found to have persisted in this region for sever 1
days following the release. This finding indicates that sout -
ward transport from the release point was much faster and
further than had been predicted from trajectory analysis. Smll
amounts of tracer have been detected in samples collected at tFe
South Pole and at Halley Bay within about 1 week to 10 dars
after the release. However, during this same time interval, ro
tracer was detected at McMurdo. This suggests that the heavy
methane did not mix down to the surface until after passing
over McMurdo.
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gure 2. Forecast tracer trajectories following the release on 9 January 1984.

Determination of sulfur gases in the
antarctic atmosphere

S.B. DILTS and D.R. CR0NN

Laboratory for Atmospheric Research
Washington State University
Pullman, Washington 99164

A research program was conducted during austral summer
85 to survey the ground-level concentration of atmospheric

sulfur gases in Antarctica. The source of most of these gases is
presumed to be natural biogenic emissions from productive
marine waters (Andreae and Raemdonck 1983). They are subse-
quently transformed in the atmosphere to sulfate aerosol parti-
cles, transported across the Antarctic Continent, and even-
tually deposited to the ice sheet.

The measurements were made by metal foil collection/flash
vaporization/flame photometric detection (MFC/FV/FPD). This is a
relatively new method developed by S.O. Farwell, R. A. Kagel,
and coworkers at the University of Idaho (Kagel 1983). Sample
air is passed over a palladium foil strip which adsorbs the sulfur
gases. The loaded foil is flash heated by an electric current, and
the desorbed gases are carried to a flame photometric detector
which is sensitive to sulfur molecules.
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The foils are mounted in teflon blocks which can be taken into
the field, sampled with portable pumps, and returned to the
laboratory for analysis. The samples remain stable for up to
several days if they are carefully sealed. This method gives total
sulfur concentrations without speciation. Some error is intro-
duced because the collection efficiency is slightly different for
different sulfur gases and changes somewhat with use of the
foils. Any response to sulfur-containing aerosols has not been
characterized.

The field sampling team, consisting of S.B. Dilts, F.A. Men-
zia, and D.R. Cronn, arrived at McMurdo Station on 8 January
1985. Unfortunately, the MFC/FVIFPD instrumentation was
damaged in transit. Repairs were started immediately, but it
was 15 January before sampling commenced. Cronn returned
to the United States on 25 January while Dilts and Menzia
remained until sampling terminated near the end of the field
season on 7 February due to instrument failure.

Samples were collected at Cape Royds, Lake Vanda, Up-
stream field camp on the Siple Coast, on helicopter flights over
open water, on the Ross Ice Shelf (Meely automatic weather
station), and at the South Pole. Samples also were collected at
least once weekly at Arrival Heights (First Crater), Ross Island,
which is usually upwind of nearby McMurdo Station. The
number of samples collected at each site are listed in the table.
Sampling times ranged from 1 to 3 hours. Dilts and Menzia
traveled to Amundsen-Scott Station to set up a sampling pro-
gram and train J. Sampson of the State University of New York at
Albany in the sampling procedure. Sampling blocks were flown

Locations and numbers of samples collected for atmospheric
sulfur trace gas analysis

Number of
Site
	

Location	samples

Arrival Heights	 77050'S 166 039E	13
South Pole	 90S	 9
Cape Royds	 77033S 166009'E	5
Meely automatic weather station	7830'S 170 008'E	3
Upstream field camp	 83028'S 138°03'W	3
Lake Vanda	 77032'S 161 033'E	3
Open water (McMurdo Sound)	77030'S 165 000'E	2

to South Pole Station, sampled, and then returned to the
McMurdo laboratory for analysis.

Preliminary results from the MFC/FV/FPD analyses show total
sulfur gas concentrations in the low parts-per-trillion range
which is much less than expected, based on other investigators'
results for remote areas (Torres et al. 1980; Jones, Cox, and
Penkett 1983; Chatfield and Crutzen 1984). Testing of the re-
paired MFC/FV/FPD system and statistical analysis of the results
are continuing to check the validity of the measurements.

A small number of whole-air samples, collected in stainless
steel flasks, were shipped back to the Washington State Univer-
sity laboratories for gas chromatographic analysis for some of
the individual sulfur-containing compounds. However, the sta-
bility of sulfur gases in such containers has been questioned
based on experiences in our laboratory and elsewhere (Jones,
Cox, and Penkett 1983). Gas chromatographic analysis of the
flask samples shows high sulfur concentrations more consistent
with polluted atmospheres than with the clean Antarctic. It is
likely, therefore, that these samples were compromised in some
way.

This work was supported by National Science Foundation
grant DPP 82-16204.
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High-altitude aerosol variations
associated with stratospheric

warmings

D.J. HOFMANN and J.M. ROSEN

Department of Physics and Astronomy
University of Wyoming

Laramie, Wyoming 82071

On 27 October 1983, a balloon sounding was conducted to
determine to what extent volcanic sulfuric acid aerosol, injected
by the eruption of El Chichon in Mexico in April 1982, had
affected the antarctic stratosphere. A sizeable layer of aerosol
was detected in the 10 to 17 kilometer altitude range, and from
the average particle size, this layer was identified as El Chichon
debris. In the 20 to 30 kilometer range, absence of the larger
(radius greater than 0.15 micrometer) aerosol and an enhance-
ment of the smaller (radius greater than 0.01 micrometer) aero-
sol was interpreted as possibly being due to evaporation and
recondensation, because a stratospheric warming was taking
place at these altitudes with temperatures sufficiently high to
question the state (liquid or vapor) of the sulfuric acid/water
aerosol. These results were reported in the literature (Hofmann
and Rosen 1985-a, 1985-b).

In 1984, the measurements were repeated, this time with two
optical particle counters for better resolution and two balloon
soundings, one at McMurdo Station on 1 November 1984 and
one at South Pole Station on 10 November 1984. At McMurdo,
an 8,000 cubic meter volume polyethylene balloon (largest
flown in Antarctica to date) was used to carry the 35-kilogram
payload to an altitude of 34.5 kilometers. The two particle detec-
tors simultaneously measured the small particles (radius great-
er than 0.01 micrometer, called "condensation nuclei") and the
larger particles in two size ranges (radius greater than 0.15 and
0.25 micrometer) during balloon ascent and parachute descent.
Data was obtained through radio telemetry. The payload was
recovered by helicopter about 100 kilometers from McMurdo.

Following thorough check of the detectors and preliminary
data analysis, our group went to South Pole Station on the

teunched
ason's second flight into the station. The instruments were

 on a 7,200 cubic meter volume balloon to an altitude of
32.5 kilometers, again functioning normally. We estimated that
the impact of the payload would be 70 to 80 kilometers from the
station, and although recovery attempts were made using a
Hercules LC-130 airplane on routine McMurdo to South Pole
flights, the payload was not located.

As in 1983, a stratospheric warming was again underway
during our soundings. This can be seen in figure 1 where the
temperature versus time at McMurdo and South Pole for the 10
millibar (about 30 kilometers altitude) and 30 millibar (about 23
kilometers altitude) pressure levels, as obtained by radiosonde
ascents during this period, are shown. During this period, the
wind speeds in the 20 to 30 kilometer altitude region were quite
high, peaking at about 70 meters per second at McMurdo on 29
October. These high winds suggested that the aerosol has been
in several temperature regimes during a day or two prior to our
observing them and resulted in very complicated distributions.

80L	
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Figure 1. Temperatures at the 10 and 30 millibar pressure levels as
determined by radiosonde ascents at McMurdo and South Pole
Stations in September to November 1984. Missing data indicate that
the balloon did not reach sufficient altitude. Arrows indicate the
times of the aerosol soundings at the two stations. ("mb' denotes
"millibar." "gm (cm- 1)" denotes "micrometer per cubic centimeter:')

Figure 2 shows the results of the two balloon soundings for
both the large and small aerosol. The remnants of the El
Chichon eruption can be seen in the larger, optically active
aerosol (radius greater than 0.15 micrometer) between about 9
and 18 kilometers altitude. We see that this layer, which is a
global feature, is nearly identical at the two stations. The peak
concentration is about 3.5 particles per cubic centimeter. One
year earlier this concentration was 7.0 particles per cubic cen-
timeter. Thus the layer has decayed by a factor of two in 1 year.
For an exponential decay, this suggests a characteristic decay
time of about 17 months. However, more data to improve statis-
tics would be required to determine this factor accurately. The
latter is currently being done in monthly soundings at Laramie,
Wyoming.

When we examine the 20 to 30 kilometer altitude range in
figure 2, we see variations in aerosol concentration which are
quite complicated. They are probably associated with transport
from regions having different temperature characteristics. We
note in particular that the South Pole Station sounding appar-
ently displays an absence of large aerosol, as compared to the
McMurdo sounding, in the 20 to 25 kilometer altitude region. In
this same region, the South Pole Station sounding displays an
enhancement of small aerosol. This is again reminiscent of a
mass-conserving process such as evaporation-recondensation
and/or coagulation. These data are currently being analyzed
using satellite temperature maps to determine the origin and
temperature history of the air parcels encountered during the
soundings. It is hoped this will shed light on some of the
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processes governing high-altitude aerosol distributions. Addi-
tional balloon soundings will be conducted in 1985 to increase
the data base.

D.J. Hofmann, N.T. Kjome, G.L. Olson, and S. Rolf were in
the field from 15 October to 15 November. This work was
supported in part by National Science Foundation grant DPP
83-14487.
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Upper atmosphere studies

Observation of solar brightness
oscillations

at the South Pole

R. STEBBINS, R. RONAN*, and
M. ARRAMBIDE

National Solar Observatory
National Optical Astronomy Observatories**

Sunspot, New Mexico 88349

The Sun is vibrating mechanically in a highly ordered, but
complex, fashion. These acoustic resonances, called the "nor-
mal modes," reflect the internal structure of the star much as
seismic data tell about the Earth's interior. The Sun's acoustic
spectrum contains in excess of 10 million modes. To separate
and identify the individual modes, continuous, multi-day ob-
servations are necessary; these are possible only at a South Pole
site.

A telescope specially designed for detecting the brightness
manifestation of these solar oscillations and for operating in the
south polar environment (Stebbins 1981) was set up at the
Amundsen-Scott South Pole Station in the austral summer of
1982 - 1983. The telescope produced over 600 hours of data in
that year. It was not operated the following austral summer. Left
in place for 2 years, the telescope was run again through the
austral summer of 1984 - 1985. In February 1985, it was dis-
mantled and returned to the United States.

Extensive data reduction software was produced for the 1982
- 1983 data, and much of the data was processed during 1983
and early 1984. We encountered problems correcting the data
for detector idiosyncrasies. These problems appeared to be
soluble but required additional calibration work at south polar
ambient temperatures. As we prepared for the 1984 - 1985
season, we adjusted the detector electronics to prevent similar
difficulties.

During the summer of 1984, we also made several improve-
ments to the hardware and operating software. The essential
thrust of these was to take data on solar oscillations while
scanning about the periphery of the Sun. The additional spatial
information aids in the separation of modes in the acoustic
spectrum. Enough electronic and mechanical parts of the tele-
scope's solar detector had been returned to Sunspot to allow
testing of these improvements.

* Summer Research Assistant, presently at the Center for Astrophysics,
Cambridge, Massachusetts 02138.

** Operated by the Association of Universities for Research in Astrono-
my, Inc., under contract with the National Science Foundation.

Two members of the field team (Ronan and Stebbins) arrived
at South Pole Station on 6 November, readied the telescope
(figure 1), and commenced observations on 22 November. Ar-
rambide replaced Stebbins in early December, and Stebbins
returned to replace Arrambide on 18 January. Twelve-hour ob-
serving watches were continued until 31 January. The telescope
was then dismantled and shipped back to Sunspot. The field
team left Antarctica 5 February.

I
Figure 1. The telescope located near the Amundsen-Scott South
Pole Station during the 1984 - 1985 season. (Photo courtesy of the
National Solar Observatory Association of Universities for Re-
search in Astronomy, Inc. Photograph number 850507.)

During the 1984-1985 austral summer, 932 hours of data were
acquired comprising 55 percent of the entire season. Figure 2
shows the coverage. This excellent coverage is in contrast to the
1982– 1983 data (Stebbins and Mann 1983); the 1984– 1985 data
contain many short data sets—none longer than 82 hours (fig-
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ure 3). The earlier data consisted of fewer (16) and longer (up to
115 hours) data sets, covering 34 percent of the season. An
extraordinarily long span of observing weather, nearly 2 weeks,
occurred at about the time the telescope was starting up. The
best solar observing weather seems to occur in November and
late January.
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Figure 3. Histogram showing the frequency of occurrence of data
sets of certain lengths. (Photo courtesy of the National Solar Obser-
vatory Association of Universtities for Research in Astronomy, Inc.
Photograph number 850505A.)

One problem with the instrument occurred during startup.
We tried several shaft couplings in the solar perimeter-scanning
drive before we found a suitable type. The only other instru-
ment failure during the season was a blown fuse. We found
that, with some care in design, moderately complex astronomi-
cal instrumentation can be made to run smoothly in the ant-
arctic environment.

Reduction of the data now on hand must begin with verifica-
tion of the calibration of the 1984 - 1985 data. When this has
been completed satisfactorily, the data reduction software de-
veloped for the 1982 - 1983 data has to be modified to account
for the spatial information present in the newer data. This work
is now in progress.

The work reported here was supported in part by National
Science Foundation grant DPP 80-01469. The National Solar Ob-
servatory is operated by the Association of Universities for
Research in Astronomy, Inc. under contract with the National
Science Foundation.
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Figure 2. Data set coverage during the 1984- 1985 austral summer. The data set numbers are shown above the bar indicating duration. (Photo
courtesy of the National Solar Observatory Association of Universities for Research in Astronomy, Inc. Photograph number 850505B.)
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Austral summer 1984 - 1985 was the most successful cam-
paign thus far for the full-disk helioseismology project. The
new modified instrument obtained good quality observations
for a total of 480 hours. There were several uninterrupted long
runs ranging as high as 61/2 days of coronal seeing. If it had not
been for the delay in arrival of the field team from Christchurch
because of bad weather at McMurdo and other on-site factors,
the longest continuous run would have exceeded 16 days. This
experience demonstrated that provision must be made for com-
mencing at station opening and operating until closing, which is
feasible because we now have all of the facilities required for
operation at the remote site (5 miles from South Pole Station).

Currently we are translating the tapes recorded in the field
into conventional format for data processing and analysis. This
work is expected to be completed soon, but the analysis will be
time-consuming.

In the meantime, we have made significant progress process-
ing and analyzing the tapes that were recorded in the spatially
resolved experiment several years ago (Pomerantz 1983). Figure
1 is a version of the so-called "k - w diagram," with which
Deubner (1975), using data of much poorer quality, demon-

rated for the first time that solar oscillations are indeed global
extent. The remarkable point is that this plot, covering

^

Zmber
lues (degree of the spherical harmonic, essentially the

 of wavelengths around the solar circumference) 0 to 200
n the x axis and frequency 0 to 5.55 millihertz on the y axis
epresents just zonal harmonics and only 200 of the 40,200

modes that exist from f = 0 to 200 (or 1/2 percent). Thus, this
constitutes 1/4 of 1 percent of what should be extractable from the

data. This figure suggests that it might be possible to go out to
= 360, thus covering essentially the entire solar interior.

Figure 1. Reduction of a small part of data acquired in the spatially
resolved observations of solar oscillations carried out at the South
Pole. The degree of the spherical harmonics (x-axis) range from f =
0 to 200, and the frequency (y-axis) from 0 to 5.55 millihertz. Each
ridge corresponds to a different value of the order n, which is
essentially the number of modes from the surface to the center of
the Sun.

Using the data shown in figure 2, it has already been possible
for us to achieve one of the stated objectives of the program-
i.e., to address the question of the frequency dependence of the
ratio of the amplitudes of the intensity and Doppler-shift os-
cillations. Intensity observations of the solar atmosphere tem-
perature minimum were made from the geographic South Pole
using a 6-angstrom filter centered on the calcium K-line and a
two-dimensional diode array camera. Doppler-shift observa-
tions of a pair of photospheric spectrum lines near 6,191 ang-
stroms were made at Kitt Peak using a large grating spec-
trograph and a similar camera. Both sets of observations were
processed to produce power density spectra of zonal oscilla-
tions for spherical harmonic degrees 0 to 200. Non-oscillatory
background power was subtracted and then the average power
over degree ranges 10 to 200 and 50 to 150 was determined. As is
shown in figure 3, over the frequency range 2.5 to 5.0 millihertz
the ratio of intensity fluctuation to Doppler-shift amplitude
increases linearly with frequency by a factor of 3.9. This be-
havior is roughly in accord with the idea that low-frequency
intensity fluctuations will be relatively smaller because of the
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longer time for the atmosphere to adjust passively to a velocity
perturbation.

Figure 2. Comparison of velocity data, on the left, with a very small
fraction of intensity data recorded at the South Pole.
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Figure 3. Plot of the ratio of intensity amplitude to velocity ampli-
tudes in figure 2. The points represent two different ranges of €
values.

This work was supported in part by National Science Founda-
tion grant DPP 81-19627.

References

Deubner, F.L. 1975. Observations of low wavenumber Nm-radial eigen-
modes of the sun. Astronomy and Astrophysics, 44, 371.

Pomerantz, M.A. 1983. Solar seismology at the South Pole: Studies of
solar oscillations. Antarctic Journal of the U.S., 18(5), 266 - 267.

0
0

0

og

o

A South Pole telescope

F.B. WOOD and K.Y. CHEN

Department of Astronomy
University of Florida

Gainesville, Florida 32611

The idea of an astronomical observatory at one of the poles of
the Earth must have suggested itself to many astronomers,
particularly those interested in variable stars, planets, and the
Sun because of the changes which occur in these objects in
relatively short time intervals. It is exceedingly frustrating to
have the observation cease because of the star setting (or reach-
ing such a low altitude that the observations became mean-
ingless) or because of the Sun rising—particularly when obser-

vation is curtailed just when the most interesting changes are
taking place. This is particularly true when the period of light
variation is some multiple of a day, but even in other cases,
continuous observing spells are extremely important.

Unfortunately, the only sites at which such criteria can be met
are those at or very near to one of the poles. An added advan-
tage of such a site is that the altitude of a star will remain
constant so that there will be no brightness changes caused by
the change of air mass through which the starlight must pass

The south terrestrial pole is preferable to the north for at leas
two reasons. First, the southern stars have been documente4
much less than the northern, because there are more telescope
in the Northern Hemisphere. The second reason is even mor
important: there are no facilities at the North Pole for shieldin
and supplying observers and for providing power and shelter
for the telescope, associated equipment, and all the other essen-
tials needed to carry on an observing program. All of these are
now available at the South Pole.
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Consequently, nearly 20 years ago, a small telescope was
taken to the South Pole. A volunteer observer who was present
for another program used the telescope to estimate the very
important factor of "seeing," or steadiness of the star images,
and also kept track of a number of clear hours. The results were
extremely encouraging, but financial difficulties delayed their
rapid implementation. Thus, it was decided to build an auto-
matic telescope to minimize the cost of operation. This was
done, and a 3-inch telescope was established by a field team in
January and February 1984. The wintering scientists for the
National Science Foundation programs monitored the results,
reported difficulties to us via telex or patch radio, and made
alterations at our suggestions. We have become familiar with
the on-site difficulties of operating in the world's harshest en-
vironment. In January 1985, another field team went down for
on-the-spot evaluation. As a result of this past year's experience,
we are now making extensive modification and expect the tele-

scope to be fully operational by the next austral winter. In
making our modification, we have had extensive discussion
with local experts in low-temperature instrumentation.

When the instrument is re-installed, we plan to study the
unusual eclipsing variable gamma-two Velorum, which has
shown rapid changes (time scale of minutes) in the emission
features of helium-two and carbon-three while the nearby con-
tinuum has remained constant. Observers question whether
there is any periodicity in these changes, because other nights,
the entire system has remained constant in brightness. Only a
long series of continuous observation will solve many of the
problems presented by this system. The gamma-two Velorum
question is but one of many that can be answered only through
the use of a telescope at a polar location.

This research was supported by National Science Foundation
grant DPP 84-14128.
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When the potentially overwhelming advantages of carrying
out certain astronomical observations at the South Pole were
first noted ('Committee on Polar Research 1970), it was predicted
that the exceedingly low water-vapor content would make this a
superb site for infrared astronomy. This was confirmed by later
measurements (Smythe and Jackson 1977). The ultimate test
was performed during the 1984-1985 austral summer when our
U.S.-French collaboration successfully conducted the first sub-
hiillimeter astronomy experiment there.

The sky noise was a factor of 10 less than at Mauna Kea,
heretofore the world's best infrared site. The same equipment
used at Mauna Kea was modified to withstand ambient tem-
peratures down to -40°C. For the first time, the sensitivity of the
helium-four cooled photometer at the focus of a 45-centimeter
primary mirror was limited by the instrumental noise rather
than by fluctuations of atmospheric emissions. Furthermore,
the precipitable water vapor content was significantly below the

0.5-millimeter lower limit of the earlier measurements (Harvey,
Pomerantz, and Duvall 1982).

The observations included:
• Galactic studies—mapping of galactic emission over several

target regions, spectrophotometry of galactic emission at
three selected longitudes at 460, 720, 850, and 920 microme-
ters, and observations of a dense core in a molecular cloud.

• Extragalactic studies—dust emission of nearby spiral galax-
ies, Sunnyaev-Zeldovich effect and fluctuations of cos-
mological background including scans through two clusters
of galaxies.

• Calibrations (photometric and beam profile)—Jupiter, Venus,
and the Moon.

• Properties of atmosphere—water-vapor column density.
For illustrative purposes, we show in figure 1 the spectrum of

the emission of the galactic center region, including data at 900
micrometers from Hawaii as well as from the South Pole. Similar
spectra have been compiled for other regions of the disk: the
complex associated with W41 at galactic longitude f,, = 24° and
the average emission between	3° and 35°. The processing
of the South Pole data will yield additional spectra of, for exam-
ple, the complex at f, j = 352° and the Carina region at f,, = 285°.

Interstellar dust is responsible for most of this emission for
wavelengths (X)greater than 4 micrometers. Data points at
wavelengths less than 20 micrometers have been corrected for
the interstellar absorption (open circles in figure 1), and the
stellar component of the emission has been subtracted from the
spectra (dashed line in figure 1). Thus, the resulting spectra
reflect the dust emission alone. At wavelengths less than 300
micrometers, the spectrum XI(X) is proportional to As-
suming a Rayleigh-Jeans regime for the interstellar medium
(Blackbody emission proportional to X 4), and using a dust
emissivity proportional to x 2 as derived from specific observa-
tions, we obtain a spectrum proportional to X - ". Therefore, the
Rayleigh-Jeans regime does not apply, which implies the pres-
ence of cold dust (temperature less than 15° Kelvin), in the
interstellar medium.

Further information on the dust temperature can be obtained
by a numerical inversion of the equation giving the measured
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flux as an integral over the temperature of the product of the
dust emissivity, the Planck function, and the temperature dis-
tribution of the dust. The dust emissivity as a function of wave-
length is known from specific observations and models. The
results in figure 2 show two important characteristics of the
temperature distribution in mass column density of the dust:
• The peak of the distribution is between 12° and 14° Kelvin for

the three regions studied.
• The distribution is bimodal, with one component at 12° to 14°

Kelvin and the other at about 3000 Kelvin (6 orders of magni-
tude smaller in mass).
Only the cold component can be explained by classical dust

models (Mezger, Mathis, and Panagia 1982; Rouan 1979). Sell-
gren, Werner, and Dinerstein (1983) and Puget, Leger, and
Boulanger (1985) have proposed transient heating of very small
grains by single ultraviolet photons as an explanation of the
warm component.

10	100	1000
TEMPERATURE 1(K)

Figure 2. Temperature distribution of the interstellar dust deduced
from the compiled spectra of: the average galactic emission, the
galactic center region, and the complex associated with W41 (galac-
tic longitude = 240). The abscissa is the logarithm of the dust
temperature and the ordinate is a measure of the mass of dust (m9)
along the line of sight at each temperature.

Figure 3. Custom-designed module housing the submillimeter pho-
tometer. The bolometers, operated at 1° Kelvin in a double tank
helium-tour cryostat, covers different bands in the range 300 mi-
crometers to 1 millimeter with an atmospheric transmission of 20 to
90 percent. The lower mirror is the coelostat, and the 45-centimeter
fixed primary mirror is at the top of the structure on which the
various optical components are mounted.

Figure 1. Compiled spectral emission [Xl(X)] of the galactic plane for
the galactic center region: galactic latitude (b') between 1° and
+ 1 0, galactic longitude (e") between —1.5° and + 1.50. ("Wm2Sr1"
denotes "watts per square meter per steradia". "jim" denotes
'micrometer.")

The South Pole measurements will enable us to confirm the
existence of this bimodal behavior of the temperature distribu-
tion of the dust.

This work was supported in part by National Science Founda-
tion grant DPP 81-20258.
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During periods of moderate geomagnetic activity, the South
Pole (74° invariant latitude) moves under the dayside cusp and
is in the polar cap during magnetic nighttime. When the auroral
oval becomes contracted during periods of low magnetic ac-
tivity, the South Pole can be in the dayside magnetosphere and
under the nightside auroral oval. Because of the proximity to
and presence in the polar cap for extended periods, it is of
interest to investigate the occurrence of Pc 1 magnetic pulsa-
tions, particularly structured events at the South Pole.

Structured Pc 1 pulsations are generally believed to be the
result of ion-Alfven wave-resonant interactions. Alfven waves
in the Pc 1 category (0.2 to 5 hertz) have short enough wave-
lengths to propagate between the conducting ionosphere at
each end of the line of force. Structure in the Pc 1 emission
results because of dispersion and other propagation effects act-
ing on the bouncing wave packets between conjugate reflection
points. Structured Pc 1, therefore, should be generated only on
closed magnetic field lines, and in fact, the cyclotron resonance
theory favors a region where cold plasma gradients exist, such
as the plasmapause near L = 4 (Nishida 1978). The presence of
structured Pc 1 at the South Pole can therefore be a measure
whether the South Pole field lines are closed and/or a measure
of the ability of the Pc 1 signals to propagate in the horizontal
duct formed by the ionosphere and the region of maximum
Alfven speed from a lower latitude source (Manchester 1966;
Greifinger and Greifinger 1968).

Spectrograms of the first 150 days of 1982 were made of the
South Pole data. Many examples of structured Pc 1 were found.
An example of such an event is given in figure 1 along with
spectrograms from Siple (about 1 hour later in local time than
the South Pole and located at an invariant latitude of 61°) and

Siple's northern hemisphere approximate conjugate, Roberval,
Canada. The data from each site are displayed according to
polarization of the signal: linear, left, and right. It is apparent
that much of the Pc 1 at the South Pole is coincident with the
lower latitude events. Although it is difficult to determine from
the data in figure 1, the Siple/Roberval-structured conjugate
data are generally 180° out of phase, consistent with an inter-
hemisphere bouncing wave packet, while the South Pole struc-
ture is in phase with Siple. To explore further the South Pole Pc 1
relationship to Siple, we have tabulated the number of hours
that Pc 1 occurred at Siple and Pole as a function of universal
time. This diurnal study is given in figure 2 along with a break-
down of the number of events recorded at the South Pole and
the number of events simultaneous at both sites for each month
along with the monthly magnetic Ap index. Local magnetic
midnight at South Pole and Siple are 0330 and 0430 universal
time, respectively. There is clearly a minimum occurrence rate at
local midnight for both sites. Siple has a much larger number of
events than the South Pole, particularly during the local after-
noon hours. The South Pole has maximum occurrence just
before local noon, and most of the eight South Pole events not
measured at Siple occur during this local time. Finally, during
months of high magnetic activity as given by a large Ap index,
the occurrence rate at the South Pole is dramatically reduced.
For instance, in April, only one event was recorded at the South
Pole (it was also coincident with a Siple event) while 55 were
measured at Siple.

Several preliminary conclusions can be drawn from this
study. First, it is well known that the generation of Pc 1 favors
the recovery periods of magnetic storms so the nighttime mini-
mum is apparently related to auroral events. Based on what
we've learned from both the phase relationship and the strong
coincidence of South Pole events with Siple, we can conclude
that it is likely that the South Pole signals are horizontally
ducted from lower latitudes. Finally, the South Pole noon max-
imum and the inverse correlation with magnetic activity (Ap)
suggests that the horizontal ducting is strongly dependent
upon the magnetic field topology and/or ionospheric
conditions.

This work was supported by National Science Foundation
grant DPP 83-18632.
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Figure 2. Diurnal study of the number of hours in which Pc 1 oc-
curred for the first 5 months of 1982. The top panel is the occurrence
rate for coincident South Pole and Siple events. The tabulation
breaks out the number of hours by month for South Pole and coinci-
dent South Pole and Siple events along with Ap. ("UT" denotes
"universal time:')
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Poleward surges of auroral
phenomena over the South Pole
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During magnetospheric substorms, auroras and related ion-
sopheric phenomena can extend to very high geomagnetic lati-
tudes (Xm 800) on the nightside of the Earth. Accompanying
the ionospheric manifestations of substorms are plasma, ener-
getic particle, and magnetic field variations throughout the
magnetosphere. In particular, profound changes occur in the
magnetic field configuration and in the energy and flow of
plasma in the magnetotail.

The dynamics of magnetotail plasmas and the relationship to
substorm evolution are controversial topics. Currently, there

are two competing models which describe the phenomenology
in vastly different terms: the neutral-line model (Hones 1979)
and the boundary-layer model (Eastman et al. 1984). In an effort
to evaluate the relative merits of these models, we have begun to
examine relationships among high-latitude auroral phe-
nomena, substorm phase, and the behavior of magnetotail plas-
mas, using data from the extensive suite of auroral and
ionosphere monitoring instrumentation at the South Pole. By
virtue of its geomagnetic latitude (Xm 75°), the South Pole
experiences nightside auroral activity sometime after the onset
of the substorm expansion phase, which is first observed to
occur at lower latitude (Xm 67°) in the auroral oval (Akasofu
1977).

A characteristic feature of nightside auroral activity as viewed
from the South Pole is the rapid poleward movement of auroral
arcs. A typical example is shown in figure 1. In these all-sky
camera (ASc) snapshots, taken 1 minute apart, multiple auroral
arcs are seen to move nearly overhead from the equatorward
horizon (Xm 70°) within 4 minutes, corresponding to a pole-
ward velocity of approximately 2 kilometers per second. Subse-
quent ASC photos showed that the intensity and poleward ex-
tent of the aurora remained approximately the same until about

South Pole, June 18, 1983, day 169

Figure 1. All-sky photographs of aurora at South Pole. Time is given in universal time and corresponds to a local geomagnetic time of
approximately 1830. The direction of the south magnetic pole is indicated by the "S."
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2149 universal time; thereafter, the auroral forms slowly re-
ceded equatorward. The ionospheric data for an extended inter-
val surrounding this poleward auroral surge are shown in figure
2. Energetic electron precipitation was recorded by the riometer
and photometer beginning approximately 2143 universal time
when the auroral arcs first entered the instrument fields of view
(the photometer in the 15 minutes before this time records
scattered auroral light from outside its field of view). This initial
precipitation event ended by 2150 universal time as the auroral
arcs moved equatorward. Following the recovery, a second
event (not discussed here) began at 2205 universal time.

ioo

30.0_4H Ft-oMqte,

 ------ -

300
AL

UT, South Pole, 18 Jun, 1983,  DAY 169

Figure 2. Ionospheric data obtained at South Pole. The 600 fields of
view of the riometer and photometer, projected to 100-kilometer
altitude, cover a circle three-eighths the diameter of the all-sky
camera image in figure 1. ("UT" denotes "universal time:' "MHz"
denotes "megahertz:' "nm" denotes "nanometers:' "nT" denotes
"nanoteslas." "kR" denotes "Kilo Rayleighs." "dB" denotes
"decibels:')

The precipitation spike at 2145 universal time occurred simul-
taneously with the intensification and poleward movement of
westward current flow at approximately 100 kilometer altitude
in the ionosphere (as inferred from the geomagnetic north-
south (H) and vertical (Z) ground magnetic variations; D meas-
ures the east-west component). The centroid of the current
remained equatorward of South Pole in agreement with the
maximum poleward extent of the aurora. Quite often, however,
the poleward surge of auroral and electrojet activity will extend
well beyond the South Pole.

A measure of the intensity of global magnetic substorm ac-
tivity surrounding this event is given by the AL (westward
electroject current) index in the bottom panel of figure 2. Indi-
cated by the arrow is the expansion phase onset of the sub-
storm. Note that there is a delay of 40 to 45 minutes between
substorm onset and the initial surge observed at the South Pole.
Time delays of 30 to 60 minutes are common in such events.
Figure 3 presents a superposed epoch analysis of the AL index

for 87 South Pole surge events that occurred in the 0030 to 0630
universal time sector (± 3 hours of local magnetic midnight)
between January and August of 1983. The superposition, cen-
tered on the South Pole times of maximum riometer absorption
(T = 0), shows that the events occur near the peak of substorm
activity and the beginning of the recovery phase, approximately
1 hour after the start of auroral zone disturbances.

—3	—2	—1

0 U

Figure 3. Superposed epoch analysis of the westward auroral elec-
trojet index AL. "T = 0" corresponds to the maximum epoch of 87
South Pole surge events recorded by 30 megahertz riometer in the
0030 to 0630 universal time sector from January through July 1983.

This is the same relationship found by Hones, Pytte, and
West (1984) between the AL index and plasma sheet recoveries
at approximately 15 Earth radii in the magnetotail (see their
figure 3). These statistical analyses, as well as detailed examina-
tions of individual events (unpublished data), thus support a
close association between the poleward surge of auroral activity
over the South Pole and expansion of the magnetotail plasma
sheet. These results generally appear to support the substorm
model of Hones (1979) which associates a poleward leap of the
auroral electrojet with the tailward retreat of near-Earth neutral
line in the late phase of substorms.

This work was supported in part by National Science Founda-
tion grants DPP 83-04844 (University of Maryland), DPP 83-13428
(Utah State University), and DPP 82-15312 (Boston College) and
by logistic support provided by the National Science Founda-
tion to AT&T Bell Laboratories. The author- acknowledges the
contributions of F.T. Berkey, R.H. Eather, and L.J. Lanzerotti
and discussions also with E.W. Hones, Jr.
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Development of an automatic
geophysical observatory

J.H. DOOLITTLE and S.B. MENDE

Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

An automatic geophysical observatory (AGO) is an unmanned
facility designed to operate for extended periods in a remote
location and provide shelter, power, heat, and data acquisition
for several experiments. The importance of developing auto-
matic geophysical observatories for use at unmanned antarctic
locations was recently re-emphasized by the international Sci-
entific Committee on Antarctic Research (SCAR). In the 1984
SCAR recommendation put forth by the working group on upper
atmospheric physics, it was recognized that AGOs are needed
for future studies that will improve the spatial definition of time-
varying ionospheric and magnetospheric parameters.

The United States unmanned facilities program began in the
late 1960's when Stanford University designed and later de-
ployed a prototype unmanned geophysical observatory near
Byrd Station (Jenny, Lapson, and Smith 1969). The facility was

KI

Figure 1. Improved prototype AGO, December 1984, showing new
heat exchanger, heated exhaust shroud, and baffled air intake
plenum.
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Figure 2. AGO thermal control system maintains a constant warm interior temperature.
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powered by a surplus radioisotope thermoelectric generator
and used a geostationary satellite for data telemetry. The line-
of-sight telemetry link allowed high data-rate transmissions
directly from the unmanned site to the United States but pre-
vented future deployment on the high-latitude polar plateau
where geostationary satellites are below the horizon. A new
design using on-board data recording was introduced by Lock-
heed Palo Alto Research Laboratory in 1982 to allow the auto-
matic facility to be located anywhere in Antarctica (Harris and
Mende 1983). Because commercially available radioisotope
power supplies had become exceedingly expensive, heat gener-
ation through a catalytic conversion of propane was chosen to
replace the strontium-90 source in the thermoelectric generator
(TEG).

The Lockheed prototype AGO shown in figure 1 began field
testing near South Pole Station in January 1983 and has con-
tinually demonstrated the capability for acquiring geophysical
data using on-board tape recording. However, during the initial
trial year, several facilities problems compromised the un-
manned reliability of the system (Doolittle and Mende 1984).
Improvements to the shelter insulation and fuel-supply system
were installed before the second year of operation. The need for
other improvements was also recognized after the 1983 trial, but
because of the additional materials and engineering required,
their installation was deferred until December 1984. Some of
those modifications recently installed include an improved
thermal control system, a heated exhaust shroud, larger capaci-
ty batteries with diode protection, and a filtered air plenum.
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Figure 3. Future AGO shelter design. The module would be deployed by LC-130 airplanes, then elevated above snow surface by lifting struts
(upper panel). The shelter layout (lower panel) provides space for four racks of experiments and heated quarters for service personnel.
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The thermoelectric generator produces about 2,300 watts of
usable heat. To maintain the interior temperature at about 20
degrees Celsius at the South Pole, the modestly insulated (R-19)
AGO shelter requires between 400 and 800 watts of heat depend -
ing on the external temperature. The excess heat is transferred
to the outside by a controlled heat exchanger. Figure 2 shows
the AGO thermal control system that picks up the heat of the TEG
by evaporating freon-11 refrigerant fluid and transferring it to
an external condenser through a thermal siphon effect. A pneu-
matic temperature sensor activates a valve to throttle the rate of
heat flow and maintains the interior temperature to within a few
degrees of the set point. A free convection path over the radiator
fins distributes the warm air uniformly within the shelter.

The shroud surrounding the TEG exhaust outlet is also heated
by the freon vapors. By keeping the surface near the exhaust
outlet well above freezing, condensation from the exhaust gases
is prevented from forming an ice build-up. Figure 1 shows the
heated exhaust shroud protruding through the shelter wall.
Also shown in figure 1 is the new air plenum which filters snow
crystals and allows the TEG to breathe freely, while using baffles
to prevent heat loss.

The use of the propane-fueled TEG affords the luxury of allow-
ing a large volume of heated interior space. Since the facility
requires annual site visits for experiment modifications, data
recovery, and refueling, future shelters could be expanded to
include additional temporary living space. Figure 3 shows a
floor plan for an 8 x 16 food module that could house four racks

of equipment and up to four scientists. Having a heated shelter
provided at the site would greatly simplify the logistics for
annual field servicing since no support camp would be needed.
The future AGO's would be deployed fully assembled from ski-
equipped Hercules LC-130 airplanes and would provide lifting
struts, as shown in figure 3, to elevate the shelter to minimize
the effects of snow drifting.

We express our appreciation to wintering personnel Rick
Dyson, Dave Clements, Cyril Lance, and Laura Kay who have
provided valuable support during the prototype field tests at
the South Pole. The AGO development is supported by National
Science Foundation grant DPP 81-05624.
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Riometer measurements of seasonal
variations in auroral absorption at

South Pole and Siple Stations

S. KRISHNASWAMY and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Auroral absorption refers to the ionospheric absorption of
radio waves which occurs in conjunction with auroral and re-
lated activity and is one of the principal causes of radio-wave
absorption at high latitudes. The absorption is a result of in-
creased ionization produced in the ionosphere by precipitated
electrons which have sufficient energy to reach the D and E
regions of the ionosphere, approximately 60 to 100 kilometers
above the Earth's surface (Hargreaves 1969).

Previous studies have disclosed that auroral absorption is
generally confined to two relatively narrow rings, or zones, a
few degrees wide with the maximum in absorption occurring at
about 66° magnetic latitude in each hemisphere (Hargreaves
1969, Brekke 1984). A study of the seasonal changes in auroral
absorption at different locations can provide clues to some of the
physical mechanisms governing magnetospheric phenomena.

A more practical motivation lies in the fact that the occurrence of
auroral absorption is of sufficient frequency and intensity in the
auroral zones that the quality of high-frequency (3 to 30 mega-
hertz) communications at these high latitudes can be signifi -
cantly affected. Data on seasonal changes in auroral absorption
at different sites can also make an important contribution to
models which are currently being developed to predict radio-
wave propagation conditions at high latitudes (Agy 1979; Fop-
piano and Bradley 1983, 1984).

Riometers (relative, ionospheric opacity meters), instruments
designed to monitor the absorption of radio waves in the
ionosphere, are used for upper atmospheric research at South
Pole and Siple Stations (Detrick and Lutz 1981; Detrick 1982;
Detrick et al. 1983; Krishnaswamy and Rosenberg, Antarctic
Journal, this issue). Since the locations of South Pole Station
(geomagnetic latitude approximately 75°S) and Siple Station
(geomagnetic latitude approximately 65°S) are such that they
are on opposite sides of the latitude of maximum auroral ab-
sorption, it is of interest, for the reasons mentioned above, to
compare the seasonal auroral absorption variations at the two
locations. With this aim in mind, we have analyzed riometer
measurements made at South Pole and Siple Stations between
1975 and 1983. To convert the riometer measurements to ab-
sorption values, the background or reference curves—the so-
called "quiet day curves"—were determined using a technique
developed at the University of Maryland which we have re-
ferred to as the "inflection-point method" (Krishnaswamy, Det-
rick, and Rosenberg 1985).
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Figure 1 shows the average auroral absorption for summer
and winter for Sip!e Station for the years 1975, 1980, and 1982 at
a frequency of 30 megahertz. There was a general tendency for
the summer absorption levels to be higher than the absorption
in winter during all 3 years. Individual values are generally
accurate to 0.1 decibel or better, and due to the large number of
data points that were used in deriving the average values, the
uncertainty in the plotted points is much less than 0.1 decibel,
and the seasonal differences are significant.

imum as is Siple Station. The absorption at South Pole Station
generally seems to be higher in winter than in summer, which
appears to be consistent with previous results from South Pole
Station riometer measurements (Hargreaves and Chivers 1965)
but is the opposite of the results for Siple Station. (The curves
for austral summer 1983 at South Pole Station are less certain
because data were not recorded for a number of days in this
period.)
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Figure 1. The average diurnal variation of auroral absorption at Siple
Station for summer and for winter during 1975, 1980, and 1982.
("MHz" denotes "megahertz:' "UT" denotes "universal time:' "dB"
denotes "decibels:' "SU" and "WI" denote "summer" and "winter,"
respectively.)

The reasons for the variations from year to year are not clear,
but they may be related to the 11-year solar cycle (1975 was near
the time of solar minimum and 1980 was near the period of solar
maximum). Data from Siple Station for 1986 will be of special
importance in a study such as this since, together with the
earlier data, they will provide coverage over an entire solar
cycle. We are thus eagerly looking forward to the reopening of
Siple Station in 1985, and a comparison of the 1986 results with
those for 1975 should prove interesting.

Figure 2 shows the results for South Pole Station for 1982 and
1983 at 30 megahertz and 51.4 megahertz. The average absorp-
tion levels are lower than those for Siple Station because South
Pole Station is not as close to the auroral absorption zone max-
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Figure 2. The same as figure 1 for South Pole Station for the years
1982 and 1983.

Thus, there appear to be important differences between Siple
and South Pole Stations in the seasonal variation of auroral
absorption. Possible explanations for these differences include a
change in the characteristics of the precipitated electrons re-
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sponsible for auroral absorption and/or differences in at-
mospheric composition and chemistry as one moves across the
aurora! zone. There are also differences in the relative seasonal
absorption at a given site from year to year which may be related
to the solar cycle. Both of these results also have important
implications for high-frequency radio-wave propagation mod-
els at high latitudes. Models (e.g., Foppiano and Bradley 1983)
which adopt a seasonal variation characteristic of higher latitude
sites (such as South Pole Station) and assume the same variation
to apply to somewhat lower latitudes (such as Siple Station) may
require some modification.

This work was supported in part by National Science Founda-
tion grant DPP 83-04844 (University of Maryland). Acquisition of
the Siple Station riometer data involved the cooperation of H.
Chivers of the University of California, San Diego, and L.J.
Lanzerotti of AT&T Bell Laboratories.
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Influence of long-term variations in
solar radio noise on riometer quiet

day curves

S. KRISHNASWAMY and T.J. ROSENBERG

Institute for Physical Science Technology
University of Maryland

College Park, Maryland 20742

Upper atmospheric research facilities in Antarctica include
instruments for monitoring the absorption of radio waves by
the ionosphere (Detrick and Lutz 1981; Detrick 1982; Detrick et
al. 1983; Krishnaswamy and Rosenberg, Antarctic Journal, this
issue). These instruments, known as riometers, are sensitive
radio receivers operating in the frequency range from about 20
megahertz to 50 megahertz, usually connected to zenith-point-
ing, wide-beam antennae. As the Earth rotates, the incident
cosmic radio noise power from natural extraterrestrial sources
undergoes diurnal changes because of the non-uniform inten-
sity of the radiation arriving at the Earth from different direc-
tions in space. A record of this background diurnal variation of
the received cosmic noise power (as a function of sidereal time)
represents the so-called "quiet day curve." This curve serves as a
reference which can be used to derive values of additional
ionospheric absorption caused by magnetospheric processes
(Hargreaves 1969). While the major contribution to the quiet
day curve comes from the steady radio radiation from the Milky

Way, there is some contribution as well both from discrete
galactic and extragalactic sources and from solar radio noise.

The Sun undergoes an 11-year cycle in its radio emission in
conjunction with the sunspot cycle. At times of high solar
activity, such as near the maximum of the solar cycle, the radio
noise produced by the Sun at frequencies around 30 megahertz
is generally much greater than at solar minimum (Kraus 1966),
and its contribution to the total riometer signal can be compara-
ble to the diffuse galactic background. This can make a signifi-
cant difference to the quiet day curves.

In the study of discrete, short-term phenomena, such as
individual auroral absorption events, the quantity of interest is
usually the excess absorption due to the event; this will not be
significantly affected by slowly varying changes in the quiet day
curves. However, in studies covering longer periods of time,
especially periods involving an appreciable fraction of a solar
sunspot cycle, such variations in the quiet day curves become
significant. We present here an example of how the sunspot-
cycle related changes in solar radio noise output can affect
riometer quiet day curves.

Figure 1 shows the quiet day curves obtained from the 30
megahertz riometer at Siple Station for the equinoctial months
of March and September 1975. The curves were computed
using a technique developed at the University of Maryland,
referred to as the "inflection-point method" (Krishnaswamy,
Detrick, and Rosenberg 1985). The general shape of both curves
can be understood by noting that they have maxima near 17
hours local sidereal time which closely corresponds to the time
when the antenna beam sweeps near the brightest part of the
radio sky (the galactic center direction). Similarly, the minima of
the curves occur about the time when the galactic anti-center is
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near the zenith. The differences between the two curves are
qualitatively consistent with what one expects from the changes
in solar zenith angle at Siple Station between March and Sep-
tember (Krishnaswamy et al. 1985). Since 1975 was a solar (sun-
spot) minimum year, the curves should be unaffected by solar
radio noise.

201	 I	 I
0000	 0600	 1200	 1800	2400

Local Sidereal Time (hrs)

QUIET DAY CURVES FOR SIPLE, 1975, 30 MHz

Figure 1. Quiet day curves for the 30 megahertz riometer data from
Siple Station for March and September of 1975. ("MHz" denotes
"megahertz." "dB" denotes "decibels:')

Figure 2 shows the quiet day curves for March and September
1980, near the time of solar maximum. The general shapes of the
curves are the same as in 1975, and the difference in scale
between 1975 and 1980 is due to a change in the data recording
instrumentation. However, there are differences in detail be-
tween the two pairs of curves. For example, around 22 hours
local sidereal time, the March 1975 quiet day curve is about 0.3
decibel lower than the September 1975 quiet day curve, but at
the same sidereal time in 1980 the two curves have essentially
the same value. This discrepancy is much greater than the
uncertainty in the quiet day curves (0.1 decibel).

Since we have considered only the relative differences and
not absolute levels, any reasonable instrumental effects should
have been eliminated. The observed differences must, there-
fore, reflect a real change in the characteristics of the received
signal at the riometer site between 1975 and 1980. While this
could be evidence of a change in ionospheric behavior during
the intervening time, the nature and amount of the difference
appear to be consistent with the magnitude of the increase in
overall solar radio noise output at 30 megahertz between sun-
spot minimum and sunspot maximum.

Variations of the kind described above should be kept in mind
when making long-term comparisons of riometer data and
when developing models for radio propagation which use
riometer records (Foppiano and Bradley 1983). At lower lati-
tudes, the effect of solar radio noise changes is likely to be more
significant than at Siple Station because the Sun will pass closer
to the center of a zenith-pointing antenna beam.
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Figure 2. Same as figure 1 for March and September of 1980.

Data acquired from Siple Station after it reopens in November
1985 should provide additional confirmation of the above con-
clusions since a full 11-year period will have elapsed since 1975,
and we will have data for another solar minimum epoch.

This work was supported in part by National Science Founda-
tion grants DPP 79-25014 and DPP 83-04844 (University of Mary-
land). Acquisition of the Siple Station riometer data involved the
cooperation of H. Chivers of the University of California at San
Diego, and L.J. Lanzerotti of AT&T Bell Laboratories.
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Very-low-frequency/low-frequency
phase perturbations produced by

whistler-induced electron precipitation

U.S. INAN and D.L. CARPENTER

Space, Telecommunications and Radioscience Laboratory
Stanford University

Stanford, California 94305

Lohrey and Kaiser (1979) first reported whistler-associated
phase perturbations of subionospheric signals. Such events can
be referred to as "phase Trimpis," because they represent an-
other manifestation of the Trimpi events first discovered as
whistler-associated amplitude changes (Helliwell, Katsufrakis,
and Trimpi 1973; Carpenter and LaBelle 1982; Carpenter et al.
1985; man in press). In this paper, we summarize a first-order
quantitative interpretation of an individual event in the context
of (1) a model of magnetospheric whistler-induced electron
precipitation (Chang and man 1983); (2) commonly accepted
models of the resulting D-region density enhancements (Rees
1969); and (3) a model of very-low-frequency propagation in the
Earth-ionospheric waveguide (Wait and Spies 1964). Results of
our studies indicate that the incident energetic particle fluxes
that are required to produce the extra ionization are reasonably
consistent with those estimated using theoretical models of the
whistler-particle interaction as well as direct satellite-based
observations.

Our data were acquired at Palmer Station (65°S 64°W, L ap-
proximately equal to 2.4) during 1983. Figure 1 shows the geom-
etry of observations and sample signal paths that were
monitored.
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Figure 1. Map showing examples of great circle paths from various
signal sources to Palmer (PA) and Siple (Si) Stations, Antarctica.
("kHz" denotes "kilohertz.")

The event we chose to interpret is shown on an expanded
time scale in figure 2. The middle panel shows the 12.9-kilo-
hertz phase above the indicated time of reception of a 12.9-
kilohertz Omega pulse pair. The bottom panel shows the 0- to
10-kilohertz spectrum of the whistler that is associated with the
phase perturbation. The time of lightning discharge that gener-
ated the whistler is indicated by an arrow. The top panel shows
a concurrent amplitude perturbation of the 37.2-kilohertz
signal.
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Figure 2. Detailed correlation between a 12.9 kilohertz phase pertur-
bation (middle panel) and a whistler event (lower panel) observed at
Palmer Station. The 37.2-kilohertz signal amplitude is shown in the
top panel. The reception times at Palmer Station of two 12.9-kilo-
hertz pulses are shown for reference at the bottom of the middle
panel. A compressed record of the same event shows the full extent
of the phase perturbation for this case to be approximately 0.5
microseconds. ("f" denotes "frequency." "kHz" denotes "kilohertz:'
"A" denotes "amplitude." "p.V/m" denotes "microvolts per meter:'
"PA" denotes "Palmer:' "ARG OMEGA" denotes "Omega, Argen-
tina:' "UT" denotes "universal time.")

The parameters that we measured for this interpretation are:
(1) the approximate 0.5-second delay between the occurence of
the lightning stroke and the onset of the phase perturbation, (2)
the whistler-propagation path parameters derived using whis-
tler dispersion analysis, and (3) the electric field intensity of the
whistler component in a 100-hertz band centered at 5 kilohertz
and measured to be approximately 100 microvolts per minute.

Figure 2 would seem to indicate that the size of the phase
perturbation is approximately 0.2 microseconds. However, to
determine the "rise time" of the phase advance, it is necessary
to determine first the integration time in the phase tracking
receiver. The 37.2 kilohertz amplitude trace (top panel) is proba-
bly a better indicator of the rise time, because it is a continuous
measurement; from it, we conclude that the duration of the
onset of the perturbation event is less than or equal to 1 second.

Subionospheric very-low-frequency propagation. Using the mode
theory for propagation in a sharply bounded isotropic Earth-
ionosphere waveguide, Wait (1959, 1968) developed a formula
in which the differential phase advance is given in terms of the
corresponding effective change in the ionospheric reflection
height. For the propagation of the 12.9-kilohertz signals, we
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assume a normal nighttime reflection height of approximately
85 kilometers. In using Wait's equation, the important un-
knowns are the order of dominant mode of propagation and the
length of the portion of the great circle path that is perturbed.

For whistler-induced burst precipitation events, the resulting
ionospheric perturbation might be expected to be highly lo-
calized. However, the extent of the precipitation regions is not
well known. For the first order calculation attempted here, we
assume that the whistler-induced precipitation is limited to a
region approximately 200 kilometers in extent, centered ap-
proximately 200 kilometers equatorward of Palmer. This is in
reasonable agreement with the preliminary findings of Car-
penter and LaBelle (1982) and with measured values.

Using waveguide mode order of 2 and an approximate length
of the great circle path of 200 kilometers, we find that the change
in the ionospheric reflection height (in kilometers) is approx-
imately equal to —2.6 times the differential phase advance (in
microseconds). For the case shown in figure 2, we have a dif-
ferential phase advance of approximately 0.5 microseconds and
an effective change in the ionospheric reflection height of ap-
proximately - 1.3 kilometers.

While Wait's equation assumes a sharply bounded
ionosphere, we consider an exponential ionosphere for the
purpose of converting the computed height change to an en-
hancement of electron density. Using the models employed by
Wait and Spies (1964), Potemra et al. (1967, 1969), and Lohrey
and Kaiser (1979), we calculate the density enhancement to be
approximately 37 el per cubic centimeter.

Whistler-particle interaction in the magnetosphere. For modeling
the whistler-particle interaction, we used the model of man,
Bell, and Chang (1982) and Chang and man (1983) as a basis.
The application of this model to our data is shown in figure 3.
The top panel in figure 3 shows the energy flux versus time in
ergs per square centimeter per second as observed in the South-
ern Hemisphere, where t = 0 is the time of origin of the
lightning stroke that generated the whistler. The whistler is
assumed to have originated in the Northern Hemisphere and to
have interacted with the electrons as it travels southward. The
particles that are pitch-angle scattered as a result of this interac-
tion first travel to the Northern Hemisphere, where they mirror
back due to the relatively high mirror altitudes (at longitudes
near the South Atlantic magnetic anomaly). They then precipi-
tate into the ionosphere in the Southern Hemisphere, where
they arrive approximately 0.32 seconds after the lightning
stroke. The computed whistler-induced precipitation pulse
reaches half of its peak value at approximately 0.5 seconds,
consistent with the delay of approximately 0.5 seconds meas-
ured on the records shown in figure 2. The full width at half
maximum of the precipitation burst is approximately 0.4 sec-
onds, again consistent with the inferred duration of the onset of
the subionospheric signal phase perturbations. The peak ener-
gy flux level is approximately 0.0014 ergs per square centimeter
per second. The peak flux level computed using this model is in
the range 0.001 to 0.01 ergs per square centimeter per second
(Chang and man 1985).

The energy range of the computed flux as a function of time is
shown in the lower panel of figure 3.

Ionospheric effects. To estimate the secondary ionization that
the whistler-induced flux would produce in the lower
ionosphere, we used the results of Rees (1969). For isotropic
streams of monoenergetic precipitating electrons, the ion pair
production rate at the D region altitudes of approximately 85
kilometers is approximately 0.001 per cubic centimeter per sec-

ond (per unit incident electron flux measured per square cen-
timeter per second) for electrons in the 40- to 250-kiloelectron-
volt range.

0	80	160	240
ENERGY (key)

Figure 3. Computed precipitation flux induced by a whistler propa-
gating at L 2.3 and for an equatorial cold plasma density of 2,100
electrons per cubic centimeter. The upper panel shows the total
energy flux as a function of time, while the lower panel shows the
time-integrated energy spectrum of the whistler-induced precipita-
tion burst. The whistler is assumed to cover a frequency range of
500 hertz to 10 kilohertz and to have entered the medium at 1,000
kilometers altitude at t = 0 in the Northern Hemisphere. The Input
signal as assumed to have constant power spectral density over the
frequency range 500 hertz to 10 kilohertz, so that the equatorial
wave intensity at lower frequencies is smaller due to higher disper-
sion. The equatorial wave magnetic field intensity at 5 kilohertz was
taken to be 10 picoTesslas. The energetic particle distribution was
taken to be proportional to E 3, where E is the particle energy. The
differential energy spectrum for 40-kilo-electronvolt particles was
assumed to be 105 electrons per square centimeter per second per
steradian to the negative one kiloelectronvolt, (Lyons and Williams
1984).
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Using this approximate value and considering an average
particle energy of approximately 100 kiloelectronvolts, we can
estimate the precipitating electron flux that would be required
to produce a density enhancement of approximately 37 el per
cubic centimeter during the computed approximate 0.5-second
duration of the whistler-induced precipitation burst. That esti-
mated flux would be approximately 0.01 ergs per cubic cen-
timeter per second of 40- to 250-kiloelectronvolt electrons.

Because of uncertainties in the trapped particle distribution
and the whistler wave intensity, this value cannot be compared
accurately with the value computed above. However, the two
results are comparable on an order-of-magnitude base and the
flux is consistent with the whistler-induced energetic electron
fluxes that were directly observed on a low-altitude satellite
(Voss et al. 1984).

Discussion. We have presented a first-order quantitative inter-
pretation of the observed whistler-induced very-low-frequen-
cy/low-frequency phase perturbations, attempting to connect
the various physical processes that occur during such events. A
quantitative interpretation of the observed perturbations is
needed to realize the potential of very-low-frequency/low-fre-
quency phase measurements as a means of detecting and mea -
suring wave-induced burst precipitation. We realize that our
first-order model is far from comprehensive and involves many
approximations.

This work was supported in part by National Science Founda-
tion grants DPP 82-17820 and DPP 80-22282 and in part by Na-
tional Aeronautics and Space Administration grant NGL-05-020-
008.
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Using the Siple Station very-low-
frequency transmitter as a multi-

frequency probe of the Earth-
ionosphere waveguide and

magnetosphere

D. L. CARPENTER
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Stanford University

Stanford, California 94305

A.J. SMITH

British Antarctic Survey (NERC)
Cambridge CB30ET, U.K.

The Siple Station horizontal dipole transmitting antenna radi-
ates appreciable power in only a narrow frequency range near
the frequency to which the antenna system is tuned (e.g.,
Carlson, Helliwell, and Carpenter 1985). This narrow range
limits the uses of the transmitter; for example, it cannot be used
simultaneously for both magnetospheric and Earth-ionosphere
waveguide probing experiments, because the optimum fre-
quencies used for these two kinds of experiments often differ
widely. However, an unexpectedly large third-harmonic com-
ponent of the transmitter signal has been observed recently at
Halley Station. The properties of this newly observed compo-
nent may help researchers to develop ways of expanding the
frequency range—and thus improving the information gather-
ing power of future experiments.

Figure la shows Siple Station and subionospheric signal
paths to Palmer, Halley, and South Pole Stations. Figure lb
shows the great circle bearings of Halley, Palmer, and South Pole
Stations with respect to the geomagnetic east-west alignment of
the transmitting antenna at Siple Station.

The Halley third-harmonic observations were made in 1983
following the extension of the dipole antenna at Siple Station
from 21.2 to 42.4 kilometers in length. Because the antenna was
lengthened and its half-wave resonant frequency lowered to
approximately 2.5 kilohertz, most of the transmissions in 1983
were at frequencies near 2.5 kilohertz and their third harmonics
were, therefore, within the pass band (approximately 0.3 to 10
kilohertz) of the Halley Station receiver. Figure 2 shows an
example of spectra observed at Halley Station when both the
fundamental (2.5 kilohertz) and the third harmonic signals
were well defined.

A survey of 1983 Halley Station data revealed that, in spite of
evidence that the third-harmonic content of the antenna cur-
rent wave form was approximately 30 decibels below that of the
fundamental, the third harmonic signal was detectable more
frequently than the fundamental signal and exhibited a stable
arrival bearing, consistent with an essentially vertical
polarization.

In contrast to the results from Halley Station, the 1983 records
from South Pole and Palmer Stations (see figure la) fail to reveal
a detectable third harmonic signal nor was one observed during
high-power operations near 5 kilohertz in earlier years.
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Figure 1. a. Map showing Siple Station (si) and subionospheric
signal paths to the three stations Palmer (PA), Halley (HB), and South
Pole (sp). b. Orientation of the long-wire transmitting antenna at
Siple Station with respect to great circle bearings of other stations.
("TX" denotes "transmitter." "Km" denotes "kilometer:')

In a series of special experiments designed by the field ob-
servers in later 1983, the transmitter frequency was varied lin-
early from 10 to 1 kilohertz and followed by several pulses near
2 kilohertz. This was done to probe propagation conditions near
the approximately 1.8 kilohertz half-wave cutoff frequency of
the Earth-ionosphere waveguide. As the transmitter signal
swept through approximately 7.5 kilohertz, the received signal
at Halley was 30 to 40 decibels stronger than the signals at
Palmer or South Pole Station; near 2.5 kilohertz, the signals
received at Palmer and South Pole Stations were generally
stronger than the signal received at Halley Station. These results
generally support the previous findings that receptions near
three times the half-wave resonant frequency of the antenna are
highly sensitive to the orientation of the propagation path. We
postulate that the third-harmonic effect at Halley Station is
largely due to a combination of higher antenna efficiency near
7.5 kilohertz (Raghuram, Smith, and Bell 1974) and an antenna-
beaming effect associated with the antenna pattern near the
three-halves resonant frequency of the system. Why the signal
received at Halley Station near 2.5 kilohertz are so weak an
variable is not well understood, but we postulate that it is th
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result of waveguide cutoff properties of the particular modes
excited at frequencies less than 3 kilohertz.

0 -
0	 20	 40

ji

Figure 2. Spectrogram (0 to 10 kilohertz vs. time) from Halley Station
showing Siple Station transmissions with fundamental near 2.5
kilohertz and third harmonic near 7.5 kilohertz. The faint signals
near 2 kilohertz at approximately 13, 33, and 53 seconds were de-
layed by approximately 7 seconds due to 2-hop propagation through
the magnetosphere. ("f" denotes "frequency:' "kHz" denotes "kilo-
hertz:' "s" denotes "seconds:' "UT" denotes "universal time:')

The results of these experiments suggest that, because radia-
tion near 7.5 kilohertz occurs most efficiently along the axis of
hte transmitting dipole, the new north-south antenna (sched-
uled to begin operation in early 1986) could be used to direct
such signals northward while using the east-west antenna (or
both antennas in combination) to transmit simultaneously up-
ward into the magnetosphere. By appropriate phasing of the
two antennas, transmissions near 7.5 kilohertz could be
beamed in any desired horizontal direction, both to excite
lower-latitude whistler mode paths off the Siple Station merid-
ian and to probe selected regions of the Earth-ionosphere wave-
guide searching for particle precipitation effects (Carpenter et
al. 1985). The signal would be received, in the first case, by
suitably located receivers in the conjugate region and, in the
second case, by Southern Hemisphere stations such as Halley,
Palmer, or South Pole.

This work was supported in part by National Science Founda-
tion grants DPP 82-17092 and DPI' 82-18219.
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Large-amplitude oscillations of
subionospheric very-low-frequency

signals received in Antarctica

D. L. CARPENTER
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Stanford California 94305

The phase and amplitude of very-low-frequency signals
propagating on long paths in the spherical cavity formed by the
Earth and ionosphere are known to be sensitive to ionospheric
perturbations near the nighttime, approximately 85-kilometer
upper reflection altitude of the waves (e.g., Potemra and Rosen-
berg 1973; Westerlund and Reder 1973). A major source of such
perturbations and of corresponding fluctuations in very-low-
frequency signal phase and amplitude is particle precipitation
from the overlying magnetosphere. At mid- to low latitudes,
particle precipitation is frequently temporally isolated and
burstlike, leading to isolated amplitude and phase changes
(e.g., Carpenter and LaBelle 1982; man et al. 1985). At higher
latitudes, it is often noisy and prolonged; the corresponding
signal changes frequently last for several hours and tend to be

highly irregular. In the case of the temporally isolated bursts,
the physics of the process (the "Trimpi effect") are tentatively
understood in terms of the particle-scattering action of magne-
tospherically propagating waves, such as whistlers, and the
temporary creation of regions of excess ionization near the 85-
kilometer altitude (Helliwell, Katsufrakis

'
and Trimpi 1973). In

the case of the more continuous activity, physical models are
less well developed.

In this paper, we report a new feature of subionospheric
signal amplitude records in which the amplitude exhibits com-
paratively regular fluctuations that last for periods ranging from
a few minutes to an hour or more. This phenomenon is par-
ticularly well defined in Siple Station records. Figure 1 shows
examples of the fluctuations in Siple Station amplitude records
of signals from NAA (at Cutler, Maine, 17.8 kilohertz) and NSS (at
Annapolis, Maryland, 21.4 kilohertz). The activity is well de-
fined near 0745 universal time (upper panel) and just before
0900 universal time (lower panel). Figure 2 provides a map of
the Siple Station area, showing great circle paths from several
very-low-frequency/low-frequency signal sources.

The fluctuations are called the "zigzag" effect, because they
are more or less symmetrical about the amplitude maxima and
minima and frequently exhibit a roughly triangular, or
sawtooth-like shape, rather than a sinusoidal one. Periods of the
fluctuations are typically in the 10- to 30-second range, while
the amplitudes vary from a few percent to approximately 50
percent of the mean level.
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Figure 1. Amplitude records of NAA (17.8 kilohertz) and NSS (21.4
kilohertz) signals received at Siple Station on 1 August 1982. (See
map in figure 2.) Well defined, regular fluctuations on both signals
may be seen near 0750 universal time and 0855 universal time. ("A"
denotes "amplitude:' "V/m" denotes "microvolts per meter:' "UT"
denotes "universal time:' "kHz" denotes "kilohertz:' "NAA" is a
transmitting station in Cutler, Maine. "NSS" is a transmitting station
In Annapolis, Maryland.)

Figure 2. Map showing Sipie (si) and Palmer (PA) Stations, as well as
great circle paths to a number of very-low-frequency/low-frequency
signal sources. ("km" denotes "kilometer:' "kHz" denotes "kilo-
hertz:' "SP" denotes South Pole Station. "NAA" Is a transmitting
station in Cutler, Maine. "NSS" is a transmitting station in An-
napolis, Maryland. "NPM" is a transmitting station In Hawaii.)

The events tend to be observed during the austral winter,
before dawn (with reference to the conjugate hemisphere) and
after periods of disturbance, as evidenced by magnetic pulsa-
tion activity. The zigzag events are more common at Siple Sta-
tion than at the lower-latitude Palmer Station (see figure 2). This
is illustrated in figure 3, which shows strong zigzag activity on
three signal sources at Siple Station (below), while the simul-
taneous records from Palmer Station (above) show no evidence
of the oscillations.
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Figure 3. Amplitude records showing simultaneous occurrence at
Siple Station of the zigzag effect on three transmitter signals. (See
map in figure 2.) Palmer Station (upper panel) recording of ampli-
tudes of 37.2 kilohertz, of NPM, and of NSS shows no evidence of this
effect. Sipie Station (lower panel) recording of the same three sig-
nals shows the zigzag effect. ("A" denotes "amplitude:' "V/m"
denotes "microvolts per meter:' "kHz" denotes "kilohertz:' "UT"
denotes "universal time:' "NSS" is a transmitting station in An-
napolis, Maryland. "NPM" is a transmitting station In Hawaii.)

Study of the mechanism of the oscillations is complicated by
the fact that the ionospheric perturbations giving rise to the
modulation of the signal may be occurring at a distance of
several hundred kilometers from Siple. Extremely regular
pulsating precipitation into the ionosphere might be suspected
as a mechanism, but experience with burst precipitation of
particles into the lower ionosphere indicates that recovery times
for excess ionization near approximately 85 kilometers altitude
are usually longer than approximately 6 seconds, a frequently
observed half period in the zigzag events. The possibility of a
precipitation mechanism requires further investigation,
however. Other possibilities are temporal variations in
ionospheric reflection height, such as might be produced by a
fluctuating electric field, or a drifting pattern of spatial variations
in the reflection height. In any case, multiple wave modes,
differently affected by the process, would seem to be required
to explain the large amplitude changes.

This work was supported by National Science Foundation
grants DPP 83-17092 and DPP 82-17820.
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A new type of very-low-frequency
emission triggered at altitudes below
1,400 kilometers by signals from Siple

Station

T.F. BELL and J.P. KATSUFRAKIS
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Stanford University

Stanford, California 94305

H.G. JAMES

Communications Research Centre
Shirley Bay, Ottawa

Ontario, Canada K2H 852

A new type of triggered very-low-frequency (VLF) emission
has been discovered in ISIS-2 satellite data acquired at Siple
Station for the period of April through October 1983 during
joint VLF wave-injection experiments involving the Communi-
cations Research Centre at Ottawa, Canada, and the Stanford
University STAR Laboratory. The joint wave-injection experi -
ments have four main components: (1) broadband VLF/ex-
tremely-low-frequency (ELF) receivers on the ISIS-1 and ISIS-2
satellites; (2) a broadband (1 to 20 kilohertz) controllable VLF
transmitter located at Siple Station, Antarctica (Helliwell and
Katsufrakis 1974); (3) various VLF navigation and communica-
tion transmitters, such as those of the world-wide Omega net-
work; and (4) ground stations in the Antarctic and Canada.

The main goal of these and similar experiments is to under-
stand interactions between coherent VLF waves and energtic
particles in the magnetosphere and ionosphere (Helliwell and
Katsufrakis 1974; McPherson et al. 1974; Dowden et al. 1978;
Bell, man, and Helliwell 1981; Bell et al. 1983-a; Kimura et al.
1983). Sources of the coherent waves involved in these studies
include VLF transmitters, large-scale power grids, whistlers,
and other natural coherent VLF signals.

The new type of VLF emission is triggered by Siple transmitter
pulses as they propagate through the ionosphere and low-
altitude magnetosphere up to the ISIS-2 satellite at 1,400 kilo-
meters altitude. It is the only type of emission known to be
triggered at low altitudes by manmade signals. Other triggered
VLF emissions apparently are generated at high altitudes (great-
er than 6,000 kilometers) near the magnetic equatorial plane
(Helliwell and Katsufrakis 1974; Bell et al. 1981).

Figure 1 shows high time-resolution data of the frequency
and amplitude of a Siple Station transmitter pulse during typ-
ical emission events. The upper panel shows a 1.5- to 4.5-
kilohertz spectrogram of the pulse. The middle panel shows the
pulse amplitude in a 300-hertz bandwidth centered on the
instantaneous frequency of the pulse. The lower panel shows
the frequency-time format of the pulse. Arrows along the time
axis of the spectrogram in the upper panel show the location of
four emission events. (A few others, somewhat weaker, are not
marked.) The events are characterized by impulsive increases in
signal bandwidth and amplitude which endure for roughly 20
to 30 milliseconds (based on a 10-decibel amplitude decrea-
ment). In general, bandwidth increases can reach as much as I
kilohertz, and amplitude increases can exceed 20 decibels. In
the examples shown, the maximum bandwidth increase of the
pulse is roughly 700 hertz, and the amplitude of the emission is
roughly 10 to 20 decibels above the signal level immediately
preceding and following the events. During the duration of
each of the emission events (20 to 30 milliseconds), the satellite
moved approximately 150 to 200 meters.

ISEE-1
STANFORD UNIV. EXPERIMENT

8 FEB 82

2213 UT	 ALT. 1900 km	 L :2.8

We	I
k Hz W.

6.5-

kHz	 -

35-
0	 5	 15

Figure 1. Typical example of a Siple Station transmitter signal trig-
gering impulsive very-low-frequency emissions. ("UT" denotes
"universal time:' "f" denotes "frequency." "kHz" denotes "kilo-
hertz." "A" denotes "amplitude:' "dB" denotes "decibel.")

Another unique feature of the new type of triggered emission
is that it has been observed to occur only in the subauroral
region outside the plasmapause where the cold plasma density
is relatively low. Most other VLF emissions triggered by signals
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from ground-based transmitters occur within the plasmasphere
where cold plasma densities are relatively high. The new type of
emission may be generated by a rapidly evolving plasma in-
stability which is driven by precipitating energetic electrons
within magnetic field aligned density irregularities. The Siple
Station signals are thought to couple to quasi-electrostatic plas-
ma modes in the irregularities, and these modes are subse-
quently amplified by the instability.

The new emission may possibly be the transient analog of the
recently reported spectral broadening effect (Bell et al. 1983-b).
In the spectral broadening effect, initially narrow-band (ap-
proximately 1 hertz) signals from ground-based VLF
transmitters undergo a significant steady-state frequency band-
width increase as they propagate through regions where ener-
getic electron precipitation is thought to take place. The effect
has been observed at satellite altitudes in the range 600 to 4,000
kilometers, and both upgoing and downgoing signals can show
the effect. The affected transmitter signals lie in the range of 4 to
20 kilohertz, and the frequency bandwidth increase can reach a
value as high as 10 percent of the nominal frequency of the input
signal. The bandwidth increase occurs only in the presence of
impulsive VLF hiss and/or a lower-hybrid-resonance (LHR) noise
band (Laaspere, Johnson, and Semprebon 1971) with an irreg-
ular lower cutoff frequency, and only for signals whose frequen-
cy lies above the local LHR frequency at the satellite location.
Dispersion in the components of the affected pulses suggests
that the bandwidth increases may be due to a Doppler-shift
effect in which the initial signal scatters from plasma density
irregularities at low altitude and couples into quasi-electrostatic
modes of short wavelength. The large Doppler shift associated
with these short-wavelength modes produces a significant in-
crease in the bandwidth of the signal as observed on a moving
satellite. Since impulsive VLF hiss and irregular LHR noise bands
have been linked to energetic (less than 1 kiloelectronvolt) elec-
tron precipitation in the past, it appears likely that the irreg-
ularities which scatter the injected signals are produced by the
precipitating electrons.

An example of the steady-state spectral broadening of Siple
Station transmitter signals is shown in figure 2. The upper panel
shows the broadened signals as received on the ISEE-1 satellite,
while the lower panel shows the format of the signals as actually
transmitted. The received pulses have a bandwidth in the range
100 to 200 hertz, approximately two orders of magnitude larger
than their original bandwidth when transmitted.

The discovery of the new type of triggered VLF emission is
important, because it shows that coherent VLF signals can act as
catalysts to trigger natural plasma instabilities in the subauroral
ionosphere and low-altitude magnetosphere. Thus controlled
studies of these instabilities may be possible.

Further controlled wave-injection studies of low-altitude
plasma instabilities and triggered emissions are planned for
1986 - 1987 at Siple Station. These joint studies will involve
workers from Nagoya University, the Japanese National In-
stitute of Polar Research, the Canadian Communication Re-
search Centre, and Stanford University. The studies will con-
cern data acquired on the three spacecraft, ISIS-2 (Canada),
ISEE-1 (USA), and DE-1 (USA), and on the ground at Siple and
Syowa Stations.

This research was sponsored by National Aeronautics and
Space Administration grants NAS5-25744 and NGL-05-020-008.
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Figure 2. Example of the frequency-bandwidth increase effect as
observed in Siple Station transmitter signals. The data were ac-
quired on the ISEE-1 spacecraft on 8 February 1982. The upper panel
shows a spectrogram of the received signals, and the lower panel
shows the format of the signals as actually transmitted. ("UT" de-
notes "universal time:' "KHz" denotes "kilohertz:' "Km" denotes
"kilometer:")
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New insights into cosmic-ray
propagation in the heliosphere

M.A. POMERANTZ and J.W. BIEBER

0.8 percent per astronomical unit and approximately 2.6 per-
cent per astronomical unit. It would have been impossible to
obtain this highly significant result either with instruments
aboard spacecraft (which measure both spatial and temporal
changes simultaneously) or with a shorter time base. This
points up the importance of continuing the ground-based cos-
mic-ray observations over many solar cycles, especially since no
two are identical.

Bartol Research Foundation of the Franklin Institute
University of Delaware

Newark, Delaware 19716

Detailed information on the spatial distribution of cosmic rays
in the heliosphere (the region of interplanetary space, extend-
ing beyond the orbit of Pluto, that is dominated by plasma
emanating from the Sun) is essential for testing theories of the
intensity modulations of galactic cosmic rays. An invaluable
tool for probing this distribution in three-dimensional space is
the north-south anisotropy, the transient occurrence of which
was discovered several years ago (Duggal and Pomerantz 1970).
The steady-state component is much more difficult to extract
from the data, since it manifests itself as minute differences in
the counting rates of two ground-based detectors that are a
world apart—at McMurdo Station, Antarctica, and Thule,
Greenland (Pomerantz et al. 1982).

S N	 N.S

.1 JII
62 64 66 68 70 72 74 76 78 80 82

Year

Figure 1. Cosmic ray north-south anisotropy () over a period of two
solar cycles, as determined from neutron monitor observations at
Thule and McMurdo. Arrows indicate years in which the Sun's north
(N) and/or south (S) pole changed magnetic polarity.
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The most recent study of this phenomenon (Pomerantz and

Bieber 1984) was carried out to determine the relationship be-
tween the magnitude of the north-south anisotropy and the
polarity of the Sun's poloidal magnetic field. The initial analysis
confirmed the dependence upon the direction of the interplane-
tary magnetic field, but there was no indication of a dependence
on the polarity of the solar poloidal field which was predicted by
one of the two competing theories of the highly controversial
mechanism of cosmic-ray modulation. There also seemed to be
no indication that the north-south anisotropy varied with the
phase of the solar cycle. However, the recent extension of the
original data base from 1965 - 1981 to 1961 - 1983 has now
unambiguously revealed that there is indeed (99.5 percent con-
fidence level) a solar cycle variation of the north-south
anisotropy(figure 1). Over the 23-year period, the average =
0.052 percent. The 10-year variation is 0.028 percent, with the
waves peaking in 1968 and 1978. This implies that the cosmic-
ray radial gradient at 10 gigavolts varies between approximately

Legend

o Thule	• McMurdo
Alert	• lnuvik

£ Goose Bay A Mawson
O Apatity	0 Oulu

Figure 2. Two alternate forms of pitch angle distribution are fitted to
hourly averaged neutron monitor data from eight polar stations.
("ii" denotes the cosine of the pitch angle.)

1985 REvIIw	 243



Relativistic solar cosmic rays (greater than 1 gigavolt) provide
unique information about exotic astrophysical processes by
which charged particles are: (1) accelerated at the Sun, and then
(2) transported through the solar corona to the base of the spiral
interplanetary magnetic field line connecting the Sun to the
Earth along which (3) they propagate virtually unimpeded to
the Earth. Theoretical analysis of the most recent relativistic
solar-particle event, the ground-level enhancement that oc-
curred on 16 February 1984 (Pomerantz, Bieber, and Evenson
1984) has provided a new understanding of the origin of the
dramatic anisotropy that usually prevails, at least during the
early phase of the event. In particular, the study has revealed
that the anisotropy should have the form of an exponential
function rather than the first-order representation which had
seemed to be sufficient to describe some earlier events (Maurer,
Duggal, and Pomerantz 1973). This is apparent in figure 2,
where not only is the goodness of fit 10 times better for the
exponential representation, but the latter avoids the unphysical
artifice in the first-order case implying negative cosmic-ray flux
for p. (cosine of the pitch angle) less than -0.4. This new
technique makes it possible to determine directly from ground
based observations important parameters of the interplanetary
plasma, e.g., X >3 astronomical units (scattering mean free path)
and q = 1.2 (dependence of scattering rate upon pitch angle).
The application of this powerful analytical procedure to further

study spectacular historical ground-level enhancements is
planned.

This work was supported in part by National Science Founda-
tion grant DPP 83-00544.
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Measurement of ionospheric electron
columnar content changes over

McMurdo Station

D.S. Coco and J.R. CLYNCH

Applied Research Laboratories
University of Texas

Austin, Texas 78712

To study the effects of ionospheric scintillations on the track-
ing of navigation satellites in the southern polar regions, Ap-
plied Research Laboratories, the University of Texas at Austin,
has collected ionospheric electron columnar content change
data at McMurdo Station from 1979 to the present. We have
collected a large amount of data during the period around solar
maximum (1979 - 1983). These data provide an important tool
for studying the morphology and spatial structure of the
ionospheric irregularities in the southern polar region. The data
for this period were collected by one ground station observing
satellites in different parts of the sky throughout the day. In this
past season, we conducted a bistatic experiment in which two
ground stations, separated by up to 50 kilometers, observed the
same satellites simultaneously. These data should provide a
more detailed view of the spatial structure of the ionospheric
irregularities.

Two portable satellite receivers called "geoceivers" were made
available for field use for the 1984- 1985 austral-summer season.
The actual field operations were conducted during the period
from 29 October to 15 November 1984 by the 1984 winter crew,
D. Honea and J . Williams, in conjunction with the 1985 winter
crew, D. Key and R. Key. One geoceiver was sited near the
permanent tracking station at McMurdo Station, and the other
took readings at three different points along the 50-kilometer
McMurdo Station/Cape MacKay traverse. The sites occupied
(and their approximate distances from the McMurdo Station
base site were): New Zealand Antarctic Research Program Ski
Chalet (10 kilometers), Windless Bight (25 kilometers), and
Cape MacKay (50 kilometers). In addition, the two geoceivers
were located and operated at McMurdo Station for an initial
calibration test period.

The field party (Honea and Williams) stayed at each field site
for 3 continuous days. They used a small plywood hut, towed
by a Spryte tracked vehicle, to provide living quarters for them-
selves and a protected environment for the receivers. The satel-
lite-tracking operations were coordinated with the base site at
McMurdo Station so that all Navy Navigation Satellites (NNS's)

visible in the time frame 2000 to 1000 Z were tracked. Totals of
297 passes by the field party and 279 passes by the fixed-site
party were collected, providing approximately 70 simultaneous
passes per site (three field sites plus one calibration site al
McMurdo Station).

The NNS'S transmit coherent radio signals at frequencies of
150 and 400 megahertz. These two signals are used to removc
the effects of the ionosphere from the navigation information.
The geoceivers record both the navigation and the ionospheric
information averaged over the data-record interval. The usua,
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data-record rate for the geoceivers is 30 seconds, but a special
hardware modification was used in this campaign to allow a
data rate of 10 seconds to be used. The ionospheric information,
known as the "differential Doppler data," provides a measure of
the change in the number of electrons along the line of sight
from the station to the satellite as the satellite passes over the
station in a 1,000-kilometer orbit. The two receivers track the
same satellite simultaneously, but the satellite signals pass
through different regions of the ionosphere.

The horizontal separation of the sampled regions overhead in
the ionosphere at 300 kilometers altitude (the height at which
most of the ionospheric irregularities occur) is 35 kilometers for
the maximum station separation of 50 kilometers. The horizon-
tal velocity of the sampled region due to the motion of the
satellite is about 3 kilometers per second so that in the 10-second
sampling period the horizontal extent of the ionosphere
sampled is 30 kilometers. Since the horizontal extent of the
sampled region is nearly the same size as the horizontal separa-
tion of the regions, there will be some overlap in the regions
sampled by the two receivers, so that we shall not be able to
unambiguously resolve the irregularities. The bistatic data
should, however, provide some insight into the spatial charac-
teristics of the irregularities in the southern polar region.

The bistatic data which were recorded on paper tape have
been returned to the University of Texas at Austin and convert-
ed to a digital format on magnetic tape. A comparison of the
data recorded from the two receivers is currently underway.

The project personnel also completed another related
ionospheric study that has been ongoing since 1979. The first-
generation satellite tracking station, Tranet I, which has been in
continuous use at McMurdo Station since 1969, was decommis-
sioned in August 1984 to make room for an experimental polar
satellite communications link with South Pole Station. The
Tranet I tracking station was replaced by a second-generation
tracking station, Tranet II, which is a modern microcomputer-
controlled system. In addition, the refraction offset generator, a
set of special-purpose hardware used in conjunction with the
Tranet I equipment since 1979 to record high-resolution
ionospheric electron columnar content change data, was de-
commissioned. Over 3,000 passes of high-resolution differen-
tial Doppler data were collected from 1979 to 1984 with the
refraction offset generator to provide information about the
characteristics of ionospheric irregularities in the polar cap re-
gion around McMurdo Station. These data are also being cur-
rently analyzed at the Applied Research Laboratory of the Uni-
versity of Texas at Austin.

Simultaneous measurements of the
locations of the main ionospheric

trough from Siple and Halley Stations

F.T. BERKEY

Center for Atmospheric and Space Sciences
Utah State University
Logan, Utah 84322

M.J. JARvIs

British Antarctic Survey
NERC, Madingley Road
Cambridge, CB3 OFT

United Kingdom

The main or midlatitude ionospheric trough is a region of
anomalously low electron density at F-region heights. Digital
radar systems (Grubb 1979) designed to provide measurements
of the angle-of-arrival of ionospheric echoes have been installed
at Halley and Siple Stations (Dudeney et al. 1982; Berkey and
Doupnik 1984). These two stations, separated by 1,500 kilo-
meters, form a unique station pair because of their location in
the geographic and geomagnetic coordinate systems. Siple Sta-
tion was established at the approximate magnetic conjugate of
Roberval, Quebec, in the Northern Hemisphere (Helliwell and
Katsufrakis 1974), fortuitously at essentially the same latitude in
both the geographic and invariant (A = 60.8°) coordinate sys-
tems as the British Antarctic Survey base at Halley. No other

station pair in either hemisphere is comparably situated. Siple Station
(74.94°S 84.25°W) is situated in Ellsworth Land, while Halley
(75.52°S 26.62°W) is located on the Brunt Ice Shelf, on the
eastern flank of the Weddell Sea. Due to the large distance
between the geographic and magnetic poles in Antarctica (Dud-
eney and Piggott 1978), there is a significant difference between
the two stations' geomagnetic and solar times: magnetic local
time difference for the two stations is only 1.5 hours, but the
local solar time difference is nearly 4 hours.

Of a large set of simultaneous measurements at the two sites,
three quiet intervals were selected for detailed study. An analy-
sis technique developed at the British Antarctic Survey (Dud-
eney and Jarvis in press) was used to derive an echo location
from each individual ionogram. This technique corrects for
angle-of-arrival aliasing and obtains an average value for the
echo location. The echo location was then converted into variant
latitude for an altitude of 250 kilometers. The midlatitude
trough has a unique signature in an ionogram (Berkey and
Doupnik 1984), and the radar provides accurate echo-location
information about both the poleward edge and minimum-den-
sity features (Dudeney, Roger, and Jarvis 1983).

The three intervals selected for analysis occurred during the
magnetically quietest periods of the entire 1982 austral winter,
23 May, 4 July, and .15 August 1982. Magnetometer, riometer,
and very-low-frequency data from both stations were examined
and have been found to be representative of quiet conditions.
The very-low-frequency records show persistent multipath
whistlers with no indication of knee whistlers, which would
imply that the plasmapause was located considerably poleward
of L	4.

In figure 1, the location of the trough minimum and poleward
edge have been plotted in universal time (top panel), magnetic
local time (center panel), and local solar time (lower panel) over
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a 15-hour interval 22 to 23 May 1982. These data show that the
location of the trough minimum remained nearly constant in
latitude throughout most of the night near L 4. In contrast,
the poleward edge moved approximately 70 equatorward (from
70°S to 63°S) over the same period. Plotting the same data in
magnetic local time or local solar time, the derived locations of
the poleward edge from the two data sets are less coincident
than they are when organized in universal time.

Measurements from 3 to 4 July and 14 to 15 August were
analyzed in the same manner and the results are summarized in
figure 2. As show in the upper panel of figure 2, the measure-
ments obtained at Siple Station for the location of the trough
minimum and poleward edge are remarkably consistent for
each of the 3 days. The trough minimum was generally equator-
ward of Siple Station and confined in a range between 59.4°S
and 61.8°S invariant latitude. Except in the early evening, the
poleward edge was approximately 2° south of Siple Station and
varied between 62.6°S and 64°S latitude. The results of the
analysis of the Halley data are somewhat less ordered as dis-
played in the bottom panel of figure 2. Both the trough mini-
mum and the poleward edge had a much larger dispersion in
latitude, with the minimum being observed over a range of 6.5°.
The dispersion in the Halley Station data is largely due to the
more equatorward location of the trough on 14 to 15 August
1982.

Modelling studies of the high-latitude ionosphere show that
the mid-latitude trough results from several competing physical
processes (Sojka, Raitt, and Schunk 1981-a, 1981-b; Sojka et al.
1982). Which of these processes is dominant cannot be deter-
mined without experimental observations. Simultaneous ob-
servations at several longitudes is ideal but not practical in either
hemisphere. Siple and Halley Stations, located at high geo-
graphic latitude, are without solar ionization for long period's
during mid-winter and are situated in longitude such that the
trough can exist overhead for many hours. Because Halley
Station is located nearly diametrically opposite the invariant
pole, the depth duration of the trough should be somewhat
more pronounced there than at Siple Station.

The results obtained from Siple and Halley Station observa-
tions during three geomagnetically quiet intervals studied thus
far have been summarized in figure 3. The dashed lines repre-
sent the average latitude of the trough minimum and poleward
edge observed from Halley Station; the three solid lines show
the latitudinal variation of these features at the same universal
time (diamond), the same local solar time (circle), and the same
magnetic local time (square) as measured from Siple Station.
Presuming that the poleward edge is in fact ionization associ-
ated with the auroral oval, then the observed equatorward mo-
tion of the region is consistent with the rotation of the station
with respect to the oval. A poleward retreat in the morning
sector is not expected (and not observed) since the auroral
ionization will corotate at approximately the same latitude,
slowly decaying with time. This diagram also includes the loca-
tions of the poleward edge and trough minimum calculated
from the empirical formulas of Halcrow and Nisbet (1977) and

Figure 1. The location as a function of time and invariant latitude of
the minimum and poleward edge of the midlatitude trough derived
from ionograms recorded at Halley Station (open circles and +
signs) and Siple Station (filled circles and x symbols). The top panel
displays the location in universal time, the center panel in magnetic
local time, and the bottom panel in local solar time. These data show
the trough location during an occurrence 22 to 23 May 1982.
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Spiro (1978). These curves have been derived using K = 1 in
the formulation, and it is clear that neither empirical rela-
tionship exactly fits the observations, although the Haicrow and
Nesbit curve has a reasonable agreement before local midnight.
The inclusion of a dependency on universal time or longitude is
clearly necessary if these formulas are to be used for predicting
trough location.
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For quiet times, the results obtained here suggest that the
poleward edge has a universal-time dependence, although it is
not clear that the same dependency holds for the trough mini-
mum. A universal-time dependency of the trough is a predic-
tion of the modelling studies and a universal-time effect in F-
region densities has been found in a number of previous experi-
mental studies (Duncan 1962; de la Beaujardiere et al. 1985).

At Utah State University, this research has been supported by
National Science Foundation grants DPP 83-08044 and DPP
84-18173. The facilities at Halley Station were provided by the
British Antarctic Survey. The Siple Station data were recorded
by S.J. Walter, who wintered at Siple Station in 1982, and the
Halley Station observations were carried out by K.H. Wright
and R.J. Halliwefl.
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Figure 3. A dashed curve is used to denote the locations of the

minimum and poleward edge of trough as observed from Halley
Station (HB), while a solid line is used to represent the Siple Station

(si) data. The Siple Station curves are displaced according to the

time coordinate in which they have been plotted. The basic unit of

time is three hours and the time of midnight in universal time (UT),
local solar time (LT), and magnetic local time (MLT) is indicated using a
diamond, a circle, or a square. The empirical formulae given by

Halcrow and Nesbit (1977) and Spiro (1978) for a K of 1 were used to
plot the predicted locations of the poleward edge and trough mini-
mum indicated on the diagram.
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The Polar Research Board, established in 1958, monitors the
status and needs of polar sciences and assists in developing and
maintaining strong research programs that are responsive to
scientific opportunities and national interests in the Arctic and
Antarctic. As U.S. National Committee for the Scientific Com-
mittee on Antarctic Research (SCAR) of the International Council
of Scientific Unions, the Board ensures participation of the U.S.
polar research community in SCAR meetings and planning ac-
tivities and encourages international cooperation in the ant-
arctic research endeavors recommended by SCAR.

The Board and its subgroups are multidisciplinary, with rep-
resentatives of biological, earth, medical, physical and social
sciences and of engineering. * It has two standing committees,
on glaciology and permafrost, and a number of ad hoc groups
appointed to conduct specific studies and discharged on their
completion.

Membership of the Board is balanced between arctic and
antarctic experience, with concommitant expertise, and though
the Board seeks to maintain this balance, as U.S. National
Committee for SCAR, much of its attention is focused on ant-
arctic concerns.

The Board meets semiannually to review its program, de-
velop U.S. positions on matters to come before SCAR, and dis-
cuss information about federal scientific programs in the polar
regions, as well as about the activities of nonfederal organiza-
tions with polar interests. Interaction at Board meetings often
reveals questions or needs that become the focus for new stud-
ies, either as part of the Board's ongoing "Polar Research—A
Strategy" series or as specific responses to federal agency re-
quests for advice on some aspect of a scientific program. This
report deals only with the Board's antarctic activities.

During calendar year 1984, the Board and its subgroups held
20 meetings, took part in six meetings of other organizations
concerned with polar research, and held a major workshop in
Antarctica on the future of the Antarctic Treaty System. The
Board also played a significant role in preparations and execu-
tion of the SCAR XVIII plenary session and concurrent Working
Group meetings, held at Bremerhaven, Federal Republic of

Germany, in September 1984. In addition to these activities, the
Board published eight reports during 1984 (five others were in
various stages of preparation), and contributed to several SCAR
reports.

Domestic activities. In 1980 the Polar Research Board began
studies to develop a strategy for polar research during the
1980's. The principal objectives of these studies have been: (1) to
review the status of research, (2) to identify promising direc-
tions for future efforts, (3) to recommend research priorities,
and (4) to determine what facilities and support efforts are
needed to meet the research objectives. Separate reports are
issued for each discipline. By the end of 1984, the following
reports had been issued:
• An evaluation of antarctic marine ecosystems research (1981).
• Study of the upper atmosphere and near-Earth space in polar regions:

Scientific status and recommendations for future directions (1982).
• Polar biomedical research: An assessment (with a separate appen-

dix Polar medicine—A literature review) (1982).
• Snow and ice research: An assessment (1983).
• Permafrost research: An assessment of future needs (1983).
• The polar regions and climatic change (with separate appendix)

(1984).
Three additional studies (on solid-earth geosciences, phys-

ical and chemical oceanography, and data coordination and
career stimulation in polar biomedical research) are in progress,
and a fourth (on antarctic meteorology) is planned.

Another major project in 1984 was the report Environment of
West Antarctica: Potential CO 2-induced changes, a compilation of
discussion summaries and recommendations from a 1983 work-
shop sponsored by the Committee on Glaciology. Subsequent
to this workshop, the Committee reached agreement with the
Department of Energy on the need for a definitive study of the
relationship between land ice and sea level, especially in rela-
tion to possible carbon-dioxide-induced climate change.

In late summer of 1984, a second workshop on the topic of
CO2-induced climatic change was held to examine the basic
questions of how much water has been exchanged between land
ice and oceans in the last century, what is happening now,
and—given present carbon dioxide climate modeling predic-
tion—show much exchange can be expected in the future. The
report that resulted from this workshop was titled Glaciers, ice
sheets, and sea level: Effects of CO 2-induced climatic change.

* Current Board membership: Charles R. Bentley (Chairman), David Elliot,
W. Lawrence Gates, Ronald L. Geer, Ben C. Gerwick, Jr., Richard M.
Goody, Arnold L. Gordon, Philip L. Johnson, Arthur H. Lac-
henbruch, Louis J. Lanzerotti, Geoffrey L. Larminie, Chester M.
Pierce, John H. Steele, Ian Stirling, Cornelius W., Sullivan, Gunter E.
Weller. Ex Officio members: Oscar J. Ferrians, Jr. (Chairman, Committee
on Permafrost), Charles F. Raymond (Chairman, Committee on
Glaciology), and James H. Zumberge (U.S. Delegate to SCAR).
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The Committee on Glaciology has formed a study panel to
examine the question of U.S. deep ice core drilling capability.
The report of this study panel will present an action plan to
achieve the desired coring and analysis capabilities and
guidelines for developing national and international policies.

The deep ice-core drilling study will lead to a broader study,
requested by the National Science Foundation's Division of
Polar Programs. This broader study will seek to determine what
the nature of U.S. involvement in the Antarctic should be by the
year 2000. The study has three objectives:
• To provide a synopsis of major accomplishments in antarctic

research since the International Geophysical Year.
• To outline a scientific program for the remainder of the cen-

tury based on the 5 February 1982 Presidential memorandum
which called for "the maintenance of an active and influential
presence in the antarctic" and based on the 1983 Board report
Research emphasis for the U.S. antarctic program.

• To develop ideas for a long-range science plan for U.S. in-
volvement in Antarctica.
During 1984, the U.S. Coast Guard asked the Board to con-

tribute to a study on need for ice breakers and ice-strengthened
research vessels. The board transmitted a letter to the Coast
Guard outlining scientific requirements. The Coast Guard will
be working on this study for the next 2 to 3 years; the study
director indicated that he would welcome further contributions
from the Board.

International activities. The Board organized a January 1985
international workshop on the future of the Antarctic Treaty
System to increase international understanding of (1) the real-
ities of the antarctic environment (the workshop was held at a
field camp in the Transantarctic Mountains), (2) current scien-
tific activities in Antarctica, and (3) the nature of the Antarctic
Treaty System. The 57 participants were selected to reflect a
cross-section of interests as well as nations. Both those directly
involved with work in the Antarctic and those who have dealt
with antarctic questions in the political arena only were repre-
sented. The report of the workshop will benefit all who are
concerned with the future on Antarctica.

Members and affiliates of the Board participated in the Eigh-
teenth Meeting of SCAR and related meetings in Bremerhaven,
Federal Republic of Germany. (A complete report of the 1984
SCAR meeting—Draft documents: XV111 Plenary Session of SCAR-

was duplicated and distributed by the Board to U.S. agencies
and interested members of the scientific community.) The
Board focused its attention at this meeting on increasing the
number of protected areas in the Antarctic and proposing a
procedure for assessing the impact of human activity on the
antarctic environment. Most of the sites designated as "Sites of
Special Scientific Interest" and "Specially Protected Areas" were
recommended for extension of the protection that had been
afforded them by SCAR in 1983. The subcommittee on Con-
servation was responsible for the background studies and pre-
sentation of the recommendations to SCAR.

In response to an SCAR request, the report Man's impact on the

antarctic environment: A procedure for evaluating impacts from scien-
tific and logistic activities was written. Published in the spring of

1985, the report describes the antarctic environment and pro-
poses an environmental impact assessment procedure which
would ensure that no scientific research, exploration, and logis-
tic support done under the auspices of the Antarctic Treaty
would adversely affect the environment. The assessment pro-
cedure has not yet been adopted.

Since the initial stages, the Polar Research Board has been
active in the development of the SCAR international research
program on Biological Investigations of Marine Antarctic Sys-
tems and Stocks (BIOMASS). The First Internatiqnal BIOMASS
Experiment (FIBEx) took place in 1981 and resulted in a more
reliable estimate of total krill abundance than had been possible
previously as well as new information on krill biology, ecology,
behavior, and distribution. The Second International BIOMASS
Experiment (SIBEx) spanned two southern summer seasons,
1983 - 1984 and 1984 - 1985, and focused both on the rela-
tionship of krill to the physical and chemical environment and
on trophodynamics, particularly with regard to fish, squid,
birds, and marine mammals. Seventeen ships representing 11
nations participated in SIBEX.

To improve access to and use of BIOMASS data a data center was
established at the British Antarctic Survey in Cambridge, Unit-
ed Kingdom, which is the first international center that will
handle detailed numerical marine biological data. It provides
not only a data archiving and distribution system but also com-
puter facilities for future data analysis. Representatives of the
Board have taken a leading role in these archiving activities: the
Board was awarded funds for the annual U.S. contribution to
the BIOMASS special fund, a part of which supports data-related
activities.

The BIOMASS Executive, responding to the Board's suggestion
that the complex organizational structure of the current BIOMASS
program is no longer required as the 10-year program com-
pletes its cycle, decided to disband all its working parties and
technical groups and to replace them with a system of data
interpretation workshops. A U.S. member of the Group on
Specialists on Southern Ocean Ecosystems and Their Living
Resources is working on a review of the BIOMASS program and
will produce a report on the future of BIOMASS. The work de-
scribed in this report was supported by three National Science
Foundation grants (DPP 82-07098/R, DPP 84-14152/R, and DPP

84-10950/R), with contributions from the National Oceanic and
Atmospheric Administration and the Office of Naval Research,
and by grants from the Department of Energy, Department of
Defense, U.S. Geological Survey, and Andrew W. Mellon Foun-
dation. The Workshop on the Antarctic Treaty System was sup-
ported by private organizations, including the Tinker Founda-
tion, Incorporated, the National Geographic Society, the
Andrew W. Mellon Foundation, the William and Flora Hewlett
Foundation, the Ford Foundation, the ARCO Foundation, and
the National Academy of Sciences. The National Science Foun-
dation provided logistic support for the Workshop. Additional
information concerning the activities of the Board is available in
the Polar Research Board Annual Report 1984 and Future Plans,
available from the Polar Research Board.
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Antarctic Marine Geology Research
Facility and Core Library, 1984 - 1985

D.S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

This article, a brief summary of project activities for the
period 1 June 1984 to 31 May 1985, marks the twenty-fifth
anniversary of involvement by the Florida State University's
Department of Geology in the collection and study of antarctic
marine sediments. Beginning with the receipt in 1960 (Goodell
et al. 1961) of cores and grab samples retrieved by U.S. Navy
and Coast Guard icebreakers operating along the antarctic con-
tinental margins, the Florida State University collections now
comprise more than 16,000 meters of gravity and drill cores and
more than 1,000 grabbed, trawled, dredged, and otherwise
obtained ocean-bottom samples recovered from the southern
oceans and on the continent of Antarctica. In storage at the
Florida State University's Antarctic Marine Geology Research
Facility and Core Library, these specimens are the subject of
investigation by scientists worldwide.

The principal tasks of the facility in support of these investiga-
tions are sample distribution, the receipt and processing of new
materials, and core-description. The following list specifies
sample sources and distribution this year.

Eltanin: Florida State University distributed 2,251 samples
that had been removed from 91 piston, seven trigger, and two
Phleger cores, and 42 Blake trawls, one epibenthic trawl, eight
Menzies trawls, 30 Campbell grabs, and 12 rock dredges re-
covered aboard 26 of the 47 marine geology cruises of Eltanin.

ARA Is/as Orcadas: Researchers used 3,069 samples that had
been removed from 92 piston and eight trigger cores recovered
aboard all five coring cruises of the vessel.

International Weddell Sea Oceanographic Expedition (IWSOE):
Florida State University distributed 78 samples from two piston
cores of two of the three IWSOE cruises of USCGC Glacier.

Operation Deep Freeze 1979 (uscGc Glacier): Twelve samples
from four piston cores, and two Dietz-LaFond grab specimens
recovered off the Adelie and George V coasts of Antarctica were
distributed.

Operation Deep Freeze 1980 (usccc Glacier): We distributed 453
samples from 49 piston cores, one trigger core, and 69 Dietz-
LaFond grab specimens retrieved from the antarctic coastal
margin in the western Ross Sea.

Operation Deep Freeze 1982 (uscGc Glacier): Researchers used 30
samples from 15 piston cores and 15 Dietz-LaFond grab spec-
imens collected from various locations adjacent to the northern
Antarctic Peninsula.

Eastern Taylor Valley Project (ETV): One drill core sample (Ely
hole 10) was requested.

These samples (a total of 5,894 taken from 451 different cores,
dredges, trawls, and bottom grabs recovered aboard 36 cruises
of 3 vessels, and from one drill hole) went to 29 investigators
representing 22 institutions in six countries (Brazil, Canada,
France, Germany, New Zealand, and the United States).

Newly acquired specimens include the May 1985 receipt of
approximately 218 meters of piston and trigger cores (99 and 29

cores, respectively), 46 grab samples, and the bagged recovery
of sediments from an additional 21 piston- and trigger-coring
stations, all of which were recovered by John B. Anderson (Rice
University) and Thomas B. Kellogg (University of Maine at
Orono) from the South Orkney Plateau and a variety of loca -
tions off the western margin and islands of the Antarctic Penin-
sula (areas of King George Island, Anvers Island, Marguerite
Bay, and Pine Island Bay) during austral summer 1984 - 1985
aboard the U.S. Coast Guard icebreaker Glacier (Anderson 1985,
Antarctic Journal, this issue). Also received. (April 1985) were
approximately 60 kilograms of frozen rock specimens collected
in the dry valleys of Antarctica by E. Imre Friedmann (Florida
State University, liepartment of Biology) during the 1984— 1985
field season.

In August 1984, staff of the facility began describing the more
than 265 meters of piston and trigger cores (154 cores), 124 grab
samples, and the bagged piston core sediments retrieved along
the northwestern and southwestern antarctic continental mar-
gins in the Ross Sea during austral summer 1979— 1980 (Ander-
son and Kurtz 1980-a, 1980-b). These specimens, collected by a
Rice University shipboard (Glacier) team led by J. B. Anderson,
were the only undescribed components of Florida State Univer-
sity's antarctic collections prior to the recent receipt of the aus-
tral summer 1984 - 1985 materials. To date (May 1985), 106
meters (40 percent) of the austral summer 1979 - 1980 piston
core sediments have been completely described; partial descrip-
tions have been completed of an additional 40 meters.

A significant accomplishment during this reporting period
was the completion, printing, and distribution of a volume of
sediment descriptions for austral summer 1981 - 1982 (northern
Antarctic Peninsula) and 1982 - 1983 (Ross Sea/Sulzberger Bay
area) specimens (Kaharoeddin et al. 1984; see also Anderson
1982, 1983). This volume, comprising the descriptions of 344.88
meters of piston and trigger cores (165 cores), 142 grab samples,
and miscellaneous bagged sediments recovered by 20 addi -
tional piston- and trigger-coring attempts, is the largest (242
pages) and most comprehensive issue in this series of publica-
tions yet produced by staff of the facility. Similar volumes are
planned for austral summer 1979 - 1980 (Kaharoeddin et al. in
preparation) and 1985 materials.

Visitors were received on many occasions during the project
year. Significant non-sampling visits were made by Norberto
Olmiro Horn (Institute of Geosciences, Federal University of
Rio Grande of the South, Brazil) and Geza Thuronyi (U.S.
Library of Congress). Geologist Horn, a representative of the
Brazilian Antarctic Program (PROANTAR), was on a 2-month as-
signment to the facility to study cores, receive laboratory train-
ing, and do intensive library work in preparation for his then-
forthcoming (now completed) participation in the Brazilian ant-
arctic marine geology program aboard the research vessel, Bar-
ao do Teffe. Geza Thuronyi, editor of Antarctic Bibliography, ad-
vised the curator on matters concerning the Antarctic Bibliogra-
phy's data base and made extensive use of the facility's Antarctic
Reference Library. Florida State University also hosted repre-
sentatives of the National Science Foundation and the National
Geophysical Data Center (NGDC) for discussions and review of
data management procedures with respect to the needs of the
NGDC's Marine Core Curators' Data Base.

Funding in support of curatorial activities at the Antarctic
Research Facility has been provided by National Science Foun-
dation contracts C-564 and C-1059.
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Oceanology of the Antarctic
Continental Shelf

S.S. JACOBS

Lamont-Doherty Geological Observatory
Columbia University

Palisades, New York 10964-0190

Work has been completed on a volume of the Antarctic Re-

search Series entitled "Oceanology of the Antarctic Continental
Shelf." This is the first oceanology volume to focus on this
unusually deep continental shelf region, which is of particular
interest because of its climatic role in the production of sea ice,
ventilation of the deep ocean, and wastage of the antarctic ice

sheet. Time-series measurement from bottom-moored instru-
ments (figure); computer modeling; and analyses of satellite
imagery, geochemical tracers, and high-resolution vertical pro-
filing have provided new insights into the continental-shelf
circulation. Thirty-one authors with quite varied interests have
addressed a variety of interrelated problems in the separate
contributions, which are listed below. The volume will be pub-
lished in 1985 by the American Geophysical Union as volume 43
in its Antarctic Research Series, a project supported by the Na-
tional Science Foundation.

Cavalieri, D.J. and S. Martin. A passive microwave study of
polynyas along the Antarctic Wilkes Land coast.

Dunbar, R.B., J.B. Anderson, E.W. Domack, and S.S. Jacobs.
Oceanographic influences on sedimentation along the Ant-
arctic continental shelf.

Foldvik, A., T. Gammeisrod, and T. Torresen. Circulation and
water masses on the southern Weddell Sea shelf.

Temperature from February 1983 through January 1984, at 253-meter, 327-meter, and 508-meter depths at mooring 'P' (78°05.5'S 175 030'W) neat
the Ross Ice Shelf. Dashed lines indicate the approximate surface freezing temperature. (Figure 21 in Pillsbury and Jacobs, Antarctic Researct
Series, volume 43, 1985.)
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Foidvik, A., T. Kvinge, and T. Torresen. Bottom currents near
the continental shelf break in the Weddell Sea.

Holdsworth, G. Some effects of ocean currents and wave mo-
tion on the dynamics of floating glacier tongues.

Jacobs, S.S., R.G. Fairbanks, and Y. Horibe. Origin and evolu -
tion of water masses near the Antarctic continental margin:
Evidence from H2 180/H2 160 ratios in seawater.

Kurtz, D. D., and D. H. Bromwich. A recurring, atmospherically
forced polynya in Terra Nova Bay.

Lewis, E.L., and R.G. Perkin. The winter oceanography of
McMurdo Sound, Antarctica.

Lutjeharms, J.R.E., C.C. Stavropoulos, and K.P. Koltermann.
Tidal measurements along the Antarctic coastline.

MacAyeal, D.R. Tidal rectification below the Ross Ice Shelf,
Antarctica.

MacAyeal, D.R. Evolution of tidally-triggered meltwater
plumes below ice shelves.

Mitchell, W.M., and J.A.T. Bye. Observations in the boundary
layer under the sea ice in McMurdo Sound.

Pillsbury, R.D., and S.S. Jacobs. Preliminary observations from
long-term current meter moorings near the Ross Ice Shelf,
Antarctica.

Potter, JR., and J.G. Paren. Interaction between ice shelf and
ocean in George VI Sound, Antarctica.

Vanney, J. and G. L. Johnson. GEBCO bathymetric sheet 5.18
(circum-Antarctic).

Zwally, H.J., J.C. Comiso, and A. L. Gordon. Antarctic offshore
leads and polynyas and oceanographic effects.

Antarctic Research Series

JUDY C. HOLOVIAK

American Geophysical Union
Washington, D.C. 20009

The Antarctic Research Series is a book series designed to serve
scientists and graduate students actively engaged in antarctic or
closely related research and others versed in the biological or
physical sciences. It continues to be the publication medium for
extensive reports on antarctic research that are too lengthy or
comprehensive for inclusion in standard disciplinary journals.
The Series has been published by the American Geophysical
Union since 1963 with continuing grant support of the National
Science Foundation (DPP 80-19997).

Breaking with traditional format, the Series provides for rapid
publication with soft-cover minibooks which allow papers to be
published as they are completed or as results become available.
Usually two or three closely related articles are published to-
gether. Individuals may purchase the separate minibooks or
subscribe to a volume. Libraries with standing orders receive
the individual papers as they are published and bind them
when all papers within a specific volume have been published.
Each paper is assigned to a thematic volume. Several topical
volumes may be in publication simultaneously.

Priorities for publication are set by the Board of Associate
Editors, which works with the individual editors of each vol-
ume to assure that the objectives of the series are met, that the
best possible papers are presented, and that publication is
achieved in a timely manner.

All papers in the series are subject to peer review. After
scientific review and revision are complete, papers are re-
viewed by an American Geophysical Union copy editor for
style, consistency, and general publication requirements. After
the author has confirmed that changes made by the copy editor
are satisfactory, the paper is typed to strict American
Geophysical Union specifications. Authors who have access to
electric typewriters or word-processing equipment are urged to

undertake the preparation of the final typescript. Special rates
for reprints are available for authors providing final typescripts
to American Geophysical Union specifications.

Individuals wishing to develop a thematic volume for the
Series must prepare a proposal for review by the Board of Asso-
ciated Editors. Authors of individual papers should contact a
Board member through the American Geophysical Union to
determine whether a volume in a specific field is in process and
whether the work is appropriate for inclusion.

Proposal forms and information for contributors are available
from American Geophysical Union, 2000 Florida Avenue,
N.W., Washington, D.C. 20009; the phone number is (202)
462-6903. Catalogs of books in print are available from the
American Geophysical Union.

Antarctic Research Series publications, 1984 - 1985

Vol. 36	Geology of the Central Transantarctic Mountains, Mort
D. Turner and John F Splettstoesser, editors.

1984	Paper 4: The paleomagnetic investigation of flows and
sills from the Queen Alexandra Range, Antarctica, J.
Hoffman, A.E.M. Nairn, and D.N. Peterson.

1984	Paper 5: Central Transantarctic Mountains nonmarine
deposits, Paul Tasch and Edward Leighman Gafford,
Jr.

1984	Paper 6: Geology of Coalsack Bluff, Antarctica, James
W. Collinson and David H. Elliot.

1984	Paper 7: Triassic stratigraphy of the Shackleton Glacier
Area, James W. Collinson and David H. Elliot.

1984	Paper 8: Structure of the Transantarctic Mountains de-
termined from geophysical surveys, Edwin S. Robinson
and John F. Splettstoesser.

1984 Paper 9: Climate, geomorphology and glaciology of the
Shackleton Glacier area, Queen Maud Mountains,
Transantarctic Mountains, Antarctica, Kerby E.
LaPrade.

1985	Paper 10: Potassium-argon age determinations of Ferrar
Group rocks, Central Transantarctic Mountains. David
H. Elliot, Robert J. Fleck, and John F. Sutter.
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1985	Paper 11: Stratigraphy of the Ross Supergroup, Central

Transantarctic Mountains, Edmund Stump.
1985	Paper 12: Glacial events in the Transantarctic Moun-

(forth-	tains: A record of the east antarctic ice sheet, Paul A.
coming) Mayewski and Richard P. Goldthwait.
1985	Paper 13: Late Paleozoic glacial patterns in the Central

(forth-	Transantarctic Mountains, Antarctica, Donald A.
coming)	Coates.

Vol. 40	Biology of the Antarctic Seas XV, Louis S. Kornicker,
editor.

1984	Antarctic halacaroidea, Irwin M. Newell.

Vol. 41
	

Biology of the Antarctic Seas XVI, Louis S. Kornicker,
editor.

Daphne Gail Fautin.
1985 Paper 2: The Ascothoracid crustacean Ascot horax Gigas:

Redescription, larval development, and notes on its in-

festation of the antarctic ophiuroid Ophionotus Victoriae,
Mark J. Grygier and David B. Fratt.

Vol 42.	The Ross Ice Shelf: Glaciology and geophysics, Charles
R. Bentley and Dennis E. Hayes, editors.

1984	Paper 1: The Ross Ice Shelf Geophysical and Glaciological
Survey (RIGGS): Introduction and summary of measure-

ments performed, Charles R. Bentley.
1984	Paper 2: Glaciological studies on the Ross Ice Shelf,

Antarctica, 1973 - 1978, Robert H. Thomas, Douglas
R. McAyeal, David H. Eilers, and David R.
Gaylord.

1985	Paper 1: More antarctic and subantarctic sea anemones	Vol 43.	Oceanology of the Antarctic Continental Shelf, Stanley
(Coelenterata: Corallimorpharia and Actiniaria),	 S. Jacobs, editor.

Conference papers in the Antarctic
Bibliography

G.T. THURONYI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

The world's antarctic literature has been abstracted and in-
dexed in the Antarctic Bibliography for the last 22 years. Besides
journal articles, coverage includes other forms of writings such
as technical reports, conference papers, monographs, maps,
etc. Such an attempted complete coverage, while producing a
larger number of citations, obviously requires a more diver-
sified procurement and search effort and can become rather
expensive. For this and other reasons, it appeared worthwhile
to look into the informational value of one or more of the types
of writings listed above.

For this study, the category of conference papers was chosen.
Three questions were raised. (1) Do conference papers contain
original material, or do they usually merely report results pub-
lished elsewhere? (2) Are conference papers, as a rule, pub-
lished later in refereed journals? (3) Do authors who deliver
papers at a conference also publish in refereed journals or other
publications?

Fifty papers by 50 different authors (all from English-speak-
ing countries) were selected in a quasi-random manner from 20
conferences (held between 1982 and 1983), which have been
abstracted in volumes 9 - 13 of the Antarctic Bibliography. For
each of the authors, a list was made (again based on the Antarctic

Bibliography) of all papers published wihtin a 5-year period

centered about the date of the conference. The content of the
conference paper was then compared with all other papers
listed by examining either the abstract, or the original paper, as
needed.

From this qualitative examination, the following quantitative
data were derived.

Of the 50 conference papers examined, 38 appear to have no
direct relationship to other publications by the author. Of these
38, 20 were delivered by authors who also published other
papers in refereed journals during the 5-year period examined;
six published other papers in publications other than refereed
journals, and 12 did not publish other papers, the conference
paper being their only contribution. Further, of the 50 con-
ference papers, two were later published as journal articles,
seven were essentially identical with, or similar to, a journal
article written by the author, and three were similar to a paper
other than a journal article.

While the statistical significance of a sample of the size used
for this count may be doubtful, it is nevertheless felt that the
figures arrived at provide satisfactory answers to the questions
formulated above, at least in the case of recent antarctic
literature.

In regard to question 1 it can be stated that 76 percent of the
conference papers contain material not published elsewhere;
this figure alone would appear to justify full bibliographic
coverage of conference papers.

Question 2 must be answered in the negative: only 4 percent
of the conference papers were published later in a journal. In
this connection, it should be noted that four of the 20 conference
proceedings examined were published in journals to begin
with, and of the remaining 16, many were issued as high-
quality publications, eliminating the need for re-publication.

In response to question 3, 24 percent of the authors published
only the one conference paper during a 5-year period. This
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finding is perhaps the hardest to evaluate. On one hand, it
shows that conference proceedings provide unique access to
the works of authors not published elsewhere; on the other, it
could be assumed that such papers are of lesser value because
their authors were unable to have their writings accepted by the
more selective professional journals. The number of authors in
this category is not insignificant: 36 percent, if we count those
who published other nonduplicative papers but not in refereed
journals.

On the whole, it is reasonable to conclude that conference
papers should be viewed as a significant, and for the most part,

singular contribution to the antarctic literature. This conclusion
is offered as encouragement (if such be needed) of the practice
(sometimes neglected) of publishing the full proceedings of
conferences, and as justification for continued coverage of con -
ference papers in the Antarctic Bibliography.

The Antarctic Bibliography is being supported by Interagency
Agreement with the National Science Foundation under grant
DPP 70-01013. A flier describing the availability of published
volumes and the companion Current Antarctic Literature may be
obtained from the author.

The Circum-Pacific Map Project

C. CRADDOCK

Department of Geology and Geophysics
University of Wisconsin

Madison, Wisconsin 53706

The Circum-Pacific Map Project (CPMP) is a cooperative inter-
national effort designed to show the relationship between the
major geologic features of the Pacific basin, including the sur-
rounding land areas, and the known energy and mineral re-
sources. The CPMP is an activity of the Circum-Pacific Council for
Energy and Mineral Resources, now an international division of
the American Association of Petroleum Geologists (AAPG). The
general plan for the CPMP was developed at a meeting of 12
North American geoscientists in 1973, and the project was of-
ficially sanctioned and begun at the First Circum-Pacific Con-
ference on Energy and Mineral Resources in Honolulu in Au-
gust 1974. The work of the CPMP is organized under five panels
of geoscientists from national resource companies; scientists
from 135 organizations in 35 Pacific nations are involved. The
panels correspond to the five basic map areas of the CPMP:
Northeast Quadrant, Northwest Quadrant, Southeast Quad-
rant, Southwest Quadrant, and Antarctic Region.

Eight thematic map series are planned within the CPMP,
namely Base, Geographic, Plate-Tectonic, Geodynamic, Geo-
logic, Tectonic, Energy Resources, and Mineral Resources. In
each series, there will be five regional maps at 1:10,000,000
scale, and most series will also include a synthesis map of the
entire Pacific basin at 1:17,000,000 scale. In addition, several
other special maps of the entire Pacific basin are published or in
preparation.

By June 1985, a total of 29 CPMP maps had been printed and
released. These include all Base Maps (1977, 1978), all Geo-
graphic Maps (1977, 1978), all Plate-Tectonic Maps (1981, 1982),
all Geodynamic Maps (1985), two Geologic Maps (1983, 1985),
and one Mineral Resources Map (1984). In addition, two special
maps of the Pacific basin were published in 1985: a Manganese
Nodule/Sediment Map and Tectonostratigraphic Terranes Map.

The first 1:10,000,000 Antarctica Region maps completed
were the Base Map and the Geographic Map, both printed in
1978. The Antarctica Plate-Tectonic Map was first published in
1981, and a revised version was issued in 1983. A greatly im-
proved Antarctic Base Map was completed in 1985, but it has not
yet been released officially. The Antarctica Geodynamic Map
was published in 1985, the first thematic map to use the new
Antarctica Base Map. Compilation of the Antarctica Geologic
Map should be completed in 1985, with publication scheduled
for 1986. Other Antarctica Region maps in preparation are the
Tectonic Map, the Energy Resources Map, and the Mineral
Resources Map.

Information on prices and ordering procedures for all CPMP
products can be obtained from AAPG Bookstore, P.O. Box 979,
Tulsa, Oklahoma 74101.
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Mapping activities in antarctica

R.B. SOUTHARD

National Mapping Division
U.S. Geological Survey
Reston, Virginia 22092

Aerial photography dominated the 1984 - 1985 field season
effort for mapping Antarctica. The LC-130 aircraft outfitted for
aerial photography flew approximately 77 hours dedicated to
the acquisition of photographs in support of various scientific
projects.

Over 17,000 square kilometers of color vertical photography
was obtained of exposed rock areas around the Beardmore
Glacier within reach of the Beardmore field camp. Much of this
has been supplied to scientists who will be based at that camp
during the 1985 - 1986 summer field season. These aerial pho-
tographs were taken at 4,600 meters above mean terrain and are
of mapping quality.

Black-and-white vertical photographs were taken over the
Siple Coast and Crary Ice Rise. These missions were flown in
support of glaciologists doing a multiyear ice dynamics study
by photogrammetric means. Over 22,000 square kilometers of
mapping quality aerial photographs were acquired in support
of these projects.

Reconnaissance aerial photography was obtained over Terra
Nova Bay and Cape Washington. These will be used to evaluate

the feasibility of studying polynya photographically and to de-
termine safe surface routes for expeditions studying penguins
in that area.

In addition, aerial photographs were obtained to get better
coverage over areas that were photographed previously
through thin cloud cover. Black-and-white infrared pho-
tographs were obtained of the Mount Erebus crater at a time
when there was minimum plume, resulting in higher resolution
photographs for more detailed analysis.

For the 13th consecutive year, two U.S. Geological Survey
cartographers were on duty at Amundsen-Scott South Pole
Station. During the 1984 - 1985 winter, H. Scott Lawson and
Buel Way Grout, Jr. continued to conduct seismic studies as part
of the Worldwide Seismic Network and to use satellite Doppler
tracking to support ice-motion studies. They also provided sur-
veying support for the operation of the station and operated the
South Pole Satellite Data Link for the transmission of scientific
data from South Pole Station to McMurdo Station.

Three large-scale photo images were published in map form
of Hut Point Peninsula, McMurdo Station, and Amundsen-
Scott South Pole Station. The resulting prints use single air-
photo images and provide detailed visual bases for station plan-
ning and scientific analysis.

A Memorandum of Understanding between the U.S. Geo-
logical Survey and the National Science Foundation was signed
covering Scientific Committee on Antarctic Research (SCAR) li-
brary for Cartography and Geodesy operation and mainte-
nance and for aerial photography, field positioning, geodetic
operations, standard mapping, and special mapping. All of
these efforts are part of joint planning between the U.S. Geo-
logical Survey and the National Science Foundation for map-
ping activities in the Antarctic.

Landsat multispectral images of
Antarctica applied to mapping and

glaciology
B.K. LuccHITTA, K. EDWARDS, E.M. ELIAs0N, and J. BOWELL

U.S. Geological Survey
Flagstaff, Arizona 86001

The U.S. Geological Survey is conducting a program to
provide digitally enhanced, multispectral (MSS) Landsat images
of Antarctica. The goal is to furnish accurate planimetric, false-
color composite-image maps in polar stereographic projection
for these purposes: (1) to locate and delineate blue-ice areas for
the collection of meteorites; (2) to produce special-purpose
maps showing selected features only; (3) to provide synoptic
views that aid in the detection and interpretation of glaciological
features associated with ice sheets, outlet glaciers, ice streams,
and ice shelves; (4) to monitor changes in coastlines and glacial
features; (5) to enable the superposition and correlation of dif-
ferent types of digital cartographic data; and (6) to furnish

spectral and/or structural information in areas of limited bed-
rock outcrop to aid in regional geologic interpretation. The last
two objectives are not addressed in this report.

About 170 computer-compatible tapes (ccT's) covering Vic-
toria Land, the coastline of West Antarctica, the Antarctic Pen-
insula, and other selected areas (Lucchitta, Eliason, and South-
worth 1985) are now available as false-color, multispectral,
digital composites of band 4(0.5 to 0.6 micrometer, green), band
5(0.6 to 0.7 micrometer, red) and band 7(0.8 to 1.1 micrometers,
infrared). The tapes were subjected to routine image-process-
ing procedures such as noise removal and radiometric and
geometric corrections. Further processing included haze re-
moval and enhancement by linear stretching of individual MSS
bands based on inspection of gray-value (digital-number) histo-
grams. Saturation of snow-covered scenes in bands 4 and 5 is a
severe problem in Landsat MSS images of Antarctica and makes
many images unsuitable for multispectral work. We developed
special techniques to restore the saturated snow and ice infor-
mation in bands 4 and 5 (figure 1) (Lucchitta et al. 1985).

We have prepared two image-mosaic products: (1) a map of
the Ellsworth Mountains, which is preliminary because it i
based on poor ground control; and (2) a map of the McMurdo
Sound region, which is based on excellent ground control and
processed at full resolution. The latter comprises five comp](
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and three partial 1:250,000-scale topographic quadrangles.	help in the search for meteorites, which occur in blue-ice areas
These multicolor mosaic maps are superior to previously pub-	(Whillans and Cassidy 1983).
lished monochromatic mosaic maps because they clearly sepa-	Special-purpose maps. In Antarctica, where vast regions are
rate snow from ice. Ice shows as light blue; its recognition will	difficult to reach on the ground, the location of features by

Figure 1. Landsat-1 MSS image 1170-12260, 9 January 1973, path 231, row 112. Spaatz island is in lower left. Image is 180 kilometers wide; north
is toward the upper left. A. Black-and-white rendition of multispectral composite of bands 4, 5, and 7. The image is badly saturated in bands 4
and 5. B. Same image after saturation correction and application of a filter that enhanced fine detail.
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Figure 2. Landsat-1 MSS image 1542-18435,16 January 1974, path 46, row 119, band 7. Byrd Glacier is in center right. Image is 180 kilometers
wide; north is toward the upper left. Selected features (white) designated by unsupervised classification program of band ratios 4/5, 5/6, and
6/7. A. White areas are ice on glaciers and near nunataks. B. White areas are rock or soil; black areas are mostly shadows from mountains and
clouds.
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remote-sensing techniques is extremely useful. To this end,
multispectral digital-image maps can be converted into special-
purpose maps that delineate features of interest. Figure 2a is an
image of the Byrd Glacier and environs, in which ice is high-
lighted; figure 2b is an image in which rock or soil outcrops are
shown. The images were prepared by first producing versions
showing the ratios of MSS bands 4/5, 5/6, and 6/7 for each pixel in
the image. An unsupervised classification program on the
ratioed images then separated snow from ice and rock. Each
pixel showing ice or rock was enlarged five times for easier
recognition.

Glaciological features. The synoptic view afforded by Landsat
images is especially useful for the recognition and identification
of glaciological features. Landsat images show that many ice
rises have distinct ridges along their crestlines (figure 3) (Martin
1976), but flow laws predict slopes close to zero in the vicinity of
the crest, which would give rise to flattened domes (Nye 1959).
Our digitally enhanced Landsat images clearly show that the
ridges are actually doubled on several ice rises. The ridges
follow sweeping, broadly sinuous curves along the ice-rise
crest. They are superposed on topographic irregularities, sug-
gesting that they are relatively young, perhaps even ephemeral
features. Their apparent youth and their sinuous shapes sug-
gest that they may be caused by wind action, perhaps by a
combination of wind sculpture and deposition of drifts.

Figure 3. Landsat-1 MSS image 1560-11492, 3 February 1974, path
225, row 117. Rutford Ice Stream in center, flowing to right. Image is
180 kilometers wide; north is toward the upper left. Black-and-white
rendition of muitispectral composite of bands 4,5, and 7, especially
enhanced to bring out detail in snow and ice; however, detail of rock
outcrops in Ellsworth Mountains (left center) is suppressed by this
method. Grounding line of Rutford Ice Stream (dots) after Stephen-
son and Doake (1982). Note contrast between sliding part of ice
stream (linear flow markings, left of grounding line) and floating part
of Ice stream (linear and transverse markings, right of grounding
line); sinuous depressions where floating glacier slides over sus-
pected shoals at (s); buried valleys at (v); double ridge along ice-rise
crestline (arrows).

Digitally enhanced Landsat images are also superior to Un-
enhanced images in that they clearly show flow lines in ice
streams and on ice shelves, ice rumples, and crevasse fields. An
analysis of an image of the Rutford Ice Stream region and the
Ronne Ice Shelf by Swithinbank and Lucchitta (in press) re-
vealed contrasts between surface features on an ice stream seg-
ment that is sliding (figure 3, left) and features on one that is
floating (figure 3, right). The sinuous depressions on the right of
the image suggest that here the ice is sliding over shoals and
being partly deflected by them. Subtle relief variations on the
ice surface delineate the extent of buried topography. The image
in figure 3 clearly shows buried valleys upstream of the two
glaciers (bottom left of picture) and the edge of the Ellsworth
Mountains where these glaciers drop over a series of escarp-
ments and join the Rutford Ice Stream (right center). Further,
images of the Ronne Ice Shelf (not shown) show the principal
flow lines, their origin from individual ice streams, and the
persistence of flow lines across hundreds of kilometers of ice
shelf.

Monitoring of changes in coastline and glaciers. The synoptic
view of Landsat images is well suited to the monitoring of
changing antarctic features, such as shorelines, grounding
lines, ice-shelf margins, positions of glacier tongues in ice
streams, and sea-ice distribution. For example, Ferrigno et al.
(1983) determined the velocity of the Pine Island Glacier, a tidal-
outlet glacier on the coast of West Antarctica. During the 750-
day interval covered by repetitive Landsat images, the terminus
moved about 4.5 kilometers (at an average velocity of 6 meters
per day). Landsat images of the Byrd Glacier of southern Vic-
toria Land, taken in January 1974 and November 1983, show
that the glacier, beyond the grounding line, moved about 7.5
kilometers in a 10-year interval, or about 750 meters per year.
The documentation of such changes detected on Landsat im-
ages may help in the interpretation of the dynamics and mass
balance of ice sheets and ice shelves and in the prediction of
future changes. Monitoring of changes is especially important
for the west antarctic ice sheet, which is thought to be inher-
ently unstable and in danger of disintegration (Hughes 1973;
Weertman 1974). Because most Landsat images of Antarctica
were acquired in the early to mid-1970's, a 10-year time lapse is
already available for comparative analysis.

Digitally enhanced false-color Landsat MSS images composed
of multiple bands are a significant improvement over the com-
monly used unenhanced black-and-white images of MSS band 7.
They show considerably more detail in surficial morphology
and can be used for the preparation of thematic maps of rock
outcrops or blue-ice areas. The synoptic view of the images and
mosaics provides information on the trends of flow lines in ice
streams and ice shelves, the location of ice rises, ice rumples, or
other possible grounded areas, and the extent and structure of
some buried mountain ranges. Monitoring of the dynamics of
coastline changes with time may indicate waxing or waning of
the ice sheets that presage variations in world climate.
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The use of Landsat data to map
bedrock and surficial geology of the
ice-free valleys of southern Victoria

Land

C.S. SOUTHWORTH

U.S. Geological Survey
Reston, Virginia 22092

Landsat multispectral scanner (Mss) image data (20279 -
19361) and laboratory spectra of field samples were used to
differentiate different lithologic units in bedrock and surficial
deposits of part of the ice-free valleys of Antarctica. The absence
of vegetation, the clean atmosphere, and the physically
weathered bedrock provide a good area for using spectral dis-
crimination of geologic materials to facilitate geologic mapping
in an area where field work is difficult and costly. A previous
study, which used Landsat MSS image data of the ice-free val-
leys, established that MSS band 7 images provide the best spec-
tral contrast between rock units for photogeologic interpreta-
tion and are, therefore, best used for tracing lithologic contacts
(Houston, Zochol, and Smithson 1974). Outcrops of igneous
and metamorphic rocks, sandstone, and dolerite, ranging in
age from Precambrian to Jurassic, were mapped with an ac-
curacy of 60 to 70 percent. Houston et al. (1974) concluded that
rocks of similar reflectance (such as granite, felsic igneous rock,
and marble) could not be differentiated. In addition, they con-
cluded that Quaternary surficial deposits, specifically glacial
drift and alluvium, were difficult to differentiate from their
parent bedrock because of similar spectral reflectance.

The theoretical basis for discrimination among rock types by
using remotely sensed data is the known variation in spectral
reflectance of different lithologic materials in the visible to near-
infrared (NIR) region of the electromagnetic spectrum. The re-
flectance variations are due, in part, to absorption bands of
ferric-iron-bearing minerals, commonly known as limonite.
Absorption bands in the NIR region are associated with elec-
tronic vibration of the ferric-iron cation in the mineral lattice of
oxides (Hunt and Salisbury 1971). Reflectance variations in the
visible to NIR region, as well as variations due to ferric-iron
absorption in the NIR, can be visually enhanced by band-ratio
techniques (Rowan et al. 1974).

Landsat digital number (ON) values, correlation coefficient
matrices (Chavez, Berlin, and Sowers 1982), and laboratory
spectral-reflectance measurements of the Beacon sandstone,
the Ferrar dolerite, and the Vida granite were obtained to deter-
mine the optimum band-ratio and contrast-enhancement pa-
rameters needed best to differentiate each rock type. Correla-
tion coefficient matrices of MSS bands 4, 5, 6, and 7 (0.5 to 0.6
micrometer, 0.6 to 0.7 micrometer, 0.7 to 0.8 micrometer, and
0.8 to 1.1 micrometer, respectively) show a low correlation of
MSS band 4 to band 7, which is caused by differences between
reflectance spectra of geologic materials. The high values dis-
played by the MSS band 7/band 4 ratio for sandstone, granite,
and felsic igneous rock make this a good ratio to discriminate
these from other rocks. The MSS band 7/band 6 ratio proved
optimum for distinguishing dolerite. Reflectance spectra were
obtained of sandstone, granite, and dolerite samples provided
by Gunter Faure, Ohio State University, by using a Beckman
UV5240 spectrophotometer. Ratio values of reflectance spectra
correlate with the DN band ratio selection.

A linear stretch of MSS band 7 was used to enhance the
contrast in reflectance between mafic and felsic rocks at these
NIR wavelengths (figure). A hybrid color composite was pro-
duced by using the MSS band 7/band 4 ratio (red), the MSS band 7/
band 6 ratio (blue), and the stretched MSS band 7 (green). Out-
crops of Beacon sandstone (A), Vida granite (B), Ferrar dolerite
(C), Asgard metasediments (D), and felsic igneous rocks (E)
could be distinguished (figure). Mafic to intermediate differen-
tiated rock in a Ferrar dolerite sill (C), stratigraphic variations in
the Beacon Sandstone Supergroup (A), and the contact of felsic
igneous intrusives into gneiss basement (F) were visually
delineated.

Nearly one-third of the study area is covered by Quaternary
deposits, many of which are difficult to distinguish from bed-
rock because they are derived from the same parent material.
Correct geologic interpretation also requires that both land-
forms and surface roughness be taken into account because of
the effects of shadows on the apparent reflectance. Pho-
togeologic interpretation of the computer-enhanced MSS image
allows discrimination between postglacial alluvial/colluvial de-
posits and glacial drift on the basis of surface roughness and
composition. Alluvial/colluvial deposits tend to be bright be-
cause of their relatively smooth surfaces, a result of the com-
paratively uniform grain sizes associated with wind sorting and
water sorting. Quaternary glacial drift and till deposits, on the
other hand, tend to be darker, both because of the rougher
surface associated with diverse grain size and because of the
presence of abundant mafic clasts. For example, deposits de-
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rived from different glacial episodes could be delineated on the
image because of the more mafic composition and homogeneity
of the Inset drift (C) versus the more heterogeneous material of
the Victoria drift (H) (Calkin 1964). Talus slopes (I) and col-
luvium (J) derived from sandstone and dolerite sills as well as
moraines (K) and alluvial fans (L) of alpine drift could be dis-
tinguished on the image. Nontopographic tonal anomalies (M)
are present in some otherwise uniform deposits mapped by
Denton and others (1984) and Calkin (1964); however, their
origin could not be determined even though medium-altitude
color aerial photography was inspected.

Q	 10 km

.'.'

Black-and-white photograph of a linear-stretched Landsat MSS band
7 image. The scene, 20279-19361, path 57, row 116, was acquired on
28 October 1975 and is available from the Earth Resources Observa-
tion Systems (ERos) Data Center, Sioux Falls, South Dakota 57198.

Limitations that detract from the use of computer-enhanced
Lansat MSS data for geologic investigations in the ice-free valleys
region include high topographic relief, low solar-elevation an-
gle, low spatial resolution of the sensor, the inability to discrimi-
nate different types of basement rocks, and the inability to
differentiate between basement outcrop and adjoining alluvial/
colluvial and till deposits (N). Topographic relief in excess of

1,000 meters creates shadows (0). High solar-elevation angles
are needed for maximum reflectance of solar radiation for im-
proved spectral reflectance. The inability to distinguish among
basement rocks is due to spectral reflectance similarity of these
rocks in the visible to NIR wavelength regions.

The limitations of low-resolution [79-meter picture element
(pixel)] and spectral wavelengths may be overcome by using
Landsat Thematic Mapper (TM) data that have 30-meter pixels
and a new spectral wave band in the 2.08 to 2.35 micrometer
region (TM band 7). TM band 7 records absorption features
related to bending-stretching vibrations of the mineral lattice of
layered silicates, such as clay minerals resulting from hydro-
thermal alteration (Hunt, Salisbury, and Lenhoff 1973). Labora-
tory reflectance spectra of the Terra Cotta and Mount Robeson
sandstones of the Beacon Sandstone Supergroup display ab-
sorption features in the 2.08 to 2.35 micrometer region, charac-
teristic of kaolinite and montmorillonite, respectively.

This research was supported by the U.S. Geological Survey.
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A mild outbreak of adenovirus
type-21-caused respiratory illness at

McMurdo Station in 1977

P. A. SHULT, F. POLYAK,
and

E.C. DICK

University of Wisconsin
Madison, Wisconsin 53706

During a study of respiratory virus disease etiology and
transmission conducted in seasoned naval personnel and civil-
ians stationed at McMurdo Station during the 1977 winter fly-in
period, an outbreak of adenovirus type-21 (Ad-21) infection was
observed. Adenovirus types 3, 4, 7, 14, and 21 have caused
serious epidemics of acute respiratory disease (ARD) in military
recruit populations (Van Der Veen 1963; Foy and Grayston
1982). The Ad-21 outbreak occurred in an isolated population
made up of wintering personnel emerging from 6 months isola-
tion and summer personnel, newly arrived. The summer group
allowed us to examine, with a single virus, the widely held
belief that persons in polar communities emerging from isola-
tion have enhanced susceptibility to and greater severity of
respiratory disease when compared with persons not pre-
viously isolated (Holmes et al. 1976; Paul and Freese 1933).

Winter fly-in began on 2 September 1977, when 125 summer
personnel arrived from Christchurch, New Zealand, and joined
75 wintering personnel isolated at McMurdo Station since late
February; the combined population remained isolated until 4
October (32 days) when the austral summer research season
began. Acute and convalescent phase sera were drawn from 172
men. Nasal wash specimens for virus isolation were obtained
from symptomatic individuals and inoculated into cell cultures
within 4 hours.

Evidence of Ad-21 infection, indicated by virus isolation or a
four-fold or greater rise in serum neutralizing antibody titer,
was found in 23 (15.2 percent) of 151 susceptible (i.e., those with
antibody titer less than 1:3) individuals (table). Virus isolates
were obtained from 11 of these 23. In addition, 2 of 21 individu-
als with pre-existing antibody (titers of 1:5.6 and 1:11.3) to
Ad-21 had serologic evidence of infection, for a total of 25
infections.

Sixty percent (15 out of 25) of the Ad-21 infections were
clinical, characterized by sore throat, cough, and hoarseness
(figure). Systemic and nasal symptoms were observed less fre-
quently. Fever was present in only 25 percent of the cases and
was usually mild (less than 100.5°F). Only one individual had
symptoms severe enough to be considered febrile ARD, having a
temperature of 102.4°F and marked lower-respiratory symp-
toms. No individuals required hospitalization. Overall, the
mean duration of symptoms was 7 days (table).

The initial three cases of symptomatic disease occurred in
summer personnel 8 days after winter fly-in began. Thereafter,
new cases occurred with an attack rate of 0.46 cases per day.
There was no sharp epidemic peak of Ad-21 infection. Inter-
estingly, of the years thus far studied (1975, 1976, and 1977), the
1977 winter fly-in period had the lowest overall incidence of
respiratory virus infection despite the epidemic potential of
Ad-21 (Meschievitz, Raynor, and Dick 1983).

MALAISE

MYALGIA

CHILLS

FEVER

SNEEZING	U3	D Total with Symptoms

HEADACHE	0	• Major Symptom

CONJUNCTIVAL	II
SYMPTOMS 25	75

F	I	I	I
0	50	100

Symptom frequency in 15 individuals with clinical adenovirus
type-21 infection, McMurdo Station, winter fly-in 1977.

The incidence of Ad-21 infection and disease severity was
strikingly different from that reported previously in military
recruit populations. Typically, adenovirus-caused ARD is a fe-
brile respiratory disease of approximately 10 days duration
characterized by sore throat, cough, and malaise, (Foy and
Grayston 1982). Infection of up to 80 percent of recruits and
hospitalization of 25 percent of those infected has occurred
during sharply defined epidemic periods (Hilleman 1957). We
observed a much lower incidence of infection and overall milder
disease, although lower respiratory tract symptoms were in-
deed more frequent and severe than those observed in con-
current rhinovirus infections.

A particularly important observation which we made was that
the incidence of infection and disease due to Ad-21 as well as
symptom severity and duration were very similar in summer
and wintering personnel (table). Symptom severity was as-
sessed by using a quantitative symptom questionnaire (D'Al-
essio et al. 1976) by which a total daily symptom severity score
was obtained and symptom durations were noted. The absence
of enhanced infection or disease in wintering personnel is even
more notable when one considers the large number of suscepti-
bles present, the frequent occurrence of large gatherings of
personnel, and the disease-producing potential of Ad-21. The
number of individuals compared in this study is low; however,
the findings are similar to those obtained when total viral respi-
ratory illness was examined in summer and wintering popula-
tions in each of the years 1975 through 1977 (Meschievitz,
Raynor, and Dick 1983). Thus, these combined data do not
support the contention that isolated persons become more sus-
ceptible to and develop greater severity of respiratory disease
compared to persons in normal communities.

This work was supported in part by National Science Founda-
tion grant DPP 80-15486.
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Incidence of adenovirus type 21 infection and disease in summer and
wintering personnel during winter fly-in 1977

Incidence of adenovirus 21 infections

Number of

	

Number of	 adenovirus type
Population	susceptiblesa	Percent	21 infectionsb

Summer	99/112	88.4	14/99
Wintering	52/60	86.7	9/52
Total	151/172	87.8	23/151

Incidence of symptomatic infection with adenovirus 21

Peak symptomd	Average total
Percent	Number	Percent	Duration c	score	symptom score

	

14.1	10/99	10.1	7.0±1.0	10.3±2.2	7.7±2.2

	

17.3	5/52	9.6	7.0±1.8	12.0±4.4	8.0±2.4

	

15.2	15/151	9.9	7.0±0.9	10.9±1.0	7.8±1.4

a Persons with a serum antibody titer to adenovirus type-21 less than 1:3.

b Evidence of Ad-21 infection indicated by virus isolation or four-fold or greater rise in serum neutralizing antibody.

Number of days. Values are the mean ± standard error of the mean.
d Evaluation of symptom severity assessed during individual interviews. Individual symptoms and total disease (see figure) quantitated as absent (0), mild

(1), moderate (2), or severe (3). Values are the mean ± standard error of the mean.
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Satellite communications for antarctic
science

M. COMBERIATE

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

A joint National Science Foundation/National Aeronautics
and Space Administration (NASA) effort in Antarctica has dem-
onstrated a space-age communication scheme which could be
used to solve long-standing communications difficulties unique
to the South Polar region. Two new ground stations placed in
operation in December 1984 are now using some existing satel-
lites routinely to send error-free data from South Pole and
McMurdo Stations to U.S. universities. The antarctic ground
stations are linked via the NASA satellites ATS-3 and Nimbus-7
and the National Oceanic and Atmospheric Administration
(N0AA) Landsats 4 and 5 satellites. Other in-orbit commercial
and international, as well as U.S. Government satellites with

appropriate transponders on-board, could be used for polar
communications. These kinds of systems could also be used to
provide communications to any of the international antarctic
stations. Scientists and engineers are interested in using these
new capabilities to communicate with instruments in the field
in near real time from their personal computers in the conti-
nental United States. This capability, referred to as telescience, is
a key objective of the space and ground-based science commu-
nities in general, but until now it has not been possible to
project its availability in Antarctica. The satellite data link in
operation at the South Pole works like this. (See figures 1 and 2.)
The station science computer (PDP 11/23) organizes data from all
users into designated files and periodically transfers the entire
set onto a disk in the communications system. The polar-orbit-
ing satellites in use now are visible from the Pole for about 15
minutes every orbit. During any 10-minute window of co-vis-
ibility between the two ground stations, data can be transferred
from disk to disk at a 9.6 kilobits per second rate. Nominally, 20
passes per day have been allocated for this link, using either the
Landsats or Nimbus satellites. The data is stored in the com-
munications computer upon arrival at McMurdo Station and is
available on disk either for the investigators' use there or for
relay to the United States via the INMARSAT system. The National
Science Foundation has chosen to install a commercial geosta-
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tionary satellite link from the edge of Antarctica at both McMur-
do and Palmer Stations. The long-term availability of these links
is commercially insured and as such considered cost-effective.

Although the geostationary satellites are not visible at the
high latitudes, they work well in tandem with the polar link.
Data on a disk at McMurdo Station is manually transferred to
the INMARSAT communications system and uplinked to the
Earth Station in the United States. It is available to the user via a
dial-up service from the Gateway in Denver, Colorado. The
process is reversed for data transmissions from the United
States to Antarctica. This initial service was provided to demon-
strate an evolutionary technique that could grow as the benefits
it provides are developed. Immediate enhancements of this
service would enable data rates approaching 100 kilobits per
second in a half duplex mode. More ground stations could be
installed anywhere on the continent, at manned or unmanned
sites. As the science community begins to take advantage of the
services, more satellites would be engaged, leading to the de-
velopment of a dedicated transponder package for any future
spacecraft of opportunity. As soon as a dedicated flight package
can be justified, it would be optimized to provide full duplex
service with higher data rate capability, and would guarantee
long-term availability indefinitely. Furthermore, a separate Ca-
pability for two-way voice and low-rate data collection from
mobile units using simple non-'directional antennas could be
incorporated. This feature would enable data and/or voice links
to remote field parties, aircraft, and balloons, as well as data
collection from unmanned instruments at more than 2,400 bits
per second, for 10 minutes every orbit.

ANTARCTIC SATELLITE COMMUNICATIONS LINKS

INMARSAT	 .- - 7	 ATS--3(VISIBLE TO	T-1	 j	 (VISIBLE TOM,MUBDO	 - SOUTH POLE22 HRSIDAYI	 -.--	 7	3.6 HRSJDAV)'If
MMUROO	

SOUTH POLE

Figure 1. Antarctic satellite communications links. ("CONUS" de-
notes continental United States.)

To date polar links cost nothing to use. The only pay-as-you-
go charges are for the use of the commercial links. A temporary
but most effective geosynchronous link via ATS-3 was also
installed between the South Pole and the United States. It
provides 300 bits per second full duplex service with dial-up
access for about 4 hours per day (cost free) and it is in full use
now. Because $100 million for a replacement satellite is not
feasible, the practical solution for the long-term future is the
POlar/INMARSAT system.

Proposals involving highly interactive space/ground-based
science and near real time data sharing can now be considered.
Such proposals for multiple auroral imaging stations deployed
around Antarctica (each generating 60 megabits per day) have
been considered quite feasible, given a full-size communciation
network. Linking the composite data from these stations into
the National Science Foundation's supercomputer network and
cooperating with similar data bases of remote sensing images
from NASA and NOAA, are projected. During the 1985-1986
austral summer, a field test will be conducted to demonstrate
how the Polar/INMARSAT system has already enabled Antarctica
to be included in the Global Search and Rescue System. If
warranted, another field demonstration using in-orbit UOSAT 1
and 2 satellites (United Kingdom) to link aircraft and mobile
field parties to the South Pole Station is also possible.

This effort is being managed by the National Science Founda-
tion with technical support from NASA/Goddard Space Flight
Center, the University of Texas at Austin: Applied Research
Lab, the U.S. Geological Survey, NOAA, ITT/Antarctic Services,
and Bendix Field Engineering Corporation.

SOUTH POLE SATELLITE DATA LINK
(UNIV OF TEXAS: DOPPLER DATA FLOW)
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Figure 2. South Pole satellite data link.
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Antarctic support operations

R.A. BECKER

ITTlAntartic Services, Inc.
Paramus, New Jersey 07652

The 1984 - 1985 austral summer marked ITT/Antarctic Serv-
ices, Inc. (ANs) fifth year of support services to the U.S. Ant-
arctic Research Program. ANS's primary responsibilities were
divided between continental Antarctica and the Antarctic Pen-
insula. In the continental area, ANS operated and maintained
facilities at Williams Field, McMurdo Station, South Pole Sta-
tion, Siple Coast, and Beardmore Glacier (the site for the inter-
national workshop on the Antarctic Treaty System). Support
efforts in the Peninsula area entailed operation and mainte-
nance of Palmer Station and the Jv Polar Duke, a newer and
larger research vessel contracted by ANS for the National Sci-
ence Foundation to replace the retired RIv Hero.

Specific construction and renovation projects, as approved by
the National Science Foundation, were either begun, con-
tinued, or completed at all locations. Support of annual scien-
tific investigations was also an ANS responsibility. Contract man-
agement is based at Paramus, New Jersey; special support
functions were effected through offices maintained at Port
Hueneme, California, and Christchurch, New Zealand. Direct
support of iJv Polar Duke/Palmer operations was coordinated
through Chilean ship husbanding agencies.

During 1984 - 1985, 333 ANS employees deployed to Ant-
arctica. ANS also arranged deployment of 451 National Science
Foundation sponsored grantees affiliated with 105 research
programs.

McMurdo Station. In August 1984, an ANS contingent arrived
during the winter fly-in to begin preparation for the forthcom-
ing field season. Williams Field III construction camp was re-
opened, and preseason opening tasks were performed at
McMurdo Station. During the austral summer, ANS completed
1,096 work orders in support of science projects. Among these
were the construction of the new upper atmospheric research
building at Arrival Heights, the installation of the INMARSAT
terrestrial link on Black Island, the erection of platforms for a
satellite data link with South Pole Station, and the continuation
of construction on the new water distillation plant and Williams
Field III (figure 1). Operations and maintenance functions con-
tinued at the power plant, telephone exchange, and sanitary
landfill.

The Eklund Biological Laboratory was busy again this year
with ANS personnel supporting over 60 grantees on projects
related to biology, ocean science, and biochemistry. Addi-
tionally, support was provided at the Thiel Earth Science Labo-
ratory and other McMurdo research facilities for projects in
geology, glaciology, and upper-atmosphere physics.

Support activities at the Berg Field Center significantly in-
creased over last season; we assisted more than 170 grantees
and other field projects. Our major field support tasks served
several remote field parties, the Beardmore and Siple Coast
camps, ANS construction crews, and the Navy team, which
recovered a ski-equipped Hercules airplane (LC-130) at the Star-
shot Glacier. In all, over 40 groups were outfitted and supported
from Berg Field Center, and 433 individuals were trained at the
snowcraft survival school.

j
I 
IT

Figure 1. ANS construction at Williams Field Ill.

McMurdo Station winter operations began on 20 February
1985. Thirteen ANS personnel stayed to operate several support
functions.

Amundsen-Scott South Pole Station. The station began summer
operations on 1 November 1984. In addition to performing
normal station operations, ANS personnel provided support to
science programs involving 69 grantees. This year marked the
tenth year of station operations at the new South Pole Station
facility and included a visit by the Antarctic Treaty workshop
attendees. Major science support projects included assistance
rendered to National Aeronautics and Space Administration
personnel in the installation of two satellite data links, remodel-
ing the computer room to accomodate the new science com-
puter, the construction of a new snowflake hut, and relocation
and construction of a new gravity meter vault. Station mainte-
nance projects entailed upgrading the garage, summer (emer-
gency) camp, berthing area, and balloon inflation tower.

The station closed on 11 February 1985 with 12 ANS employees
and seven grantees on board.

Siple Station. This station remained closed during the 1984 -
1985 season. It will reopen in late October 1985.

Beardmore South Camp. This facility on the Bowden Névé was
opened on 1 December 1984. Constructed and operated by ANS
personnel, this camp was established to host an international
workshop on the Antarctic Treaty system in January 1985 and
later to serve as a major field camp with helicopter support in
the 1985 - 1986 season. This camp provided accommodations
for approximately 70 individuals. The camp closed on 23 Janu-
ary 1985 following preparation for winter and reopening during
1985 - 1986 season.

Siple Coast Camps. Two remote field camps were operated by
ANS personnel for science support this season. Crary Ice Rise
camp was opened on 11 November 1984 and closed on 10
December 1984. Upstream B camp was reopened on 29
November 1984 and closed on 23 January 1985. The camps
operated in support of glaciological and geophysical projects.
ANS also subcontracted the services of a Twin Otter airplane to
support these projects.

Palmer Station. The station opened on 7 December 1984 with
the arrival of the relief crew. During the austral summer, ANS
personnel provided support for an extensive marine biology
program involving 15 projects and 43 grantees. Facility im-
provements this season included constructing a new aquarium
building, refurbishing the boat shop, and upgrading the sta-
tion's antenna system.
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The station closed on 27 April 1985 with a small contingent of
five ANS personnel left behind to maintain winter operations
along with six grantees and one Navy medic.

Ship operations. Following the completion of its support opera-
tions on 20 September 1984, the research ship Hero retired after
16 years of faithful service-with the U.S. Antarctic Research
Program. The ship was later donated to the Port of Umpqua,
Reedsport, Oregon where it will become a floating museum of
antarctic research. R/V Polar Duke, a 219-foot ice-strengthened
research vessel, was contracted by ANS on behalf of the National
Science Foundation. The Polar Duke will be used for Peninsula
operations (figure 2). This season's initial effort, which began on
4 January 1985, proved successful in the support of 11 science
projects highlighted by a major field camp at Seymour Island.
R/V Polar Duke's final voyage of the austral summer, which
closed Palmer Station for the winter, departed Anvers Island on
27 April 1985.

Figure 2. The R/V Polar Duke.

ANS support services were provided by National Science
Foundation grant DPP 80-03801.

U.S. Navy Support to the U.S.
Antarctic Program during 1984-1985

CDR. R.M. HARLER

Operations Officer
U.S. Naval Support Force Antarctica

Port Hueneme, California 93043

Based at the Construction Battalion Center, Port Hueneme,
California, the Naval Support Force, Antarctica, (NSFA) is com-
posed of 40 officers and 251 enlisted personnel with back-
grounds in fields as varied as carrier aviation, meteorology,
medical, construction, and supply. The Navy's mission in Ant-
arctica is to provide operational management and control of
those logistic support functions provided by Department of
Defense and U.S. Coast Guard assets, a mission that entails
developing fiscal, logistic support, and operations plans in re-
sponse to tasking from the National Science Foundation, which
funds and manages the national program in Antarctica. These
plans also include consideration for safety of life and property,
U.S. national objectives, requirements of the Antarctic Treaty,
and cost effectiveness.

During austral summer 1984— 1985, the Navy participated in
operations at all U.S. antarctic stations and operated Marble
Point Air Facility and Byrd surface camp with all-Navy crews.
Station-by-station, a review of Navy support in Antarctica
follows.

McMurdo Station. The hub of all U.S. Antarctic Research Pro-
gram activity in Antarctica, the "metropolis" of McMurdo is
home to both the National Science Foundation and the Naval
Support Force, Antarctica, from October through February.
Located on the tip of the Hut Point Peninsula, Ross Island,
McMurdo Station is the staging area for supplies and personnel
destined for all U.S. stations except Palmer. By far the largest

settlement on the continent, the summer population of McMur-
do Station and its suburbs swelled to over 900 this year, a
significant portion of approximately 1,200 Americans on the
continent. Summer support began on 3 October 1984 with the
arrival of the first U.S. Air Force C-141 airplane at the annual
sea-ice runway. This ice runway complex, with a runway larger
than Los Angeles International, Dulles, or John F. Kennedy
airports, is constructed each year by Navy Seabees on the an-
nual sea ice and is capable of supporting C-141 aircraft of over
283,000 pounds gross weight. Active from early October to mid-
December (when the ice becomes too warm and thin to support
aircraft operation safely), the ice runway accommodates
wheeled aircraft and complements the "permanent" skiway
located upon the Ross Ice Shelf at Williams Field III. Opened in
December 1984, Williams Field III is the hub of all inter- and
intracontinental flight operations in Antarctica and supports a
population of approximately 170 Navy and civilian personnel.

The cargo season begins with the U.S. Air Force C-141 flights,
fulfilling large early season passenger and cargo requirements.
The C-141 flights are augmented by Royal New Zealand Air
Force C-130 flights, part of the superb cooperation between the
U.S. and New Zealand antarctic research programs.

Movement of all U.S. Antarctic Research Program cargo is
coordinated into and out of McMurdo by ITT/Antarctic Services,
Inc. and the Navy's terminal operations department. Aug-
mented by 20 New Zealand Army cargo handlers and managed
by U.S. Army officers, the terminal operations department is
responsible for coordinating with all U.S. Antarctic Research
Program participants in regard to cargo scheduling, restrictions
on hazardous cargo, and passenger movement as well as the
yearly major resupply evolution, the cargo ship offload.

Of course, the U.S. Antarctic Research Program as we know it
would not be possible without the superb services provided by
Antarctic Development Squadron Six (VXE-6) and their fleet of
six LC-130 and six UH-1N aircraft. Coverage of VXE-6's mission
is much too broad to be detailed here and is covered in another
article by Cdr. D.D. Fisher (Fisher, Antarctic Journal, this issue).
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In addition to providing transportation and movement of
cargo around the continent, the U.S. Navy also provides food
services, TV and radio information and entertainment, com-
munications, weather forecasting, photography services, and
fire and airfield crash protection; it operates a retail store and
disbursing facilities and is responsible for the provision of all
life-support materials (food, water, and petroleum products).
This past year's summer support crew consumed over $500,000-
worth of provisions, including over 180,000 pounds of fresh
food. All provisions were flown in from New Zealand. Life in
McMurdo Station was made more pleasant by the evolution of
the unprecedented four-shower week, thanks to the selfless
dedication of the water distillation plant crew who produced
3,487,980 gallons of water (2,827,052 gallons were produced
during the 1983– 1984 austral summer). Of course, none of this
would have been possible without the power produced by over
3.56 million gallons of fuel provided by LJSNS Maumee's annual
visit in January.

An important part of the Navy's support role is the provision
of health and dental care to residents of McMurdo and other
stations and field parties. With a staff composed of five officers
and 25 enlisted personnel, the Naval Support Force, Antarctica,
medical department accomplished over 1,600 lab procedures,
filled over 1,300 prescriptions, took 535 X-rays, and performed
27 minor surgeries during this past summer. Due to the rela-
tively isolated nature of duty in Antarctica, the medical depart-
ment also screened personnel from various foreign lands and
made recommendations on their antarctic medical suitability,
especially important for the January 1985 Beardmore Con-
ference. Dental services were provided both at McMurdo Sta-
tion and in Christchurch and totaled almost 4,200 procedures
for the period October 1984 to February 1985. Dental exams
were provided to, all Navy personnel prior to deployment to
Antarctica and also to the wintering party prior to the start of
their isolation.

South Pole Station. At the Amundsen-Scott South Pole Station,
on-site U.S. Navy support is limited to two personnel (an air
traffic controller and an electronics technician) who operate and
maintain the AN/FPN-36 quad radar unit. Providing routine air
traffic control services to all aircraft arriving at South Pole Sta-
tion—including 99 VXE-6 LC-130 sorties, German Dornier, Ca-
nadian and Chilean Air Force (FACH) Twin Otter airplanes—
these two Navy personnel are on call whenever aircraft are
enroute to or from South Pole Station during the entire austral
summer season. When not on duty, they assist with projects
and participate in the social life with civilian members of the
Amundsen-Scott community.

Byrd surface camp. Located at 80°S 119°W, Byrd surface camp is
the most isolated of the U.S. camps in Antarctica (the nearest
neighbor is South Pole, 1,110 kilometers away). Byrd surface
camp is operated by the operations department and manned by
eight people representing the operations, public works, supply
and medical departments, and is used as a fueling stop for
LC-130 airplanes flying between McMurdo and West Ant-
arctica. Open from 27 October 84 to 9 February 1985, Byrd
provided vital support to over 40 LC-130 and Twin Otter sorties,
handling over 45,000 gallons of fuel, 38,000 pounds of cargo,
and over 80 passengers.

Marble Point Air Facility. Austral summer 1984– 1985 saw the
improvement and development of facilities at Marble Point in-
cluding the construction of three buildings providing accom-
modations, storage, and power for all-Navy crew. With the
official ribbon-cutting ceremony on 13 November, the U.S. Ant-
arctic Research Program increased its presence on the continent
at a siteable to accommodate a hard-surfaced runway which
would permit routine year-round all-weather flight operations
to Antarctica. Used as a helicopter refueling facility to extend
helicopter operations into the ice-free valleys of southern Vic-
toria Land, Marble Point is situated approximately 80.4 kilo-
meters northwest of Ross Island across McMurdo Sound and is
located on a site practically snow-free year round. Three over-
ice traverses in October and November transported con-
struction material, JP-4 and DFA fuel oils, and supplies necessary
to support the entire summer season. Cracks in the sea ice made
these traverses time-consuming and painstaking affairs, but
through extremely long hours "on the road" and cooperation
ensuring quick fuel train turnarounds, the traverses were safely
completed before the ice became dangerous.

The austral summer was highly successful in spite of un-
precedented delays and extra work caused by severe October
weather. There is insufficient space in this journal to recognize
the cooperation and flexibility displayed by all participants in
the U.S. Antarctic Program which permitted each demanding
evolution, from first flight in to last ship out, to be carried out in
a highly professional manner. The enthusiasm for supporting
the U.S. Antarctic Program has never been higher and all hands
at the Naval Support Force, Antarctica, eagerly await the start of
the 1985-1986 season.
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U.S. Navy Antarctic Development
Squadron Six activities, 1984-1985

CDR. D.D. FISHER

U.S. Navy Antarctic Development Squadron Six
Point Mugu, California 93042

During the 1984-1985 austral summer, Antarctic Develop-
ment Six (VXE-6) marked its 30th year of providing air support
for the U.S. Antarctic Research Program. VXE-6 flight opera-
tions in Antarctica during the 1985 season were an unqualified
success, with all logistics tasking completed on or ahead of
schedule.

The season began on 15 August 1984 when three ski-
equipped Hercules (Lc-130's) departed their home station in
California for Christchurch, New Zealand. The purpose of the
winter fly-in was to transport personnel and material to McMur-
do Station, Antarctica and to construct the ice runway required
for U.S. Air Force C-141 aircraft operations. Despite several
delays due to weather conditions at McMurdo Station and three
maintenance-related aircraft aborts, VXE-6 completed a record
eight flights between 22 and 28 August.

The austral summer support season commenced with the
deployment of UH-1N aircrew and maintenance personnel, the
first of which arrived in McMurdo Station on 3 October. Prepa-
ration began immediately to prepare the UH-1N helicopters left
at McMurdo Station for the summer flying season. The first of
the six LC-130's left Naval Air Station Point Mugu, California, on
11 October. Upon arrival at Christchurch, the squadron was
unexpectedly tasked to fly four round-trip support flights to
McMurdo Station. Unusually adverse weather at McMurdo Sta-
tion had put the U.S. Air Force C-141 flights nearly 8 days
behind schedule.

On 20 October, VXE-6 helicopters opened the season with the
first science support flights. The same day, five of the six
LC-130's arrived at McMurdo Station. Within 2 weeks, the

squadron had opened New Zealand's Vanda Station, Byrd sur-
face camp, and South Pole Station.

For the LC-130's, the season was characterized by a large
increase in open-field work, the bulk of which was conducted
for the combined glaciological programs at the Siple Coast.
Other open-field projects included: (1) geological studies at the
Jones Mountains, Ellsworth Mountains, and Mount Smart; (2)
search for meteorites at Allan Hills; (3) volcanic research at
Mount Takahe; (4) geologic/geochemical, stratigraphic, and
sedimentological study of the English Coast on the Bell-
ingshausen Sea; (5) ice-core retrieval and climatic research at the
Dominion Range, Transantarctic Mountains; (6) Federal Re-
public of Germany/United States/New Zealand North Victoria
Land Cooperative Program; (7) Antarctic Treaty Symposium at
the Lennox-King Glacier; (8) stratigraphic evolution and tec-
tonic setting research, Ross Sequence, Transantarctic Moun-
tains and Nimrod and Starshot Glaciers. During an attempt to
relocate the field camp at the Starshot Glacier, one LC-130, XD-
02, was trapped in a crevasse and was severely damaged. All
crew and passengers were rescued without injury. A recovery
crew was detached to the scene, and the aircraft was repaired
and flown from the site within 2 weeks.

VXE-6 provided the sole search and rescue capability for the
U.S. Antarctic Research Program. During the 1984-1985 sea-
son, VXE-6 evacuated four patients to Christchurch for medical
treatment.

McMurdo Station began winter operations 20 February 1985.
During the season LC-130 and UH-1N aircraft flew 4,517.8
hours, transported 4,075,465 pounds of cargo, and 4,162 pas-
sengers, exclusive of the winter fly-in.

On 15 February the squadron departed Christchurch for
Naval Air Station Point Mugu, California. While taxiing during
an enroute stop at Naval Air Station Barbers Point, Hawaii, one
LC-130, XD-01, experienced a catastrophic turbine failure and
fire. No injuries occurred, but the aircraft was extensively
damaged and did not return to point Mugu until mid-May 1985.
All other aircraft returned safely to Point Mugu by 22 February.
Upon return to California the squadron had a brief standdown
period and then began the summer training schedule in prepa-
ration for the 1985-1986 austral summer.

Ship operations

CDR. J.G. MARTHALER*

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

Two U.S. Coast Guard icebreakers operated in the Antarctic
this season in support of the U.S. Antarctic Program. The U.S.
Coast Guard icebreaker (usccc) Polar Star from Seattle, Wash-
ington, resupplied and refueled Palmer Station, performed the
channel break-in to McMurdo Station, assisted in the escort of
the resupply ships USNS Maumee (a tanker) and M/V Green Wave (a

cargo ship) into and out of Winter Quarters Bay, and conducted
three science cruises, one in McMurdo Sound, one in the Ross
Sea, and one off the Oates Coast. The U.S. Coast Guard ice-
breaker Glacier from Long Beach, California, delivered the ini-
tial supply and wintering crew relief to Palmer Station and
conducted an extensive science support program from the
South Orkney Islands along the western Antarctic Peninsula to
the Bellingshausen and Amundsen Seas. A detachment of two
HH-52A helicopters from the Coast Guard Aviation Training
Center, Mobile, Alabama, was assigned to each icebreaker (ta-
ble). AVDET 104 operated from Glacier, and AVDET 105 oper-
ated from Polar Star. The tank ship USNS Maumee, an old antarctic

* Commander James C. Marthaler, U.S. Coast Guard, is Coast Guard
Liaison Officer to the Naval Support Force and NSFA Ship Operations
Officer.
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veteran, and the dry-cargo ship MIV Green Wave, on her maiden
voyage to Antarctica, supplied fuel and cargo to McMurdo
Station.

U.S. Coast Guard helicopter hours flown during
1984-1985 antarctic operations

Month	 Polar Star	 Glacier

November	 8.2	 7.2

December	 16.2	 18.2

January	 128.1	 72.5

February	 31.6	 2.2

March	 9.4	 0

Total	 193.5	 100.1

For the second year in a row the fast-ice conditions during the
shipping season were lighter than normally experienced in
McMurdo Sound. Upon arrival of Polar Star, the fast ice edge
extended only 24 kilometers off Hut Point with an average
thickness of 4 to 6 feet. Pack-ice conditions in the western Ross
Sea and McMurdo Sound were extremely light with mostly
open water for most of the shipping season. The ice-breaking
operations in McMurdo Sound were accomplished as planned
with no vessel damage.

USCGC Polar Star arrived in Port Hueneme, California, on 19
November 1984 and loaded 213,000 pounds of cargo for Palmer
Station. Cargo included general supplies, repair parts, food
stuff (dry, refrigerated, and frozen), and some hazardous mate-
rial. After loading was completed by local civilian stevedores on
21 November 1984, Polar Star departed for Palmer Station mak-
ing port calls in Mazatlan, Mexico; Callao, Peru; and Valparaiso
and Punta Arenas, Chile. While in Punta Arenas fresh produce
was loaded and personnel from the National Science Founda-
tion and ITT/Antarctic Services, Inc. were taken aboard for pas-
sage to Palmer Station.

Polar Star changed operational command from COMPACAREA
COGARD to COMNAVSUPPFORANTARCTICA upon crossing 60°S on 1
January 1985 and arrived at Palmer Station on 3 January. All
passengers disembarked and cargo/refueling operations com-
menced. Polar Star transferred 168,719 gallons of marine diesel
fuel to the station. The entire operation went smoothly and
shipboard personnel augmented station personnel with shore-
side cargo handling. Retrograde cargo, including drummed
sludge, was loaded onboard Polar Star for delivery to McMurdo
Station.

Polar Star departed Palmer Station on 5 January 1985 enroute
to McMurdo Station. During the transit Polar Star picked up
personnel and retrograde cargo from Hallett Station for return
to McMurdo Station. Polar Star arrived at the fast-ice edge on 16
January 1985 and commenced breaking the ship channel (see
figure 1). During the channel break-in, icebreaker engineering
stress tests were conducted as part of a continuing ARCTEC and
Coast Guard project. The ice channel into Winter Quarters Bay,
the turning basin, and the approach to the ice pier were broken.
The icebreaker stress tests were completed by 25 January 1985.

Polar Star escorted USNS Maumee into Winter Quarters Bay on
25 January through 12.8 kilometers of ice-jammed channel
without incident. Polar Star refueled from Maumee on 26 January
and commenced Science Cruise I operations to the vicinity of
Terra Nova Bay on 28 January. Polar Star returned to McMurdo
Station on 31 January, reworked the ice channel and turning

basin, and escorted Maumee to sea. On 1 February 1985 Polar Star

escorted M/V Green Wave into Winter Quarters Bay through only
6.3 kilometers of brash-filled channel.

From 1 to 8 February Polar Star conducted Science Cruise II
operations in the Ross Sea along the Ross Ice Shelf to the Bay of
Whales. On the morning of 9 February, Polar Star reworked the
ice channel and turning basin and escorted Green Wave to sea.
On 11 February Polar Star successfully maneuvered the ice pier
in Winter Quarters Bay to flush out all the "trash" ice between
the pier and the shore-side wharf area. Once the ice pier was
moored securely to shore, Polar Star departed McMurdo Station
to conduct Science Cruise III operations off the Oates Coast,
Wilkes Land from 14 February to 4 March. Upon completion of
the science work Polar Star commenced the transit to Well-
ington, New Zealand, arriving on 9 March where Polar Star

changed operational command back to COMPACAREA COGARD.
Polar Star arrived in Seattle, Washington on 5 May after making
additional port calls in Sydney, Australia; Suva, Fiji; and Hono-
lulu, Hawaii.

LISCGC Glacier departed San Diego, California on 31 October
1984 enroute Punta Arenas, Chile making port calls at Callao,
Peru and Valparaiso, Chile. While in Punta Arenas, cargo and
personnel from the National Science Foundation and ITT/Ant-
arctic Services, Inc. were embarked for transit to Palmer Station.
Glacier changed operatioiial command from COMPACAREA
COGARD to COMNAVSUPPFORANTARCTICA upon crossing 60°S on 6
December 1984 and arrived at Palmer Station on 7 December.
Personnel and 25,053 pounds of cargo were off-loaded and the
Glacier's arctic survey boat was deployed for Palmer Station
science support. Glacier conducted local science operations and
collected krill in the vicinity of Gerlache Strait until 11 February
then embarked the 1984 season wintering personnel from Pal-
mer and departed enroute Punta Arenas on 12 December.

-

Figure 1. USCGC Polar Star working the turning basin oft Hut Point
during the channel break-in to McMurdo Station. (U.S. Navy photo.)

Glacier departed Punta Arenas on 19 December to commence
a coring and seismic survey cruise from the South Orkney
Islands along the western Antarctic Peninsula to the
Amundsen-Bellingshausen Sea areas. Glacier returned to Pal-
mer Station on 28 January where retrograde cargo, personnel,
and the arctic survey boat were loaded back onboard for transit
to Punta Arenas on 29 January. Glacier crossed 60°S on 30 Janu-
ary and changed operational command to COMLANTAREA
COGARD. Glacier discharged passengers and cargo in Punta
Arenas on 1 February 1985 and commenced the voyage to the
U.S. via the east coast of South America and the Panama Canal.
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Glacier arrived in Long Beach, California on 5 April after making
port calls in Montevideo, Uruguay; Rio De Janeiro and For-
taleza, Brazil; and Puerta Vallarata, Mexico.

USNS Maumee loaded petroleum products in the Mediterra-
nean and arrived at McMurdo Station under escort of Polar Star
on 25 January 1985. Maumee moored to the ice pier and Polar Star
nested outboard Maumee to receive fuel (see figure 2). Maumee
delivered 768,400 gallons of marine diesel fuel to Polar Star and
discharged a total of 3,563,450 gallons of petroleum products to
McMurdo Station's storage tanks. Maumee completed refueling
operations, ballasted down, and departed McMurdo Station
with the assistance of Polar Star on 31 January. On 5 February
Maumee arrived in Port Lyttleton, New Zealand, and departed
the following day.

Lyttleton on 25 January, loaded additional cargo for McMurdo
Station and Scott Base and departed for McMurdo on 26 Janu-
ary. Polar Star escorted Green Wave into Winter Quarters Bay on 1
February, and cargo offload and retrograde onload was accom-
plished by 8 February (see figure 3). Green Wave delivered a total
of 6,272,000 pounds of cargo to McMurdo Station this season.
Green Wave departed McMurdo Station on 9 February and ar-
rived in Port Lyttleton on 18 February after a 3-day delay due to
a main propulsion engineering casualty experienced while un-
derway. On 22 February, after waiting for engineering spare
parts, Green Wave departed for Port Hueneme, California, and
arrived on 11 March.

The cargo ship operations were supported by a National
Science Foundation agreement (CA-165) with the Department of
Defense. Icebreaker operations were supported by a National
Science Foundation agreement with the U.S. Coast Guard.

Figure 2. USNS Maumee prepares to take USCGC Polar Staralongside
for refueling at the McMurdo Ice Pier. (U.S. Navy photo.)

M/V Green Wave moored at Port Hueneme, California, on 2
January 1985 to load cargo for McMurdo and departed for Port
Lyttleton, New Zealand on 9 January. Green Wave arrived in Port

Figure 3. M/V Green Wave off-loading cargo at the McMurdo Ice Pier.
(U.S. Navy photo.)

Weather observing and transmitting
problems in the Antarctic

LT. K.S. GARCIA

U.S. Naval Support Force Antarctica
Port Hueneme, California 93043

Meteorological data recorded throughout Antarctica is very
sparse. Over this 5.4-million-square-mile continent, only 12
stations record synoptic weather data on an annual basis:
Amundsen-Scott, Casey, Davis, Dumont d'Urville, Mawson,
McMurdo, Mirnyy, Molodezhnaya, Palmer, Sanae, Syowa, and
Vostok. During the austral summer, personnel at various field
camps also provide basic weather data, which greatly increases
synoptic coverage. Because there is such a paucity of weather
data available, it is vital that all data is transmitted in a timely
manner so that other stations may use the information in their
analysis. Because flight operations depend on minimum

weather criteria, one weather observation can make the dif-
ference between a successful or an aborted mission.

The most significant aspect of weather observing is the de-
gree of human interpretation involved. The natural and man-
made landmarks found at other worldwide locations are absent
in Antarctica. Bases of clouds are difficult to estimate and snow-
fall accumulation is virtually impossible to measure. During a
snow storm accompanied by high winds, the observer cannot
determine how much snow is falling and how much snow is
blowing. In good weather, visibility tends to be phenomenally
good in Antarctica (greater than 64 kilometers); however, dur-
ing a storm, the absence of nearby natural landmarks may make
accurate visibility reporting difficult. Fog or ice fog (which oc-
curs only at temperatures less than - 25°C) is usually localized
and patchy. Reporting sector visibilities is very common but can
be difficult for an inexperienced observer.

The rapid changes in the weather also make forecasting and
reporting difficult. The weather is observed at 15 minutes before
the hour can change completely by 5 minutes after the hour,
requiring a special observation. During an antarctic storm,
rapid temperature changes and pressure fluctuations are com-
mon. It is impossible to reflect these changes in a single weather
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observation. The accurate reporting of these rapid weather
changes becomes crucial to the continuous modification of cli-
matological data. The climatology base for McMurdo Station is
only 28 years, an extremely short period for weather archiving.

Topographical features can significantly modify weather in
Antarctica. Near McMurdo Station is a 1,200-kilometer hill (Ob-
servation Hill) which significantly influences the wind flow
within the McMurdo Station area. The skiway, located 12.8
kilometers south of McMurdo Station at Williams Field, is not
affected by obstructions. Because Observation Hill influences
the wind direction at McMurdo Station, it would not be possible
to forecast (from McMurdo Station) the microscale wind direc-
tion changes at Williams Field. In December and January, the
incidence of fog greatly increases because of open water near
Ross Island. Although dense fog is not common within the
McMurdo Station area, it can lower the visibility to zero at
Williams Field. Observing and reporting the fog there is diffi-
cult due to the great variance of visibility experienced over short
periods. The fog may completely blanket the skiway for 15
minutes, move off the skiway for an hour, then move back over
it for the next hour.

Depending on the direction a storm is coming from, the
weather between McMurdo Station, Williams Field, and Marble
Point Air Facility (50 miles west-northwest of McMurdo) can be
radically different. It is not uncommon to observe fog at
Williams Field reducing visibility to near zero, to have visibility
of nearly 2 miles at McMurdo Station, and to have Marble Point
unrestricted. The table depicts the differences in weather fac-
tors during one November storm. This storm was caused by a
surface low located in the McMurdo Sound vicinity extending
southward along a trough paralleling the Transantarctic
Mountains.

Because there is so little synoptic weather data collected by
the various nations within the Antarctic, it is imperative that this
data be transmitted and received by other users in a timely
manner. McMurdo Station transmits weather observations from
Williams Field, Byrd surface camp, and South Pole Station on a
regular basis throughout the austral summer. The data is sent
out on CAA circuits through the communications center at
McMurdo Station to Wellington, New Zealand. Weather Well-
ington forwards all bulletins to Weather Melbourne, and they
are subsequently transmitted via satellite to AWN Carswell Air
Force Base, Texas, for national distribution.

Meteorological data from outlying field camps is received in
McMurdo Center via voice communciations on an irregular
basis, varying from hourly to daily observations. This data is not
transmitted from McMurdo Station. Reception of data at ant-
arctic stations via high-frequency radio circuit is affected by
atmospheric conditions, especially solar flares and Sun angles.
Under normal conditions, receiving weather data at McMurdo
Station is fairly routine. Unfortunately, if weather data is not
received, there are no methods available to trace the data or ask
for a retransmission. Therefore, if data from one or more of the
reporting stations is not received, the data was either not en-
tered into the communications system or lost due to at-
mospheric conditions. Obviously, any loss of data directly influ-
ences the degree of accuracy of analysis and resulting forecasts.

Table 1. Differences in weather factors during a November storm

Wind direction
(degrees true)

Visibility! Temperature	and
Sky Condition	 Weather	(in °C)	speed in knots

Ice runway
12Z Indefinite ceiling	3NMa!Snow	- 11	04010
15Z E15 BKN 45 BKN	15NM/Snow	—9	04006
18Z Partial obscuration	2NM/BS	—6	19015G20

60 BKN

McMurdo Station
12Z Indefinite ceiling	3NM!Snow	—10	08004
15Z 20 BKN	 40NM!	—9	03012
18Z 25 SCT 35 BKN	40NM!	—8	19010

Marble Point Air Facility
12Z Partial obscuration	3-4NM!BS	- 11	17007

6 OVC
15Z Not available
18Z 20 SCT 70 BKN	25NM!	—8	Calm

a "NM" denotes "nautical miles."

Table 2. Differences in weather conditions at Williams Field and
Marble Point

Visibility!	Temperature
Sky condition	 Weather	(in °C)	Wind

Williams Field
12Z Indefinite ceiling	1!8NMa!Fog	—3	Calm
15Z Indefinite ceiling	1!16NM/Fog	—3	Calm
18Z Indefinite ceiling	1!16NM'Fog	—4	Calm

Marble Point Air Facility
2Z Partial obscuration	1 1!2 NM/Fog	5	Calm
15Z Not available
18Z 5 SCT	 40NM!	 2	Calm

Conditions are favorable with a northeast flow over open water for advec-
tion!radiation fog.

a "NM" denotes "nautical miles."

Weather observing in Antarctica is unlike anywhere else in
the world. Forecasters receive so little data, that any and all data
must be carefully scrutinized. The weather observations that are
recorded must be transmitted promptly and correctly for other
antarctic forecasters to use. As more sophisticated communica-
tions systems are developed for use in Antarctica, the reliability
of receving meteorological data from the continent will
increase.
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The Foundation provides awards for research in the sci-
ences and engineering. The awardee is wholly responsible for
the conduct of such research and preparation of results for
publication. The Foundation, therefore, does not assume re-
sponsibility for such findings or their interpretation.

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

In accordance with Federal statues and regulations and
NSF policies, no person on grounds of race, color, age, sex,

national origin, or physical handicap shall be excluded from
participation in, denied the benefits of, or be subject to discrim-
ination under any program or activity receiving financial assist-
ance from the National Science Foundation.

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

Back cover. Mount Erebus—A view of the crater rim taken from the southwest on 20 October 1984 after volcanic eruptions in
September 1984. Large volcanic bombs can be seen on the west side of the volcano near the Citadel. Mount Terror is in the
background. NSF photo by Philip Kyle.
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Naval Support Force Antarctica
homeport representative, Port

Hueneme, 1984— 1985

D.D. GADDIS II

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

As in years past, the Naval Support force, Antarctica's home-
port representative at Port Hueneme, California, was responsi-
ble for moving passengers and cargo to Antarctica and South
America in a timely manner. This summer support season, the
homeport period was from 3 October 1984 to March 1985.

The homeport detachment consisted of a terminal operations
movement center and supply, medical, communications, and
personnel departments for a total of 20 personnel.

Cargo operations centered around three major evolutions:
special assignment airlift missions (SAAM), kilo shipments, and
the annual resupply vessel.

This year one SAAM mission was loaded at Point Mugu, Cal-
ifornia, and one at Travis Air Force Base, California. Each mis-
sion moved 8 passengers and 58,000 pounds of cargo to
Christchurch, New Zealand.

Kilo shipments were moved to Christchurch from Port
Hueneme via Military Airlift Command channels or shipped in
containers on commercial vessels.

The annual resupply vessel, theM/V Green Wave, was loaded at
Port Hueneme with total of 2,970 long tons and 8,541 measure-
ment tons of cargo 3 through 8 January.

Passenger movement to Christchurch via commercial air-
lines, totaled 1,368 military and civilian personnel.

The return of personnel to the United State began in mid-
January and was successfully concluded in March.

1985 REVIEW	 271



U.S. ANTARCTIC RESEARCH PROGRAM
1984-1985

LOCATIONS OF MAJOR ACTIVITIES

RV POLAR DUKE

USCGC GLACIER 8
PALM ER

p.

V
1

USCG POLAR STAR



NATIONAL SCIENCE FOUNDATION
WASHINGTON, D.C. 20550	

SPECIAL FOURTH-CLASS RATE
POSTAGE & FEES PAID

OFFICIAL BUSINESS
	

National Science Foundation
PENALTY FOR PRIVATE USE $300	 Permit No. G-69

RETURN THIS COVER SHEET TO ROOM 233, IF YOU DO
NOT WISH TO RECEIVE THIS MATERIAL Lii, OR IF
CHANGE OF ADDRESS IS NEEDED LI INDICATE
CHANGE. INCLUDING ZIP CODE ON THE LABEL. (DO
NOT REMOVE LABEL).

'	 I
-p

vo

p

p
hr


	Table of Contents
	Index of authors
	US antarctic research, 1984-1985
	Modeling magnetic and gravity effects of the Transantarctic Mountains, R.R.B. von Frese, S.R. Mateskon
	The Byrd Group of the Holyoake Range, central Transantarctic Mountains, M.N. Rees, A.J. Rowell, B.R. Pratt
	A new Triassic cycad from the Beardmore Glacier area of Antarctica, T.N. Taylor, E.L. Smoot
	Fossil fungi in antarctic wood, S.P. Stubblefield, T.N. Taylor
	Anatomically preserved Glossopteris from the Beardmore Glacier area of Antarctica, K.B. Pigg, T.N. Taylor
	Dating till by paleomagnetism: Allan Hills, southern Victoria Land, E.M. Cherry, H.C. Noltimier
	The geology and origin of the Elephant Moraine on the east antarctic ice sheet, G. Faure, K.S. Taylor
	Thermoluminescence of sandstone clasts of the Elephant Moraine, G.Faure, S. Sutton
	Magnetic model studies of volcanic cones in the ice-free valleys of southern Victoria Land, D.E. Layman, C.P. Ervin
	Dry valleys/McMurdo Sound magnetostratigraphy and sedimentology project: A progress report, D.P. Elston, H.J. Rieck, P.H. Robinson
	Physical properties of Conozoic rock, McMurdo Sound region, D.E. Layman
	Rates of geomorphic modificaion in ice-free areas southern Victoria Land, Antarctica, M.C. Malin
	Deep seismic soundings along the boundary between East and West Antarctica, L.D. McGinnis, Y. Kim
	Petrology and geochemistry of inclusions of lower crustal basic granulites from the Erebus Volcanic Province, Antarctica, J.H. Berg, R.A. Hank. R.I. Kalamarides
	Fluid inclusions in olivine in a basanite flow from Ross Island, Antarctica, I.S. Leung, S.B.Trevis
	Eruption of Mount Erebus and Ross Island seismicity, 1984-1985, J. Kienle, C.A. Rowe, P.R. Kyle, W.C. McIntosh, R.R. Dibble
	Geophysical studies on Mount Erebus, K. Kaminuma, K. Shibuya, K. Niida
	Mineral chemistry of the Kirkpatrick Basalt, northern Victoria Land, M.A. Haban, D.H. Elliot
	Paleomagnetism and hydrothermal alteration: Kirkpatrick Basalt Group, Victoria Land, E.M. Cherry, H.C. Noltmier
	Alteration of antarctic hyaloclastites, P.J. Ellerman, W.E. LeMasurier, W.C. McIntosh
	Geologic studies in the English Coast, easter Ellsworth Land, Antarctica, P.D.Rowley, K.S. Kellogg, W.R. Vennum 
	Tertiary mafic volcanic and volcaniclastic rocks of the English Coast, Antarctica, J.M. O'Neill, J.W> Thomson
	Sedimentary rocks of the English Coast, eastern Ellsworth Land, Antarctica, T.S. Laudon, D.J. Lidke, T. Delevoryas, C.T. Gee
	Tectonics of West Antarctica and its relation to East Antarctica: USARP-BAS geology/geophysics projext, (1984-1985), J.W.D. Dalziel, R.J. Pankurst
	1985 Seymour Island expedition, W.J. Zinsmeister
	Searching for evidence of an impact event at the Cretaceous/Tertiary boundary on Seymour Island, Ursula B. Marvin, J. Post
	Unusual occurrence of nautilids from the Upper Eocene La Meseta Formation, Seymour Island, W.J. Zinsmeister
	Palynological studies in the James Ross Island basin, Antarctic Peninsula: A progress report, R.A. Askin
	Reconnaissance geology, Robertson Island and Jason Peninsula, northern Antarctic Peninsula, F.C. Barbis�
	The location of the Cretaceous/Tertiary contact on Seymour Island, Antarctic Peninsula, B.T. Huber
	Plant fossils from the Ellsworth Mountains, T.N. Taylor, E.L. Smoot
	Volume on geology of the Ellsworth Mountains-Progress in 1984-1985, G.F. Webers, J.F. Splettstoesser
	Study of sulfide mineral distribution in the Dufek intrusion, J.L. Drinkwater, A.B. Ford, G.K. Czamanske
	Field studies on the Jetty Peninsula (Amery Ice Shelf area) with the 30th Soviet Antarctic Expedition, E.S. Grew
	Antarctic search for meteorites: Field program 1984-1985 W.A. Cassidy, J. Schutt
	Meteorite studies: Terrestrial and extraterrestrial applications, 1985, M.E> Lipschutz
	A re-interpretation of glaciovolcanic interaction at Mount Takahe and Mount Murphy, Marie Byrd Land, Antarctica, W.C. McIntosh, W.E. LeMasurier, P.J. Ellerman, N.W. Dunbar
	Radiocarbon chronology of the last glaciation in McMurdo Sound, Antarctica, G.H. Denton, M. Stuiver, K.G. Austin
	Geologic evidence for pre-late Quaterary east antarctic glaciation of central and eastern Wright Valley, M.L. Prentice, S.C. Wilson, J.G. Bockheim, G.H. Denton
	Continuation of glaciogeophysical survey of the interior Ross Embayment: Summary of 1984-1985 field work, C.R. Bentley, S. Shabtaie, D.F. Schultz, S.T. Rooney
	Firn studies at upstream B, West Antarctica, R.B. Alley, C.R. Bentley
	Land-ice/sea-ice transition in Ross Ice Shelf ice at J-9, Antarctica, P.M. Grootes, M. Stuiver
	Nitrate variability in South Pole and Ross Ice Shelf snow and firn, C.M. Laird, E.J. Zeller, G.A.M. Dreschhoff, T.P. Armstrong
	Uranium-series dating of Allan Hills ice, E.L. Fireman
	Using an ice core to characterize the climatic history of Antarctica, P.A. Mayewski, W.B. Lyons
	Composition of ancient atmosphere, based on ice-core analyses, B. Stauffer
	International antarctic glaciological program activities at South Pole Station and Vostok, C. Lorius
	Shear heating instabilities of large ice sheets, D.A. Yuen, G. Schubert, M.R. Saari
	Glacial erosion on the George V/Adelie continental margin, East Antarctica, E.W. Domack
	Amundsen Sea sediment coring, T.B. Kellogg, D.E. Kellogg, T.J. Hughes
	Preliminary results from the USCGC Glacier 1985 cruise, J.B. Anderson
	Marine geology of the northwestern Weddell Sea and adjacent coastal fjords and bays: Implications for glacial history, M.J. Smith
	Heat-flow measurements in the Jane Basin, a back-arc basin, northern Weddell Sea, L.A. Lawver, B.D. Vedova, R.P. Von Herzen
	Evolution of the far South Atlantic during the Late Cretaceous, L.A. Lawver, H. Bergh, P.F. Barker
	Late Quaternary diatom stratigraphy in the Indian sector of the southern oceans, R.W. Burak, L.H. Burckle
	Mafic and ultramafic rock assemblages from the Antarctic Plate boundary, southwest Indian Ocean, R.L. Fisher, J.H. Natland, H.J.B. Dick
	Evidence for early Late Miocene climate change, S. Hambos, L.H. Burckle
	Water-column particulate flux and seafloor deposits in the Bransfield Strait and southern Ross Sea, Antarctica, R.B. Dunbar, A.J. Macpherson, G. Wefer
	Suspended particulate matter in antarctic coastal waters, A.R. Leventer, R.B. Dunbar
	Wilkes Land Expedition 1985, Theodore D. Foster
	Physical oceanography during the Wilkes Land Expedition 1985, Theodore D. Foster, M. Yutian, E.G. Eckert
	Chemical oceanography during the 1985 Wilkes Land Expedition, R.L. Michel, R.S. Keir, R.A. Schroeder
	Modern desiments of the Terra Nova Bay polynya, Ross Sea, Antarctica, P. Hughes, L.A. Krissek
	Vertical sediment flux beneathannual sea ice, McMurdo Sound, Antarctica, R.B. Dunbar, A.R. Leventer, R.C. Marty
	Ross Sea oceanography, 1985, R.D. Pillsbury,  S.S. Jacobs
	Oceanic inclustions in the J-9 sea-ice core, I.A. Zotikov, S.S. Jacobs
	Use of acid-balance values to trace water-mass in the Weddell Sea, C-T.A. Chen, M.R. Rodman
	Salinity, Alkalinity, and calcium of the Weddell Sea ice, C-T.A. Chen
	Atlantic long lines, leg II, Cape Town to Punta Arenas, T.Whitworth, III
	Basal sediment ages of 1983 piston cores, F.A. Kaharoeddin, D.S. Cassidy
	Wilkes Land Expedition 1985: Biological observations in the ice-edge zone, D.L. Garrison, K. Van Scoy
	Nutrients and ice-shelf water along the barrier edge of the Ross Ice Shelf, D.C. Biggs, J.D. Guffy, D.J. Murphy, A.F. Amos
	Ice nucleation activity of antarctic marine microorganisms, L.V. Parker, C.W. Sullivan, T.W. Forest, S.F. Ackley
	Ecology of sea-ice microbial communities during the 1984 winter-to-summer transition in McMurdo Sound, Antarctica, S.T. Kottmeier, M.A. Miller, M.P. Lizotte, L.L. Craft, C.W. Sullivan, B. Gulliksen
	Lipid composition and microbial activity of selected recent antarctic benthic marine sediments and organisms: A mechanism for monitoring and comparing microbial populations,  D.C. White, G.A. Smith, P.D. Nichols, G.R. Stanton, A.C. Palmisano
	Photoadaptive strategies in a natural population of Phaeocystis pouchetii in McMurdo Sound, A.C. Palmisano, J.B. SooHoo, S.L. SooJoo, L.L. Craft, C.W. Sullivan
	Ciliates and nanophytoplankton in Arthur Harbor, December 1984 and January 1985, J.F. Heinbokel, D.W. Coats
	Microheterotrophs in the ice-edge zone: An AMERIEZ study, D.L. Garrison, K.R. Buck
	Contrasting modes of reproduction by common shallow-water antarctic invertebrates, J.S. Pearse, I. Bosch, J.B. McClintock
	Sinking rates of natural phytoplankton populations of the western Weddell Sea, T.O. Johnson, W.O. Smith
	Size fractionation of antarctic phytoplankton, S.Z. El-Sayed, L.H. Weber
	Phytoplankton from the southwestern Atlantic Ocean, G.A. Fryxell, R.W. Gould, Jr., T.P. Watkins
	Photoadaptations of photosynthesis and carbon metabolism by antarctic phytoplankton: Species-specific and community responses, R.B. Rivkin, M.A. Voytek, I. Morris
	Trophic position of benthic rhizopods in McMurdo Sound, T.E. DeLaca
	Biomass, distribution, and trophodynamics of Salpa thompsoni in the Scotia Sea near the Antarctic Peninsula, austral summer 1983-1984, M.E. Huntley, P. Sykes, R. Rohan, V. Marin
	Observations at the Bransfield Strait/Bellingshausen Sea frontal zone in April 1985, V. Marin, M. Huntley, O. Holm-Hansen
	Vertical distibutions and abundances of zooplankton in the vicinity of Elephant Island, J.H. Wormuth, S.P. Berkowitz
	Euphausia superba: A preliminary report on three areas of investigation, R.M. Ross, L.B. Quetin, M.O. Amsler
	Cold-stable microtubules from antarctic fish, H.W. Detrich, III
	Growth resolution of antarctic fish, R.L. Radtke, T.E. Targett, J.L. Bell
	Freezing avoidance and the distribution of antifreeze glycopeptides in antarctic fish, J.A. Ahlgren, N.L. Kizer, A.L. DeVries
	Nearshore foodwebs and the distribution of acanthocephalan parasites in antarctic seabirds, E.P. Hoberg
	Ornithological investigations at Palmer Station: The first long-distance tracking of seabirds by satellites, D.F> Parmelee, J.M. Parmelee, M. Fuller
	Distribution of marine birds off Wilkes Land, February, 1985, Z.A. Eppley, N.M. Harrison
	Distribution of marine birds and their prey in Bransfield Strait and southern Drake Passage, G.L. Hunt, Jr. I. Everson, R.R. Veit, D.W. Heinemann
	Population studies of Adelie, gentoo, and chinstrap penguins, W.Z. Trivelpiece, N.J. Volkman
	Ultrastructural histochemical demonstartion of concanavalin A binding sites on Adelie penguin blood cells, V.A.P. Zinsmeister, J. Valencia
	A census of the Adelie penguin colony on Paulet Island, Weddell Sea, J.R. Jehl, F.S. Todd
	Foraging characteristics of king penguins from Saint Andrews Bay, South Georgia, G.L. Kooyman, P.H. Thorson
	Examination of potential hearing damage in Weddell Seals (Leptonychotes weddelli) in McMurdo Sound, Antarctica, B.A. Bohne, J.A. Thomas, E.R. Yohe, S.H. Stone
	Reproductive bioenergetics of the antartic fur seal Arctocephalus gazella, D.P. Costa, P.H. Thorson, J.G. Herpolsheimer, J.P. Croxall
	Field studies of antarctic cryptoendolithic microbial ecosystems, 1984-1985, E.J. Friedmann
	A method for the continuous monitoring of snow: Application to the cryptoendolithic microbial community of Antarctica, E.J. Friedmann, C.P. McKay
	Effects of light intensity on the cryptoendolithic microbiota, J.R. Vestal
	Microorganisms in soil samples from Linnaeus Terrace southern Victoria Land: Preliminary observations, P. Hirsch, C.A. Gallikowski, E.L. Friedmann
	Variability in begetative and reproductive biomass in Acaena adscendens Vahl. (Rosaceae) at Kerguelen (South Indian Ocean), J.M. Lawrence, J.B. McClintock
	Biomass of Dirvillea antarctica (Cham.) Hariot (Phaeophyceae) in the Bay of Morbihan, Kerguelen Island (South Indian Ocean), J.M. Lawrence
	Antarctic automatic weather stations, austral summer 1984-1985, C.R. Stearns, G.A. Weidner
	Air chemistry monitoring at Palmer Station, D.R. Cronin, T.W. Ferrara, W.L. Bamesberger
	Weather and solar radiation measurements and Mount Takahe and  Mount Murphy, West Antarctica, M. Losleben
	Katabatic wind interaction with Inexpressible Island, Terra Nova Bay, D.H. Bromwich
	Real-time measurements of droplet size distribution in antarctic coastal clouds, V.K. Saxena, F.H. Ruggiero
	Airborne measurements of the antarctic cloud water acidity, V.K. Saxena, F.H. Ruggiero, F.P. Parungo
	The nature and size of microscopic airborne particles at McMurdo Station, G.E. Shaw
	Aerosol transport processes in the Antarctic, A.W. Hogan, J.A. Samson
	The trend of bromochlorodifluoromethane and the concentration of other bromine-containing gases at the South Pole, M.A.K. Khalil, R.A. Rasmussen
	Measurements of column amounts of atmospheric trace gases during the antarctic winter, F.J. Murcray, F.H. Murcray, D.G. Murcray
	Chemical tests of antarctic hygroscopic aerosols, T. Ohtake
	Atmospheric particle collections at Amundsen-Scott South Pole Station during 1984, W.A. Cassidy, R.E. Witkowski, G.W. Penney
	Automatic weather stations in eastern Antarctica, G. Wendler, Y. Kodama, J. Gosink
	Detection of atmospheric tracers in Antarctica, E.J. Mroz, M. Alei, J.H. Cappis, P.R. Guthals, A.S. Mason, T.L. Norris, J. Poths, D.J. Rokop
	Determination of sulfur gases in the antarctic atmosphere, S.B. Dilts, D.R. Cronin
	High-altitude aerosol variations associated with stratospheric warmings, D.J. Hofmann, J.M. Rosen
	Observation of solar brightness oscillations at the South Pole, R. Stebbins, R. Ronan, M. Arrambide
	Advances in solar seismology at the South Pole, M.A. Pomerantz, E. Fossat, B. Gelly, G. Grec, J.W. Harvey, T.L. Duvall, Jr.
	A South Pole telescope, F.B. Wood, K.Y. Chen
	Far ingrared astronomy at the South Pole, M.A. Pomerantz, F. Pajot, R. Gispert, J.M. Lamarre, J.L. Puget
	Pc 1 magnetic pulsations at the South Pole, R.L. Arnoldy, L.J. Cahill, M.J. Engebretson
	Poleward surges of auroral phenomena over the South Pole, T.J Rosenberg
	Development of an automatic geophysical observatory, J.H. Doolittle, S.B. Mende
	Riometer measurements of seasonal variations in auroral absorption at South Pole and Siple Stations, S. Krishnaswamy, T.J. Rosenberg
	Influence of long-term variations in solar radio noise on riometer quiet day curves, S. Krishnaswamy, T.J. Rosenberg
	Very-low-frequency/low-frequency phase perturbations produced by whistler-induced electron precipitation, U.S. Inan, D.L. Carpenter
	Using the Siple Station very-low-frequency transmitter as a multi-frequency probe of the Earth-ionosphere waveguide and magnetosphere, D.L. Carpenter, A.J. Smith
	Large-amplitude oscillations of subionospheric very-low-frequency signals received in Antarctica, D.L. Carpenter
	A new type of very-low-frequency emission triggered at altitudes below 1,400 kilometers by signals from Siple Station, T.F. Bell, J.P. Katsufakis, H.G. James
	New insights into cosmic-ray propagation in the heliosphere, M.A. Pomerantz, J.W. Bieber
	Measurement of ionospheric electron columnar content changes over McMurdo Station, D.S. Coco, J.R. Clynch
	Simultaneous measurements of the locations of the main ionospheric trough from Siple and Halley Stations, F.T. Berkey, M.J. Jarvis
	Polar Research Board: Antarctic-related activities June 1984 to June 1985, Sherburne B. Abbott, W. Timothy Hushen
	Antarctic Marine Geology Research Facility and COre Library, 1984-1985, D.S. Cassidy
	Oceanology of the Antarctic Continental Shelf, S.S. Jacobs
	Antarctic Research Series, Judy C. Holoviak
	Conference papers in the Antarctic Bibliography, G.T. Thuronyi
	The Circum-Pacific Map Project, C. Craddock
	Mapping activities in antarctica, R.B. Southard
	Landsat multispectral images of Anarctica applied to mapping and glaciology, B.K. Lucchitta, D. Edwards, E.M. Eliason, J. Bowell
	The use of Landsat data to map bedrock and surficial geology of the ice-free valleys of southern Victoria Land, C.S. Southworth
	A mild outbreak of adenovirus type-21-caused respiratory illness at McMurdo Station in 1977, P.A. Schult, F. Polyak, E.C. Dick
	Satellite communications for antarctic science, M. Comberiate
	Antarctic support operations, R.A. Becker
	US Navy Support to the US Antarctic Program  during 1984-1985, Cdr. R.M. Harler
	US Navy Antarctic Development Squadron Six activities, 18984-1985, Cdr. D.D. Fisher
	Ship operations, Cdr. J.G. Marthaler
	Weather observing and transmitting problems in the Antarctic, Lt. K.S. Garcia
	Naval Support Force Antarctica homeport representative, Port Hueneme, 1984-1985, D.D. Gaddis II

