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Cover. Generalized paleogeographic reconstructions of
Antarctica showing extent of ice cover, exposed land and
interior marine embayments and seaways during the ear-
ly Pliocene deglaciation and late Pliocene/early
Pleistocene partial reglaciation. These reconstructions
are based in part on the recovery of terrestrial plant fos-
sils (top) and reworked marine microfossils (bottom) from
the Sirius Group of glacial sediments in the Transan-

tarctic Mountains. Numerous papers regarding these fos-
sils and their implications for the geological and glacial
history of Antarctica begin on page 22. Two related papers
appear in volume 22, number 1/2 and volume 22, number 4
of the Antarctic Journal of the United States. (Illustration
by R.W. Tope, Byrd Polar Research Center, Ohio State
University.)
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U.S. antarctic research, 1985-1986

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. The U.S. Navy, the
U.S. Coast Guard, and a civilian contractor (ITT/Antarctic Serv-
ices, Inc.) provide logistic support to researchers in Antarctica.

As a part of the U.S. Antarctic Program, scientists from uni-
versities and colleges, private organizations, and Federal agen-
cies study problems of global and regional significance. The
scope of this work is illustrated by the 167 reports in this Ant-
arctic Journal of the United States. These papers, prepared by
program participants, describe field work during 1985-1986,
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.

1985-1986 austral summer

Between August 1985 and April 1986, approximately 380 re-
searchers conducted 86 projects in Antarctica and in surround-
ing waters. They worked at four U.S. stations (McMurdo,
Amundsen-Scott South Pole, Siple, and Palmer), at three remote
field camps, aboard two U.S. Coast Guard icebreakers and two
research ships, and with antarctic programs of other countries.
Support for the U.S. program in Antarctica was provided by 385
employees of a civilian contractor (ITT/Antarctic Services, Inc.,
ITT/ANS), 555 members of the Naval Support Force Antarctica
(NSFA), the Antarctic Development Squadron Six (VXE-6), and
other military units, 372 crew members aboard two U.S. Coast
Guard icebreakers, and 45 civilian crew members aboard the
supply ship and tanker.

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

During the austral summer, VXE-6, the Navy air squadron
that supports the U.S. Antarctic Program, flew a record number
of hours. They flew the program's ski-equipped Hercules air-
planes (LC-130s) and Navy UH-IN helicopters a total of 5,856
hours between August 1985 and February 1986-4,009 LC-130s
hours and 1,846 UH-1N hours. The squadron also participated
in two rescue operations, one assisting the Australian antarctic
program and the other for a private expedition (see Antarctic
Journal, Volume 21, number I for details).

Land-based research highlights
Beardmore Glacier studies. Near the 160-kilometer-long

Beardmore Glacier, the largest of the three remote camps—the

Beardmore South camp (84°S 164°24'E)—supported 66
geologists, glatiologists, and glacial geologists who conducted
16 projects (15 U.S. projects and 1 New Zealand). The camp was
constructed by ITT/Antarctic Services Inc. (ITT/ANS) em-
ployees in 1984 to support an international workshop on the
Antarctic Treaty.

The research objectives of these projects were
• to learn more about fluctuations in the antarctic ice sheet

and the relationship of these fluctuations to global ice ages
• to integrate paleontologic and sedimentologic data toward

constructing a model of the antarctic environment before
the break-up of the supercontinent Gondwana during the
late Paleozoic and early Mesozoic

• to study the tectonic evolution of the Transantarctic Moun-
tains, to acquire data for a crustal structure model, and to
determine the significance of older mountain-forming re-
gions in the tectonic history.

Although not all of these objectives could be met, the re-
searchers gained new information on antarctic glacial history
and ancient environments. Preliminary results suggest that
geologists and glaciologists may have to revise existing theories
on the fluctuations in the size of Antarctica's ice sheets over the
last several million years. Current theories hold that the existing
ice sheets have been in place for the last 15 million years.
However, glacial geologists found marine microfossils that sug-
gest that as recently as 2.5 million years ago seaways stretched
across Antarctica. As the ice sheet advanced, it carried fossils
from the ocean bed to the mountain tops. The discovery of
glacial erratics at high elevations near the Beardmore Glacier
add compelling evidence for the overriding of the mountains by
ice.

Other fossils, including fossilized wood, found in glacial
beds, indicate not only that the ice retreated but also that 3
million years ago the climate was warm enough to support an
extensive forest about 643 kilometers (400 miles) from the South
Pole. Paleontologists working near the Beardmore Glacier dis-
covered 225-million-year-old fossil bones of four new species of
amphibians and reptiles. Fifty of the fossils were found at a rock
level that suggests that they are between 190 and 225 million
years old. At least one of the fossil bones may be from an extinct
family of amphibians (Captiosauridae), never before found in
Antarctica.

Air-borne geophysics. Plate tectonic models describing the tec-
tonic evolution of West Antarctica have been handicapped by a
lack of data from the ice-covered regions surrounding the Ant-
arctic Peninsula. Although marine geophysical data have
provided information on the general pattern of seafloor spread-
ing, details on the development of critical passageways and the
timing of rifting have remained obscure.

In November 1985 newly designed aerogeophysical survey
equipment, flown aboard a U.S. Navy P-3 Orion airplane, en-
abled U.S., Argentine, and Chilean researchers to gather nearly
74,000 kilometers of magnetic data over the Weddell Sea,
Bransfield Straits, and Drake Passage, and 20,000 kilometers of
gravity data in the Weddell Sea. Objectives of the project were to
determine the history of segments of the continental margin
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and to define tectonic plate kinematics since the breakup of
Gondwana about 150 million years ago.

Preliminary analysis of data obtained during the survey
provide clues to the early rifting of the Antarctic Peninsula away
from Gondwana. The data reveal an extension of the Late Cre-
taceous to Paleogene magnetic anomaly sequence in the west-
ern Weddell Basin. This disappears into an area that borders on
the Powell Basin, the southeast Orkney platform, and the Scotia
Ridge where the seafloor slipped under the continent. Re-
searchers also found in the magnetic data for the western Wed-
dell Sea an abrupt transition to a smooth magnetic pattern that
may be caused by deep sedimentation, fracture-zone offsets, or
continental crust. In the northwestern Weddell Sea the anomaly
lineation changes direction and suggests that between the Late
Cretaceous and Oligocene the Antarctic Peninsula rotated away
from East Antarctica around a point in the southwestern Wed-
dell Basin and opened the Weddell Basin. Another south-
western Weddell Sea magnetic anomaly that may define a tran-
sition between the continent and ocean floor suggests that a
second point of rotation existed.

Further analysis and a survey planned for the 1986-1987
austral summer will enable the scientists to determine the pre-
Cretaceous opening history of this important area. Their work
complements research conducted by U.S. and British
geologists during the last several years at the base the Antarctic
Peninsula.

Lower atmosphere investigations. A new airborne lidar (laser
infrared radar) was tested in January 1986 to provide scientists
with a better description of the spatial and temporal distribution
of aerosol concentrations over Antarctica. The system's laser,
carried on LC-130 flights to and from McMurdo Station, trans-
mits energy pulses at a wavelength of 1.06 micrometers. This
energy, backscattered from atmospheric molecules and re-
flected from the Earth's surface, is collected in an optical tele-
scope and transformed into an electrical signal, which is digi-
tized and recorded on magnetic tape and paper. With the data
from a series of firings, investigators can produce a vertical map
of aerosol concentrations along the airplane's flight path. These
data enable them to measure aerosol backscatter inhom-
ogeneities (caused by changes in particle concentration), size
and shape, or composition and to characterize the frequency,
height, thickness, and extent of elevated and surface-based
aerosol layers. This system will help investigators to identify
aerosol sources in Antarctica and climatic processes that affect
aerosol transport and to study boundary layer dynamics and
tropospheric-stratospheric exchange.

Upper atmosphere studies. At Amundsen-Scott South Pole Sta-
tion, upper atmosphere physicists launched eight 5,100-cubic-
meter helium balloons equipped with electric field detectors
and X-ray scintillation counters. Among their objectives were
long-term measurements of the ionospheric electric field and
high-energy electron precipitation near the cusp, long-term
measurements of electron precipitation in the midnight sector
of the low-latitude polar cap, and conjugate measurements of
the ionospheric electric field near the cusp and in the midnight
sector of the low-latitude polar cap.

Reaching an average altitude of 32 kilometers, the instru -
ments on the eight balloons recorded 468 hours 30 minutes of
data on activity in the polar cusp region. Motions and micro-
structures of this region have broad implications for magne-
tospheric dynamics. A significant part of the energy and mo-
mentum that drive magnetospheric processes are injected from
the solar wind through the cusp. After analysis the data ob-

tained at the South Pole will be compared with data from high-
latitude sites in the Northern Hemisphere and from satellites.

Marine research—highlights

During the 1985-1986 austral summer three U.S. ships—U.S.
Coast Guard icebreakers Glacier and Polar Star and the ice-
strengthened research ship Polar Duke—supported research in
the Ross and Weddell seas and along the Antarctic Peninsula.
Polar Star supported three science cruises in the Ross Sea near
McMurdo Station; Glacier supported projects near the Antarctic
Peninsula—an ocean drilling program in the Bellingshausen
Sea in January 1986 and a multidisciplinary marine science
investigation in the Weddell Sea from February to early April
1986. Besides transporting personnel and supplies between
Punta Arenas, Chile, and Palmer Station, Anvers Island, Polar
Duke, leased by the National Science Foundation through its
contractor ITT/ANS, made four research cruises between De-
cember 1985 and April 1986. Additional science support was
provided for the Weddell Sea cruises by the research ship
Melville, operated by Scripps Institution of Oceanography
through the University-National Oceanographic Laboratory
System.

Antarctic marine ecosystems research in the ice-edge zone. From
late February to April 1986, 44 researchers studied the marine
ecosystem at the ice edge in the Weddell Sea aboard the 245-foot
Melville and the 299-foot icebreaker Glacier. The mulitdisciplin-
ary project, Antarctic Marine Ecosystems Research in the Ice-
Edge Zone (AMERIEZ), focuses on the relationship between eco-
system changes and the position of the pack-ice edge, max-
imum extent of winter ice, and regions where "winter" condi-
tions still exist. The ice-edge zone affects most of the
surrounding seas during annual freezing and melting cycles. At
its maximum extent in early spring, the pack ice covers 18 to 21
million square kilometers, an area larger than the 14 million
square kilometers that comprise Antarctica. By late summer
only remanets of this ice remain in the Weddell Sea and along
coastal areas. The data obtained during the fall 1986 cruises
augments the results of a 1983 AMERIEZ cruise, which was con-
ducted during the austral spring.

Marine biologists participating in the project suggest that this
region has a higher level of biological activity than either the
open sea or the pack ice and, consequently, is an important
feeding area for marine birds and mammals. Data from 1983
showed that as sea ice retreats, massive algae blooms appeared
and the number of associated invertebrate increased.

Because the 1983 studies were conducted during the austral
spring and the 1986 studies during the fall, the researchers were
able to compare data and look for seasonal patterns. Using
instruments that profile conductivity, temperature, and depth,
oceanographers collected data that will supply the biologists
with information on oceanic features that affect the local ecolo-
gy. They found present three water masses—Weddell surface
water (25 meters to 40 meters deep), Weddell winter water
(approximately 100 meters deep), and Weddell warm water
(1,500 meters deep, the maximum sampling depth). The surface
water layer, which was underlain by strong vertical gradients,
dominated the upper ocean layers. The gradients imply that
little vertical mixing occurs through the bottom of the upper
layer. Large vertical temperature steps (greater than 100 meters
in vertical extent) dominated the deep water and may be related
to region-wide vertical heat transfer. In contrast to the 1983
observations, they found no strong frontal systems separating
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the outfiowing Weddell Sea water from the waters of the Eastern
Scotia Sea.

Marine biologists found sharp contrasts between AMERIEZ

1983 data and AMERIEZ 1986 data. Chlorophyll a concentrations
at open water and ice-covered stations were significantly lower
during fall 1986 than they were during the 1983 spring. Al-
though the ice edge had only begun to advance in March 1986,
chlorophyll a concentrations in the water column under the ice
were extremely low, when compared with 1983 data that were
collected at the beginning of the ice-edge retreat. These dif -
ferences in the levels of spring and autumn biomass may indi-
cate that growth within the water column begins earlier and
ends earlier than previously thought. Although phytoplankton
biomass values were high in 1983, data from 1986 indicate low
phytoplankton biomass values and suggest that any phy-
toplankton bloom that may have been present had dissipated
before the study. Because these blooms depend on stable, ver-
tical mixing of ocean surface waters, the limited mixing ob-
served by oceanographers may contribute to the low phy-
toplankton productivity, but this has not yet been correlated.

In studies of microalgae in the water-column and under the
ice, biologists found that some species clearly respond to
changes at the ice edge. Their preliminary data suggest that the
sexual cycles for several species may be triggered by the ice edge
or processes associated with it. Other biologists, investigating
microzooplankton, found marked differences in spatial dis-
tribution within the water column. In 1983 they observed a
relatively well-defined gradient in microzooplankton abun-
dance, but they found that populations were more uniformly
distributed throughout the study area during their 1986 cruise.

Winter research in the Antarctic Peninsula region. Polar Duke vis-
ited Palmer Station three times during the late 1985 austral
winter. This was the first time that a U.S. ship visited the
Antarctic Peninsula station during the winter and the first time
since the 1970s that a U.S. ship conducted winter research in
antarctic waters.

Between 20 August and 24 September 1985, 17 biologists
from seven institutions, one journalist, 12 crew members, and
two ITT/ANS employees worked aboard Polar Duke. Science
objectives for the cruise were to survey and sample different
components of the marine ecosystem during the winter. The
cruise was divided into three legs. Leg 1 focused on the south-
ern Bransfield Strait, Dallmann Bay, and Gerlache Strait; leg 2
extended from Palmer Station south to the tip of Adelaide Island
and along the coast of Hugo Island and back to Palmer; leg 3
followed the route of leg I with a stop at Arctowski Station
before returning to Punta Arenas, Chile.

The projects ranged from studies of seals and birds to the
physiology of sea-ice algae. One group, focusing on feeding and
reproduction of krill, observed and sampled 11 schools as well
as monitoring chlorophyll a levels. Chlorophyll a levels indi-
cated that phytoplankton levels were low except when storms
broke up the sea and released ice algae into the sea water. Divers
collecting data for the sea-ice algae study observed a close
relationship between krill and the distribution of ice algae.

Antarctic Treaty activities

Representatives of the 32 countries met for the 13th Antarctic
Treaty Consultative Meeting in Brussels, Belgium, 7 to 19 Oc-
tober 1985. Discussions centered on improving the operation of
the Antarctic Treaty system and preventing harmful impacts on
the antarctic environment as a result of human activities. The
meeting elaborated 16 recommendations to governments on
these and other subjects.

Article IX of the Antarctic Treaty provides for regular meet-
ings so that Treaty nations may exchange information and for-
mulate, consider, and recommend measures that will further
the principles and objectives of the Treaty. Representatives of
the 18 Antarctic Treaty consultative parties participated; they
are Argentina, Australia, Belgium, Brazil, Chile, China, Federal
Republic of Germany, France, India, Japan, New Zealand, Nor-
way, Poland, South Africa, U.S.S.R., United Kingdom, United
States, and Uruguay. Two nations—China and Uruguay—par-
ticipated as consultative parties for the first time, their con-
sultative status having been recognized at a special meeting.
Observers from the 14 acceding nations (Bulgaria, Cuba, Czech-
oslovakia, Denmark, Finland, German Democratic Republic,
Hungary, Italy, Netherlands, Papua New Guinea, Peru, Ro-
mania, Spain, and Sweden) also attended the Brussels meeting.
Acceding nations agree to abide by the treaty but do not partici-
pate in its operation.

Nine agenda items were considered by two working groups;
the remaining items were discussed in plenary sessions. One
group, chaired by the Norwegian representative, discussed the
operation of the Antarctic Treaty system, public availability of
consultative meeting documents, exchange of information in
accordance with the Antarctic Treaty, matters relating to the
appointment of observers at consultative meetings, and inspec-
tions under Article VII of the Antarctic Treaty. The second group
under the direction of the Brazilian representative considered
man's impact on the antarctic environment, Sites of Special
Scientific Interest (SSSIs) and Specially Protected Areas (SPAs),
the effects of tourism and nongovernmental expeditions in the
Antarctic Treaty area, and historic monuments.

The full text of the recommendations and a summary of the
meeting appears in the March 1986 issue (Volume 21, number 1)
of the Antarctic Journal. The next Antarctic Treaty Consultative
meeting will be held in Brazil in September 1987.

Budget

Fiscal 1986 support of the U.S. Antarctic Program, provided
through the National Science Foundation, totalled $110,210,167
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 $11,500,000, and direct support (costs normally in-
cluded in a grant for work at an institution but provided in
Antarctica from program resources) $15,300,000. This com-
prises $26,800,000 in total science support.

• construction and procurement $17,300,000
• logistics and support $66,110,167.
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The Foundation provides awards for research in the sciences
and engineering. The awardee is wholly responsible for the
conduct of such research and preparation of results for pub-
lication. The Foundation, therefore, does not assume respon-
sibility 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 researchrelated 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.
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Terrestrial geology and geophysics

Terrestrial gyroscopic effects and
gravity tides at the South Pole

L. KNOPOFF and P.A. RYDFL.EK

Institute of Geophysics and Planetary Physics
University of California

Los Angeles, California 90024

W. ZURN

Geozvissenscliaftliches Observatorii ni
Universitäh'n Karlsruhe/Stutt''art

Federal Republic of Gi'riiiani

The shape of the core-mantle boundary is of great importance
in modeling the complex magnetohydrodynamics of the rotat-
ing fluid core of the Earth and hence in modeling the origin and
dynamics of the Earth's magnetic field. The nonstationarity of
the magnetic field, including its reversals, has had significant
bearing on the model of plate tectonics.

Most models of the shape of the core-mantle interface assume
that the mantle is in hydrostatic equilibrium and hence that any
nonspherical deformation is due to the centrifugal force in the
mantle. The flattening of a hydrostatic mantle is about 1/390 at
the upper boundary of the core; at the surface of the Earth the
hydrostatic flattening is about 1/297 (Bullard 1948). Stresses in
the mantle will change the shape of the boundary. At present,
we do not have a precise estimate of the shape, and most
authors are obliged to use the hydrostatic estimate.

A nonspherical core will exhibit gyroscopic effects as the
Earth spins. Several authors have proposed that a "nearly diur-
nal free wobble" (NDFw) should be observed with a frequency of
(1 + 1/460) cycles per sidereal day for a hydrostatically de-
formed mantle, although the amplitude of the wobble will be
very small (Rochester, Jensen, and Smylie 1974; Toomre 1974);
the sidereal value translates into a frequency of 1.004918 cycles
per solar day. The number 460 is directly proportional to the
aforementioned number 390 by a correction involving the ratio
of the moments of inertia of the core and mantle. It should be
possible to observe the free oscillation of the Earth at the period
of the NDFW if the signal is large enough. In theory, there are no
diurnal vertical gravity signals at the South Pole, but it has been
shown (Jackson and Slichter 1974; Knopoff and Rydelek 1980)
that small diurnal effects are nevertheless observed at the Pole
due to the presence of the distant and asymmetric oceans,
which do respond to these diurnal influences. We have
searched the 9-year record taken with our Earth-tide gravimeter
at the South Pole and find no evidence for the existence of a

spectral line at or near the above period that is above the noise
level for observations at the South Pole.

At temperate latitudes, the circumstances should be more
favorable for the direct observation of a solid-Earth free oscilla-
tion due to the NDFW. A recent study of 3 years of data taken
with the Frankfurt superconducting gravimeter has failed to
show the presence of any identifiable term corresponding to the
NDFW at the noise level of those observations. However, the
influence of the NDFW on the adjacent spectral lines of the Earth
tides can be observed, and thus these perturbations can be
interpreted in terms of the NDFW (Goodkind 1983; Zürn,
Rydelek, and Richter 1985). The resonance of the NDFW has a
finite Q, and hence it should be possible to pump energy from
the Earth-tide spectrum at frequencies near that of the NDFW
through the resonance into the NDFW and back again. Thus, it
should be possible to observe deviations of the amplitudes and
phases of the nearby Earth tidal lines at temperate latitudes due
to the NDFW from those predicted for these tidal lines un-
disturbed by core effects. Once again, we are frustrated because
of oceanic effects. The ocean tides have the same spectrum as
the Earth tides and hence, even an inland station such as Bad

Observed and predicted amplitudes and phases of the major
diurnal and semidiurnal tides

Observed 	Predictedb	Ratio

	

Component Ampc Phase'	Amp	Phase	Mag Phase

0.093	105.44 0.054	82.65	1.722	22.79
0.006	3.70

0 1	0.472	87.12 0.252	96.91	1.873	-9.79
0.006	0.73

P	0.186	57.21	0.126	46.89	1.476	10.32
0.007	2.16

K 1	0.604	52.39 0.395	50.46	1.529	1.93
0.007	0.66

N 2	0.120	13.00 0.145	-19.69 0.828	32.69
0.003	1.43

M2	0.356 -30.46 0.738	-45.70 0.482	15.24
0.003	0.48

S2	0.066	-38.75 0.334	-98.99 0.198	60.24
0.003	2.60

K2	0.027	-30.66 0.099	-114.45 0.273	83.79
0.003	6.37

a Confidence (95%) limits are listed below the observed estimate.
11 Predicted values were calculated by the International Center of Earth

Tides, Bruxelles.
Amplitude is in microgals.

d Phase is in degrees.
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Homburg (near Frankfurt) must have a gravitational contribu-
tion that is a combination of the Earth tides and the distant
ocean tides. The only way out of the dilemma is to strip off the
oceanic effects from the temperate-latitude gravimetric data
through the use of theoretical values of the gravitational effects
predicted from an accurate model of the tides in the oceans. The
residual would then presumably contain only the pure Earth-
tide terms; the influence of the NDFW could then be ascertained.

Here, the South Pole observations of the diurnal tides become
important. Assuming these diurnal tides are due purely to the
oceans, the spectral values at the South Pole represent an excel-
lent target for the theoretical modeling of the ocean tides. Our
analysis of the diurnal and semidiurnal tides at the South Pole
gives amplitudes and phases as indicated in the table. The
graviational attraction of these theoretical ocean tides at the
South Pole derived from the best model presently available
(Schwiderski 1980) is also given in the table. The ratio of these
amplitudes shows that the model predicts values that are 1.5 to
1.9 times too small for the prominent diurnal terms and from
1.2 to 5 times too large for the prominent semidiurnal terms,
with very large attendant phase shifts. We hope that the resolu-
tion of this difficult problem in the future will allow for evalua-
tion of the frequency and Q of the NDFW and, in turn, an
evaluation of the core-flattening with some accuracy.

This research was supported by National Science Foundation
grant DI'P 83-14945.
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Regional magnetic and gravity
anomalies of Antarctica

R.R.B. VON FRESE and C.A. McGUE

Department of Geology and Mineralogy
and

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

As part of a 3-year investigation initiated on 1 April 1985, we
are compiling regional magnetic and gravity anomalies from
satellite and surface measurements and developing quantitative
procedures to analyze the long-wavelength geopotential data
for their geologic significance. A major result has been the
development of capabilities to model near-field geopotential
anomalies for sources with arbitrary geometric and physical
properties on a spherical-Earth (Mateskon 1985; Mateskon and
von Frese 1985). In particular, affine transformations have been
identified which decompose arbitrary geologic source volumes
into a series of elemental unit volumes for accurate and elegant
modeling of anomaly fields by Gaussian quadrature integra-
tion. This procedure is currently being used to compute in
spherical coordinates the regional geopotential anomaly fields
of the Transantarctic Mountains to separate these effects from
anomalies of deeper lithospheric sources in the long-wave-
length magnetic and gravity data, which we are compiling for
this study.

Magnetic anomaly compilation efforts have focused mostly
on the MACSAT chronicle tapes to produce a detailed and com-
prehensive set of scalar anomalies for the region. We have also
reduced the 3°-averaged MACSAT anomaly map of Ritzwoller
and Bentley (1983) differentially to the radial pole to obtain the
remarkable correlation of anomalies across the rifted margins
shown in figure 1. Particularly striking associations include the
positive anomaly overlying Archean-Proterozoic cratonic
blocks in southcentral and western Australia, which correlates
with a pronounced positive anomaly over Wilkes Land. Also,
the magnetic low flanking the large australian positive anomaly
on the north and overlying the Alelaide and Tasman Orogens
correlates with an antarctic minimum over the Ross Sea Embay-
ment and Transantarctic Mountains. In general, these results
verify the prerift origin for sources of correlative anomalies and
suggest that regional magnetic anomaly fields provide new and
fundamental constraints on the evolution and dynamics of the
continents and oceans (von Frese et al. in press).

A more detailed estimate of the 3°-averaged scalar magnetic
anomaly map of Ritzwoller and Bentley (1983) differentially
reduced to the radial pole at 400 kilometers elevation is given in
figure 2. To produce this map we have extended the equivalent
point source methods of von Frese, Hinze, and Braile (1981) to
accommodate instabilities and the large scales of inversion that
are common to the geologic analysis of the regional geopoten-
tial anomaly fields of the southern continents and oceans. In
particular, we have adapted the concept of error variance (Gerstl
and Rummel 1981) for stabilizing our inversion problems, and
we have developed a "bootstrap" inversion technique for ob-
taining accurate and efficient megascale inversions of the anom-
aly data for geologic analysis (McGue and von Frese 1986).
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Figure 1. MAGSAT scalar magnetic anomalies, adjusted to a fixed
elevation of 400 kilometers and differentially reduced to the pole of
60,000-nanoTesla intensity, are plotted on an Aldanian reconstruc-
tion of Gondwana.

Bootstrap inversion is based on the superposition principle of
potential fields and involves successive inversions of residuals
between the observations and various stable point dipole model
fields which can be readily accommodated by available com-
puter memory. Integrating the point dipole model fields yields
a well-resolved representation of the observed anomalies corre-
sponding to an integrated point dipole model which normally
could not be obtained by direct inversion due to excessive
memory requirements.

Gravity data provide additional constraints for investigating
the tectonic features of Antarctica and for limiting the inter-
pretational ambiguity of the magnetic anomaly data. Much of
the gravity coverage for the study region is available from the
world gravity data bank assembled and maintained by Rapp
(1981) which includes surface and geodetic satellite estimates
for the oceanic regions and measured and predicted continental
values. Using a 180°-by-180° spherical harmonic expansion of
this global gravity data bank, we have obtained in figure 3 an
estimate at 400 kilometers elevation of the first-order radial
gradient of the free-air gravity anomalies of Antarctica for direct
comparison with the radially polarized anomalies of figure 2.
Considerable care must be exercised with the use of figure 3,
however, because the coefficients of the global gravity expan -
sion are poorly constrained in the antarctic region due to exten-
sive gaps in coverage, especially in eastern Antarctica, and the
large discrepancies that exist between the various data sets that
have been reported for the study area (Rapp personal com-
munication). We are currently investigating patterns of correla-
tion and noncorrelation between figures 2 and 3 using a mov-
ing-window, linear regression analysis based on Poisson's
theorem (von Frese, Hinze, and Braile 1982). For spatially cor-
relating magnetic and gravity anomalies, we will obtain from
this quantitative correlation analysis initial estimates of the quo-

Figure 2. MAGSAT 3 0-averaged scalar magnetic anomalies differen-
tially reduced to the pole of 60,000 nanoTeslas for antarctic region
south of 55 0S. Anomalies are contoured at 4-nanoTesla intervals at
400 kilometers elevation.

Figure 3. Radial first derivative of free-air (FA) gravity anomalies at
400 kilometers elevation over the antarctic region south of 55 0S. The
derivative anomalies are contoured at intervals of 5 x 10 milligals/
kilometer.
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tients of the physical property contrasts for the inferred sources
to facilitate further geologic investigation and modeling.

This research was supported by National Science Foundation
grant DDP 83-13071.
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Continued surveillance of volcanic
activity and seismicity of Mount

Erebus, 1985-1986

C.A. ROWE and J . KIENLE

Geophysical institute
University of Alaska

Fairbanks, Alaska 99775-0800

Observations of seismicity on Mount Erebus and seismic data
retrieval continued during the 1985-1986 austral field season.
The lava lake, which during 1984-1985 had crusted over and
given rise to anomalously violent explosive activity, again was
openly convecting and behaving as it had prior to 1984. Seis-
micity likewise returned to normal levels.

Mount Erebus's summit lava lake is situated in an inner pit
crater 220 meters across and 95 meters deep, within the main
summit crater which measures 550 meters across and 120
meters deep (Kienle, Kaminuma, and Dibble 1984). The lava
lake has been in existence at least since 1972, when it was first
observed (Giggenbach, Kyle, and Lyon 1973). This anorthoclase
phonolite lake typically gives rise to two to six Strombolian
explosions daily, which are recorded by the seismic array on
Ross Island (Kienle et al. 1984, 1985).

Eruptive activity changed dramatically in September 1984,
when explosions became far more numerous (up to 200 per day)
and many large eruptions occurred. The most notable was an
explosion on 13 September 1984, which sent an eruption col-
umn to 5,000 meters and was heard at McMurdo Station, 37
kilometers away; it produced long-period seismic waves, which
were recorded by a gravimeter at South Pole Station, 1,400
kilometers away (Kienle et al. 1985).

Elevated activity levels continued into January 1985; numer-
ous reports of explosions were made during the early 1984-1985
field season by personnel at both McMurdo Station and
Williams Field, 50 kilometers from the summit. By mid-March,
seismicity had returned to normal levels and continued so
through 1985. Observations made during the 1985-1986 field
season indicate that once again there is an active, openly con-
vecting lava lake in the inner crater. At the time of observation,
the lava lake was approximately 15 meters across. Kyle (1986)
interprets the sequence of events associated with this eruptive
phase to be a manifestation of two possible scenarios: (1) either
the lava lake had frozen over as a result of cooling or withdrawal
of the magma column, which has since been restored to its
previous height, or (2) the inner crater had become clogged with
ejecta, which has since been assimilated back into the magma
column or ejected by small explosions.

Seismic observations continued through 1985 with the ver-
tical component, high-gain stations which have been installed
on Ross Island within the framework of the International
Mount Erebus Seismic Study (IMEss), a cooperative effort
among Japanese, New Zealand, and American seismologists.
The IMESS network originally consisted of three stations. This
tripartate array, which was installed in 1980, has since been
expanded to the current station configuration (figure 1). Sta-
tions are powered by 12-volt batteries, which are recharged
during summer months by solar panels at each station. Data
from all stations are telemetered to Scott Base, where records
are kept on magnetic tape and helicorder charts.

In the 1984-1985 field season, stations were installed at Cape
Barne, Crash Nunatak (77°26.67'S 167°33.55'E), Truncated
Cones (77° 32.055'S 167°04.44'E), and Mount Erebus summit
(replacing the summit station which was damaged early in the
1984 eruptive phase) (figure 1). This new configuration was
designed to provide both optimum sampling of the volcano
during the seismic refraction shooting carried out that season
and better station coverage for future data collection.

The IMESS array heretofore has not recorded during the austral
winters, because batteries are not recharged during the dark
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Figure 1. January 1985 configuration of 10-station radio-telemetered IMESSseismic network. ("rn' denotes "meter." "KM" denotes "kilometer:')
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Figure 2. Daily event counts from Hoopers Shoulder or Truncated Cones helicopter records. Time period is from 13 September 1984 to 31
December 1985. Single anomalous peak in late January is probably the result of icequakes.
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Figure 3. Seismicity recorded with IMESS network during 1985. A. Epicentral locations of all 1,061 events which were located from 1985 data set.
B. 108 best-located events from above data set. Selection criteria were: root mean square travel time residual less than or equal to 0.1 seconds,
greatest vertical and horizontal deviation of error ellipsoid less than 5 kilometers. C. North-south cross section projected on a plane through the
summit of Mount Erebus, showing hypocentral depths for events plotted in B. ("KM" denotes "kilometer:')

months and stations cease to operate. In the 1984-1985 field
season, however, several extra batteries were added to Hoopers
Shoulder and Truncated Cones stations; hence, in 1985 we were
able to maintain recording through the austral winter for the
first time.

Station coverage was reduced during this time (9 August
through 5 November) to Hoopers Shoulder and Truncated
Cones stations plus Scott Base, so we are unable to locate events
which were recorded between these dates; however, year-rou-
nd records of seismicity levels are now possible through contin-
uous recording at these stations. Figure 2 shows daily event
counts beginning September 1984 through December 1985.
Since returning to normal levels in March 1985, following the
eruptive phase of 1984, seismicity has continued at the usual
background level of two to six events per day, with a small
increase in late July and a brief decline during September 1985.

Field work during the 1985-1986 season was limited to repair-
ing the station at Three Sisters Cones, installing an additional
solar panel and two new batteries there, and removing the
station at Cape Barrie. Data recovery, playback, and preliminary
analysis were conducted at Scott Base and McMurdo Station
from November 1985 through February 1986. All 1985 seismic
data were played back from magnetic tapes, and these events
were analyzed for amplitudes and arrival times. Upon return
from McMurdo Station, we loaded the data onto our VAX

computer and located some 1,200 events using the earthquake
location routine, FIYPOELLII'SE (Lahr 1982) which was obtained
from the U.S. Geological Survey Menlo Park office.

Data recorded during 1985 has provided the best set of vol-
canic event solutions to date. The seismic refraction experi-
ments conducted on Ross Island during the 1984-1985 field
season has enabled us to improve our velocity model for the
volcano (Rowe and Kienle in press), which in turn aids us in
more accurately locating earthquakes recorded with the IMESS
network. Operation of seismic stations at Crash Nunatak, Trun-
cated Cones, and Mount Erebus summit provides high-quality
data with better depth control than previously possible, despite
difficulties with severe crosstalk on all channels for most vol-
canic events.

Figure 3 shows solutions for 1985 seismic events. Of the 1,061
events played back from magnetic tape and analyzed, 529 were
of a quality equal to that which we previously considered op-
timum [Root Mean Square (RMs) travel time residuals less than
0.5 seconds, horizontal and vertical errors less than 10 kilo-
meters]. Figure 3A shows epicentral locations for all 1,061
events in the 1985 data set. High quality of data has permitted us
to be far more selective than in previous years. A subset of 108
best-located epicenters from 1985 is plotted in figure 3B. Selec-
tion criteria were RMS travel time residuals less than 0.1 second,
greatest horizontal and vertical deviations of error ellipsoid less
than 5 kilometers.) Figure 3C shows hypocentral depths of
events in this select data subset, projected onto a plane striking
north-south, through the summit of the volcano.

Examination of figure 3B and 3C suggests that seismic activity
of Mount Erebus is strongly concentrated within and beneath
the summit lava lake, as expected. The small RMS errors in
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solutions indicate that the distribution of hypocentral depths is
well controlled; hence, activity is concentrated in a region be-
neath the lava lake extending down to about sea level. Some
events occur deeper. The pipelike conduit seems to dip steeply
to the south; east-west cross sections (not shown) show no
component of dip to the east or west. Tectonic microearth-
quakes were recorded during 1985, but due to the configuration
of the network these events, most of which occur on the periph-
ery or outside of the IMESS array, do not have small enough
vertical or horizontal errors to have been included in the highest
quality data subset.

We wish to thank Katsutada Kaminuma, of the National
Institute of Polar Research, Tokyo, for making available play-
back equipment in Tokyo and at Scott Base; for his part in
playing back 1985 seismic data at Scott Base, along with assist-
ance from Satoshi Miura (Fred), of Tohoku University and
Mamoru Yamada (Charlie), Nagoya University; and for assist-
ance in scaling the 1985 data. Thanks to Kathleen (Driscoll)
Lawson, University of Alaska Geophysical Institute, and Brian
Lawson, Scott Base, who maintained recording during the 1985
austral winter. We also appreciate technical assistance of Mike
Harman, Scott Base, who assisted in field work during the
1985-1986 season and is providing maintenance during the
1986 austral winter. We also wish to express appreciation to the

U.S. Navy VXE-6 squadron, who once again have provided
expert logistic support.

This work was supported by National Science Foundation
grant DPP 83-00185.
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Volcanic activity of Mount Erebus,
1984-1986

P.R. KYLE

Iiepartnicnt of Geoscience
New Mexico institute of Mininc' aiiil 7'clmoloc'i

Socorro, New Mexico 87801

Mount Erebus has been in a continuous eruptive phase since
1972, when a small anorthoclase phonolite lava lake was dis-
covered (Giggenbach, Kyle, and Lyon 1973). From 1972 until
about 1976, the lava lake expanded to a semicircle about 60
meters in diameter (Kyle et al. 1982). There was little change
until 13 September 1984, when a significant increase in activity
occurred (Kienle et al. 1985). This increased activity peaked
during September and early October but remained at signifi -
cantly higher levels than the preceding 12 years until January
1985.

From 1972 until September 1984, small Strombolian erup-
tions occurred two to six times per day and occasionally ejected
bombs from the 220-meter deep inner crater floor onto the main
crater rim (Kyle et al. 1982). Most of these eruptions are believed
to have occurred from the active vent, a small round vent
adjacent to the lava lake. Apparently, the magma froze over in
the 5-meter wide vent, allowing gas to build up beneath the
crust. Gas accumulated until the yield strength of the lava crust
was exceeded and a small eruption occurred.

Eruptions late 1984 were the largest this decade and probably
the largest since those reported by Sir James Ross when he

discovered and named the volcano in 1841. During the in-
creased activity in 1984, bombs averaging 2 meters wide and
reaching more than 10 meters in length were dispersed radially
around the crater rim, reaching 1.2 kilometers (horizontally)
from the center of the eruption in the inner crater. The eruptions
were witnessed from 60 kilometers away and the explosions
could be heard in the vicinity of McMurdo Station, a distance of
25 kilometers from the vent. Mapping around the summit crater
rim by McIntosh (personal communication) has shown older
volcanic bombs similar in size and distribution to those result-
ing from the increased activity in 1984. This suggests that the
eruptive pattern may have been similar sometime in the recent
past.

Inspection of Mount Erebus in October, November, and De-
cember 1984 showed that the lava lake was gone, although a
small lava pool was seen to be present periodically in late De-
cember 1984. There were major changes in the inner crater. The
floor was raised by as much as 50 meters; the steep, in places
almost vertical, walls were replaced by scree slopes; and the
south side of the inner crater wall and rim had collapsed. At that
time, in trying to propose an eruptive mechanism, it was sug-
gested that the lava lake had frozen over prior to 13 September
1984. Gas then built up beneath the frozen crust and domed up
the inner crater floor, which then finally ruptured to give the
large eruptions. This mechanism has now been discounted for
reasons discussed below.

Observations in December 1985, showed the presence of a
small lava lake about 15 meters in diameter, which was situated
in a similar site to the former lava lake. The active vent had
reappeared at the same site it had previously occupied. Overall,
the inner crater started to resemble the morphology and form
prior to September 1984. It was also apparent that the floor of
the inner crater had not been domed up in late 1984 but had
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instead been filled in by volcanic ejecta from the large erup-
tions. The ejecta apparently covered up the lava lake and active
vent. Small eruptions during 1985 from the new lava lake and
active vent slowly removed this ejecta and undercovered the old
magmatic system. The elevation of the new lava lake was not
measured, but it appeared to be similar to that of the 1983 lake.
The overall impression is that the convecting magma column
beneath the lava lake has not changed significantly for the past
14 years.

A new model has been proposed to account for the large
eruptions in 1984 (Kyle 1986). It is suggested that a new batch of
volatile-rich anorthoclase phonolite magma was injected at
depth into the magma chamber. This magma slowly moved by
convection until it neared the surface of the lava lake. Because of
the higher volatile content, it started vesiculating at a greater
depth and this resulted in the growth of larger gas bubbles and,
hence, a significant increase in the size of the eruptions. By late
December 1984, most of this volatile-rich magma was either
erupted out or was mixed into the older degassed magma.

Field observations at Mount Erebus in December 1985, were
assisted by Kim Meeker, Anne Wright, and James Moore, all

from New Mexico Institute of Mining and Technology. Field
work was supported by National Science Foundation grant DPP
80-21402.
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Seismic studies in Mount Erebus,
Ross Island, 1980-1986

K. KAMINUMA

National Institute of Polar Research
Itabashi, Tokyo 173, Japan

Mount Erebus (3,794 meters) is presently the only active
volcano in Antarctica. It is located on Ross Island at 77°37S
167°09'E, in Ross Sea. A convecting anorthoclase phonolite lava
lake has occupied the inner crater (200-meter diameter, 95-
meter depth) within the main crater (500-600-meter diameter
and 15-meter depth) since 6 January 1973 (Giggenbach, Kyle,
and Lyon 1973), when the lake was first discovered. Strom-
bolian eruptions of anorthoclase phonolite lava occur several
times per day from the lava lake and surrounding explosive
vents.

A program to monitor continuously the seismic activity of
Mount Erebus was begun in December 1980 as a cooperative
effort by Japan, the United States, and New Zealand and was
named the "International Mount Erebus Seismic Study" (IMESS).
The project also seeks to identify the internal configuration of
the Mount Erebus magma system and its mechanism of erup-
tion. Originally (in December 1980) a tripartite array with a
vertical, short-period seismograph was installed on Mount
Erebus with radio telemetry to Scott Base (Kienle et al. 1981;
Takanami et al. 1983a, 1983b). This net was expanded by two

stations in 1981-1982 and by an additional five stations in
1983-1984 and 1984-1985 (Kienle et al. 1982, 1983; Shibuya et al.
1983; Kienle, Kaminuma, and Dibble 1984; Ueki et al. 1984; Baba
et al. 1985). Figure 1 shows the IMESS seismic network in Ross
Island. All seismic signals are transmitted to Scott Base and
recorded on magnetic tapes; additionally, some are recorded on
paper. At various times, acoustic and electric induction data at
the Mount Erebus summit are also transmitted for monitoring
explosions and explosive gas charge from the lava lake (Shibuya
et al. 1983; Kaminuma et al. 1985a).

The space-time behavior of earthquakes that occurred in and
around Mount Erebus in 1980-1982 has been roughly studied
by Kienle et al. (1981, 1982), Takanami et al. (1983a, 1983b), and
Sibuya et al. (1983). A lot of microearthquakes were located on
Ross Island.

The daily number of earthquakes counted at I-looperS Shoul-
der Station (HOO in figure 1) in 1982-1984 is given in figure 2A,
and the daily number in 1985 is given in figure 2B. Only the
events with S-P time (i.e., the arrival time difference between 5-
and P-phase) less than 10 seconds were picked and illustrated in
figures 2A and 2B. Teleseisms and local earthquakes which
were estimated to occur outside Ross Island were not counted.
Icequakes, which had a characteristic wave form of higher fre-
quency and shorter duration, also were not counted. The
number of earthquakes in 1982-1984 changed from 20 per day to
over 250 per day.

A new period of volcanic activity at the Mount Erebus summit
started with a number of large explosions on 13 September 1984
(National Science Foundation Report 1984). This activity was
recorded not only by the IMESS seismic network but also by the
seismograph at Scott Base (37 kilometers south) and a tidal
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Figure 1. The IMESS seismic networks on Ross Island and explosion points for the explosion seismic experiments (solid star). ("m" denotes
"meter:" "km" denotes "kilometer.")

gravimeter at the Amundsen-Scott South Pole Station (about
1,400 kilometers from Mount Erebus). The Strombolian ac-
tivities before September 1984 have been recorded only by the
limited IMESS stations located near the summit. More than 10
large explosions continued to occur every day from 13 Sep-
tember to the end of November, and several gas-jetting erup-
tions occurred every day in December and January. These ac-
tivities are the most significant since the International
Geophysical Year when the scientists started to watch the vol-
canic activities of Mount Erebus continuously.

It is clear in figures 2A and 213 that the daily frequency of
earthquakes decreased in 1985. Note especially that fewer than
10 earthquakes per day were recorded after August 1985; see
figure 213. Daily frequency of earthquakes in and around Mount
Erebus after the September 1984 activity decreased to only
about 20 percent of that before the activity.

As is clear in figures 2A and 213, earthquake swarms fre-
quently occur in and around Mount Erebus. Sixteen earthquake
swarms were detected during the 30-month period as shown
with 82-A, 82-13, etc., in figure 2A (Kaminuma et al. in press).

An "earthquake swarm" is defined here as one group with more
than 250 events occurring within 24 hours and the events occur-
ring within 1 or 2 days on either side of the 250-event day.

The first recognized and well-studied swarm is swarm 82-C in
figure 2A (Kaminuma et al. 1985b). This swarm is characterized
by a very sudden onset and very rapid decrease of the activity.
All events of this swarm are located in the northwestern flank of
Mount Erebus. Swarms 84-B and 84-F are characterized by a
large total number of earthquakes and long duration of the
activities and seem to be precursory activity of the September
1984 activity.

Figure 3 shows the hypocenter distributions of earthquakes
for the period from February 1982 to May 1984; the epicentral
distribution (in upper part) and the focal-depth distribution (in
lower part) projected onto a vertical northwest-southwest sec-
tion across Ross Island. About 300 earthquakes are represented
in figure 3, and their horizontal and vertical location errors are
considered to be within 3 kilometers. Earthquakes clustered
near the summit in figure 3 appear to accompany volcanic
eruption activity (Kaminuma et al. 1985a). An aseismic space is
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recognized just beneath the summit in figure 3. We estimated
that this aseismic space might be a magma reservoir which is the
origin of convecting lava to the summit lava lake.

Four explosion seismic experiments were carried out on
Mount Erebus by the ]MESS group in December 1985. The blast
points are given in figure 1 with the solid stars. The data are
under analysis to obtain the detailed structure of Mount
Erebus. We believe that using the IMESS data, we will be able to
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define in the near future: (1) the structure of Mount Erebus, (2)
more accurate earthquake locations using the structure, and (3)
the mechanism of the eruption process of Mount Erebus.
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Uranium mineralization in southern
Victoria Land, Antarctica

G.A.M. DRESCHFIOFF and E.J. ZELLER

Space Technology Center
University of Kansas

Lawrence, Kansas 66045

For the past 10 antarctic field seasons, an airborne gamma-ray
spectrometric survey has been conducted over widely sepa-
rated parts of the continent. Localized accumulations of both
primary and secondary uranium minerals have been dis-
covered at several localities scattered along the Transantarctic
Mountains from the Scott Glacier to northern Victoria Land.
During the 1985-1986 field season, we discovered a number of
highly significant radiation anomalies in the area between the
Koettlitz Glacier and the Pyramid Trough. The occurrences
consist of pegmatite vein complexes which contain an associa-
tion of primary uranium and thorium minerals. Of still greater

significance is the fact that abundant secondary uranium miner-
als were found in association with the primary deposits, and
they indicate clearly that uranium is geochemically mobile un-
der the conditions imposed by the and polar climate that now
exists in southern Victoria Land.

On the ground, we visited two veins which had been identi-
fied from the airborne gamma-ray record. The veins are sepa-
rated by several kilometers. Preliminary results of a uranium
analysis performed by neutron activation indicate a con-
centration of 0.12 percent uranium in a composite sample from
the two veins. Even higher levels of thorium are present. The
nature of the primary uranium mineralization is currently un-
der investigation. Autoradiographs shown in figures 1 and 2
indicate the distribution of radioactive minerals in polished

surfaces of samples from the two radioactive veins. Incrusta-
tions of secondary yellow uranium minerals were found in the
radioactive vein locality at the head of the Pyramid Trough. In
addition, strongly fluorescent coatings of carbonates containing
uranium, were distributed along fractures extending inward at
least 40 centimeters from outcrop surfaces. They furnish clear
evidence of mobilization of uranium in solution in the surface-
weathering zone. Our preliminary studies indicate that some of
the minerals present may be new and previously unknown
forms but many show the typical yellowish green fluorescence
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Figure 1. Photograph and autoradiograph of polished slab from
radioactive mineral site at the head of Pyramid Trough. Slab is 7
centimeters in length.

Figure 2. Photograph and autoradiograph of polished slab from
radioactive mineral site on the Koettlitz Glacier. Slab is approx-
imately 7 centimeters in length.

(see figure 3) that characterizes uranium-bearing carbonates
and phosphates.

The geochemical factors that control uranium leaching in
Antarctica may be unique. First, the presence of high levels of
nitrate in soils (Claridge and Campbell 1968) and the abundance
of nitrate, probably in the form of nitric acid in the antarctic
snow (Zeller and Parker 1981; Laird 1983) undoubtedly contrib-
ute to the rapid leaching of all but the most refractory uranium-
bearing minerals. Second, the distance traveled by uranium-
bearing solutions is determined more by the outcrop tem-
perature than by any other factor. In temperate climates, the
presence of abundant organic compounds with their attendant
effect upon the oxidation-reduction potential of the surface
environment have a major influence upon uranium mobility. In
Antarctica, outside of the Antarctic Peninsula and the extreme
coastal regions, organic activity on rock outcrops is largely
confined to a few lichens which may grow on outcrop surfaces
and to the endolithic algae living within the upper few milli-
meters of some pOrOUS surface rocks (Friedmann 1977). While it
is certainly possible that these plants could exert an influence on
the geochemical microenvironment, that influence must be
highly localized. Chemical weathering is not necessarily subor-
dinated to physical disintegration processes in an extreme polar
environment (Ugolini and Jackson 1982). Furthermore, Miotke
and Hodenberg (1980) showed that temperatures a few cen-
timeters below the surfaces of rocks exposed to sunlight were

frequently above freezing and temperatures of +30'C were
recorded a few millimeters below exposed rock surfaces in the
dry valleys. In addition, the freezing point of intergranular
water will certainly be depressed by high ion concentrations
which must be expected in this arid environment.

Figure 3. Photograph of fluorescent secondary minerals containing
uranium. These coatings have been formed as fracture fillings.
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In southern Victoria Land, the occurrences of primary radi-
oactive minerals appear to be associated with large-scale, often
concentric, circular structures which are clearly visible in the
January 1986 field season when we attempted to locate the
radioactive veins in relation to major structural features of the
area. The circular structures range in size from nearly 50 kilo-
meters to smaller features only about 20 kilometers in diameter.
Gamma-ray survey flight lines from previous years cross the
outer boundaries of other circular structures at a number of
locations, and they also show increased radioactivity in the
boundary zones. We believe that the genesis of the uranium
and thorium deposits is related to, and most probably contem-
poraneous with, the emplacement of the large-scale circular
features.

This research was supported in part by National Science
Foundation grant DPI 82-16902 and the University of Kansas.
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Late Neogene foraminiferal record and
geological history

inferred from Dry Valley Drilling Cores
10 and 11,

Taylor Valley, Antarctica

S.E. ISHMAN and P.N. WEBB

Institute of Polar Studies
and

Departtnen t of Geology and Mineralogy
0/no State University
Columbus, 0/lu) 43210

The Late Cenozoic history of the dry valley region of Ant-
arctica has been a focus of study for many workers over the past
three decades. Drilling projects in the region—Deep Sea Drill-
ing Project (DsDP) (Hayes, Frakes et al. 1975; Leckie and Webb
1983, 1985), Dry Valley Drilling Project (DvDP) (McGinnis 1981;
Webb and Wrenn 1982), Ross Ice Shelf Project (risP) (Webb et al.
1979), McMurdo Sound Sediment and Tectonic Study
(MSSTS-1) (Webb and Harwood in preparation; Barrett 1986),
and Cenozoic Investigation of the Ross Sea 2 (CIROS-2) (Barrett
1985)—have contributed to gaining a better understanding of
the Cenozoic history of the Ross Sea region. Of these projects,
DVDI' drillholes 10 and 11 provide the most complete late
Miocene/early Pliocene record for this sector.

Preliminary reports on foraminifera (Wrenn 1977; Webb and
Wrenn 1982), stratigraphy and sedimentology (McKelvey 1975;
Powell 1981), geophysics (Hicks and Bennett 1981), paleomag-
netics (Elston and Bressler 1981), and diatoms (Brady 1979)
indicate fjord conditions in th Late Neogene Taylor Valley. This
nearshore environment, close to the Transantarctic Mountains
and outlets of the east antarctic ice sheet, is sensitive to glacia-
tion, tectonic uplift, and glacio-eustatic fluctuations. Benthic
foraminifera are reliable indicators of environmental change

(Phleger 1960; Murray 1973; Boltovskoy and Wright 1976). As-
semblage fluctuations observed in the DVD1' 10 and 11 faunas are
related to the Late Neogene tectonic and glacial history of the
Ross Sea region.

Ninety-four samples from the lower parts of DVDP 10 and 11
(sub-133 meters and sub-193 meters, respectively) yielded a
total of 43 genera and 88 species of foraminifera. The fauna is
dominated by calcareous benthic taxa. No agglutinated forms
are present and only three planktonic species occur. Diversity
for individual samples ranged from 3 to 42 species. The bio-
stratigraphic zonation erected for DVDP 10 and 11 is composed of
four assemblage zones (based on species present and equi-
tability) (figure 1). Assemblage zones are separated by interval
zones that are barren of foraminifera.

The Troc/ioelphidieila uniforamina zone (figure 1) contains the
only planktonics recovered from DVI)P 10 and 11; Streptochilus
latuin Brönniman and Resig, Neogloboquadrina pacizyderma
(Ehrenberg), and Candeina antarctica Leckie and Webb. This is
the first report of S. latum in the high latitudes. In the southwest
Pacific its range is restricted to the late Miocene (BrOnnimann
and Resig 1971) making it valuable for dating these cores (ap-
proximately 7 million years). In addition, diatom data support
the age for this assemblage zone with the occurrence of
Thalassiosira torokina and Actinocyclus ingens as well as the ab-
sence of Pliocene marker species Nitzsc/iia praeinterfrigidaria and
Thalassiosira oestrupi. Although it has no biostratigraphic utility
here, Candeina antarctica occurs in the T. uniforamina zone,
marking its youngest occurrence (previously believed to be
early Miocene; Leckie and Webb 1985). The benthic species
Troc/ioelphidiella uniforamina Leckie and Webb is the middle/late
Miocene representative of the late Oligocene/Pliocene
Trochoelphidiella Webb lineage, a group endemic to the antarctic
region (Webb 1974; Leckie and Webb 1985). This zone repre-
sents relatively deep water (600-900 meters) with bathymetric
fluctuations indicated by increase in Ehrenbergina spp. abun-
dances (up to 25 percent).

The Epistominella vitrea zone (figure 1) exhibits low species
diversity (fewer than 20 species), poor equitability, and lacks
Trochoelphidiella uniforatnina Leckie and Webb and members of
the Miliolidae. With exception of E. vitrea, Astrononion echolsi
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Figure 1. Schematic presentation of ages for the lower part of DVDP
10 and 11 (sub-135 meters and sub-195 meters, respectively), for-
aminiferal biozonations, and foraminiferal distribution (occur-
rences designated by stippled pattern).

Kennett and Globocassidulina suhglohosa (Brady) are the most
abundant taxa at 17 percent and 37 percent, respectively, in this
zone.

The Trochoelphidiella onyxi zone is recognized only in DVDP 10
(figure 1). Because the assemblage is very similar to the mid- to
late-Pliocene fauna described from Wright Valley (Webb 1972,
1974) and Brown Peninsula (Eggers 1979; Leckie and Webb 1979;
Webb and Andreasen, (Antarctic Journal, this issue), a mid- to
late-Pliocene age has been assigned to this zone. The faunal
distinction of this zone is the occurrence of Trochoelphidiella onxyi
Webb.

The Trifarina spp. zone (figure 1) occurs only in DVDP 11. Four
species have their first appearance in this zone; Trifarina earlandi
(Parr), Trifarina pauperata (Heron-Allen and Earland), Stainforthia
concava (Hoglund), Gyroidina subplanulata Echols, and Oolina aff

0. melo d'Orbigny. These species compose up to 50 percent of
the assemblage. Assemblages of this zone are also characterized
by a pronounced increase in species test size. Greatest diversity
occurs in this zone (44 species), although many of these are rare
occurrences of Nodosariidae. This zone represents relatively
shallower conditions (100-500 meters) than interpreted for the
underlying zones.

Separation of assemblage zones by interval zones points to
fluctuating marine paleoenvironmental conditions throughout
the successions. These changing conditions are produced by
glacial oscillations within the fjord basin. Sedimentology and
diatom distribution suggest a contrasting environment for DVDP

10 and 11, based on their proximity to the grounding line of the
Late Neogene Taylor Glacier. DVDP 11 represents a nearshore
facies proximal to a grounding line as suggested by the occur-
rence of massive diamictites and poor distribution of diatoms.
Conversely, DVDP 10 represents a more marine facies, located
further from the grounding line, and characterized by varied
lithologies and higher occurrence of marine diatoms. Diatom
distribution in DVDP 10 and 11 also serves as a sea-ice indicator,
absence often indicating thick and semipermanent ice-cover.
Interval zones, sedimentology, foraminiferal assemblage
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Figure 2. (Upper) Cartoon depicting paleoposition of DVDP site 11
with respect to its present position; (Lower) calculated uplift rates
showing high- and low-end values (stippled area) and the sporadic
uplift values (geniculate line) interpreted from foraminiferal
bathymetric data. ("Ma" denotes "million years ago:' "m" denotes
"meter.")
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zones, and distribution of diatoms indicate a series of environ-
mental cycles up-core in DVDP 10 and 11. These cycles reflect the
faunal and floral sensitivity to subtle environmental fluctua-
tions (figure 1).

Paleoenvironmental conditions recognized in DVDP 10 and 11
indicate a major overall shallowing trend in the early Pliocene,
overprinted by late Miocene/Pliocene glacio-eustatic fluctua-
tions. The tectonic history of the dry valley region involves a
period of uplift from the late Jurassic. Uplift for the past 55
million years (Cenozoic) is calculated at approximately 100
meters per million years (Fitzgerald and Gleadow 1985) based
on apatite fission-track techniques. Paleodepths of Taylor fjord
indicated by Miocene/Pliocene benthic foraminifera and sedi-
ments suggest an uplift rate of approximately 87 meters per
million years (Ishman 1985) with respect to present sea-level
(figure 2). Bathymetric stability indicated in the lowermost
Trochoelphidieila uniforamina zone (figure 1), and distinct
bathymetric shallowing initiated with the Epistominelia vitrea
zone and continuing through the Trifarina spp. zone, provide
evidence for the onset of rapid uplift in the early Pliocene.
Environmental cycles observed throughout the late Miocene
succession of DVDP 10 and 11 represent regional eustatic events
related to oscillations in the east antarctic ice sheet outlet
glaciers penetrating the dry valleys.

This work was supported in part by National Science Founda-
tion grant DFP 82-14174.

References

Barrett, P.J. 1985. Plio-Pleistocene glacial sequence cored at CIROS 2,
Ferrar Fjord, Western McMurdo Sound. New Zealand Antarctic Record,
6(2), 8-19.

Barrett, P.J. (Ed.) 1986. Antarctic Cenozoic history from the MSSTS-1 dril-
Ihole, McMurdo Sound. (New Zealand Department of Scientific and
Industrial Research, Wellington: Department of Scientific and Indus-
trial Research Bulletin.)

Boltovskoy, E., and R. Wright. 1976. Recent foraminifera. The Hague: Dr.
W. Junk b.v. Publishers.

Brady, H.T. 1979. The dating and interpretation of diatom zones in Dry
Valley Drilling Project Holes 10 and 11 Taylor Valley, South Victoria
Land, Antarctica. In T. Nagata (Ed.), Memoirs of National Institute of
Polar Research, Vol. 13. Tokyo: National Institute of Polar Research.

Bronnimann, P., and J . Resig. 1971. A Neogene Globigerinacean bio-
chronologic time-scale of the southwestern Pacific. In E. L. Winterer et
al. (Eds.), Initial Reports of the Deep Sea Drilling Project, Vol. 7. Wash-
ington, D.C.: U.S. Government Printing Office.

Eggers, A.J. 1979. Scallop Hill Formation, Brown Peninsula, McMurdo
Sound, Antarctica. New Zealand Journal of Geology and Geophysics,
22(3), 353-361.

Elston, D.P., and S.L. Bressler. 1981. Magnetic stratigraphy of DVDI'
Drill Cores and Late Cenozoic history of Taylor Valley, Transantarctic
Mountains, Antarctica. In L.D. McGinnis (Ed.), Dry Valley Drilling
Project, Vol. 33. Washington, D.C.: American Geophysical Union.

Fitzgerald, P.G., and A.J.W. Gleadow. 1985. Uplift history of the Trans-
antarctic Mountains, Victoria Land Antarctica. (Abstract) Workshop on
Cenozoic Geology of the Southern High Latitudes, 1, 16.

Hayes, D.E., Frakes, L.A., et al. 1975. Initial Reports of the Deep Sea
Drilling Project, Vol. 28. Washington, D.C.: U.S. Government Printing
Office.

Hicks, SR., and D.J. Bennett. 1981. Gravity models of the lower Taylor
Valley, Antarctica. New Zealand Journal of Geology and Geophysics, 24,
555-562.

Ishman, S.E. 1985. Foraminiferal hiostratigraphy and paleoecology of Dry
Valley Drilling Cores 10 and 11, Taylor Valley, Antarctica. (Masters thesis,
Ohio State University, Columbus, Ohio.)

Leckie, R.M., and P.N. Webb. 1979. The Scallop Hill Formation and
associated Pliocene marine deposits of southern McMurdo Sound.
Antarctic Journal of the U.S., 14(5), 54-56.

Leckie, R.M., and P.N. Webb. 1983. Late Oligocene and early Neogene
foraminifers of Deep Sea Drilling Project Site 270 Ross Sea, Ant-
arctica. Geology, 11, 578-582.

Leckie, R.M., and P.N. Webb. 1985. Late Paleogene and early Neogene
foraminifers of Deep Sea Drilling Project Site 270 Ross Sea, Ant-
arctica. In J.P. Kennett, C.C. von der Borch, et al. (Eds.), Initial Reports
of the Deep Sea Drilling Project, Vol. 90. Washington, D.C.: U.S. Gov-
ernment Printing Office, 1093-1119.

McGinnis, L.D. 1981. Dry Valley Drilling Project. Antarctic Research
Series, Vol. 33. Washington, D.C.: American Geophysical Union.

McKelvey, B.C. 1975. Preliminary site reports DVDI' Sites 10 and 11,
Taylor Valley. Dry Valley Drilling Project Bulletin, 5, 16-60.

Murray, J.W. 1973. Distribution and ecology of living hent/iic foraminifera.
New York: Crane, Russak and Company, Inc.

Phleger, F.B. 1960. Ecology and distribution of Recent foraniinifera. Bal-
timore: Johns Hopkins Press.

Powell, R.D. 1981. Sedimentation conditions in Taylor Valley, Ant-
arctica, inferred from textural analysis of DVDP cores. In L.D. McGin-
nis (Ed.), Dry Valley Drilling Project, Vol. 33. Washington, D.C.: Amer-
ican Geophysical Union.

Webb, P.N. 1972. Wright Fjord, Pliocene marine invasion of an antarctic
dry valley. Antarctic Journal of the U.S., 7(5), 225-234.

Webb, P.N. 1974. Micropaleontology, paleoecology and correlation of
the Pecten Gravels, Wright Valley, Antarctica, and description of
Trochoelphidiella onxyi, n. gen., n. sp. Journal of Foraminiferal Research, 4,
184-199.

Webb, P.N., T.E. Ronan, J.H. Lipps, and T.E. Delaca. 1979. Miocene
glaciomarine sediments from beneath southern Ross Ice Shelf, Ant-
arctica. Science, 203, 43537.

Webb, P.N., and J.H. Wrenn. 1982. Upper Cenozoic micropaleontology
and biostratigraphy of Eastern Taylor Valley, Antarctica. In C. Crad-
dock (Ed.), Antarctic geoscience. Madison: University of Wisconsin
Press.

Webb, P.N. and J.E. Andreasen. 1986. Potassium/argon dating of vol-
canic material associated with the Pliocene Pecten Conglomerate
(Cockburn Island) and Scallop Hill Formation (McMurdo Sound).
Antarctic Journal of the U.S., 21(5).

Webb, P. N., and D. H. Harwood. In preparation. Relationships between
seismic (sonic) velocity, lithostratigraphy, grain size distribution, bio-
stratigraphy and paleobathymetry in the upper Oligocene glacigene
sediments of MSST-1 Drillhole, McMurdo Sound.

Wrenn, J.H. 1977. Cenozoic subsurface micropaleontology and geology of
Eastern Taylor Valley, Antarctica. DeKalb, Illinois: Northern Illinois
University.

1986 REVIEW	 15



FOR DATA LINK
TO ASL

Dry valleys seismic project

N.A. ORSINI and C.R. HuTT

U.S. Geological Survey
Albuquerque Seismological Laboratory

Albuquerque, New Mexico 87115-5000

As part of its global telemetered seismograph network to
install advanced seismograph stations in the southern hemi-
sphere, the U.S. Geological Survey (USGS) had developed and
built a borehole-type seismograph station for installation in
Wright Valley during the 1985-1986 field season. This ambitious
program, originally planned for the 1986-1987 season, was
moved up 1 year because an advance in the borehole drilling
schedule provided the potential for completing the total project
in one season.

The New Zealand Department of Scientific and Industrial
Research (DSIR), Geophysics and Antarctic Divisions, cooper-

ated by drilling the boreholes and operating the station,
respectively.

In January 1985, the USGS awarded two contracts to Teledyne!
Geotech, Garland, Texas, the first to develop, build, test, and
install the station equipment and the second to provide a Model
54000 broadband three-component borehole seismometer and
a Model G521 short-period vertical borehole seismometer.

The station configuration (figure 1) has the signal acquisition,
digitization and transmission equipment at Wright Valley, a
telemetry repeater station at Mount Newall, and a receiver
antenna at Crater Hill connected by signal cable to the recording
and processing equipment at Scott Base. Power sources are from
a 15-watt thermoelectric generator TEG at Mount Newall at 50-
watt TEG at Wright Valley, fed from 12-month supply propane
tanks. Other station requirements call for 24-bit digitizers/cal-
ibrators in the tops of the boreholes, acquiring three channels of
broadband data from the 100-meter deep borehole seismometer
and one channel of short-period data from the 30-meter deep
borehole seismometer. Both analog and digital recording will
take place at Scott Base. Analog recordings are made on three

Figure 1. Dry valley seismic project system master diagram. (Abbreviations used on the figure are defined as follows: "Ac," alternating current;
"Bps," bits per second; "u ps," uninterruptable power system/supply; "MT," main terminal; "RF," radio frequency equipment; "sPDc," short-
period digitizer calibrator; "BBDC," broadband digitizer calibrator.)

16	 ANTARCTIC JOURNAL



DVSP OP ANALOG RESPONSE TO GROUND DISPLACEMENT	 DVSP LP ANALOG RESPONSE TO GROUND DISPLACEMENT

FREQUENCY (HZ)	 FREQUENCY (HZ)

059'	AD-eAPe DIGITAL RESPONSE TO 05G)C VELOCITY

IO	 I0	 101
9

ii

a

Figure 2. Response curves for seismograph station VNDA. (Abbreviations used on the figure are defined as follows: "DVSP," dry valley siesmic
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Figure 3. VNDA short-period vertical (sz) seismogram at 100,000 magnification at 1-second period.

single-channel drum recorders for the short-period data and a
single three-channel drum recorder for the long-period data.
Three broadband and one short-period channel of seismic data
will be recorded on digital magnetic tape cartridges. Short-
period and long-period analog system frequency response
curves and broadband response on the digital recorder are
provided in figure 2. Plans call for eventual transmission of data
to Albuquerque Seismological Laboratory (AsL) via a near real-
time satellite data link. Until the satellite link is established,
records will be analyzed on site at Scott Base and alpha-numeric
event information transmitted daily by radio to the National
Earthquake Information Center (NEIc) in Golden, Colorado.

DSIR was successful in drilling the two boreholes early in the
season. The 100-meter borehole was within 0.3 degree of ver-
tical at the bottom and the 30-meter borehole was within 0.5
degree of vertical at the bottom. Equipment was installed at
Wright Valley, Mount Newall, and Scott Base during December

1985 and January 1986 while waiting for the 250-gallon propane
tanks to arrive by ship. Unfortunately, one of the lEG'S was
damaged during shipment, and the damage was not discovered
early enough in the season to allow time for the arrival of a
replacement part before operations were terminated. The sys-
tem was operated briefly on batteries showing that, with the
exception of the Mount Newall power supply, the system in-
stallation was 99 percent complete.

The seismometers are installed in Wright Valley near Lake
Vanda at approximately 77° 30.9'S 161° 50.3'E. The code for this
new seismograph station is "VNDA." During a brief test record-
ing period (see figure 3), the VNDA short-period vertical (spz)
channel operated at 100,000 magnification, which is a factor of
two higher than the magnification of the SBA (Scott Base WWSSN)
SPZ seismograph.

Plans call for the completion of the installation during the
1986-1987 austral summer field season.
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Solution etch pits in dolerite	 Table 1. General chemistry of illite-bearing coating

from the Allan Hills
Oxide	 Weight percent

J.L. CONCA and M.C. MALIN

Department of Geology
Arizona State University

Tempe, Arizona 85287

As part of a study of geomorphic processes in the ice-free
areas of Victoria Land, solution etch pits occurring on dolerite
cobbles are being investigated in the Allan Hills and dry valleys.
The ultimate objective is to model the formation mechanisms of
these pits and use the calculated rates of development to deter-
mine the exposure ages of various ice-free surfaces in Victoria
Land. This article presents some preliminary results. Samples
were collected during the 1984-1985 field season and were
analyzed using a variety of techniques.

The pits are gravity normal, exhibit abundant evidence of
aqueous dissolution and alteration of primary minerals, and
range in size from less than a millimeter to several centimeters.

The etch pits are essentially closed aqueous systems, and the
chemistry of the aqueous phase and weathering products
should indicate whether or not water/rock interactions in the
Antarctic are in equalibrium or partial equilibrium.

Etch pits have a smooth, yellowish capillary coating deposi-
ted to varying degrees around the upper boundaries of the pits
and along areas connecting pits to one another. Immediately
underlying the pit is a thin zone, less than a millimeter, of
weathered dolerite, consisting of highly altered primary grains
with abundant hematite and amorphus products. X-ray diffrac-
tion gives only two extremely weak reflections at 3.34 Ang-
stroms (quartz) and 3.53 Angstroms (possibly vermiculite or
mixed-layer clays). JR spectroscopy identified quartz but is in-
conclusive for the phyllosilicate.

Whenever liquid water in within a pit, capillary action along
the rough pit-interior surface drives water up to the lower
boundary of the coating. This capillary action remains until
evaporation of water in the pit is complete. Microscopic exam-
ination of these yellow coatings indicates that they are areas of
deposition of material from solution.

The general composition of the coating is given in table 1. The
lack of sodium and low calcium, magnesium, and iron contents
in a material derived from such a basic rock as the dolerite is
remarkable. X-ray diffraction patterns of the coating are weak
and indicate poor crystallinity, but enough lines are present to
suggest illite and quartz as the major components. Infrared
spectroscopy gives positive identification of nonmixed layer
illite (90-100 percent illite) and quartz.

Under scanning electron microscope examination, the illite-
bearing coating consists of layers of microcrystalline material
with an average crystallinity of less than 100 Angstroms.
However, the coating has an extremely constant chemistry and
mineralogy throughout the capillary area. Table 2 gives four
compositions in a profile through the coating. Note the constant
aluminum/(potassium + magnesium) throughout the coating.
This constant composition is surprising in a poorly crystalline
material, formed by repeated evaporation of aqueous solutions
under antarctic conditions, indicating that the illite and quartz
(in the constant ratio of 2.2:1) are a result of partial or total

Al2O3	 18.5
Si02	63.1
K2O	 3.
Na20	 nda
MgO	 0.6
CaO	 0.5
FeO	 1.5
Ti02	0.8
SO3	1.7
H20	 9.3

Total	 99.5%

a "rid" denotes "below detection limits."

Note: This gives an illite formula of: K° 4Mg° 1 Al 2 1 Si33010(OH) 2 . The coat-
ing is an homogeneous mixture of 65 percent illite and 30 percent quartz
and amorphous silica, with several percent hematite and sulfate salts
unevenly dispersed within it.

equilibrium (Helgeson, Murphy, and Aagaard 1984) within the
etch pits during and after evaporation of the pit-filling water
under relatively nonvarying ambient conditions. Variations oc-
curring in calcium, sulfate, iron, and titanium, which are pres-
ent as trace phases of oxides and salts, suggest that these are not
part of the same partial equilibrium reactions as the silicate
phases.

Table 2. Specific chemistries of illite-bearing coatings

Oxide	 (%)	(%)	(%)	(%)

Al203	19.9	18.2	18.4	20.3
Si02	63.8	63.7	65.6	62.2
K30	 3.6	3.2	3.3	3.5
Na20	 nd	nda	nda	nda
MgO	 0.6	0.7	0.7	0.8
CaO	 0.4	0.6	0.5	0.1
FeO	 1.3	1.1	1.7	0.8
Ti02	0.2	0.7	0.2	<0.1
S03	0.4	1.9	0.3	1.4
H 206	(9.3)	(9.3)	(9.3)	(9.3)

Totals	99.5%	994%	98.9%	98.4%

Al/(K+Mg)'	4.7	4.7	4.6	4.7
Al/Sic	0.31	029	0.28	0.33

a "nd' denotes "below detection limits."
b Water analyses were performed on bulk sample giving an average water

content for the coating as a whole. Spacial variation in water content are
likely to be the greatest source of error and totals discrepencies in the
above analyses.

Aluminum (potassium + magnesium) and aluminum/silicon for an ide-
al" illite (Helgeson et al. 1969) are 4.2 and 0.56, respectively. All the
aluminum, magnesium, and potassium reside in the poorly crystalline
lute, whereas some of the silicon is in poorly crystalline quartz and
amorphous silica.
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Kaolinite, montmorillonite and mixed-layer clays, iron oxy-
hydroxides, bauxite minerals, and various silica minerals com-
prise the usual insoluble phases that form during weathering of
silicate material. Vermiculite forms as an intermediate product
from a variety of silicates, but nonmixed layer illite has not been
observed to form as a surface-weathering product directly from
solution, only as an intermediate product derived from initial
muscovite. The activities of potassium ion and silica are almost
never high enough in weathering environments to form dis-
crete illite, and the stability of montmorillonite/mixed-layer
clays is favored by the presence of exchangeable cations (so-
dium, calcium, and magnesium) and tetrahedral aluminum-
silicon polymerized chains remaining from feldspar break-
down. Therefore, conditions within the pit solutions during
evaporation must be fundamentally different from the more
temperate weathering environment, not only with respect to
temperature, but also solution chemistry.

The thinness of the material underlying the pits indicates that
pit growth is keeping pace with infiltration and alteration. This,
together with the indication of partial-equilibrium, allows a
preliminary estimate for the formation rate. Mass transfer of
material during hydrolysis of plagioclase can be roughly esti-
mated based on work by Helgeson, Carrels, and Mackenzie
(1969). To a first approximation, hydrolysis of plagioclase in the
underlying material results in the destruction of 0.3 gram of
plagioclase and precipitation of 0.002 gram of illite for every
1,000 grams of water. A 5-cubic-centimeter pit represents the
removal of approximately 10 grams of plagioclase. If the average

water flux experienced during growth of the pit is the present-
day average of about I gram per year, then at least 30,000 years
are required to form the pit.

Refinement of this first approximation requires recalculation
of the rates from Helgeson, Brown, and Leeper (1969) for the
dolerite under antarctic conditions, and direct measurements of
the water flux at these surfaces as well as the solution chemis-
tries of the water. It is expected that such refinement will length-
en the time required to form a 5-cubic-centimeter pit to more
than 100,000 years.

This work was supported by National Science Foundation
grant DPP 82-06391.
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Thermobarometry of two-pyroxene-
granulite

inclusions in Cenozoic volcanic rocks
of the McMurdo Sound region

J.H. BERG and D.L. HERZ

Department of Geology
Northern Illinois Un iversiti

DeKalh, Illinois 60115

Two-pyroxene granulites are very abundant as inclusions in
the Cenozoic volcanic rocks of the McMurdo Sound region. In
addition to plagioclase, these granulites contain orthopyrox-
ene, clinopyroxene, and either olivine, spinel, or garnet.
Hornblende, quartz, ilmenite, apatite, biotite, sanidine, or
scapolite are present in some of these inclusions, and in some
cases one of the two pyroxenes is absent. Garnet is rare and is
found only as corroded cores surrounded by fine- grained sym-
plectites of olivine, plagioclase, spinel, and orthopyroxene.
However, pseudomorphs of garnet, consisting of the above
symplectites, are more common. Locally, spinel shows evi-
dence of having reacted with pyroxenes to form symplectites of
olivine and plagioclase. Not uncommonly the mafics occur in

lenses or clusters. The red-brown to orange-red hornblende is
typically concentrated near the edges of these clusters but may
occur throughout as well. Several of the minerals in the two-
pyroxene granulites have a regionally restricted distribution.
Garnet and fine-grained garnet pseudomorphs occur only in
inclusions of two-pyroxene granulites which have been erupted
through the Transantarctic Mountains, whereas primary
olivine in inclusions of two-pyroxene granulites is restricted to
volcanics erupted in the Ross Embayment. Primary spinel is
largely absent from two-pyroxene granulites of the Ross Em-
bayment; however, spinel is abundant in inclusions from Black
Island in the Ross Embayment. The presence of nonprimary
spinel or olivine in coronas, symplectites, or intergranular glass
is not regionally restricted. Hornblende occurs in inclusions
from both the Ross Embayment and Transantarctic Mountains,
but is much more common in inclusions from the former.
Quartz occurs in a few Ross Embayment inclusions but is much
more common in Transantarctic Mountain inclusions.

Based on the experimental studies of a two-pyroxene-gran-
ulite inclusion from Australia by Irving (1974) and the miner-
alogy of the compositionally similar inclusions from Antarctica,
it is possible to define broadly the pressure-temperature condi-
tions under which the inclusions equilibrated. The presence of
garnet or spinel and the absence of coexisting primary olivine
and plagioclase in inclusions from the Transantarctic Moun-
tains indicate that these inclusions originated between 5 and 14
kilobars pressure (17-45 kilometers depth). If one assumes that
the volcanics were able to sample all sections of the crust (and
this appears to be a reasonable assumption based on the wide
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variety of inclusions which have been erupted), the absence of
coexisting primary olivine and plagioclase suggests that the
basic compositions are largely absent above a depth of about
16-17 kilometers. In other words, upper crustal granitic and
metasedimentary rocks probably extend down to a depth of a
least 16-17 kilometers. The predominance of coexisting primary
olivine and plagioclase and the rarity of spinel in inclusions
from most of the sites in the Ross Embayment indicate that
these inclusions originated at depths only slightly above 20
kilometers at most and probably below that for the most part.

The figure shows the results of more specific thermobarome-
try on the lower crustal inclusions using mineral chemistry. The
various methods show remarkable agreement, and there is also
good agreement between these data and the phase equilibria of
Irving (1974) mentioned in the previous paragraph. These data
provide a thermal profile of the lower crust that is as continuous
and precisely documented as any known to us. The geotherm
shown is intended to be representative of the Transantarctic
Mountain data only; the Ross Embayment data may actually lie
along a slightly higher geotherm. Whether the resultant geo-
therm should be considered relevant to the present-day or
recent geothermal gradients or, instead, should pertain to an
ancient or fossil geotherm is an important question (Harte,
Jackson, and Macintyre 1981) and is critical to the conclusions
which follow below. Ancient deep-seated cooling, as opposed
to recent rapid transport to the surface and cooling, should have

. Transantarctic Mts. (Foster Crater)
6,0 Garnet Granulites

I-	* Spinet Granulites
I Ross Embayment

15 -	• Spinet Granulites	 50

III	I	I	I	I	I

0	 500	 1000	1500
Temperature, °C

Thermobarometry of garnet- and spinel-granulite inclusions from
the McMurdo Sound region. The garnet-granulite data are based on
two- pyroxene thermometry (Wells 1977) and garnet-pyroxene-fel-
dspar barometry (open circles used Harley 1984; open triangles
used Bohlen, Wall, and Boettcher 1983). The spinel granulite data
are based on Gasparik (1984, 1985) adjusted to two-pyroxene tem-
peratures. Phase equilibria are from a two-pyroxene granulite stud-
ied by Irving (1974). All Transantarctic samples are from Foster
Crater. ("kbar" denotes "kilobar." "Km" denotes "kilometer.")

resulted in compositional zoning in minerals, but in fact, the
minerals are largely unzoned. Also indicating that the geotherm
is a present-day one is the fact that where potassium feldspar is
present in the granulites, it occurs as sanidine.

Although the geothermal gradient in the lower crust itself is
not extremely high, the data require a very high gradient of
60-100°C per kilometer in the upper crust. This gradient should
result in heat flow at the surface of at least 3-4 heat-flow units,
and Decker and Bucher (1982) measured heat flow in the region
ranging up to 3.4 heat- flow units. The high geothermal gra-
dient may cast some doubt on the uplift rates calculated for the
Transantarctic Mountains based on apatite fission track dating
(Gleadow, McKelvey, and Ferguson 1984). The uplift rates of
55-135 meters per million years assume a depth of apatite-age
resetting of about 4 kilometers, whereas the preliminary gra-
dient determined by us would suggest a resetting depth of
closer to 2 kilometers. If correct, this might reduce the calcu-
lated uplift rate by roughly 50 percent.

The geothermal gradient is one of the highest ever docu-
mented (Jones et al. 1983) and is consistent with a virtually
requires a continental-rift setting (Wickham and Oxburgh
1985). Not only is this important to our understanding of ant-
arctic tectonics but the well- documented geothermal gradient
will provide important constraints to geophysicists modeling
continental rifts anywhere.

This work was supported in part by National Science Founda-
tion grant DPP 82-13943.
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Hydrothermal calcite in the Elephant
Moraine
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Department of Geology and Mineralogy
and

Institute of Polar Studies
Oliw State University

Columbus, Ohio 43210

L.M. JONES

Conoco, Inc.
Ponca City, Oklahoma 74603

In the course of geologic mapping of the Elephant Moraine on
the east antarctic ice sheet (76°17'34.9"S 157°20'04.9"E) during
austral summer 1984-1985, Faure and Taylor (1985) collected
several specimens of "black botryoidal calcite, composed of
radiating acicular crystals that resemble stromatolites." Sipiera
and Landis (1985) suggested that these rocks were deposited in
part by algae with interlayered calcrete. However, Faure and
Taylor (1985) excluded a marine origin for this material because
the isotopic composition of strontium differs from that of sea-
water and suggested a hydrothermal origin instead. Faure and
Taylor considered that the calcite may have formed by volcanic
activity during the Jurassic period. Therefore, they searched
rock exposures of the Mawson diamictite in the Allan Hills but
did not find samples of the black calcite in that formation.
Additional studies by Montello (1986) and Taylor (1986) also did
not provide any new evidence bearing on the origin of the black
calcite clasts.

The specimen pictured in the figure was collected by W.A.
Cassidy of the University of Pittsburgh. Calcite from this and
other specimens is significantly enriched in strontium-87 (the
strontium-87/strontium-86 ratio equals 0.71417 ± 0.00002), car-
bon-12 (delta carbon-13 equals -22.9 parts per thousand, PDB
standard) and oxygen-16 (delta oxygen-18 equals -21.1 parts per
thousand, standard mean ocean water) compared with calcite
of marine origin. The enrichment in carbon-12 is similar to that
of calcite associated with coal in th Allan Hills for which Faure
and Botoman (1984) reported delta carbon-13 equals -16.9 parts
per thousand and the strontium-87/strontium-86 ratio equals
0.7138.

The enrichment in oxygen-16 indicates that the calcite from
the Elephant Moraine could only have precipitated in isotopic
equilibrium with glacial meltwater. Ice at the base of the east
antarctic ice sheet has an average isotopic oxygen value of about
-40 parts per thousand (Epstein, Sharp, and Cow 1970). There-
fore, the temperature at which the black calcite precipitated
from water of that isotope composition was about 85°C, based
on the fractionation equation of O'Neil, Clayton, and Mayeda
(1969). A temperature of this magnitude implies that the black
calcite formed as a result of volcanic activity under the east
antarctic ice sheet.

The enrichment of the black calcite in carbon-12 suggests that
it formed in part from carbon dioxide derived from the coal
seams of the Weller Formation in the Beacon Supergroup. The
isotopic composition of strontium in the black calcite is similar,
to that of carbonate beds and concretions in the Beacons of
southern Victoria Land (Faure and Barrett 1973). A	ic-

Photograph of a specimen of black calcite from the Elephant Mor-
aine. (This specimen was collected by W.A. Cassidy.)

hydrothermal origin is also consistent with the very low total
organic carbon content of 0.15 percent in the calcite.

One of the calcite samples included in the study was contrib-
uted by John Schutt. Michael L. Strobel determined con-
centrations of rubidium and strontium. We thank Conoco, Inc.,
for the use of their facilities.

This project is supported by National Science Foundation
grant DPP 83-14136.
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Mesozoic conchostracan fossils
from Gair Mesa and Agate Peak,

northern Victoria Land,
Antarctica

P. TASCH

Department of Geology
Wichita State University
Wichita, Kansas 67208

This report is for a study that is still underway.
The shallow water lacustrine deposit at Gair Mesa (73°28'S

162°52'E) collected by David Elliot yielded two conchostracan
species, one new. A cyziciid species (the dominant species) was
previously described from Storm Peak and also found at Car-
apace Nunatak and Agate Peak (Tasch in preparation). Com-
parable population statistics showed that conchostracans from
almost all Gair Mesa sites were close to those from Carapace
Nunatak, and some sites were also close to Storm Peak and
Agate Peak.

Occurrence of the dominant species at all collecting sites had
as its probable source Agate Peak (72°57'S 163°48'E) which is

some 60 kilometers northeast of Gair Mesa. Elliot found no
distinguishable conchostracan fossils in an earlier collection
from Mount Frustum (73°22'S 162°57'E). Should the dominant
species be found there subsequently, that site would be the
nearest source for the Gair Mesa fauna.

Geochronological data (cf. Tasch 1961) indicate that the year
value for Gair Mesa conchostracan-bearing, silicified, sedi-
ments varied from 4.7 years (site 22) to 17.3 years (site lOB).

Appearance of the dominant species at Gair Mesa indicates
wind dispersal of conchostracan eggs between southern (Car-
apace Nunatak area) and northern (Agate Peak and Gair Mesa
areas) Victoria Land during lower Middle Mesozoic time.

At Agate Peak, a second collection by Elliot contained both
the dominant species noted above and a new conchostracan
species (site S8214). All specimens were carbonized and "caught
up in pillow basalt."

Research was supported by National Science Foundation
grant DPP 84-21235.
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Ferrar and uppermost Beacon rocks,
Beardmore Glacier region

D.H. ELLIOT, T.H. FLEMING, and D. LARSEN

Institute of Polar Studies
Ohio State University
Columbus, Ohio 43210

D.M. BUCHANAN

National Park Services
Bettles, Alaska

As part of the Beardmore project, we examined the vol-
canogenic rocks of the Beacon Supergroup that form the upper
part of the Falla Formation (Barrett 1969) and the Prebble Forma-
tion (Barrett and Elliot 1972), and the overlying Kirkpatrick
Basalt (Elliot 1970) of the Ferrar Group. These rocks crop out in
the southern Queen Alexandra Range and south of the
Beardmore Glacier in the Grosvenor Mountains and Otway
Massif (figure).

Airfall debris has been found in beds as low in the section as
the middle Fremouw Formation, but it is not until the middle of

the overlying Falla Formation that the volcanic component be-
comes dominant. The upper part of the Falla at the type section
is 259 meters thick and consists of a quartzose sandstone, tuff,
and tuffaceous sandstone alternation (150 meters thick) over-
lain by a tuff unit (109 meters thick). The Falla is succeeded by
the Prebble Formation which consists of coarse pyroclastic de-
bris, tuff, and tuffaceous sandstone. The upper Falla and Preb-
ble rocks were measured, examined for features from which the
mode of deposition could be inferred, and sampled for geo-
chemical analysis. The upper Falla, which is best exposed in the
Mount Falla and Mount Kirkpatrick massifs, thins southward
mainly by loss of the sandstone-tuff alternation, and the thick-
ness diminishes to 90.5 meters or less. The base of the Prebble is
defined by the incoming of coarse pyroclastic debris. The thick-
ness of the Prebble ranges between less than 1-2 meters to at
least 360 meters and possibly 440 meters. On the Otway Massif,
where the thicker sections are exposed, the Prebble consists of
unstratified coarse breccia with finer grained beds present only
immediately beneath the Kirkpatrick Basalt lavas. Elsewhere, at
Mount Pratt and the southern Queen Alexandra Range, the
lithology is more varied. The mode of deposition of the finer
beds includes both airfall and reworking of volcanic debris; the
lapilli tuffs also include airfall deposits, as shown by "bomb"
sags. Beds with accretionary lapilli are not uncommon. Surge
deposits may be present but the exposure and secondary alter-
nation preclude positive identification. The breccias represent
mass flow deposits and probably include a range of mecha-
nisms depending on water content, temperature of volcanic
components, and surface slope.

22	 ANTARCTIC JOURNAL



''Painted
Cliffs

Wahl G/cc,er

;4

-.	 /7 15) •. .
Marshall	

Mt
 Kirkpatrick

Kenyon

Lindsay	 j
CY

ç7	c	c
85S

Pratt
Otway
Massif

r

Mt. Bumstead
r:9 Upper Cenozoic	 .

-	surficial deposits
Kirkpatrick Basalt	 Grosvenor

. Beacon Supergroup and Ferrar Dolerute
Mountains

Pre-Devonian basement
O	 Kilometers	 50 170'E

160 1 E	 165 I	 --E -	86"S	175E	 180I 

Location and geologic sketch map for the Beardmore Glacier
region.

On the Otway Massif, the breccias are largely unstratified
even over hundreds of meters, though in a few places gradual
changes in clast type or size suggest a crude layering. Locally
the finer grained clasts (5-20 centimeters) show orientation
suggestive of flow in a viscous medium. At other localities the
breccias exhibit a rather poor stratification picked out by
changes in clast concentration and type. The coarse clasts
(greater than 20 centimeters) are dominated by tuff, sandstone,
and diabase, whereas the finer clasts (1-20 centimeters) consist
mainly of tuffaceous fragments though sandstone, shale, and
coaly shale are also present. The coarseness of the debris sug-
gests proximal sources, and the presence of intrusive breccias at
Kenyon Peaks and Lindsay Peak also argues for local volcanism.
The intrusive breccias, which cut the Prebble Formation or
upper part of the Falla, consist of volcanic rock types that can be
matched with those in the Prebble Formation itself. The thick
breccias on the Otway Massif must represent some type of
topographic fill, which has important implications for the geo-

logic history. Both constructional landforms and significant val-
leys must have existed during Prebble time; the early phases of
basaltic volcanism may also have influenced the topography.
Tholeiitic magmatism clearly occurred before or during the
explosive volcanism of the Prebble and prior to flood basalt
eruption, because diabase clasts occur in the breccias. Likewise,
the silicic volcanism continued after onset of plateau lava build
up, as shown by tuff interbeds in the basalt sequence.

Kirkpatrick Basalt lava were examined in the Marshall Moun-
tains, Otway Massif, and Grosvenor Mountains. The field rela-
tions of the lavas at Mount Bumstead were studied in detail, and
from that work and subsequent work at other localities, it is now
clear that there are two components to the basalt sequence. One
consists of the large-volume, areally extensive, and commonly
very thick lava flows which could have been derived from
feeder dikes located at some considerable distance. The other
consists of sequences of thin, laterally restricted, overlapping
flows that give complex lava piles in which the stratigraphic
order is difficult to establish except in restricted outcrop areas.
These lava piles must have been erupted locally. These con-
trasting lavas and lava sequences fit Walker's (1972) description
of simple and compound lava flows. During the course of field-
work, well-developed weathering profiles were observed at the
tops of some flows, and some of these profiles have the charac-
teristics of paleosoils. The lava flows, weathering profiles, and
the tuffaceous interbeds were extensively sampled for pe-
trographic and geochemical study. On reexamination of Mount
Pratt, no lava was observed and that group of nunataks was
found to consist entirely of diabase sills except for the one small
outcrop of Prebble previously reported. Diabase sills were also
sampled at the Painted Cliffs and near the mouth of the Wahl
Glacier, and diabase dikes were collected in the Supporters
Range.

We wish to thank the VXE-6 pilots and crew and the ITT!

Antarctic Services, Inc., personnel at the Beardmore Camp for
their excellent support. This project is funded by National Sci-
ence Foundation grant DPP 84-19529.
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New vertebrates from the Fremouw
Formation (Triassic)

Beardmore Glacier region, Antarctica

W.R. HAMMER, W.J. RYAN, and J.W. TAMPLIN

Department of Geology
Augustana College

Rock island, Illinois 61201

Si. DEFAuw

Department of Biological Sciences
Wayne State University
Detroit, Michigan 48202

During the austral summer of 1985-1986, over 350 specimens
of fossil vertebrates were recovered from sections in the
Beardmore Glacier area of the Transantarctic Mountains. The
field collecting team, which included all of the authors and, for

part of the season, Elizabeth Vrba of Yale University, thor-
oughly searched exposures of: (1) the Triassic Fremouw Forma-
tion (all localities except 11 listed in figures 1 and 2; (2) the
Permian Buckley Formation (figure 1 localities 2 and 3; figure 2
localities 5, 9, 13, and 15) and; (3) the type section of the Falla
Formation at Mount Falla (figure 2, locality 11).

Although the Buckley and Falla Formations lacked bones, five
of the Fremouw localities yielded well-preserved vertebrate
material. Two of the fossil sites, Coalsack Bluff and Graphite
Peak (figures 1 and 2), were previously known vertebrate lo-
calities from the 1969-1970 and 1970-1971 seasons when groups
headed by E.H. Colbert (1969-1970) and James Kitching
(1970-1971) collected in this area (Colbert 1970, 1971; Kitching et
al. 1972). The other three, Willey Point, Lamping Peak, and
Gordon Valley (figures 1 and 2), are new localities discovered
1985-1986.

In past seasons, the lower 200 meters of the Fremouw Forma-
tion has been particularly productive of vertebrate material.
Elliot, Collinson, and Powell's (1972) report on the stratigraphy
of the tetrapod-bearing beds at Coalsack Bluff indicated fossil
bones were recovered from the lower 90 meters of the section.
Kitching et al. (1972) noted that all of the specimens collected

Figure 1. Map of portions of the Dufek and Shakleton Coasts, Central Transantarctic Mountains. Localities searched: 1, exposures along the
Tillite Glacier; 2, Willey Point; 3, Graphite Peak; 4, exposures along the Koski Glacier. (Inset represents area covered by figure 2.)("km" denotes
"kilometer.")
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during the 1970-1971 season were found within the first 200-
meter interval. With the exception of the fragmentary
postcranial remains of a small reptile 239 meters above the
formational base (Cosgriff 1978), the 1977-1978 collection also
derives from the lower 200 meters. The composite fauna repre-
sented by the three previous collections is large and varied
(Colbert 1982; Hammer and Cosgriff 1981), and establishes
close correlation between the lower Fremouw Formation of Ant-
arctica and the Lystrosaurus zone of South Africa (Colbert 1972,
1982; Kitching et al. 1972; Hammer and Cosgriff 1981).

Four of the five localities (all except Gordon Valley) quarried
during the 1985-1986 season yielded a wide variety of spec-
imens from similar Lystrosaurus zone equivalents in the lower
200 meters of the Fremouw Formation. Individual specimens
from the lower portion of the formation range from skulls and
disarticulated postcranial elements to partial skeletons. In-
cluded in this collection are fossils representing many of the
previously reported Fremouw taxa (Colbert 1982) plus several
species new to the Antarctic. Excellent specimens of
Lystrosaurus were found, including a relatively large partial skel-
eton with a skull. Thrinaxodon is represented by jaws and a

partial skull. Other material recovered pertains to a new therio-
dont and a larger reptile, perhaps a thecodont similar to that
reported by Cosgriff (1983). Smaller reptiles in the assemblage
probably include procolophonids and eosuchians.

The lower Fremouw localities also produced an abundance of
labyrinthodont material, including fragments of brachyopid,
lydekkerinid, capitosaurid(?), and rhytidosteid dermal ele-
ments. Some of this material may be assignable to taxa already
described from the Antarctic (Colbert and Cosgriff 1974; Cos-
griff and Hammer 1983, 1984), however, at least one or two
forms new to the continent are included in this assemblage.
Because these lower Fremouw fossils occur in a variety of depo-
sitional environments this collection has excellent potential for
taphonomic and paleoecological analysis.

The fifth vertebrate locality, in the Gordon Valley (figure 2), is
of particular importance because stratigraphically it is consider-
ably higher in the section than the other vertebrate sites (Collin-
son and Isbell, Antarctic Journal, this issue); hence it represents
the first major occurrence of vertebrates in the upper member of
the Fremouw Formation. Labyrinthodonts, including at least
one very large form (estimated skull length 0.75 meter), are well
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trunk (1.0 meter diameter, 13.5 meters long) occurred within a
few meters and at the same stratigraphic level as the isolated
blocks.

The blocks represent large chunks of heterogeneous peat that
were rafted and eventually buried in the stream. The directions
of trough axes in the sandstone appear to have been deflected
around the blocks during deposition, suggesting that the blocks
were grounded in shallow water. The abundance of silicified
plant material at this horizon and the lack of any preserved

-!

preserved and abundant here. Jaws and partial skulls of synap-
sids also occur, including a fairly large theriodont. Little of the
material was well exposed in the field so more specific tax-
onomic determinations are difficult to make at this time,
however, the size and general nature of these animals indicate
that, in many cases, they do not appear to represent forms
typical of the Lystrosaurus zone. They occur considerably higher
in the section, hence, it is not unlikely that they are somewhat
younger in age than the fossils of the lower Fremouw. Whatever
their age, these animals represent species new to the fauna of
the Fremouw Formation.

We wish to thank members of the support crew and other
science projects at the Beardmore South camp for their help in
the field. A particular thanks goes to Elizabeth Vrba, for her
contributions to our field party.

This project was supported by National Science Foundation
grants DPP 85-11334 and DPP 84-18354.
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Paleoenvironment of Lower Triassic
plants from the Fremouw Formation

T.N. TAYLOR, E.L. TAYLOR,* and J.W. COLLINSON

Institute of Polar Studies
Ohio State University
Columbus, Ohio 43210

During the 1985-1986 field season, collections of silicified
plant remains were made from a site located in a col north of
Fremouw Peak, Queen Alexandra Range, central Transantarctic
Mountains (84°16'S 164°21'E) Buckley Island Quadrangle (Bar-
rett and Elliot 1973). The fossil plant locality occurs in the upper
Fremouw Formation, a braided stream deposit of early-to-mid-
dle Triassic age. The fossils occur within several allochthonous
clasts that are at approximately the same stratigraphic level
within a trough-crossbedded, medium-grained, greenish-gray
volcaniclastic sandstone. The clasts are block shaped; the
largest was 1.0 meter thick and 2.5 x 2.5 meters in width (figure
1). The lower 0.4 meter consisted of light gray mudstone that
graded upward into a silicified, dark gray, carbonaceous
mudstone with abundant plant remains. Another block (0.5
meter thick, 1.5 x 2.0 meters wide) and a large silicified tree

* Dr. E.L. Taylor was formerly E.L. Smoot.
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Figure 1. Section through clast showing heterogeneous silicified
plant material on top, with dark gray mudstone immediately below
(arrow), and lighter mudstone at base (x 4).
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floodplain deposits laterally suggests a scenario in which a
forested, swampy island was undercut and destroyed during
flooding. Once buried, the fossil peat was quickly silicified
before compression could take place, probably because of the
availability of silica in the surrounding sands containing an
abundance of volcanic glass.

Preliminary observations from collections made at this site as
well as field observations indicate that the flora is diverse and
particularly well preserved so that cellular detail can be easily
discerned. Studies that have been completed to date or that are
currently in progress indicate that the flora includes vegetative
(Schopf 1978) and reproductive remains of herbaceous ferns,
foliage of the seed fern Dicroidiurn, gymnospermous wood,
several types of isolated gymnospermous seeds, wood-degrad-
ing fungi (Stubblefield and Taylor 1986) and vegetative remains
of cycads (figure 2) (Smoot, Taylor, and Delevoryas 1985). Our
studies of the cycad suggest that it was a component of the
swamp vegetation rather than an exotic floral element that was
rafted in, since the stems occur within the peat surrounded by
numerous, delicate roots that are still attached. One of the
unusual aspects of this flora is the occurrence of a cycad with
essentially modern anatomy in this type of deposit, since today
the majority of cycads occupy more mesic and xeric habitats.

One of the significant aspects of this study is the fact that the
exceptional preservation provides an opportunity to correlate
anatomy and morphology on the one hand with ecological
parameters on the other. As the silicified material collected from
Fremouw Peak is processed and the upper Triassic vegetation of
the Fremouw Formation reconstructed, an important dimen-
sion of this research program will be an analysis of the structure
of the plants as it relates to the environment in which the plants
grew. Further study may reveal other plants, like the cycads,
that are anomalous floral elements and that help to provide a
more precise picture of the microclimate in this area during
upper Triassic times.

This work was supported in part by National Science Founda-
tion grant DPP 82-13749. We would like to thank David H. Elliot
of the Institute of Polar Studies, Ohio State University for assist-
ance in the field; the support crew at the Beardmore South
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Figure 2. Radial section through a portion of a cycad stem showing
the exceptional level of preservation of the wood (arrow) and cortex
(x 33).

camp; and the members of VXE-6 Squadron for logistical
support.
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Structurally preserved Permian plants
from Skaar Ridge,

Beardmore Glacier region

E.L. TAYLOR,* T.N. TAYLOR, J.W. COI,IINS0N,

and D.H. ELLIOT

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

Fossil plants of Permian age were initially described from a
locality in the vicinity of Mount Augusta by Schopf in 1970.

* Dr. E.L. Taylor was formerly E.L. Smoot.

During the most recent (1985-1986) field season, the site was
relocated and collections of silicified plants were made. This
locality is significant in that the plants are preserved in chal-
cedony as permineralizations and the site constitutes one of
only two localities with structurally preserved plants of this age
in the Southern Hemisphere (see also Gould and Delevoryas
1977). The fossil plants occur as black, siliceous blocks present
in low-relief hummocks scattered among dolerite boulders on a
bench that slopes slightly to the southeast at an elevation of
approximately 2,300 meters (84°47'S 163°15'E, Buckley Island
Quadrangle, Barrett and Elliot 1973). The site, which was orig-
inally reported as the "Mount Augusta locality" occurs approx-
imately 4.8 kilometers from Mount Augusta at the southeastern
end of Skaar Ridge and is now identified by a stone cairn (figure
1). Therefore, this locality will subsequently be referred as the
"Skaar Ridge site."

The fossil plants occur within the upper Buckley Formation
and are considered to be late Permian in age. This portion of the
formation consists predominantly of carbonaceous siltstone
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Figure 1. View north from Skaar Ridge past the stone cairn marking
the collecting site with Lizard Point in the background (x 4).

and mudstone interbedded with tabular fining-upward sand-
stone bodies with erosional bases. Geometry and internal struc-
tures of sandstones suggest that they were deposited by broad,
shallow, low sinuosity streams on an extensive floodplain (Col-
linson and Isbell, Antarctic Journal, this issue). Field observa-
tions suggest that the plant fossils accumulated as peat in flood
basins or swamps. They were probably silicified at an early
stage by groundwaters highly charged in silica from the dissolu-
tion of volcanic glass in the surrounding sediments. The peat
appears to be present as rafts of material that were silicified
within a fluvial sandstone, based on the presence of mixed
chert-sandstone boulders at the site.

The flora is dominated by glossopterid plant organs, es-
pecially Vertebraria underground axes and several Glossopteris
leaf types. The black boulders can be identified in the field by
the contrast of numerous Vertebraria axes that appear white due
to the infilling of the axial lacunae (figure 2). The locality has also
yielded gymnospermous wood of the Araucarioxylon type and at
least two types of gymnospermous seeds. In one of the seeds,
well-preserved embryos with suspensors are present (Smoot
and Taylor 1986; Taylor and Smoot, in press). Another smaller
seed occurs isolated within the peat and organically attached to
some form of reproductive organ. In addition, several boulders
include abundant moss leaves, axes, and attached rhizoids
(Smoot and Taylor in press). The delicate nature of these fossils
suggests that the plants were silicifed in situ within the peat and
not transported for any distance. The discovery of a moss from
Skaar Ridge in a deposit that represents a silicified peat is
somewhat unusual not only because of its seemingly modern

Figure 2. Silicified Permian chert showing Vertebraria axis (arrow)
(x 2).

anatomy, but also because no mosses are known from the exten-
sively investigated peat-like deposits of Carboniferous age. De-
spite this fact, the Permian plants from Skaar Ridge provide the
necessary material that may offer solutions to problems relating
to the evolution, paleoecology, and biogeography of late Pal-
eozoic floras.

We would like to thank John Isbell for assistance in the field,
the support crew at the Beardmore South camp, and members
of the VXE-6 Squadron for logistical support.

This research was supported by National Science Foundation
grant DPP 82-13749.
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Permian-Triassic sedimentology of the
Beardmore Glacier region

J.W. COLLINSON and J.L. ISBELL

Institute of Polar Studies
Ohio State University
Columbus, Ohio 43210

Sedimentology studies of Permian-Triassic fluvial rocks in the
Beardmore Glacier region were conducted from 12 November
to 25 January by a five-person field party from Ohio State
University: the two authors, Timothy C. Homer, Lawrence A.
Krissek, and Brenda K. Lord. Stratigraphic units investigated
were the Permian Fairchild and Buckley formations and the
Triassic Fremouw Formation.

The oldest Permian fluvial unit, the Fairchild Formation, is a
130- to 230-meter thick sandstone (Barrett 1969). It overlies
deltaic fine-grained sandstones of the Mackellar Formation and
is composed mostly of trough cross-bedded, medium-grained,
feldspathic sandstones. Locally, lenticular bodies of dark gray
carbonaceous mudstone represent abandoned channel fills.
The Fairchild Formation is interpreted as an extensive sandy
braided stream system that flowed southward (figure) into the
Mackellar sea (see Miller and Frisch, Antarctic Journal, this
issue).

The Permian Buckley Formation, as defined by Barrett (1969),
is as much as 750 meters thick and conformably overlies the
Fairchild. The contact is recognized by the lowest quartz-pebble
conglomerate. The lower part of the formation is similar to the
Fairchild in lithology and paleocurrent orientation, except that
thin coal-bearing mudstones are also present. Upward in the
Buckley Formation, fine-grained sandstone, siltstone, and
mudstone become predominant with a concomitant influx in
volcanic detritus into the region and a general swing in pal-
eocurrent directions toward the northwest (figure).

Two types of sandstone bodies occur, channel-form and
sheet. Channel-form sandstones are 10 to 20 meters thick and
are laterally continuous for hundreds of meters. The base of a
typical channel-form sandstone unit is marked by an erosional
surface with local relief as much as a meter. Internally, channel-
form bodies contain laterally continuous, scour-bounded, fin-
ing-upward cycles I to 2 meters thick. Medium- to coarse-
grained, trough cross-bedded sandstone occurs at the base of
the cycle with medium- to fine-grained small-scale cross-bed-
ded and plane-bedded sandstone at the top. Sheet sandstones,
0.5 to 2 meters thick, are in gradational to sharp contact with
surrounding mudstone units. They consist of fine- to medium-
grained sandstone and are contained within an overall coarsen-
ing upward sequence. Individual sandstone units fine upward.

Allochthonous coals, containing abraded plant particles, are
intercalated with sheet sandstones. The lower contacts that
separate these coals from underlying sandstone units are sharp
and indicate no evidence of paleosol development. In contrast,
autochthonous coals, which occur rarely, rest directly on rooted
paleosols.

Channel-form sandstones were deposited in wide shallow
streams characterized by fluctuations in discharge, which are
identified by textural cycles and a reduction in the scale of
sedimentary structures upward in individual cycles. Sheet
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Paleocurrent directions at various localities for the Fairchild, upper
and lower Buckley, and Fremouw formations in the Beardmore
Glacier region. Some of the Fremouw data is from Barrett (1969) and
Vavra (1984). Arrows indicate mean direction and standard deviation
for readings at each of the following localities: 1, Moore Mountains;
2, Helm Glacier; 3, north Clarkson Peak; 4, south Clarkson Peak; 5,
Mount Miller; 6, Painted Cliffs; 7, Tillite Glacier; 8, Mount Ropar; 9,
MacAlpine Hills; 10, Mount Achernar; 11, Lewis Cliffs; 12, Coalsack
Bluff; 13, Mount Sirius; 14, Fremouw Peak; 15, Mount Falla; 16,
Prebble Glacier; 17, Wahl Glacier; 18, Bingley Glacier; 19, Willey
Point; 20, Mount Bowers; 21, Mount Kinsey; and 22, Graphite Peak.

sandstones were deposited as crevasse splays. The accumula-
tion of plant detritus along distal-splay margins in flood-basin
environments resulted in the intercalation of sheet sands and
allochthonous coal. In situ peat accumulation, which formed
autochthonous coals, also occurred in flood-basin settings.

Previously, the Buckley Formation had been interpreted as
deposits of a meanderbelt system (Barret 1969), but lateral accre-
tion surfaces representing point bars, which should be present
in channel-form sandstones, are absent. The characteristics dis-
played by channel-form sandstone bodies in the Buckley For-
mation are similar to features developed in modern sandy
braided streams. Flood basin coals and numerous crevasse
splays are, however, indicative of wetland environs which are
more readily explained by an anastomosed system than by
braided or meandering stream models.

The Triassic Fremouw Formation, which may be as thick as
800 meters rests disconformably on the Buckley (Barrett 1969).
The basal unit, a 5- to 10-meter thick, coarse-grained quartzose
sandstone containing reworked Buckley clasts, is scoured deep-
ly into the underlying Permian. The lower member of the Fre-
mouw is composed of several cycles of channel-form, trough
cross-bedded, coarse- to medium-grained sandstone. Cycles
grade abruptly upward into horizontally bedded, greenish gray
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silts tone/mudstone and interbedded fine-grained sandstone.
Internally, the coarser sandstone units consist of scour-bound-
ed cosets of 0.2- to 0.5-meter thick trough cross-beds. In some
cases, thin siltstone drapes have preserved original dune geom-
etry. Horizontal trails and vertical burrows occur along these
surfaces and penetrate downward through crossbeds. The
greenish gray siltstone/mudstone units typically contain root
structures and locally preserve dark gray organic matter, sug-
gesting that they were originally carbonaceous.

Sandstones in the Fremouw contain an increasing proportion
of volcanic detritus upward in the section. The proportion of
sandstone to siltstone/mudstone diminishes in the middle
member. At some localities the middle member is predomi-
nantly fine grained; in others, it is very sandy. The upper
member is predominantly trough cross-bedded, medium-
grained volcaniclastic sandstone with some greenish gray or
dark gray carbonaceous siltstone/mudstone interbeds. The
overlying Triassic Falla Formation, a coarse-grained, quartzose
sandstone, is channeled deeply into the Fremouw Formation.

Vertebrate and plant fossils are locally abundant in the Fre-
mouw Formation. Vertebrate fossils occur in the lower member
and in the lower part of the upper member (see Hammer et al.,
Antarctic Journal, this issue). They are most abundant at the tops
of channel-form sandstone units. Silicified plant fossils, includ-
ing blocks of peat, large logs, and in situ stumps, occur in the
upper part of the upper member (See Taylor, Smoot, and Collin-
son, Antarctic Journal, this issue).

The basal Fremouw sandstones are interpreted as sandy
braided stream deposits that filled topographic relief on the
Permian-Triassic unconformity. Paleocurrent data gathered this
past field season do not support the approximately 180° reversal
in paleoslope from Permian to Triassic suggested by Barrett
(1969, 1970). The northward swing in paleocurrent dispersal
that began with the deposition of the upper part of the Buckley
Formation apparently continued into the Triassic (figure). Tri-
assic dispersal directions were predominantly northward.

The lower and middle members of the Fremouw were deposi-
ted by low sinuosity braided to anastomosing streams, on an

extensive flood plain. Sheet sandstones represent major cre-
vasse splays. The proportion of sandstone to siltstone/
mudstone is an indication of the proximity of the section to a
major channel. The thick sandstones of the upper member
recorded a large increase in the amount of sand-sized volcanic
detritus in the drainage system, producing an extensive braid
plain.

We wish to express appreciation to fellow scientists, es-
pecially David Elliot and John Splettstoesser, and the support
crew at the Beardmore South camp. We particularly thank mem-
bers of th Vanderbilt University group led by Molly Miller and
Julia Miller, the Augustana College/Wayne State University
group led by Bill Hammer, and the Ohio State University group
led by Tom Taylor, with whom we worked side by side.

This research was supported by National Science Foundation
grant DPP 84-18354.
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Sedimentology of fine-grained
Permian clastics,

central Transantarctic
Mountains

L.A. KRISSEK and T.C. HoRNEI

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

In the central Transantarctic Mountains, the Permian se-
quence is composed of four formations. In ascending order,

these are the Pagoda, Mackellar, Fairchild, and Buckley Forma-
tions. These units were deposited in a range of environments
but generally record a transition from a glaciated basin, through
the infilling of a post-glacial basin, to a fluvially dominated
terrestrial realm. The general nature of this sequence was de-
scribed by Barrett (1969) and Lindsay (1969), but the entire
sequence was examined in more detail during the 1985-1986
field season by a nine-person field team from Vanderbilt Uni-
versity (see Miller and Waugh, Antarctic Journal, this issue; Mil-
ler and Frisch, Antarctic Journal, this issue) and Ohio State Uni-
versity (see Collinson and Isbell, Antarctic Journal, this issue).
The objective of this paper is to outline briefly the results of our
field work and to describe the directions of our continuing
laboratory investigations. Our future work will complement the
efforts of our colleagues, who are examining each unit within
the Permian sequence.

While operating out of the Beardmore South remote camp for
approximately 2 months, we measured 24 sections at 21 lo-
calities. These sections totalled 3,789 meters in thickness and
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provide a good stratigraphic and geographic distribution of data
across the northern portion of this Permian basin. The sample
locations are shown in the figure, and a key to the sample
locations is given in the table. Of these 24 sections, 9 included
Pagoda strata, 13 included Mackellar rocks, 9 included Fairchild
interval, and 13 included the Buckley sequence. The 312 sam-
ples collected from these sections were distributed as follows:
48 from the Pagoda, 106 from the Mackellar, 21 from the Fair-
child, and 138 from the Buckley. As a result of this field effort,
we will be able to address several objectives.

Several approaches are necessary to study the sedimentology
of fine-grained clastic rocks (shales and siltstones). Although
field relations are important, a detailed laboratory analysis is
generally necessary to extract important data about their sedi-
mentologic history. The objective of our continuing efforts is to
use geochemical and mineralogic data from these siltstones and
shales to decipher the record of paleogeography, provenance,
and paleoclimate in the Permian sequence of the central Trans-
antarctic Mountains.

This work will be closely coordinated with on-going efforts of
the other members of the Vanderbilt/Ohio State group. For
example, the Pagoda Formation, which is composed of
glaciomarine and glacial deposits (Lindsay 1969), is being exam-
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Geographic distribution of measured sections, Beardmore Glacier
area. See table for further information about individual localities.

Locations of stratigraphic sections measured in the
Beardmore Glacier area, and stratigraphic units

considered at each locality

Abbreviation	Place name	Formations measured

WG	Wahl Glacier	Buckley
TGA	Tillite Glacier	Pagoda, Mackellar
TGF	Tillite Glacier	Mackellar, Fairchild
MMD	Helm Glacier	Mackellar, Fairchild, Buckley
MMC	Mount Weeks	Pagoda, Mackellar
MMQ	Moore Mountains	Mackellar
MMP	Moore Mountains	Pagoda
MMA	Moore Mountains	Mackellar, Fairchild
MB	Mount Bowers	Mackellar, Fairchild, Buckley
MA4	Mount Achernar	Upper Buckley
MA5	Mount Achernar	Middle Buckley
MA6	Mount Achernar	Lower Buckley
LP	Lamping Peak	Buckley
MD	Mount Deakin	Mackellar, Fairchild
MP	Mount Picciotto	Buckley
TR	Turnabout Ridge	Pagoda, Mackellar, Fairchild
MK	Mount Korsch	Mackellar, Fairchild
CP	Clarkson Peak	Pagoda, Mackellar, Fairchild
MMZ	Mount Miller	Pagoda, Mackellar
MR	Mount Ropar	Buckley
Cl	Cherry Icefall	Pagoda, Mackellar

med in detail by Miller and Waugh (Antarctic Journal, this issue).
We will use the mineralogy and geochemical of fine-grained
diamictites and rare black shales to evaluate sources (Fan 1976;
Keller 1970) and weathering characteristics (Nesbitt and Young
1982) of the Pagoda sediments. These data may provide clues to
the types of rocks removed from atop the Devonian Alexandra
Formation during Permian glaciation.

The Mackellar Formation was deposited in a basin that may be
analogous to the Karoo Basin of South Africa, thereby raising
several questions about the depositional environments of the
Mackellar shales and siltstones. In conjunction with Miller and
Frisch (Antarctic Journal, this issue), we are attempting to deter-
mine if the Mackellar basin represents a closed basin, as sug-
gested by Lindsay (1969) or if local oxygen variations influenced
deposition along an oceanic continental margin. Paleosalinity
determinations (Cody 1971; Berner and Raiswell 1984), trace
fossil diversity (Miller 1984), mineralogic data (Edzwald and
O'Melia 1975), and field relations are all being brought to bear
on the problem. In addition, the mineralogical and geochemical
record of the glacial-postglacial transition in this interval is
under investigation.

The Fairchild and Buckley Formations were deposited in
fluvial environments and include overbank siltstones and shal-
es. The Buckley Formation also contains autochthorious and
allochthonous coals. While Collinson and Isbell examine the
facies architecture and petrology of the fluvial sediments (Ant-
arctic Journal, this issue), we are concentrating on the record of
sediment provenance and paleoclimate in the overbank
deposits.

Our progress to date has seen the completion of the field
study and sample collection. Initial laboratory results suggest
some alteration by Jurassic intrusions, but the bulk of the labo-
ratory data is still forthcoming. We anticipate that the Permian
paleogeography, paleoclimatology, and provenance of the cen-
tral Transantarctjc Mountains will be well constrained within
the next year.
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We wish to express our sincere appreciation to the other
members of the Vanderbilt/Ohio State University research
team, our fellow scientists from the Beardmore South camp,
and the civilian and military support personnel for their efforts
on our behalf.

This work is supported by National Science Foundation grant
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Sirius Formation basal contacts in the
Beardmore Glacier region

M.C.G. MABIN

Institute of Polar Studies
Ohio State University
Columbus, Ohio 43210

Sirius Formation outcrops examined in the Beardmore Glacier
region during the 1985-1986 season are described by Webb et al.
(in preparation). The disconformity between the basal Sirius
Formation and underlying rocks was examined at five localities.
The morphology of the underlying surface exhibits varying
degrees of ice moulding on a variety of rock types, as reported
from other sites (Mayewski and Goldthwait 1985). It is referred
to by Webb et al. (Antarctic Journal, this issue; in preparation) as
the "Dominion erosion surface." At two locations, Mount Sirius
and Plunket Point, it is extensively exposed and easily accessi-
ble. Surveys of the contact were made using a theodolite and
electronic distance meter.

At the type locality, Mount Sirius (84°08'S 163°15'E), 85
meters of diamictite rest on a platform of columnar jointed
dolerite, which is approximately 2,200 meters above sea level
and 400 meters above the surrounding Bowden Névé. In plan
view, the platform is L-shaped, one limb extending north for 1.3
kilometers, the other east for 0.9 kilometer. Width varies from
125 to 500 meters, and it covers an area of 4 hectares. The
platform edge varies between 2,179 and 2,226 meters above sea
level. It has two sets of undulations: one set is 20 meters deep
and 300 meters apart, and the other set is superimposed on the

first at ito 5 meters deep and 20 to 30 meters apart. These forms
probably represent glacial whaleback features. Overall, the plat-
form dips approximately 2° to the northwest. Where naturally
exposed, it is weathered, in places into small, irregularly shaped
tors up to 40 centimeters high and 25 centimeters across. Re-
moval of the overlying compacted diamictite reveals a fresh,
heavily striated surface. Striation directions measured at six
localities along the eastern side of the platform trended between
22° and 105°, with the predominant ice-flow direction being to
the east-northeast, as reported by McKelvey et al. (1984) and
Mercer (1972). On the western side of the platform, striations
are similarly oriented, and there are crescentic gouges up to 35
centimeters across, convex in an east-northeast direction (Har-
wood personal communication). Also exposed on this western
edge is a P-form feature 2 meters across and 0.5 meter deep,
eroded into the dolerite (Harwood personal communication).
This meandering channel is exposed for 5 meters and is ori-
ented southeastward. It indicates the presence of subglacial
meltwater beneath the ice that overrode the platform.

Sirius Formation deposits are well exposed in the Dominion
Range in cliffs on the east side of the Beardmore Glacier, be-
tween 2.2 and 3.9 kilometers southwest of Plunket Point
(85°06'S 166°56'E) (Oliver 1964; Mercer 1972). The diamictite
rests on an undulating surface of columnar-jointed dolerite at
about 1,750 meters above sea level and 15 to 95 meters above the
glacier. The undulations vary from 3 to 36 meters high and 80 to
300 meters apart and are interpreted as whaleback features.
Striations on the dolerite trend between 355° and 25°, the varia-
tions representing diverging and converging or north-north-
east flowing ice over and around the whalebacks. Other glacial
erosion features include minor plucking on the downglacier
(northern) sides of the whalebacks, lunate fractures up to 8
centimeters across, and small grooves. A fault has displaced
both the dolerite and overlying Sirius Formation diamictite. The
northern side is upthrown 55 meters, and the fault trace can be
followed south for 2.1 kilometers.
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Extensive exposures of Sirius Formation occur in the up-
thrown face of a major fault scarp that runs north-south along
the Dominion Range, 7 kilometers west of the Mill Glacier
(Elliot, Barrett, and Mayewski 1974). The basal contact is inter-
mittently exposed between 5.5 and 11.2 kilometers south of the
Beardmore Glacier, at between 1,850 and 2,500 meters above sea
level. In the south, two small exposures of diamictite rest in
shallow depressions on dolerite at about 800 and 620 meters
above the glacier. North of these, a 3.6-kilometer succession of
Sirius Formation rests in a broad depression at 350 to 400 meters
above the glacier. It is cut mainly in sandstone and mudstone of
the Triassic Fremouw Formation (Elliot et al. 1974) and is but-
tressed at either end by dolerite. The northernmost basal con-
tact exposed here is much lower, at only 50 meters above the
glacier, and is a sloping platform cut across dolerite and Fre-
mouw Formation sediments (Mayewski and Goldthwait 1985,
figure 5). In all these exposures, the basal contact is difficult to
reach due to precipitous slopes. However, four sited were
reached and striations were observed trending between 25° and
65°.

A thick exposure of Sirius Formation deposits is located in the
lower Beardmore Valley, near The Cloudmaker (84°23'S
1690 14'E). Diamictite rests on a steeply sloping platform at
about 1,060 meters above sea level and 80 meters above the
Beardmore Glacier. It is cut in nearly vertically dipping meta-
sediments of the Goldie Formation (Grindley, McGregor, and
Walcott 1964), and dips 15° to 20° to the south. In profile, it
appears to represent the lower part of a glacial valley-side, the
floor of which would have been near the present glacier surface.
These cross-cutting sets of striations are visible on the platform
beneath the diamictite. They trend at 325°, 40°, and 80°. The
former two sets are consistent with ice-flow trending in the
general direction of the present valley. The 80° set is oriented
perpendicular to the present valley system and probably re-
flects local perturbations in the basal ice-flow regime. The basal
contacts of the Sirius Formation, and the indicated ice-flow
directions from the Dominion Range, Plunket Point, and The
Cloudmaker, appear to indicate a glacial system that was flow-
ing through, and at times over, a landscape similar to the
present.

A small outcrop of Sirius Formation was found near Orr Peak
(83°30'S 157°48'E) in the Miller Range (Webb et al. in prepara-
tion). It differs from those described above, because it does not
rest on a glacially polished surface. The base of the exposure is at
about 2,100 meters above sea level, 150 meters above the adja-
cent Marsh Glacier, and rests on gently dipping schist and
marble of the Miller Formation (Grindley, McGregor, and Wal-
cott 1964). The contact is sharp and horizontal and is underlain
by up to 0.5 meter of weathered fragments of Miller Formation
rocks. This material may represent the lower part of a truncated
soil profile or slope deposits derived from adjacent hillsides. It
is probably analogous to the Early Horlick Drift at Tillite Spur in
the Reedy Glacier area described by Mercer (1968), which was
interpreted as a pre-Sirius glaciation deposit. The geo-
morphology of the Miller Range is dominated by three glacial

planation surfaces (Grindley 1967). Deposition of the Sirius
Formation probably pre-dates the cutting of these surfaces,
because they would be unlikely to have survived the scale of
weathering implied by the deposits underlying the diamictite at
Orr peak.

The basal contacts of the Sirius Formation described here
range from those showing extensive glacial erosion to surfaces
largely unmodified by overriding ice. They range in elevation
through some 1,500 meters, and indicate glaciation of a rela-
tively high-relief landscape in a configuration similar to the
present day. It is also likely that they are of different ages, and
some may have been formed during several different ice ad-
vances prior to the commencement of deposition of the Sirius
Formation.

I thank Dan Greene, Chuck McGrosky, and Steve Munsell for
willing assistance in the field. The Cloudmaker exposure was
kindly shown to me by George Denton.

This work was supported by National Science Foundation
grant DPP 84-20622 to the Institute of Polar Studies, and an Ohio
State University postdoctoral fellowship.

References

Elliot, DEL, P.J. Barrett, and P.A. Mayewski. 1974. Reconnaissance geo-
logic map of the Plunket Point Quadrangle, Transantarctic Mountains,
Antarctica. (U.S. Geological Survey Map A-4,1:250,000.) Washington,
D.C.: U.S. Government Printing Office.

Grindley, G.W. 1967. The geomorphology of the Miller Range, Transan-
tarctic Mountains, with notes on, the glacial history and neotectonics
of East Antarctica. New Zealand Journal of Geology and Geophysics, 10,
557-598.

Grindley, G.W., V.R. McGregor, and R.I. Walcott. 1964. Outline of the
geology of the Nimrod-Beardmore-Axel Heiberg Glaciers region,
Ross Dependency. In R.J. Adie (Ed.), Antarctic geology. Amsterdam:
North-Holland Publishing House.

Harwood, D.M. 1986. Personal communication.
Mayewski, PA., and R.P. Goldthwait. 1985. Glacial events in the Trans-

antarctic Mountains: A record of the East Antarctic ice sheet. In M.D.
Turner, and J.F. Splettstoesser (Eds.), Geology of the Central Transan-
tarctic Mountains. (Antarctic Research Series, Vol. 36.) Washington,
D.C.: American Geophysical Union.

Mercer, J.H. 1968. Glacial geology of the Reedy Glacier area, Antarctica.
Geological Society of America Bulletin, 79, 471-486.

Mercer, J.H. 1972. Some observations on the glacial geology of the
Beardmore Glacier area. In R.J. Adie (Ed.), Antarctic geology and
geophysics. Oslo: Universitetsforlaget.

McKelvey, B.C., J.H. Mercer, D.M. Harwood, and L.D. Stott. 1984. The
Sirius Formation: Further considerations. Antarctic Journal of the U.S.,
19(5), 42-43.

Oliver, R.L. 1964. Geological observations at Plunket Point, Beardmore
Glacier. In R.J. Adie (Ed.), Antarctic geology. Amsterdam: North-Ho!-
land Publishing House.

Webb, P. D. M. Harwood, B. C. McKelvey, M.C.G. Mabin, and J. H.
Mercer. 1986. Late Cenozoic tectonic and glacial history of the Trans-
antarctic Mountains. Antarctic Journal of the U.S., 21(5).

Webb, P.-N., D.M. Harwood, B.C. McKelvey, M.C.G. Mabin, and J.H.
Mercer. In preparation. Sirius Formation of the Miller Range-Domin-
ion Range, central Transantarctic Mountains.

1986 REVIEW	 33
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Antarctica
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A low-diversity assemblage of fossil palynomorphs has been
recovered from the Sirius Formation in the Dominion Range,
Antarctica. Associated recycled marine diatoms are believed to
be of Pliocene age (2.5 to 5 million years, Harwood, Antarctic
Journal, this issue; or 3.1 to 2.5 and 6.6 to 4.2 million years,
Harwood 1985), suggesting the existence of a species-poor land
vegetation during the late Pliocene (younger than 3.1 to 2.5
million years) in this part of Antarctica.

Six rock samples were provided for palynological study.
These were collected by Webb et al. (1987) from Oliver Bluffs,
Dominion Range. Sample 1 was from unit 4, section 5; and
samples 2 to 6 from unit 2, section 8. Samples 2, 5, and 6 were
associated with fossil wood, and 2 and 4 with foliage remains
(Webb et al. 1987).

Organic material recovered in palynological preparations of
these six samples consists almost entirely of parenchymatous
and woody tissue. The abundant parenchymatous tissue sug-
gests herbaceous vegetation (Upchurch, personal communica-
tion). Palynomorphs are sparse (samples 1-3), to extremely rare
(Samples 4-6). The dominant type of palynomorph comprises
smooth, thin-walled bodies, some differentially thickened (see
figure, block 4), which are believed to be algal in origin. Some of
these nondescript palynomorphs may be fungal. Hall (1975)
illustrated similar algal "spheres" from core material collected
from Dry Valley Drilling Project (DVDP) 4, (Lake Vanda), Wright
Valley.

Fossil pollen grains of Nothofagus (fusca group) are relatively
commom in these samples. (see figure, block 3.) They are thin
and somewhat corroded, however, and are all probably re-
cycled from older Tertiary deposits where such forms were
apparently abundant. Harwood (1983; Antarctic Journal, this
issue) and Webb et al. (1983, 1984) have noted the presence of
older Tertiary recycled diatoms, foraminifera and other micro-
fossils in Sirius Formation samples from several localities. Rare
recycled bisaccate pollen, more characteristic of but not re-
stricted to the Mesozoic, also occur in the Oliver Bluffs samples.

Specimens of a thick-walled microreticulate tricolp(or)ate to
tetracolp(or)ate angiosperm pollen species (see figure, blocks 2
and 5) occur in samples 1-4 and are relatively common in 2 and
3. These may be assignable to plants of the families Poly-
gonaceae or Labiatae. The predominance of this species and
presence of its tetrads in sample 2, suggests short distance or no
transport and therefore local derivation. Some specimens re-
semble pollen referred to as Tricolpites sp. 2 by Truswell (1983),
found recycled into Recent seafloor sediments of the Ross Sea.
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Photomicrographs of palynomorphs from the Sirius Formation, Do-
minion Range. Magnification x 900. 1. ?Dacrydium sp., sample 2; 2.
Tetrad of ?Polygonaceae/Labiatae pollen, sample 2; 3. Nothofagus
sp. (fusca group), sample 2; 4. ?Alga, sample 2; 5. Pollen of ?Poly-
gonaceae/Labiatae, sample 1.

Other palynomorphs recovered include rare podocarpaceous
conifer pollen (?Dacrydium, see figure, block 1) in samples I and
2; rare indeterminate angiosperm pollen (possibly two species)
in samples 2 and 3; and rare palynomorphs of uncertain origin
(inaperturate, with two-layered wall) in samples 2, 3, and 4.

The sampled intervals represent lacustrine-fluvial sediments
interbedded with glacially derived diamictites. These sedi-
ments are believed to represent interglacials (units 2 and 4),
while units I and 3 represent glacial episodes (Webb et al.
(Antarctic Journal, this issue). The sampled rock units include
abundant wood, some of which is coniferous (Cariquist, per-
sonal communication), conifer-derived resin and foliage includ-
ing possible coniferous material (Snider, personal communica-
tion). The dwarf scale-leaved conifers of the possibly similar
"Pilgerodendron uvifera Dwarf-Heath" and "Creeping Dacrydiufn
fonckii Heath" communities described from the present-day
Magellanic Tundra (Pisano 1983) produce little pollen, possibly
explaining the rarity of conifer pollen in these samples.

The presumed in-place palynomorphs, together with other
plant material, reflect an extremely species-poor and probably
specialized flora which, assuming diatom ages are correct (the
palynomorphs are not age-diagnostic), survived in the Transan-
tarctic Mountains until the Late Pliocene. The presence of pal-
eosols with root remains, plus foliage and abundant wood,
support the contention that at least some of the palynomorphs
were produced by plants growing while these Pliocene per-
iglacial/interglacial lacustrine and fluvial sediments were ac-
cumulating. The occurrence of plants in the Dominion Range as
recently as approximately 2.5 million years suggests that
pockets of vegetation survived in unglaciated areas ("refugia")
of the Transantarctic Mountains during Miocene and middle
Pliocene glacial episodes, and also presupposes adequate melt-
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water or moisture was available for plant survival during these
episodes. The apparently low number of surviving species
probably represents the last vestiges of land-plant vegetation in
Antarctica before the Pleistocene to present-day essentially
nonvegetated scenario.

This palynological research was supported by National Sci-
ence Foundation grant DPI 83-14186.
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Structural geological investigations
in the

Nimrod Glacier area
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A folded unconformity crops out in the Nimrod Glacier area
of the Transantarctic Mountains (Laird, Mansergh, and Chap-
pell 1971). Lower Cambrian Shackleton Limestone overlies an
erosion surface on late Precambrian Coldie Formation, which is
truncated at a high angle, demonstrating a Precambrian episode
of folding. The Shackleton Limestone and, presumably, the
Goldie Formation beneath it, were folded during the Cambro-
Ordovician Ross Orogeny. However, previous descriptions of
Coldie Formation deformation identified only one episode of
folding (Gunn and Walcott 1962; Grindley 1963; Laird, Man-
sergh, and Chappell 1971). Our objective was to identify and
characterize the two episodes of deformation in the Nimrod
Glacier area that seemed required by reported field relations.

During the 1985-1986 field season, our party occupied three
base camps placed by helicopter out of the Beardmore South
camp (figure). The campsite at Mount Markham was reached by
snowmobile from a helicopter put-in at 3,000 meters in the
saddle of the Markham Plateau. We had 1 day of helicopter
reconnaissance in the Miller Range examining Nimrod Group
metamorphics, and Edgerton spent 2 additional weeks in the
Miller Range with the party of Borg et al. (Antarctic Journal, this
issue).

Our first camp was on Cotton Plateau where a syncline of
Shackleton Limestone overlying Coldie Formation associated
with the younger cleavage verge to the west (east over west
folding). The older cleavage in Coldie Formation is clearly ex-
posed at Panorama Point. We found that throughout the north-
ern end of Cotton Plateau, Goldie Formation contains two sets
of intersecting cleavage and two sets of mesoscopic folds with
opposite vergences (directions of overturning). The younger
cleavage has a northwesterly strike corresponding to the axial-
planar orientation of the syncline of Shackleton Limestone. The
folds in Coldie Formation associated with the younger cleavage
verge to the west (east over west folding). The older cleavage in
Goldie Formation is oriented north to northeast; folds associ-
ated with it verge eastward.

We systematically collected all formations visited during the
season. In addition to the typical graywacke-shale association
previously reported for Goldie Formation, we found within it a
thick sequence of mafic pillow lavas containing portions of
coarse-grained gabbro. This crops out at Panorama Point and at
the head of Prince Edward Glacier. In addition, we found four
units of diamictite (pebbly mudstone) within the Coldie Forma-
tion. The possibility exists that these units are of glacial origin, if
this proves to be true, it will be the first known locality in
Antarctica of an episode of late Precambrian glaciation that is
recorded on all of the other continents.

Beneath the summit peaks that are composed of Beacon Su-
pergroup and Ferrar Dolerite, the northern end of the Markham
Plateau is underlain entirely by steeply dipping Shackleton
Limestone. Rocks that appear on air photos to resemble Goldie
Formation are in fact a dark portion of Shackleton Limestone.

From our third camp we examined the sole locality of the
Cobham Formation, a metamorphic assemblage containing
calc-schists and marbles, which Laird, Mansergh, and Chappell
(1971) reported is conformably overlain by Coldie Formation.
We affirmed this relationship and found two generations of
structures within both Cobham and Coldie formations, similar
to those at Cotton Plateau.

Based upon field observations of both lithology and structure,
it may be suggested that the Cobham Formation is correlative
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with portions of the Nimrod Group, exposed in the Miller and
Geologists Ranges to the southwest and west. Metamorphism
is of a higher grade and deformation is more intense in the
Nimrod Group than in the Cobham Formation. However, the
pelitic and calc-schists, the quartzites, and the marbles of the
Cobham Formation, all find equivalent lithologies in the Nim-
rod Group. Grindley (1972) reported five phases of deformation
in the Nimrod Group. His F4 phase, with broad, open flexures
was associated with the Ross Orogeny. All three of the earlier
phases of deformation (F 1 , F2, F3) have eastward vergences,
similar to the older deformation recorded in the Cobham and
Goldie formations.

The suggestion that Cobham Formation and portions of the
Nimrod Group are correlative has important implications for
regional tectonics. At present, rocks of the Nimrod Group are

thought to have been the cratonic margin along which rocks of
the Ross Supergroup, including Cobham and Goldie forma-
tions, were deposited (e.g., Elliot 1975; Grindley 1981; Stump
1981). Nimrod Orogeny is the name given to the principal
deformation and metamorphism of the Nimrod group (Grind-
ley and McDougall 1969). Uncertainties exist in the dating of this
event; however, it probably occurred sometime before approx-
imately 1,000 million year ago (Grindley and McDougall 1969;
Gunner and Faure 1972; Adams, Gabites, and Grindley 1982).
The folding of Cobham and Goldie formations prior to deposi-
tion of Shackleton Limestone has been termed the "Beardmore
Orogeny" and is thought to have postdated the Nimrod
Orogeny (Grindley and McDougall 1969). The Beardmore
Orogeny has been dated at approximately 620-680 million years
based on the ages of certain silicic magmatic rocks 500 kilo-
meters to the southeast. however, Stump, Smit, and Self (1986)
have shown that the silicic magmatism postdates the folding
event. Therefore, the age of deformation assigned to the
Beardmore Orogeny remains in doubt. If the Cobham Forma-
tion and portions of the Nimrod Group are correlative, and if
the Precambrian, east-vergent deformation of each is equiv-
alent, then the Nimrod and Beardmore orogenies were one in
the same. Petrographic, geochemical, and isotopic studies on
returned samples will test this hypothesis.

This work was supported by National Science Foundation
grant DPP 84-18088.
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Depositional setting of the (Permian)
Mackellar Formation,

Beardmore Glacier area

M.F. MILLER and R.S. FRISCH

Department of Geology
Vanderbilt University

Nashville, Tennessee 37235

The Permian Mackellar Formation in the central Transan-
tarctic Mountains represents a transition between glacial and
fluvial deposition (see table). Interpretation of the environ-
ments in which the Mackellar Formation was deposited, includ-
ing the salinity and oxygen conditions, is important because it
can lead to a better understanding of the processes acting after a
major period of glaciation as well as to a clearer picture of the
Permian paleogeography of this sector of Gondwana. A Per-
mian postglacial sequence is ubiquitous and consistently 100 to
200 meters thick throughout the central and southern Transan-
tarctic Mountains (e.g., La Prade 1970; Elliot 1975; Bradshaw,
Newman, and Aitchison 1984). It is absent to the north of the
Beardmore area, thinning markedly in the Nimrod Glacier area
(Grindley 1963; Laird, Mansergh, and Chappell 1971), but it is
much thicker (1,000 meters) in the Ellsworth Mountains (Collin-
son and Vavra 1982). Extensive stratigraphic study of the Mack-
ellar Formation in the Beardmore Glacier area by Barrett (1969)
provided the background for this project, which involved mea-
surement, sampling, and observation of the Mackellar Forma-
tion at 12 outcrops in the Beardmore Glacier area between
November 1985 and January 1986.

In the Beardmore Glacier area, the Mackellar Formation
abruptly, but conformably, overlies the Pagoda Formation. It
consists of about 75 meters of shale, siltstone, and sandstone,

Stratigraphic units, rock types, and inferred depositional
environments of Devonian (Alexandra Formation)

and Permian (all other units) part of Beacon supergroup,
Beardmore Glacier area

Depositional
Unit	Rock type	environment	Author

Buckley	Sandstone, shale Fluvial	Barrett 1969
Formation coal	 glaciolacustrine	Collinson and Isbell,

Antarctic Journal,
this issue

Fairchild	Sandstone	Fluvial	Barrett 1969
Formation	 (low sinuosity)	Collinson and Isbell,

Antarctic Journal,
this issue

Mackellar Shale, sandstone Lacustrine/marine Barrett 1969
Formation siltstone	deltaic	Lindsay 1970

Pagoda	Diamictite,	Glacial, glacio-	Lindsay 1970
Formation sandstone, shale fluvial,	Miller and Waugh,

glaciolacustrine	Antarctic Journal,
this issue

Alexandra
Formation

most of which is interbedded. Dolerite commonly intrudes the
unit. Emphasis of the field work in this study was to define the
nature and lateral continuity of the interbeds and to describe the
sedimentary structures within them. Coarsening upward cy-
cles about 5 meters thick are common in the Mackellar Forma-
tion but are not correlative from outcrop to outcrop. Thick
sandstones typically occur at the top of the formation, where
the contact with the overlying Fairchild Formation is
gradational.

Paleocurrent analysis based on 183 measurements of ripple
lamination, ripple marks, trough axes, and parting lineation
indicate flow toward the south (see figure).

No body fossils were found in the Mackellar Formation. Bio-
genic structures, including a few types of simple horizontal to
oblique traces, are ubiquitous but not abundant in ripple-lami-
nated siltstone and sandstone. At a few localities, burrowing
was sufficiently intense to destroy small-scale sedimentary lam-
ination, but trace diversity remains low.

The Mackellar Formation represents the initial stage of filling
of a starved post-glacial basin. Interbedding indicates intermit-
tent pulses of sediment-laden water into a stagnant basin. Fluc-
tuations from high- to low-flow regime and vice versa, as shown
by sequences of plane beds, with parting lineation followed
upward by ripple lamination and plane beds reflect fluctuations
in current velocity. Climbing ripple lamination and soft sedi-

Map of the Beardmore region showing paleocurrent directions from
the Mackellar Formation in 10 outcrops, using combined data of
ripple crests, ripple lamination, climbing ripples, parting lineation,
scour marks, and trough axes.
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ment deformation features were formed during episodic rapid
sedimentation and slumping events. Pinchout of the Mackellar
just north of the Nimrod Glacier and southward-directed pal-
eocurrents suggest that the edge of the basin was to the north.
Lack of broadly correlative units and the abundance of discon-
tinuous sand beds reflects deposition in a temporally and later-
ally complex mosaic of deltaic subenvironments. Gradual coar-
sening upward to sandstones of the Fairchild Formation
represents basin filling and establishment of fluvial
environments.

Was the Mackellar Formation deposited under marine condi-
tions as were portions of the correlative Polarstar Formation
(Ellsworth Mountains; Collinson and Vavra 1982) and Discov-
ery Ridge Formation (Ohio Range; Bradshaw, Newman, and
Aitchison 1984), or was it deposited under brackish to fresh-
water conditions (Barrett and Faure 1973)? Low diversity and
abundance of trace fossils and paucity of bioturbation may be
characteristic of Paleozoic brackish and nonmarine facies; this
and the absence of the Permian Eurydesma body-fossil fauna
suggests deposition in brackish to freshwater environments.
However, low faunal diversity and absence of shelled bottom
fauna might also be caused by low-oxygen conditions and rapid
sedimentation, both of which were prevalent in the Mackellar
basin. Thus, although it appears that the starved post-glacial
Mackellar basin was filled with sediments which were derived
from the north and deposited in and adjacent to relatively
small-scale distributaries, the relationship between this basin
and the Pacific Ocean remains problematic. Planned additional
work, including study of the trace fossils, analyses of sequences
of bedding types, petrographic analyses of sandstone and shal-
es, and organic geochemical analyses of shales may clarify
provenance and depositional environments and allow more
accurate paleogeographic reconstructions.

We would like to thank the other members of the nine-person
Vanderbilt University and Ohio State University team (studying
the Permo-Triassic sequence in the Beardmore Glacier area)
including J.M.G. Miller and B.J. Waugh (Vanderbilt) and J.W.

Collinson, L.A. Krissek, T. C. Homer, B. Lord, and J. Isbell, for
their assistance.

This research was supported by National Science Foundation
grant DPP 84-18445.
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Fission-track tectonic studies
of the Transantarctic Mountains,

Beardmore Glacier area

P.G. FITZGERALD

Antarctic Research Centre
Victoria University

Private Bag, Wellington, New Zealand
and

Department of Geology
University of Melbourne

Parkville, Victoria, 3052, Australia

The Transantarctic Mountains are a major transcontinental
range stretching for some 4,000 kilometers, varying from

200-400 kilometers in width, and having elevations up to 4,500
meters. The uplift and formation of the Transantarctic Moun-
tains have always been something of an enigma, but recent
apatite fission-track analysis is providing important new in-
formtion not only about their uplift history but also about the
implications of that uplift history for the glacial history of Ant-
arctica as a whole.

The main field objective of this project was to collect samples
for fission-track analysis to determine the timing and rate of
uplift of the Transantarctic Mountains and measure relative
vertical displacements across faults within the range. As part of
the 1985-1986 Beardmore Glacier field camp, two general areas
were selected for study: the coastal region around the mouth of
the Beardmore Glacier and further inland in the Miller and
Queen Elizabeth Ranges. Fieldwork was done on foot from two
helicopter-supported satellite camps as well as by close support
on day trips out of Beardmore camp during the period from 23
November to 16 December 1985. The two-person field party
consisted of Paul Fitzgerald and Ken Woolfe, also of Victoria
University.
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The study of mountain uplift using fission-track analysis
requires sampling at regular intervals over significant elevation
ranges in order to gain information representing the greatest
possible time period. Sampling is limited to those rocks that
contain small amounts of uranium-bearing minerals. Our study
concentrated on apatite, a common accessory mineral in gra-
nitic rocks. The granites in the area outcrop dominantly along
the Shackleton Coast but make up a large portion of the Miller
Range and also occur as isolated plutons elsewhere.

Prior to working in the Beardmore Glacier area, a number of
field seasons were spent collecting data from Victoria Land.
Results from those studies determined the sampling strategy
employed and the areas visited during the 1985-1986 field sea-
son. The results from southern Victoria Land (Fitzgerald and
Gleadow 1985) show a strong correlation between apatite age
and sample elevation and indicate a two-stage uplift history for
the Transantarctic Mountains. A good example (see the table
and figure 1) of these results is a set of samples collected from
Mount Barne on the eastern end of the Kukri Hills (77°35'S
163°33'E) and from basement cored in the CIROS-2 (Cenozoic
Investigations of the Ross Sea) drillhole (Barrett 1985), some 1.5
kilometers away in New Harbor, southern Victoria Land.

Results from southern Victoria Land indicate that uplift of the
Transantarctic Mountains was initiated at about 50 million years
ago and since that time the mountains have undergone some 5
kilometers of uplift at an average rate of 100 meters per million
years (Gleadow and Fitzgerald in press). it is important to
realize, however, that this is an average rate and may well
conceal pulses of faster and slower uplift or even periods of

subsidence. The amount of uplift across the mountain range is
differential; from the axis of maximum uplift about 30 kilo-
meters inland of the Victoria Land coast, the mountains dip
gently westward under the polar ice cap.

The study was extended to the Beardmore Glacier area to see
whether the uplift history and tectonics varies from that ob-
served in southern Victoria Land. In the lower Beardmore
Glacier area, we sampled every 100 meters over a 1,150-meter
vertical profile in the Mount Ida/Granite Pillars (83°36'S
170°35'E) area just to the north of the Beardmore Glacier. To-
pographic evidence for faulting in this area includes a decrease
in height of the mountains of the Queen Alexandra Range in the
form of a number of large generalized terraces and the presence
of scarps, for example the large scarp formed by the east face of
Mount Elizabeth (83°53'S 168°34E).

Near-horizontal dolerite sills in southern Victoria Land have
been used to determine the amount of displacement across
faults in the Transantarctic Mountain Front. The dolerite sills in
the Beardmore Glacier area do not outcrop at the coast, so we
took horizontal sampling traverses to generate artifical refer-
ence planes using apatite fission-track ages and hence confirm
the position of faults which had been suspected from analogy
with other parts of the Transantarctic Mountains or from to-
pographical evidence. A horizontal sampling traverse was
taken from Mount Hope (83°31'S 171°16'E) southwest to The
Cloudmaker (84°17'S 169°29'E). Samples were taken from each
suspected fault block to determine relative displacements across
the faults and to locate the position of the vertical sampling
profile with respect to the axis of maximum uplift.

Fission-track analytical data for samples from the New Harbor region, southern Victoria Land. Samples were prepared using methods
outlined in Gleadow and Brooks (1979). The external detector method was used and ages were calculated using the standard fission-

track equation (Hurford and Green 1982). Errors are quoted as 1 standard deviation throughout, after Green (1981). Neutron irradiations
were carried out in the well-thermalized flux of the Australian Atomic Energy Commission HIFAR research reactor

Age'	Uranium
Number	Standard	Fossil	Induced	 P( )2	(in	(in parts

Sample	 of	track	track	track	Correlation	 millions	per	Elevation
number	Mineral	grains	density	density	density	coefficient	%	of years	million)	(in meter)

Mount Barne
R2271 0	Apatite	20

	
3.26
	

0.348
	

2.238
	

0.899	75	88 ± 7	5	975
(5712)
	

(170)
	

(1104)

R22654
	

Apatite	20
	

3.26
	

0.597
	

5.470
	

0.905	70	63±4	11
	

870
(5712)
	

(342)
	

(3134)
R22655
	

Apatite	21
	

3.26
	

0.653
	

7.429
	

0.841	<1	55 ± 6	15
	

800
(5712)
	

(242)
	

(2753)
R22656
	

Apatite	21
	

3.26
	

0.509
	

5.459
	

0.950	10	54±4	11
	

685
(5712)
	

(238)
	

(2554)
R22657
	

Apatite	26
	

3.26
	

0.610
	

7.190
	

0.879	2	50±5	15
	

550
(5712)
	

(259)
	

(3055)
R22658
	

Apatite	24
	

3.26
	

0.323
	

3.790
	

0.605	55	49±5	8
	

420
(5712)
	

(121)
	

(1421)
R22659
	

Apatite	23
	

3.26
	

0.330
	

4.424
	

0.801	20	43±4	9
	

5
(5712)
	

(114)
	

(1527)
CIROS-2
R2271 8a	Apatite	25	3.26

	
0.347
	

4.930
	

0.905	70	41 ± 3	10	—377
(5712)
	

(280)
	

(3978)
R2271 8b
	

Apatite	21	3.26
	

0.379
	

5.101
	

0.921	25	43 ± 3	10	—377
(5712)
	

(278)
	

(3736)

Parentheses show number of tracks counted. All track densities as measured (g = 0.5). d = 1.551 x 10-10 per year, Zeta = 354 ± 10.
Track density measurements are times 106 per square centimeter. P( )2-probability of obtaining the observed value of Galbraith (1981)
2 parameter, for n degrees of freedom, where n = number of crystals-1, quoted to nearest 5 or 10 percent.
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Figure 1. Model for the uplift history of the Transantarctic Mountains
based on a vertical-sampling profile from the eastern end of the
Kukri Hills, southern Victoria Land, including a sample of basement
gneiss from the CIROS-2 drillhole. The "break in slope" in the graph
at about 50 million years marks the start of uplift of the mountains,
giving an average uplift rate since that time of approximately 100
meters per million years. Errors plotted for the apatite ages are two
standard deviations, for the elevation plus or minus 10 meters.
("km" denotes "kilometer?' "Ma" denotes "million years.")

On the southern side of the Beardmore Glacier, a partially
completed vertical profile of 900 meters was sampled on Cleft
Peak (83°55'S 173°34'E). Positions of suspected northwest strik-
ing faults are not as obvious here as on the northern side of the
glacier, because the relief is generally more rugged and granitic
rocks are not exposed as far to the northeast. Nevertheless, a
horizontal sampling traverse from Mount Robert Scott (83°55'S
172°36'E) southwest almost as far as Mount Patrick (84°10'S
171°52'E) was taken. A locality map of the area between the
Nimrod Glacier and the Commonwealth Range with sample
locations is shown in figure 2.

The Miller Range lies on the inland side of the Transantarctic
Mountains and is an uplifted block of granitic and metamorphic
rocks. Grindley (1967) worked on the geomorphology of the
Miller Range and observed three high-level glacial erosion sur-
faces. He calculated that these represented an uplift of about
1,600 meters since the onset of antarctic glaciation, assumed at
that time to be early Quaternary. However, the Cenozoic glacia-
tion of the antarctic continent is now thought to have begun
about 25 million years ago (Hayes et al. 1975), which gives an
average uplift rate of approximately 64 meters per million years.
This allows us the opportunity of testing the fission-track meth-
od against direct geological observations, and so a vertical sam-
pling profile of 800 meters was collected on MacDonald Bluffs,

Kukri Hills - eastern end

Figure 2. Locality diagram for samples collected for fission-track
dating studies in the Beardmore Glacier area during the 1985-1986
austral summer. ("km" denotes "kilometer.")

from spot height 0.2440 (83°12'S 158°5'E) down to the level of
the Marsh Glacier. Moody Nunatak (83°7'S 159°31'E), lying
across the Marsh Glacier was sampled, as were various localities
in the Queen Elizabeth Range, to deterine displacement across
faults lying between here and the Miller Range (Grindley and
Laird 1969).

This is a joint Victoria University/University of Melbourne
project. Research in Antarctica was supported by the Antarctic
Research Centre of Victoria University through funds from the
University Grants Committee. The New Zealand Antarctic Di-
vision provided logistic support. Fitzgerald was supported by a
Melbourne University postgraduate scholarship. Our thanks to
the pilots and crew of VXE-6 based at Beardmore Camp.
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Geochemical investigations of lower
Paleozoic granites

of the Transantarctic Mountains

S.C. BORG and D.J. DEPAOLO

Department of Earth and Space Sciences
University of California

Los Angeles, California 90024

This project is part of a long-term effort to investigate the
granites in the Transantarctic Mountains with modern geo-
chemical techniques. Work during the 1985-1986 season re-
sulted in a comprehensive collection of large samples of granite
and associated country rock from the region between the Nim-
rod and Good glaciers (see Borg et al., Antarctic Journal, this
issue). Our sampling program will be extended to the Gabbro
Hills in late 1986.

The primary objective of this project is to develop a modern
tectonic-petrogenetic model of the Paleozoic batholith and re-
lated rocks of the Transantarctic Mountains. The approach we
are using is to characterize the granitic rocks with respect to
their petrology, field relations and geochemistry, and in par-
ticular, with respect to their neodymium, strontium, and oxy-
gen isotopic compositions in as many key areas of the range as
possible. A pilot study of uranium-lead systematics in accessory
phases is also underway. The chemical and isotopic patterns
will yield information about Precambrian crustal structure,
place constraints on Precambrian continental drift, and eluci-
date the nature of Paleozoic continental margin tectonics and
magmatism. The patterns will also be directly applicable to
unraveling post-plutonism tectonics. This type of study, which
we refer to as "chemical tectonics" or "isotope tectonics," is a
powerful means of establishing the large-scale structural, tec-
tonic and petrogenetic characteristics of subcontinental-scale
areas even where detailed geologic mapping is unavailable. In
this light it is particularly well suited to studies of the antarctic
basement because of limited exposures and obvious difficulties
with access. The utility of this type of study to regional geologic
problems in Antarctica has recently been demonstrated in
northern Victoria Land (Borg 1984; Borg et al. in press). Consid-
ering the success of this granite study and the extensive areas of
unstudied granitic basement in the range (see figure 1 of Borg et
al., Antarctic Journal, this issue), it is clear that a systematic
investigation of granitic rocks throughout the range is likely to
improve our understanding of the evolution of the antarctic
basement rocks by a very large factor. This work will dovetail

with similar types of studies being carried out by workers in
several countries on rocks from other continents, and will even-
tually allow us to understand the relationship of the antarctic
basement rocks to those of other continents back into Archean
time, and further our understanding of the evolution of conti-
nental crust on a global scale through Earth history.

Exposed within the pre-Devonian basement of the Transan-
tarctic Mountains is an extensive complex of granitic batholiths
which was emplaced into Precambrian and early Paleozoic met-
asedimentary and metavolcanic rocks of the Ross Orogen. Suf-
ficient age determinations have been done to establish a general
emplacement history, but there presently exist little data bear-
ing on the genesis of the granitoids. It has been suggested that
the batholiths were emplaced along a margin of the east ant-
arctic craton primarily during the Cambro-Ordovician Ross
Orogeny and that this magmatism may have been related to a
subduction zone dipping under East Antarctica (Elliot 1975;
Gunner 1976; Stump 1976). The segment of the range between
the Nimrod and the Beardmore glaciers (figure 1) is fundamen-
tal to regional petrogenetic studies of granites because this is the
only area in the range which, according to existing maps, ap-
pears to straddle the boundary between old Precambrian craton
and late Precambrian geosynclinal sediments (Grindley et al.,
1964; Grindley and McDougall, 1969; Gunner, 1976). Studies of
granites in this region will form a substantial foundation but
data from granites in other parts of the range are necessary to a
comprehensive understanding of the origin of this plutonic
province.

Initial analytical work was begun on powdered samples
provided by C. Faure from rocks studied by Gunnerand Faure
(1972) and Gunner (1976). Samarium-neodymium (Sm-Nd) and
rubidium-strontium (Rb-Sr) isotopic measurements made on
these sample confirm that there are large differences in isotopic
composition between the granites on the Shackleton Coast and
those in the Miller Range (figures 2 and 3). From these data we
know there are substantial differences in crustal structure or
age. However, the isotopic variations cannot be adequately in-
terpreted until we understand the nature of the variations on a
broader geographic scale. The extensive regional coverage
available in our collection is an important feature as we begin to
focus our lab work under this proposal toward establishing
patterns of chemical and isotopic variation of the granites over
the whole region.

Within the reconnaissance analytical program underway we
hope to establish a pattern of regional variation in the batholithic
rocks across the range, and we will be able to see if the dif-
ference between the two clusters of points on figures 2 and 3
represents an abrupt discontinuity or if there is continuous
variation between them. It is also possible that there is some
combination of variation and discontinuity present. Whatever
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Figure 1. Geologic sketch map of the study area. Samarium and neodymium isotopic compositions of granites in the Miller Range in the lower
Beardmore Glacier area are shown. Sigma-notation given in DePaolo (1980). The location of figure 2 of Borg et al. (Antarctic Journal, this issue)
is indicated with a finger.

the case, this information will allow us to develop and modify
models for the tectonic evolution of this part of Antarctica,
provide constraints on the origin of the granites themselves (cf.
DePaolo 1980, 1981), and allow us to constrain the place of the
Precambrian basement of the Transantarctic Mountains vis a vis
the other cratons extant in Proterozoic time.

This research was supported by National Science Foundation
grant DPP 83-16807.
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Figure 2. This figure shows clearly the different isotopic signature of
the granites on either side of the central Transantarctic Mountains
(Miller Range [CTM MR] to the west and Shackleton Coast [CTM SC]
to the east). The peraluminous chemistry of the granites in the Miller
Range indicates that they are pure crustal melts and so their iso-
topic composition reflects the isotopic composition of the Pre-
cambrian crust in this area. The neodymium model ages (based on a
depleted mantle) for these samples give an estimate of about 2.0
billion years for the average age of this Precambrian crust. The
Shackleton Coast samples have considerably higher initial isotopic
signature as well as model ages of about 1.5 billion years. These
characteristics may be explained by mixing between mantle mag-
mas and Precambrian crust similar to that which produced the Miller
Range granites. However, we cannot rule out the possibility that the
origin of the Shackleton Coast granites may involve a Precambrian
component which is completely different from that represented by
the granites in the Miller Range.
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Figure 3. This figure allows a comparison of both samarium and
neodymium compositions of the granites of the central Transan-
tarctic Mountains with granites from northern Victoria Land (NvL).
Most of the samples of Granite Harbor Intrusives from NVL. are per-
aluminous rocks, like those from the Miller Range, and probably
represent pure crustal melts. As such, their isotopic composition
reflects the isotopic composition of the lower crust in that region.
From this data it appears that the Precambrian crust in the Miller
Range is older than the Precambrian crust which melted to produce
the Granite Harbor Intrusives in NVL. Also, the Miller Range granites
involve crustal rocks which are much more rubidium-rich and have
evolved considerably more radiogenic strontium. The Shackleton
Coast granites are isotopically similar to the Admiralty Intrusives in
NVL but, until we have filled out our coverage of isotopic ratios in the
Transantarctic Mountains we cannot specify the precise nature of
the Precambrian crust involved in producing them.

Field studies of granites and
metamorphic rocks:

Central Transantarctic Mountains

S.C. BORG, J.W. GOODGE, and D.J. DEPAOLO

Department of Earth and Space Sciences
University of California

Los Angeles, California 90024

J.M. MATTINSON

Department of Geological Sciences
University of California

Santa Barbara, California 93106

This article summarizes field studies of the late Precambrian
to early Paleozoic basement of the central Transantarctic Moun-
tains (see Borg and DePaolo, Antarctic Journal, this issue). Dur-
ing the 1985-1986 season, we used helicopter support from the
Beardmore Camp to conduct reconnaissance mapping and

sampling in the segment of the range between the Nimrod and
Good glaciers (figure 1). In addition, several areas were mapped
in detail, including the Campbell Hills and Cape Lyttelton area,
the Mount Hope and Cape Allen area, and a portion of the
western side of the Miller Range. Our detailed geologic map-
ping represents a substantial improvement over published
maps. A comparison of our maps with published geologic maps
indicates clearly that much work is necessary to produce an
accurate map of the basement rocks of the region. In the Camp-
bell Hills and Cape Lyttleton area, over 50 percent of the area
was incorrectly depicted in the American Geographical Society
Map Folio series (Grindley and Laird 1969). Similarly, in the
Mount Hope and Cape Allen area approximately 20 percent is
incorrectly represented on the Mount Elizabeth and Mount
Kathleen Geologic Quadrangle Map (Lindsay, Gunner, and Bar-
rett 1973). We recognize that earlier work relied heavily on
interpretation of aerial photographs and that ground informa-
tion was often not available. However, because these maps are
the basis for the geologic framework in which current work is
founded, it is important to remind ourselves the extent to which
this work represents inferences or extrapolated information.

Granites. Batholithic rocks assigned to the lower Paleozoic
Granite Harbor Intrusives in this region include a variety of
lithologic types ranging from diorite to tourmaline-bearing, 2-
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Figure 1. Location map of the study area in the Transantarctic Moun-
tains. Boxed area is enlarged in figure 1 of Borg and DePaolo
(Antarctic Journal, this issue).

mica granite (sensu stricto). These rocks generally occur as scat-
tered single plutons and clusters of several plutons. Our work
supports previous suggestions that these are epizonal plutons
because only narrow contact aureols were found. Furthermore,
broad roof zones of plutons are exposed in the Miller Range and
at Cape Lyttleton. The batholithic system shows lithologic vari-
ation from diorite and granodiorite along the Shackleton Coast
to felsic, 2-mica granites in the Miller Range. The name Hope
Granite had been applied to all these post-tectonic granites
(e.g., Gunner 1976); however, we feel this term is inappropriate
because it includes lithologically diverse and physically distinct
plutons which are clearly not related to a single parent magma.

Our sampling program yielded about 200 samples of granite
and 100 samples of metamorphic country rock, totaling about
5.5 tons of rock. Initial cataloging, organizing and processing is
in progress. See Borg and DePaolo (Antarctic Journal, this issue)
for initial analytical results.

Metamorphic Rocks of the Miller Range. Structural and pe-
trologic relations of metamorphic rocks were studied in the
central and southern Miller Range. Much of the original de-
scription by Grindley et al. (1964) of Nimrod Group rocks in
eastern parts of the range need not be revised, but we present
new structural interpretations which diverge significantly from
those of Grindley (1972).

At the head of the Argosy Glacier, exposures of high-grade
Miller Formation (Gunn and Walcott 1962) and metamorphic
units of the Nimrod Group are separated by a complex zone of
mylonitic rocks referred to by Grindley et al. (1964) as augen
gneiss. This unit, a granodioritic, porphyroclastic mylonitic
gneiss, contains a weak compositional foliation, which dips
moderately southwest, and a well-formed extensional mineral
lineation, which trends approximately northwest-southeast.

Mylonitic fabrics become stronger gradationally upward
through an exposed zone approximately 500 meters thick to-
ward rocks of the Miller Formation and, at highest structural
levels, are cut by much thinner zones (0.1-2 meters) of ultra-
mylonite. When viewed in a plane normal to mylonitic foliation
and parallel to lineation, a number of small-scale structures
such as asymmetric S-C fabrics, rotated porphyroclasts, and
folds indicate a top-to-the-southeast sense of shear in a direc-
tion parallel to mylonitic lineation. Fabrics which are well-dis-
played throughout the mylonitic granodiorite are present in
well-recrystallized metamorphic rocks of the Miller Formation
only in the vicinity of the mylonitic granodiorite; thus, shear
deformation must post-date granodiorite emplacement and
metamorphism of Miller Formation rocks.

From these relationships we conclude: (1) the Endurance
thrust of Grindley (1972) is in fact a distributed shear zone
which displaced high-grade rocks of the Miller Formation to the
southeast over other (younger?) rocks originally designated as
part of the Nimrod Group; (2) rocks of the Miller Formation may
not be equivalent to other geologic units assigned to the Nimrod
Group; (3) the Aurora Formation augen gneiss is better charac-
terized as a mylonitic gneiss derived from granodiorite; and (4)
the mylonite zone described here is offset by a number of high-
angle faults (figure 2), but is nowhere tightly folded as sug-
gested of the Endurance thrust by Grindley (1972). The absence
of shear deformation in nearby Granite Harbor Intrusives sug-
gests that the mylonite pre-dates Ross Orogeny plutonism.
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Figure 2. Sketch of geologic relations in the upper Argosy Glacier
area, western Miller Range. See figure 1 of Borg and DePaolo
(Antarctic Journal this issue) for location of this cross-section. The
Endurance Thrust is faulted but not folded.
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Camp a successful venture and we would like to thank the
Beardmore Camp helicopter detachment of VXE-6 for many
excellent days of logistic support. This research was supported
by National Science Foundation grant DPP 83-16807.
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Sedimentology of the Pagoda
Formation (Permian),

Beardmore Glacier area

J.M.G. MILLER and B.J. WAUGH

Department of Geology
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Nashville, Tennessee 37235

The Permian Pagoda Formation in the Queen Elizabeth and
Queen Alexandra Ranges and in the western Queen Maud
Mountains records glacial, glaciofluvial, and glaciolacu strine
conditions. Preliminary facies analysis of 15 Pagoda sections
visited during November and December 1985 suggests that
episodes of glacial advance and retreat can be recognized within
the formation.

Lithofacies in the Pagoda Formation include diamictite, sand-
stone, and shale (see also Lindsay 1968, 1970). The predominant
facies is arenaceous diamictite with 10-15 percent clasts; this
facies commonly contains deformed sandstone inclusions. Silty
diamictite with less than 5 percent clasts occurs in some sec-
tions. Most diamictites are internally structureless; winnowed
levels, boulder pavements, and striated and grooved surfaces
occur locally (figure 1). Sandstones are either coarse-grained,
pebbly, and trough and planar cross-bedded; or fine- to medi -
um-grained, rippled, and parallel-laminated; or massive. The
sandstones form channel-fills within diamictite, tabular bodies
interbedded on the meter scale with diamictite (figure 2), and
beds and lenses, generally deformed, within shale sequences.
Thick sequences of sandstone with abundant soft-sediment
deformation occur locally. Shales (siltstone or sandy siltstone
are occasionally parallel-laminated but most commonly u&
structureless probably because of soft-sediment deformation.
The shales locally contain scattered clasts and commonly ii:
dude limestone concretions. The relative abundance of the
lithofacies varies: some sections are dominated by diamictite,
others by diamictite and sandstone, while shales are present
only in certain areas. In general, shales are more common at the
top of the formation showing a gradation into the overlying
Mackellar Formation.

The diamictite units are interpreted as lodgment, melt-out,
redeposited, and waterlain tills. Some sandstone beds were
likely deposited by mass flow, others by glaciofluvial and

glaciolacustrine processes. The shales are most likely
glaciolacustrine because of an absence of any marine charac-
teristics. Soft-sediment deformation within shale units proba-
bly represents downslope slumping, whereas that associated
with sandstone and diamictite, and locally with striated sur-
faces, likely formed by glaciotectonic processes. Lodgment till
exists at the base of the formation at almost all localities visited.
In places, ice-contact deposits dominate the whole Pagoda sec-
tion, with some glaciofluvial interbeds. At other locations,
glaciolacustrine conditions existed in middle and upper parts of
the section. Rare directional indicators show transport toward
the south and southeast (figure 1; see also Lindsay 1970). The
relative abundance of meltwater deposits implies deposition
under a temperate or humid subpolar climate (Eyles, Eyles, and
Miall 1983).

Episodes of glacial advance and retreat can be recognized
through analysis of vertical facies sequences in the Pagoda
Formation. In addition to facies sequence, critical features for
inferring advance and retreat include: (1) grooved or striated
surfaces (figure 1), (2) presence or absence of sandstone inter-
bedded with diamictite and abundance and character of this
sandstone, (3) diamictite character including evidence of shear-
ing or reworking, (4) boulder pavements and concentrations,
and (5) sharp sedimentary contracts.

'7!	 ,

I

Figure 1. Grooved sandstone surface with striated boulders at one
end. Ice moved to right, parallel to hammer handle. (Hammer is 45
centimeters long.)
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the meter scale or a boulder pavement, overlain by structureless
diamictite (interpreted as lodgment till) is indicative of glacial
advance. Glacial retreat is typically recorded by: (1) struc-
tureless diamictite (lodgment till) overlain by diamictite with
discontinuous stringers of sandstone and conglomerate (melt-
out till) and then by diamictite interbedded with sandstone and
conglomerate (redeposited till and glaciofluvial deposits; figure
2) or (2) structureless diamictite (lodgment till) overlain by peb-
bly, cross-bedded sandstone (glaciofluvial outwash) and then
by siltstone (indicating glaciolacustrine conditions). Silty di-
amictite, overlain by clast-free siltstone probably reflects glacial
retreat under lacustrine conditions. Variations of these typical
sequences exist in the Pagoda. In places, advance-retreat events
are not clear; elsewhere, combinations of sequences record ad-
vance followed by retreat, retreat followed by readvance, or
advance followed by a pause and readvance. As many as four
advance-retreat cycles exist in some Pagoda sections. Further
analysis of these sequences should assist in correlation between
Pagoda sections and in reconstructing the paleogeography of
the Beardmore Glacier area. In addition, extensive analytical
work will be performed on the samples, including petrography,
X-radiography, palynology, selected geochemistry, and analy-
sis of organic content.

This project formed part of a nine-person Vanderbilt and
Ohio State University research team. We thank other members
of our field party for their help and the helicopter pilots and
crews of VXE-6 for logistic support.

The research was supported by National Science Foundation
grant DPP 84-18445.
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Figure 2. Interbedded arenaceous diamictite, showing internal strat-
ification, and sandstone. Sandstone beds labelled "55." (Hammer is
45 centimeters long.)

Advance and retreat sequences are 5 to 50 meters thick. A
sharp contact, marked by a striated surface, erosional relief on

Eyles, N., C.H. Eyles, and A.D. Miall. 1983. Lithofacies types and
vertical profile models; an alternative approach to the description and
environmental interpretation of glacial diamict and diamictite se-
quences. Sedimentology, 30, 393-410.

Lindsay, J.F. 1968. Stratigraphy and sedimentation of the lower Beacon rocks of
the Queen Alexandra, Queen Elizabeth, and Holland Ranges, Antarctica,
with emphasis on Paleozoic glaciation. (Doctoral dissertation, Ohio State
University.)
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Stratigraphic correlation of Ferrar
Dolerite sills,

Queen Alexandra Range

C. FAURE, T.M. MENSING
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and
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Columbus, Ohio 43210

During the 1985-1986 austral summer eight sills of the Ferrar
Dolerite in the Beacon Supergroup were sampled at 3-meter
intervals from the bottom to the top. The locations of these
sections are indicated in the figure. A total of 236 documented
dolerite samples was collected for a study of the origin of these
sills and their relationship to the flows of the Kirkpatrick Basalt
on Storm Peak and Mount Falla (Faure et al. 1974; Hoefs, Faure,
and Elliot 1980; Faure, Pace, and Elliot 1982).

In a previous study, two sills at Roadend Nunatak (79°48'S
158°01'E) at the confluence of the Darwin and Touchdown
Glaciers in the Brown Hills yielded identical rubidium-stron-
tium whole-rock isochron dates of 182 ± 29 and 187 ± 40 million
years. However, their initial strontium isotope compositions
differed significantly (strontium-87/strontium-86 equals
0.71167 ± 0.00031 and 0.71047 ± 0.00028, Faure et al. in press).
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Therefore, these results suggest that the two sills in the Brown
Hills can be identified by the initial isotope composition of
strontium.

The sills in the Queen Alexandra Range occur within the
McKellar Formation (one sill), the Buckley Formation (three
sills), the Fremouw Formation (three sills), and in the Falla
Formation (one sill). The top sill in the Fremouw Formation, at
the base of Mount Falla along the Prebble Glacier, locally cuts
up-section and forms a fourth sill. The sill within the Falla
Formation on Mount Stonehouse contains amygdules of pale
blue agate, indicating that it was intruded at shallow depth
below the surface of the Earth.

The relationship between the three sills within the Buckley
Formation on Mount Achernar and the sills in the Fremouw
Formation exposed along the Prebble Glacier is not clear. The
sills on Mount Achernar may be identical to those along the
Prebble Glacier which would imply that the sills cut across the
Beacon strata on a regional scale. Cross-cutting relationships on
a local scale were observed both at Mount Achernar and along
the Prebble Glacier.

Petrographic, geochemical and isotopic studies of the rock
samples by Joseph G. Cunningham at Ohio State University
and by Janet Hergt at the Australian National University may

ultimately provide a basis for such stratigraphic correlations
based on the initial strontium isotope compositions.

This study is supported by National Science Foundation
grant DPP 84-17275.
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The Lower Cambrian Shackleton Limestone and possible Sil-
urian strata are the only pre-Devonian Paleozoic rocks that have
been reported previously from the central Transantarctic
Mountains in the 400-kilometer segment between the southern
Holyoake Range and the Beardmore Glacier. The areal distribu-
tion of Cambrian strata is well known through earlier mapping
projects (Grindley 1963; Laird 1963; Young and Ryburn 1968;
Laird, Mansergh, and Chappell 1971). The existence of fos-
siliferous marine Silurian rocks from this part of Antarctica, or
indeed from anywhere on the continent, is less firmly
established.

Our investigation during the 1985-1986 austral summer sea-
son was a logical continuation of fieldwork in the northern
Holyoake Range during the previous summer (Rees, Rowell,
and Pratt 1985). Although our overall objective was to under-
stand better the early Paleozoic evolution of the margin of the
east antarctic craton and its setting in Gondwana, we recog-
nized three immediate targets: to document the age of the
Shackleton Limestone, its depositional setting, and tectonic
history; to determine the extent of the post-Shackleton episode
of uplift that recently was recognized as the cause for the post-
orogenic deposition of the Douglas Conglomerate (Rees,
Rowell, and Pratt 1985); and to re-evaluate the evidence for
fossiliferous marine Silurian rocks from Antarctica. Outstand-
ing support by members of VXE-6 squadron, helicopter flight
coordination by John E Splettstoesser, the location of the
Beardmore Camp, and good weather enabled us to contribute
significantly to all three points, as is briefly reported below.

The field party consisted of Rowell, Rees, and Braddock who
were in Antarctica from middle November 1985 until early
January 1986. Work was done from four tent-camps put in by
helicopter in the southern Holyoake Range (82°15'S 160°20'E),
the northern (82°51'S 159°26'E) and southern (82°55'S 159°11'E)
Cotton Plateau, and The Cloudmaker moraines of the
Beardmore Glacier (84°15'S 168°55'E). Additional fieldwork was
aided by helicopter close support in the southern Holyoake

Range and in the Beardmore Glacier area around Mount Bowers
(85°02'S 162°51'E) and the moraines of Buckley Island (84°55'S
164°09'E), Plunket Point (85°04'S 166°32'E), and Lizard Point
(84°49'S 162°47'E). We were ably assisted by Bill Ryan from the
University of Michigan at the latter locality.

Although the Shackleton Limestone does not crop out for 200
kilometers between the Mount Rabot area (83°15'S 161°20'E)
and Mount Bowers, small exposures at the latter locality, to-
gether with an abundance of erratics in the most recent mor-
aines of the upper Beardmore Glacier, show that the limestone
was laterally extensive. The Shackleton was deposited on a
broad, shallow-subtidal to peritidal platform that probably cov-
ered the entire area of investigation and extended northward at
least to the Byrd Glacier (80°30'S 158°00'E). Cryptalgal laminites
and cyanobacteria-archaeocyathan boundstones are associated
with rare bioclastic grainstones and oolites. Burrowed carbo-
nate wackestones are locally characteristic. These limestones
carry a fauna indicating a middle and late Early Cambrian age
(Debrenne and Kruse in press; Rowell et al. in preparation).

Sandstones and interbedded sandstone and limestone se-
quences, from exposures near limestone outcrops, are also in-
cluded in the Shackleton and are commonly considered its basal
beds (Laird, Mansergh, and Chappell 1971). However, at all
localities examined, these sand-rich sequences are faulted
against pre-Cambrian strata and no fauna has been recovered
from them. Their sedimentary structures, although typically
obscured by deformation, locally suggest accumulation as sub-
tidal bars and on a shallow shelf. Collectively, these charac-
teristics and relationships suggest that the sand-rich sequences
are slightly older than the limestones and are at least partially
Early Cambrian in age.

The Shackleton Limestone is very strongly deformed and the
effects of at least two phases of folding are visible in major cliff
exposures (figure 1). Such deformation, combined with the
effects of persistent faulting, precludes accurate determination
of the true thickness of the unit. The principal deformation of
the Shackleton Limestone predates deposition of the overlying
Douglas Conglomerate as evidenced, in part, by calcite-veined
clasts of the Shackleton, with its typical archaeocyathan fauna,
incorporated in the Douglas (figure 2). Similar conglomerates,
previously included in the Shackleton at its type section, now
are considered to be down-dropped fault blocks of the much
younger Douglas Conglomerate (figure 3).

The Douglas Conglomerate and correlative strata were for-
merly known only between the Byrd Glacier and the southern
Holyoake Range where it unconformably overlies the
Shackleton and represents deposition, at least in part, in alluvial
fan settings (Rees, Rowell, and Pratt 1985). Our 1985-1986 in-
vestigation showed, however, that the conglomerate was depos-
ited over a much greater area because comparable rocks occur
some 400 kilometers to the south in the Beardmore moraines
upstream from The Cloudmaker. The diversity of lithologies
present in the morainic blocks is closely comparable to that in
the Holyoake Range outcrops and includes conglomerates with
archaeocyathan-bearing clasts. The source of this morainic ma-
terial is unknown but probably is concealed by ice close to the
upper reaches of the Beardmore Glacier. At Lizard Point, near
the head of the glacier, blocks of Douglas Conglomerate exceed
3 meters in maximum dimension. The widespread distribution
of these conglomerates suggests that uplift and subaerial ex-
posure subsequent to deformation of the Shackleton Limestone
was a feature of much of the central Transantarctic Mountains.

The Douglas Conglomerate and underlying rocks were
strongly tilted by a second phase of movement and were exten-
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Figure 2. Part of a Shackleton Limestone clast in the Douglas Con-
glomerate, southern Holyoake Range. Clast with archaeocyathans
(arrow) was veined with calcite before deposition of the Douglas.

r

Figure 1. Complex folding of the Shackleton Limestone. A. Upper
cliffs of the southeast face of Cambrian Bluff (82 051'S 160035'E),
Holoyake Range, viewed from the air. B. Northwest facing slope at
the southern end of Hochstein Ridge (82 051'S 159038'E), Queen
Elizabeth Range.

sively eroded prior to the Devonian (Rees, Rowe!!, and Pratt
1985). Thus, the age, origin, and depositional setting of the
Douglas Conglomerate together with its later history imply that
during much or all of the Ordovician and Silurian, this segment
of the Transantarctic Mountains was subjected to tectonism and
erosion and that coarse-clastic sediment was deposited. Fos-
si!iferous marine Silurian strata, however, have been claimed to
occur in the region based on erratics reputedly collected by
Frank Wild from The Cloudmaker moraines on the Beardmore
Glacier (Jell 1981). As is discussed in more detail elsewhere
(Rowell, Rees, and Braddock in preparation), we failed to con-
firm the report and conclude that although the material on
which the claim is based is probably Silurian, its locality infor-
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Figure 3. Douglas Conglomerate, i )reground, faulted against
Shackleton Limestone at the type locdty of the latter formation in
the southern Holyoake Range (82 012'S 160014'E).

mation was incorrectly recorded during curation. It is unlikely
to have been collected by Wild and probably did not come from
Antarctica.

This research was supported by National Science Foundation
grant DI'P 83-17966 to the University of Kansas.
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Beardmore project, 1985-1986 fossils, and (3) the tectonic evolution of the Transantarctic
Mountains.
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Beardmore South camp was constructed at 84°00'S
164°24'43"E (elevation 1,816.1 meters) (figure 1) during the
1984-1985 austral summer season by employees of ITT/Antarctic
Services, Inc., to provide a meeting facility for the Antarctic
Treaty Workshop which was held 7-13 January 1985. The camp
was secured for the winter after the workshop concluded. It was
reoccupied by ITT/ANS employees in late October 1985 to prepare
the camp for science operation in the 1985-1986 season. A short
project in atmospheric sciences was conducted from late Oc-
tober to early November by Austin Hogan, and the first group
of Earth science researchers arrived on 12 November, the sci-
ence projects beginning the next day. Science operations ended
on 23 January 1986, and all scientists then in camp returned to
McMurdo on 24 January.

Beardmore camp, as it was called in the 1985-1986 season,
was constructed about 35 kilometers north-northeast of the site
of a camp near Coalsack Bluff that was supported by helicopters
and used by geologists and others during the 1969-1970 austral
summer (Elliot 1970).

Science activities. A workshop held at the University of Maine
in 1983 concluded that the Beardmore Glacier region offered the
opportunity to address a number of important topics in the
Earth sciences and identified three themes for concentrated
research effort. The three themes were (1) the antarctic ice sheet
and global ice ages, (2) the Gondwana sequence and its unique
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Figure 1. Location map of the Beardmore Glacier area. The circle is
the outer limit of the flying range (185 kilometers, or 100 nautical
miles) of the UH-1 N helicopters. (The coordinates of the northeast
corner of the science hut by Doppler satellite receiver are courtesy
of the U.S. Geological Survey.)
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Two broad scientific objectives in glacial history were identi-
fied. The first is to reconstruct in three dimensions the changes
in the Beardmore Glacier during global glaciations of the last
million years. The results should provide a definitive test of
opposing Quaternary ice-sheet reconstructions. The second is
to map and date the Tertiary semilithified and unconsolidated
high-level glacial deposits. These results should permit a syn-
thesis of Tertiary ice-sheet history and a test of the Tertiary ice-
sheet reconstructions.

The broad scientific objective for research on the Gondwana
sequence is to integrate the paleontologic and sedimentologic
studies toward constructing a model of the paleoenvironmental
setting of the antarctic part of the Gondwana supercontinent
during late Paleozoic and early Mesozoic time.

The third theme concerned the tectonic evolution of the
Transantarctic Mountains, and its broad objectives were to es-
tablish a crustal structure model for the range and an uplift
history and to determine the significance of the older orogenic
belts in the tectonic evolution.

Because of budgetary and logistic constraints, the three
themes could not all be accomodated fully in the program, and
in particular, the objective of establishing a model of the crustal
structure could not be met. Nevertheless, the field investiga-
tions provided a wealth of new data and a number of significant
discoveries or collections were made. These include collection
of Permian and Triassic silicified peat deposits, collection of
Triassic vertebrates, and discovery of a most important new
locality, discovery of plant remains in the Tertiary glacial depos-
its, discovery of glacial deposits at high elevations in the Queen
Alexandra Range and elsewhere, and confirmation that the
Beardmore and Ross orogenies are distinct tectonic episodes.
Individual projects are reported elsewhere in this issue.

Science activities (figure 2) comprised 15 U.S. and one New
Zealand Antarctic Research Program Earth-science projects and
two atmospheric-science projects. These projects were con-
ducted by a total of 66 individuals including two exchange
scientists. David H. Elliot, Chief Scientist at Beardmore camp,
established scientific priorities for all science projects, and con-
ducted his own research project as well. John Splettstoesser
scheduled daily helicopter operations in consultation with the
chief scientist, the pilots, and principal investigators.

Figure 2. Camp at Lindsay Peak, southern Marshall Mountains.

Helicopter operations. A total of 712.8 helicopter hours were
flown in support of science projects at Beardmore camp, more
than any other helicopter-supported field project in Antarctica.
Additional flight hours for transit time to and from McMurdo,
fuel-cache checks, familiarization flights, crash-site investiga-
tion, etc., totaled 107.5 hours. The flying operation was under
the command of U.S. Navy Lieutenant Commander Walt Bar-
ton for the first half of the season and Lieutenant Commander
Phil Tetlow for the second. Chief Pat Rigdon supervised heli-
copter maintenance. Six pilots and three UH-1N Bell helicop-
ters were on hand for the entire season, except for brief periods
of pilot exchange and maintenance. Helicopters were flown to
Beardmore camp on 9 November 1985, with a refueling stop at
Beaumont Bay and were flown back to McMurdo on 25 January
1986, after the termination of science operations. The military
complement at camp included about 20 individuals at any one
time. Fuel caches were established early in the season at Lhasa
Nunatak and Moody Nunatak to provide sites for refueling
while supporting science projects in outlying regions.

A helicopter crashed on 18 January at Flat Top, in the Com-
monwealth Range, while supporting a science project. The
three crewmen and two science personnel had minor injuries,
and the helicopter was abandoned after selected items had been
salvaged.

Camp operations. The design and construction of Beardmore
camp was similar to that of other recent remote camps that were
used for mainly helicopter-supported geological studies (figure
3). Details of camp construction, logistic support, and modes of
operation using helicopters have been discussed previously
(Splettstoesser, Webers, and Waldrip 1982; Splettstoesser 1985).
David B. Waldrip was the ITT camp manager for the season. His
staff consisted of two cooks, a cook's helper, a mechanic, a
materialsman, and a general field assistant. Beardmore camp
consisted of seven Jamesway buildings and a 24 foot (7.3 meter)
X 44 foot (13.4 meter) plywood module that served as the head.
The camp was more elaborate than previous field camps be-
cause it had been constructed as a showpiece for the Antarctic
Treaty Workshop. The former conference Jamesway was con-
verted to a science work area for the 1985-1986 field season, by
constructing a 8 foot (2.4 meter) x 10 foot (3.0 meter) cubical for
a photographic laboratory and darkroom, and providing space
for science investigators to process rock specimens, study aerial
photographs, plan for field activities, as well as give science
lectures for the general camp population. The amateur radio
was also located in this building. Other details of camp con-
struction are discussed by Splettstoesser (1985) and are illus-
trated in figure 3.

A total of 69 flight missions requiring 221.9 LC-130 Hercules
aircraft hours were flown in support of the Beardmore opera-
tion. Of these 69 missions, 61 landings occurred at Beardmore,
there were two aborted flight due to poor weather at
Beardmore, and the remaining flights were dedicated to sup-
plying fuel to the three fuel caches (Beaumont Bay, Lhasa
Nunatak, and Moody Nunatak). Four groups of distinguished
visitors [press corps (15 November), National Science Board!
National Science Foundation directors (16 December and 7 Jan-
uary), and the Congressional delegation (13 January)] were
received on a flight turnaround basis. Upon completion of the
science activities in January, the camp was dismantled and
retrograded to McMurdo Station. Total retrograde estimates
amounted to about 276,000 pounds, of which 161,000 was re-
covery of camp buildings, equipment, and supplies. The 24 foot
(7.3 meter) x 44 foot (13.4 meter) plywood modules was strip-
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Figure 3. Plan of camp buildings and related facilities for Beardmore camp.

ped of all fittings, sealed for winter conditions, and remains as a
shelter with survival gear . nd food.

Support for D.H. Elliot was provided by National Science
Foundation grant DPP 84-19529 to the Ohio State University.
Support for J. Splettstoesser was provided by a subcontract to
the University of Minnesota from the University of Maine (Na-
tional Science Foundation grant DPP 83-18808). D.B. Waldrip is
an employee of ITT/Antarctic Services Inc.
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Mount Murphy is a large, deeply eroded shield volcano (fig-
ure 1) that was first visited in January 1968. It was at first
believed to be Pleistocene in age and composed entirely of
hyaloclastite, based upon a brief helicopter reconnaissance and
potassium-argon dating of one locality (LeMasurier 1972). A
subsequent 4 days of intensive field work in January 1985 estab-
lished that hyaloclastites are abundant only in approximately
the lower 300 meters of the volcano and the upper 1,700 plus
meters is predominantly flow rock (McIntosh et al. 1985). Pre-
liminary analytical results on the samples collected in January
1985 are now becoming available, and the potassium-argon
dates in particular are the subject of this report. The new dates
indicate that volcanic activity at Mount Murphy and neighbor-
ing nunataks was predominantly Miocene, and that the record
of glacial history preserved in this region is almost entirely
Miocene in age rather than Quaternary, as was originally
believed.

Figure 1 is a view looking east-northeast to Mount Murphy,
with Hedin Nunatak and Turtle Peak in the foreground. In 1985,
samples were collected from Hedrin Nunatak, Turtle Peak, and
from the base to the summit of the southwest ridge of Mount
Murphy. Dips along the southwest ridge are 6°-10° to the south-
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Figure 1. Aerial view looking east-northeast to Mount Murphy, from a
distance of 20 kilometers. Diameter at the base is approximately 30
kilometers; vertical relief is just over 2 kilometers. Elevations above
sea level range from about 400 meters, on the floor of the large
cirque facing the reader, to 2,446 meters at the top of the near
summit. The southwest ridge, referred to in the text, is the conspic-
uous ridge that extends from the near summit toward the reader's
right. Hedin Nunatak is in the left foreground; Turtle Peak is in the
right foreground. (U.S. Navy photograph #133.)

111 e w

west, roughly parallel to the original constructional slope of the
volcano.

The lower 1,500 meters of the mountain appears to be com-
posed of flows and pyroclastic rocks that are all basaltic in
composition. From roughly 400 meters elevation, at the base of
the southwest ridge, to about 700 meters elevation these rocks
are predominantly hyaloclastites and palagonitized Strom-
bolian bombs and cinders, with some interbedded flows.
Tillites were found interbedded between a glacially striated flow
surface and the overlying hyaloclastite, at locality 32 on the
accompanying map (figure 2). Between about 700 meters and
the top of the rocky lower part of the southwest ridge (about
1,200 meters) the stratigraphic section is predominantly basalt
flows with subordinate interbeds of yellow tuff. The remaining
upper portion of the southwest ridge appears to be entirely flow
rock: basalts up to about the 1,900-meter level and predomi-
nantly trachytes and benmoreites from there to the 2,446-meter
summit. The three dates from localities 32, 33, and 35 (figure 2)
are about 1,500-meters apart stratigraphically, and their sim-
ilarity suggests that the main shield volcano formed relatively
quickly in late Miocene time. Eruptions evidently began be-
neath an ice sheet, forming hyaloclastites by rapid quenching
and fragmentation of lava. The Miocene ice level appears to
have been close to present-day ice level but may have fluctuated
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through a range of 300-400 meters during the shield-buildin
phase. Eventually the volcano grew to a level that may hav
been about 1,600 meters above the highest stand of the Miocen
ice sheet.

Basalt parasitic cones are abundant along the southwes
ridge. Most occur as small mounds of cinders, bombs, anc
single flows. Sechrist Peak (1,350 meters elevation, figure 2) i
the largest of these and stands about 150 meters above th
surrounding ridge top. It consists of hyaloclastites and of sub
aerial cinders, bombs, and flow rock in complex interrela-
tionships that suggest a transition from a water-rich (subglacial
or periglacial) to a water-poor environment of eruption. Locality
62, of the January 1968 visit, was apparently on the northeast
flank of Sechrist Peak. The 0.9 million-year date for this parasitic
cone, forming roughly 7 million years after the main shield-
building phase, is not unusual in this volcanic province
(LeMasurier and Rex 1982b), and the hyaloclastite at Sechrist
Peak can reasonably be viewed as a product of Pleistocene
glacial-volcanic interactions.

Further up the ridge, at locality 35 (approximately 1,900
meters elevation), evidence of post-volcanic glaciation includes
polished and striated bedrock, and a glacial deposit that could
be interpreted as a tillite, or possibly a glaciolacustrine deposit
(Andrews personal communication). It rests on 8.67 million-
year-old benmoreite, 400-500 meters below and to the right of
the summit (figure 1), in a position that suggests it may pre-date
the cutting of the large cirques on either side of the ridge.
Although this deposit could conceivably be Miocene, the main
record of Miocene glaciation at Mount Murphy is in the basal
300 meters of the section.

Turtle Peak and Hedin Nunatak are both made up of a strat-
igraphically complex assemblage of subhorizontally bedded hy-
droclastic deposits and subaerial flows, of basaltic composition.
Hyaloclastites at Turtle Peak become more vesicular toward the
top of the peak and are interbedded with subaerial flows in the
upper half of the 200-meter thick section. Palagonitized and
unpalagonitized Strombolian tephras are abundant at the base
of Hedin Nunatak, interbedded with pillow lavas in some
places, and overlain by a summit section of subaerial flows. No
tillites were found at either nunatak. The volcanic deposits in
each nunatak appear to represent the emergence of a volcanic
pile from a subglacial to a subaerial environment.

Turtle Peak and Hedin Nunatak may each be outliers of the
basal succession at Mount Murphy. However, the dates that are
presently available (see figure 2) suggest that they represent
significantly older volcanic episodes, mainly from middle and
early Miocene time. The chemistry of the basalts at Turtle Peak
and Hedin Nunatak also seem to be significantly different from
the late Miocene basalts at Mount Murphy.

Altogether, the volcanic rocks at Mount Murphy and neigh-
boring nunataks appear to preserve an unusually good record
of Miocene glacial history. The Miocene hyaloclastites and inter-
bedded tillites cannot reasonably be interpreted to represent
mountain glaciation, because the mountain did not exist until
the overlying lavas were erupted. However, the size and extent
of the Miocene ice sheet recorded at Mount Murphy cannot be
easily interpreted from this locality alone. It could be very well
eludicated by a thorough study of the hydroclastic deposits
around the base of the Crary Mountains, 230 kilometers to the
southwest, which are apparently contemporaneous (8.3 million
years) in age (LeMasurier and Rex 1982a). We hope to begin a
study of the Crary Mountains in the near future.

In the Transantarctic Mountains, the recent discovery of Late
Cretaceous, Paleocene, Eocene, late Oligocene, late Miocene,
and Pliocene marine microfossils in the Pliocene Sirius Forma-
tion (Webb et al. 1984), has caused a revolution in the interpreta-
tion of glacial history in east Antarctica that is still in its for-
mative stages. It will be especially interesting to compare
interpretations of Miocene glacial history in the Transantarctic
Mountains with the glacial history in Marie Byrd Land, as more
data become available in both regions.

This research has been supported by National Science Foun-
dation grant DPP 80-20836.
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Geological investigations
of volcanic rocks

at Mount Discovery, Mount Morning,
and Mason Spur, McMurdo Sound

A.C. WRIGHT, P.R. KYLE, J.A. MORE, and K. MEEKER

Department of Geoscience,
New Mexico Institute of Mining and Technology

Socorro, New Mexico 87801

Between November 1985 and January 1986, we examined
rocks of the McMurdo Volcanic Group in the southern McMur-
do Sound area and at Mount Discovery, Mount Morning, and
Mason Spur. This work is a continuation of field work carried
out in the 1983-1984 field season, (Wright et al. 1984) and
includes mapping of volcanic geology, description of geologic
sections, and collection of samples for geochemical analysis and
potassium-argon dating.

Reconnaissance mapping of Mount Discovery was com-
pleted and shows that this 2,681-meter-high composite volcano
comprises a core of plagioclase-phyric nepheline-benmoreite
flows, lahars, and volcanoclastic fluviatile sediments, which are
thought to be the unit dated at 5.44 million years by Armstrong
(1978). These are capped by anorthoclase phonolite flows, with
minor lahar and pyroclastic deposits. The phonolite sequence
was not only erupted from the central vent but also from small
parasitic domes at the base of the summit cone on the northern
side of the mountain. Younger basanite to nepheline-hawaiite
lavas were erupted from numerous small vents along fissure
zones on the northeast to southeast and northwest to western
flanks of Mount Discovery. These vents occur at all altitudes but
are more numerous below 2,000 meters.

Reconnaissance mapping of Mount Morning shows that this
is a young volcano principally composed of kaersutite-bearing
phonolite flows erupted both from the summit crater and from
small parasitic domes on the upper northern slopes of the

mountain. A sample from one of these parasitic domes has been
dated at 1.15 million years (Armstrong 1978). Younger basanite
cinder cones and lava flows form two north-northeast trending
ridges on the northeast side of Mount Morning, which are
interpreted as being aligned along fracture zones parallel to the
range front on the Royal Society Range located 30 kilometers to
the northwest. Older trachytic rocks crop out at the lower end of
both ridges. Detailed mapping of the trachyte outcrops on the
western ridge confirms the similarity of this area to the trachyte
outcrops on the eastern ridge, which has been mapped pre-
viously by Muncy (1979). Rocks intermediate in age between
the older trachytes and the young basanites, comprise tra-
chybasalt to trachyandesite flows and domes on the lower end
of the western ridge.

Description of five geologic sections at Mason Spur has
provided a more detailed understanding of the older trachytic
volcanic complex, which is now dated at 11.5 to 12.8 million
years (unpublished argon-40/argon-39 age determinations by
D. Lux, University of Maine) and is divided into seven mapped
units. Eruption occurred at numerous small vents and at a large
composite volcano, which was centered near the central part of
the bluff. Although eruption took place under subaerial condi-
tions, a significant hyaloclastite deposit is present in the upper
portion of the trachyte sequence and suggests higher levels of
Ross Ice Shelf at a time a little younger than 11.5 million years.
The older trachyte complex is unconformably overlain by a
basaltic to trachytic sequence erupted from numerous vents,
many of which can be recognized geomorphologically.

This research was supported by National Science Foundation
grant DPP 82-18493.
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Unusual magnesium- and iron-bearing
salts from West Antarctica

W. VENNUM

Geology Department
Sonoma State University

Rohnert Park, California 94928

White salts occurring as efflorescences, crusts, and thick
stratified deposits have been reported from numerous locations
along the antarctic coast: the dry valleys of southern Victoria

Land (Keyes and Williams 1981; Gibson, Wentworth, and
McKay 1983; Hodenberg and Miotke 1983), Enderby Land (Mac-
Namara and Usselman 1972), the Prince Olav Coast
(Hirabayashi and Ossaka 1976), the Vestfold Hills (McLeod
1964) and Bunger's Oasis (Ausyuk, Markov, and Shumskii
1956). Calcite, gypsum, aragonite, halite, mirabilite
(Na2SO4 . 10H20) and thenardire (Na2SO4) are the most abun-
dant minerals in these deposits, but numerous more complex or
rarer species have been reported. These include epsomite,
(MgSO 4 7H 2O), bloedite [Na 2Mg(SO 4 ) 2 2H 2O1, trona
[Na3H(CO3 ) 2 •2H20], antarctite (CaC12 6H20), sylvite (KC1), hex-
ahydrite (MgSO4 . 6H20), soda-nitre (NaNO3) and several other
carbonates, chlorides, nitrates, sulfates, and iodates.

Reports of salt efflorescences and crusts from the interior of
Antarctica indicate that these deposits are progressively less
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extensively developed and contain simpler mineral as-
semblages inland from the coast. Gypsum, calcite, gypsum-
calcite mixtures, and lesse amounts of mirabilite, thenardite,
and aragonite are the only minerals commonly reported
(Bockheim and Leide 1980; Vennum 1980; Vennum and Nishi in
press). Single occurrences of hexahydrite from the Ohio Ran'
of the Transantarctic Mountains (Tasch and Angino 1968) and
soda niter from the Ellsworth Mountains (Bockheim and Lei (i
1980) are the only more exotic salts so far reported from ti
antarctic interior.

During the 1983-1984 austral summer, I collected white salts
from 62 widely scattered localities in the Thiel Mountains, along
the Ellsworth Mountains/Thiel Mountains Ridge (the Hart,
Martin, Nash, Pirrit, and Stewart Hills; Mounts Johns, Moor
and Woollard; Pagano and Sonntag Nunataks; Whitmo
Mountains) and in the western Patuxent Mountains. All impo
tant localities mentioned in the text are shown in figure 1. X-r
diffraction studies indicate that all but four samples are gyp
sum, calcite, or gypsum-calcite mixtures. Two of these foui
samples are from the Hart Hills (83°43'S 89°05'W), one is from
Mount Moore (80°25'S 97°45'W), one is from an unnamed
nunatak in the western Patuxent Mountains (84°50'S 68°45'W).

The Hart Hills are underlain by a sequence of deformed
quartz-mica phyllite and subarkosic sandstone which is intrud-
ed by a metamorphosed quartz-bearing gabbro sill. Webers et
al. (1983) and Storey and Dalziel (in press) describe the geology
of the Hart Hills in more detail. Frost-shattered gabbro ranging
from sand-size fragments to cobbles 30 centimeters in diameter
is the only exposed rock type on a gently undulating football-
field-sized surface in the west central Hart Hills. The gabbro
detritus is only a few centimeters thick and directly overlies
permafrost. Abundant white salts are intergrown with the un-
consolidated finer grained detritus, coat lower surfaces of most
cobbles and occur as 3-5 centimeter bulbous masses lying di-
rectly under the cobbles. Bloedite (figure 2) occurs as dissemi-
nated flecks and granules within the unconsolidated detritus
and pickeringite [MgAl 2(SO4) 4 . 22H20, figure 31 coats the cob-
bles and comprises the bulbous masses. Mount Moore is under-
lain by a deformed sequence of interbedded sandstone and
slate. Storey and Dalziel (in press) describe the geology of

Figure 2. Scanning electron microscope photograph of bloedite
crystals from the Hart Hills. Magnification is 710x.

Mount Moore in more detail. Cleavage surfaces in slate are
coated with 3-5 millimeters thick crusts of nesquehonite
(MgCO3.3H20).

Vennum (1980) has shown that similar salts found in the
Orville Coast form as follows: melting snow dissolves soluble
ions from fractured rock as it percolates into cracks. These salt-
bearing solutions later return to rock surfaces by capillary action
with the salt crusts forming when the solutions evaporate. A
similar process is believed to be responsible for the origin of the
bloedite crystals described above. Magnesium salts are com-
monly found growing on mafic igneous rocks in the dry valleys
(Keys and Williams 1981). Slate, however, is not especially rich
in magnesium, and the ultimate source of the magnesium in the
Mount Moore nesquehonite might be marine aerosols deposi-
ted in snow (Wilson 1979).

Pickeringite most commonly forms as a weathering product
of pyrite and/or aluminum-rich rocks and is usually found in
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Figure 1. Map of Antarctica showing location of important salt oc-
currences mentioned in text.

Figure 3. Scanning electron microscope photograph of pickeringite
crystals from the Hart Hills. Magnification is 990x.
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arid climates. Examination of the pickeringite crystals with a
scanning electron microscope equipped with qualitative analy-
sis capabilities indicates that a small amount of iron is substitut-
ing for magnesium. Although a complete solid-solution series
is thought to exist between pickeringite and halotrichite
[FeAl2(SO4) 4 . 22H20], most published analyses are close to pure
end-member compositions (Palache, Berman, and Frondel
1951). Th Hart Hills gabbro has a very low pyrite content (less
than 0.25 percent), does not have a particularly high Al203
content (13.3-15.0 percent), and its dominant mafic mineral is
an aluminum-poor (1.8-2.2 percent) clinopyroxene (Vennum
and Storey in press). These features suggest that the pick-
eringite is forming by a complex reaction between weathering
products produced from both the clinopyroxenes and the fel-
dspar and/or phyllosilicates in the gabbro. Stewart (1964) does
not include nesquehonite or pickeringite in a list of antarctic
minerals and a literature search has shown that these two min-
erals have not previously been reported from Antarctica.

Disseminated pyrite grains in a Cambrian limestone exposed
in the western Patuxent Mountains have oxidized to a mixture
of gypsum and fibroferrite [Fe(504)(OH)5H20]. This is the
third reported occurrence of fibroferrite from Antarctica (Ven-
num 1980; Vennum and Nishi in press). In all three cases, pyrite
has oxidized directly to ferric sulfate without passing through a
ferrous sulfate stage. This suggests that the most commonly
developed oxidation products of iron sulfide minerals in the
cold, dry climate of Antarctica will be fibroferrite and/or natro-
jarosite [NaFe 3(SO4 ) 2(OH)6 1 (Jones et al. 1983).

I thank Monty Hampton of the U.S. Geological Survey for his
help with the scanning electron microscopy and David Fowler
of Sonoma State University for drafting the antarctic locality
map.

This research was financed by National Science Foundation
grant DPP 82-13798 to Ian W.D. Dalziel of Lamont-Doherty Geo-
logical Observatory.
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Joint United States-United Kingdom
west antarctic

tectonics project, 1985-1986

I.W.D. DALZIEL

Institute for Geophysics
University of Texas at Austin

Austin, Texas 78751

Fields work for the 1985-1986 antarctic research season was
cancelled, because there was not enough LC-130 flying time to
supply the fuel for airborne geophysical studies planned in the
vicinity of Thurston Island and the Ellsworth Mountains. Thus,
work on the project was confined to data reduction, laboratory
studies, and writing.

The first results of the project were presented at the Geo-
logical Society of London Symposium on Extensional Tectonics
in Durham, England in April 1985; at the Sixth Gondwana
Symposium in Columbus, Ohio, during August 1985; at the
American Geophysical Union meeting in San Francisco, Cal-
ifornia, in December 1985; and at the Texas A&M University
Geodynamics Symposium during April 1986 (see reference list).
It is hoped that the airborne geophysical work will be under-
taken during the 1986-1987 season. The final geologic work is
planned for the Pensacola Mountains during the 1986-1987 field
season.

The work was supported by National Science Foundation
grant DPP 82-13798 and by the British Antarctic Survey, National
Environment Research Council.
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Potassium/argon dating of volcanic
material associated

with the Pliocene Pecten
Conglomerate (Cockburn Island)

and Scallop Hill Formation (McMurdo
Sound)

P.N. WEBB and J.E. ANDREASEN

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

A sample of basalt (James Ross Island Volcanic Group) from
immediately beneath the marine Pecten Conglomerate on Cock-
burn Island provided a potassium/argon date of 3.65 ± 0.3
million years (Pliocene). Previous dating of eight samples of
James Ross Island Volcanic Group basalts from James Ross
Island (Antarctic Peninsula) ranged from 6.5 to 2.1 (late
Miocene/late Pliocene) (Rex 1976). Assuming the basalt beneath
the Pecten Conglomerate on Cockburn Island to be about the
same age as basalts on James Ross Island, Zinsmeister and
Webb (1982) deduced that the fossiliferous conglomerate could
be no older than about 6 million years. The Cockburn Island
basalt date indicates an age of less than 3.65 million years (late
Pliocene) for the Pecten Conglomerate. Harwood (1986) exam-
ined five samples collected by Webb for diatoms. Only one
sample, PNW-82-13, yielded a rich diatom flora along with
silicoflagellates, radiolarians, and sponge spicules. Harwood
reports a diatom assemblage of 21 genra and 57 species and
proposed an age of 2.8 to 2.0 million years (late Pliocene). The
foraminifera of the Pecten Conglomerate are taxonomically
quite similar to assemblages present in the Scallop Hill Forma-
tion and Pecten gravels (also known as Prospect Mesa gravel) of
the McMurdo Sound area. These have also been considered late
Pliocene in age (Webb 1972, 1974; Leckie and Webb 1979).

The Scallop Hill Formation is a fossiliferous, marine vol-
caniclastic deposit. It is found in situ on Brown Peninsula (Vella
1969; Eggers 1976, 1979) and is present at many other localities
on Brown Peninsula, Black Island, White Island, Minna Bluff,
and at Cape Bird on northern Ross Island (Speden 1962; Webb
1972; Leckie and Webb 1979) as moraine debris. Many of the
Brown Peninsula and Black Island sites are located very close to
their points of origin, and in some instances, this material has
been lifted a meter or two to the surface by frost heaving.

Eggers (1976, 1979) describes the most complete in situ suc-
cession for the Scallop Hill Formation at a site on the northern
coast of Brown Peninsula and at an elevation of 150-200 meters
above the Ross Ice Shelf. The formation is exposed near the top
of the riser below beach "Ob" of Vella (1969). Here, the forma-
tion is 2-3 meters thick and consists of a carbonate-cemented
volcanic breccia and tuffaceous deposits with abundant macro-
and micro-fossiliferous material in the uppermost 20 cen-
timeters. Eggers (1979, figure 2) shows the Scallop Hill Forma-
tion as underlain by the Aurora Trachyte Formation (2.25 mil-
lion years old; Kyle, Adams, and Rankin in press) and overlain
by the Nubian basalt (2.20 million years old; Kyle et al. in press).
Eggers described this succession as "inferred," and it is as-

sumed that he presents a schematic portrayal of local geology.
We visited site A (Eggers 1979, figure 1) in December 1984 and
were able to locate the fossiliferous Scallop Hill Formation ex-
posed at this site but could not locate a complete outcrop capped
above and below by basalt.

Samples of barnacle-rich Scallop Hill Formation collected dur-
ing our visit to the general region of Eggers' site A contain
unweathered volcanic boulders. Two such boulders were dated
by potassium/argon methods. Samples MA84-004b and MA84-
006 provided ages of 2.62 ± 0.04 and 2.58 ± 0.09 million years,
respectively. This implies that the Scallop Hill Formation at this
site is younger than 2.58-2.62 million years (i.e., late Pliocene or
younger). If Eggers' assertion that basalt of 2.20 million years
age overlies the Scallop Hill Formation in this area is correct, we
can accept a late Pliocene age for the formation.

This interpretation upholds earlier age interpretations of the
Scallop Hill Formation and Pecten gravels of Wright Valley as
approximately correlative late Pliocene deposits (Webb 1972,
1974). As noted above, basalt below the Pecten Conglomerate of
Cockburn Island provides a potassium/argon date of 3.63 ±
0.30, and Harwood (1986) suggests an age of 2.0-2.8 million
years (late Pliocene) for diatoms of the Pecten Conglomerate.
The foraminifera and macrofossils from the widely separated
Cockburn Island and Wright Valley/Brown Peninsula sites have
much in common. All three sites represent coastal and rela-
tively shallow (less than 100 meters) paleobathymetry. Inter-
glacial and apparently ice-free conditions prevailed at the coast-
line on opposite sides of Antarctica in the late Pliocene.

This work was supported by National Science Foundation
grant DPP 84-20622. K.A. Foland, Ohio State University,
provided potassium/argon dates.
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Petrography of the granulite-facies
metamorphic rocks

of the Jetty Peninsula,
Amery Ice Shelf area, east Antarctica
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The northern part of the Jetty Peninsula, a flat-topped ex-
posure between Beaver Lake and the Amery Ice Shelf in Mac.
Robertson Land (70°20'-70°35'S 68°30'-69°E), is largely under-
lain by late Proterozoic granulite-facies rocks of the east ant-
arctic shield (Ravich, Soloviev, and Fedorov 1978; Tingey 1982).
This paper is a preliminary report of petrographic observations
of 75 thin sections of metamorphic rocks collected during the
1984-1985 field season, when I was U.S. exchange scientist with
the 30th Soviet Antarctic Expedition (Grew 1985; Antarctic Jour-
nal this issue).

The granulite-facies rocks of the Jetty Peninsula are largely
quartzofeldspathic and feldspathic gneisses. Rare graphitic
quartz-rich lenses up to a few meters thick may represent coar-
sely recrystallized quartzite. Ultramafic rocks, calc-silicate gran-
ulites, and siliceous marbles are restricted to isolated lenses and
layers.

The quartzofeldspathic and feldspathic gneisses are a hetero-
geneous group of rocks in which quartz, K-feldspar, or pla-
gioclase (in most samples all three) are present in major
amounts. Biotite is the most widespread mafic mineral. This
group may be divided into two broad classes in terms of miner-
alogy: (1) pelitic and semipelitic gneisses and (2) gneisses and
granulites of intermediate composition. The pelitic gneisses
contain major amounts of garnet, cordierite, and sillimanite,
while the semipelites generally contain garnet only. The
gneisses and granulites of intermediate composition commonly
contain orthopyroxene and less commonly, clinopyroxene,
garnet, or hornblende. The most widespread accessories in
both groups are opaque oxides and zircon. Characteristics of
the gneisses of intermediate composition are the nearly ubiq-
uitous apatite and not uncommon allanite. On the other hand,
monazite and graphite are found largely in the pelitic and
semipelitic gneisses and hercynite and rutile occur only in these
gneisses.

In hand specimen, the gneisses appear in several varieties,
including migmatite, blocky and slabby feldspathic rocks, well-
lineated feldspathic gneisses, porphyroblastic gneiss, and
pyroxene granulite. The migmatitic varieties are most com-
monly pelitic and consist of alternating discontinuous layers
one to a few centimeters thick of feldspathic leucosome and
garnetiferous melanosome. The prophyroblastic gneisses,
commonly referred to a "charnockite," contain large crystals of
K-feldspar. The granulites are darker and finer grained than the
gneisses. A few of the gneisses are cataclastic.

Textural relations in the pelitic gneisses are complex. In some
specimens, sillimanite is commonly enclosed in cordierite, less
commonly in plagioclase, so that contacts with quartz are rare;

in other specimens, sillimanite is in textural equilibrium with
the other minerals. Cordierite appears to have been the latest
high-temperature mineral to form. Hercynite occurs as small
grains enclosed in cordierite, and less commonly, sillimanite,
garnet, or plagioclase, and is rarely in contact with quartz. In
several samples, hercynite forms a vermicular growth in cor-
dierite around sillimanite. Thus, hercynite appeared early in
the metamorphic history of the rocks and again late, when it
may have formed, together with cordierite, by reactions involv-
ing sillimanite, garnet, and/or biotite, for example: garnet plus
sillimanite plus water forms hercynite plus cordierite plus pla-
gioclse plus quartz (see Loomis 1976).

One pelitic rock, which is found in a single lens 1 meter
across, contains minor plagiocalse, no K-feldspar, and traces of
quartz. It is the only pelitic rock to contain orthopyroxene, and
the assemblage plagioclase-biotite-garnet-cordierite-
orthopyroxene appears to be in textural equilibrium.

In four specimens of gneisses of intermediate composition,
garnet and clinopyroxene occur in the same thin section.
However, garnet is mostly enclosed in plagioclase. Nonethe-
less, in one section, there is no textural evidence for diseq-
uilibrium between clinopyroxene and garnet, which is in con-
tact with minerals other than plagioclase, although not with
clinopyroxene. As regards hornblende, textures suggest that
some hornblende crystallized in equilibrium with pyroxene,
while other hornblende is derived from alteration of pyroxene.
One sample contains cummingtonite and garnet; these appar-
ently developed during recrystallization in the aureole of a
pegmatite.

Secondary minerals are found in most samples; chlorite,
muscovite, and calcite are the most common; epidote appears
in some gneisses of intermediate composition. In most pelitic
gneisses cordierite is partially replaced by pinite, while in many
gneisses of intermediate composition, orthopyroxene is rela-
tively fresh. However, some specimens show extensive altera-
tion under low-grade conditions, resulting in complete destruc-
tion of the high-temperature minerals.

Ultramafic rocks form rare lenses several meters across in the
southern part of Else Platform in the Jetty Peninsula. These
rocks consist of orthopyroxene, clinopyroxene, hornblende,
spinel, and olivine. Small amounts of plagioclase are present in
one section, where it is in contact with olivine.

Caic-silicate rocks and siliceous marbles are restricted to a
band a few meters wide and a kilometer in extent in the north-
ern part of Else Platform (Grew 1985). These rocks contain
variable amounts of quartz, K-feldspar, plagioclase, scapolite,
biotite, clinopyroxene, orthopyroxene, wollastonite, calcite,
clinozoisite, apatite, zircon, sphene, and allanite. Nodules,
which presumably weathered out of marble, consist of feldspar
rocks with reaction skarns or of coarse scapolite, spinel, par-
gasite, and phlogopite. The wollastonite-bearing assemblages
are being studied in detail with the aim of assessing the role of
carbon dioxide in granulite-facies metamorphism. L.S. Hol-
lister (Princeton University) will examine fluid inclusions as
part of this study.

Mineral assemblages in the Jetty Peninsula rocks are charac-
teristic of granulite-facies metamorphism at moderate pres-
sures. An extrapolation of Green and Ringwood's (1967) upper
stability limit for the olivine-plagioclase assemblage in olivine
tholeiite and alkali olivine basalt indicates that olivine-pla-
gioclase would be stable up to 5 kilobars at 700°C and 6.5
kilobars at 800°C, that is, over the range of temperatures ex-
pected for granulite-facies metamorphism. On the other hand,
the appearance of garnet with clinopyroxene in rocks having a

60	 ANTARCTIC JOURNAL



quartz tholeiite composition requires pressures of at least 8 to
9.5 kilobars for these temperatures (Green and Ringwood 1967).
Newton (1983) suggested that cordierite would be stable in
pelitic rocks at pressures less than 6.5 kilobars to 7 kilobars at
700 to 800°C. In summary, a maximum pressure of 7 kilobars is
indicated for metamorphism of the Jetty Peninsula rocks. The
stabilization of the garnet-clinopyroxene and olivine-pla-
gioclase assemblages at pressures outside the ranges implied by
Green and Ringwood's (1967) experiments is probably due to
differences in bulk rock compositions between the Jetty Penin-
sula rocks and the rocks used in Green and Ringwood's (1967)
experiments.

Mineralogical features, notably the occurrence of graphite,
aluminous minerals, and calcium-rich minerals suggest that the
quartzofeldspathic gneisses and calc-silicate rocks have sedi-
mentary precursors. The pyroxene granulites may be meta-
basalts. The ultramafic rocks are most likely derived from lo-
calized intrusives. The dominance of sedimentary precursors is
consistent with Sheraton and Black's (1983) conclusion that the
late Proterozoic gneisses of Mac. Robertson Land are largely
derived from sedimentary protoliths. Samples of gneiss have
been sent to K.D. Collerson (University of Regina,
Saskatchewan) for whole-rock, trace-element, and samarium-
neodymium analyses, which should clarify the nature and ages
of the precursors to the gneisses.

This research was supported by National Science Foundation
grant DPP 84-14014 to the University of Maine.
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Plagioclase compositional variations
in anorthosites of

the lower part of the Dufek intrusion
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The unusually large, differentiated Dufek intrusion (82°30'S
50°W) of Jurassic age consists dominantly of layered gabbro
(plagioclase-pyroxene cumulate and plagioclase-pyroxene-
magnetite cumulate). The stratigraphy and rock types are de-
scribed by Ford (1976). Anorthosites occur throughout most
exposed stratigraphic parts of the intrusion and in a variety of
modes. Figure 1 shows the principal units of the rock. Most
anorthosites are plagioclase cumulates in layers a few meters to
a few tens of meters thick in the gabbro. In two units (Spear and
Stephens anorthosite members, figure 1), they form cycliclike
repeated layers, each with a sharp basal contact and most with a
gradational contact with overlying gabbro. The much thicker
Walker Anorthosite has a sharp contact with overlying gabbro.

Anorthosite (and leucogabbro) also occur in large, rounded
inclusions in gabbro in the Forrestal Range, but in this mode it
does not show cumulus textures.

Anorthosites of these types are common in layered mafic
intrusions (Wager and Brown 1968), and their occurrences pose
petrologic problems that were pointed out by Hess (1960) and
still remain to be resolved. Czamanske and Sheidle (1985)
provide a recent summary of origins proposed for such rocks.
Anorthositic layers that show cycliclike stratigraphic repetition
are particularly difficult to explain (Irvine, Keith, and Todd
1983).

Earlier studies of plagioclase (Abel, Himmelberg, and Ford
1979) and other cumulus minerals (Himmelberg and Ford 1976,
1977) documented that their overall chemical variation and
stratigraphic range in the Dufek intrusion are like those in other
layered intrusions (Ford and Himmelberg in press) that have
been interpreted in terms of fractional crystallization of
tholeiitic magma and accumulation primarily from the base
upward (Wager and Brown 1968). The studies suggested that
small-scale reversals occur in the stratigraphic variation of min-
eral compositions in the vicinity of some anorthosite layers.

The earlier studies were reconnaissances using widely
spaced samples to determine overall variations. Except for the
Walker Anorthosite, anorthosites were not included in the suite
studied and therefore the origin of anorthosite layers was not
addressed.

We have begun detailed study of suites of samples spaced
closely across several anorthosite layers and extending into
gabbro above and below to document the nature of the mineral
composition variations. We thus far have obtained plagioclase
compositional data for the Walker Anorthosite and the lower
anorthosite member and Spear Anorthosite Member of the
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We found all plagioclase grains to be compositionally zoned,
whether in anorthosite or adjacent gabbro. A maximum com-
positional range of grains within a single sample was found to
be 5 to 10 mole percent anorthite; lesser ranges may in some
cases have resulted from missing innermost parts of grains in
thin section cuts. Although the range of anorthite content of
individual grains varies from grain to grain, the difference in
average composition of all grains in a sample is always less than
2 mole percent anorthite. Compositional averages and ranges
for each analyzed sample are shown in figure 2. Single grains
commonly exhibit compositional ranges about the same as the
total range in the rock.

Our results confirm Abel's et al. (1979) finding that pla-
gioclases of the Dufek Massif section show an overall upward
decrease in anorthite content, but they are presently inade-
quate to define closely stratigraphic trends in compositions
within the anorthositic layers being studied. Plagioclase com-
positions of anorthite-81 and anorthite-78 occur respectively in
lowest and highest parts of the Walker Anorthosite; and com-
positions are in the ranges anorthite-70--67 and anorthite-63-60,
respectively, in the lower anorthosite member and the Spear
Anorthostie member (figure 2). The generally large composi-
tional range within a sample is a chief difficulty in discernment
of trends within a layer. Moreover, in the Spear member, pla-
gioclase of two samples from the same height have composi-
tions with significantly different averages and only slightly
overlapping ranges (figure 2). The significance of the small-
scale reversals apparent in trends of average plagioclase com-
positions from gabbro into overlying anorthosite is therefore
presently uncertain.

Plagioclase zoning patterns are complex. They are charac-
terized by an oscillatory zonation that is commonly nonsym-
metrical (zone width unequal around grain core). The zoning
patterns of different grains within each of the two Walker
Anorthosite samples are similar. In contrast, however, there are
significant grain-to-grain zoning pattern differences within in-
dividual samples of other anorthosite and gabbro, which sug-
gest that the different grains of a rock did not crystallize in
equilibrium. Plagioclases of anorthosites and adjacent gabbros
show equally complex crystallization histories.

Although the thin, widespread layers of anorthositic cumu-
late and of gabbro-containing noncumulus anorthositic inclu -
sions are volumetrically minor, we believe they can provide

important insights into the solidification history of the intru-
sion. In our continuing study of them, we have begun to ana-
lyze plagioclases of much more closely spaced (1 meter or less)
samples from across four cyclic units of anorthosite and gabbro
of the Stephens Anorthosite member (figure 1). The study will
include cumulus and post-cumulus pyroxenes and will incor-
porate isotopic data (Ford, Kistler, and White, Antarctic Journal,
this issue) that can provide insight into some magmatic pro-
cesses not possible from major- and minor-element composi-
tions alone. Similar to the conclusions drawn from the study of
isotopic compositions of rocks and minerals, our study of pla-
gioclases indicates that the crystallization history of the intru-
sion was complex.

This work was supported in part by National Science Founda-
tion grant DPP 80-20753 to the U.S. Geological Survey.
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Strontium and oxygen-isotope study
of the Dufek intrusion

A.B. FORD, R.W. KISTLER, and L.D. WHITE
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Menlo Park, California 94025

The mostly gabbroic Dufek intrusion (82°30'S 50°W) is one of
the world's largest layered igneous complexes. It is more than

50,000 square kilometers in area (Behrendt et al. 1981) and
possibly 8-9 kilometers thick at its southern end (Ford 1976). It
is about the same age as the dominant phase of Jurassic Ferrar
Group tholeitic igneous activity that occurred throughout the
Transantarctic Mountains (Ford and Kistler 1980). The stratigra-
phy and rock types are described by Ford (1976).

We have begun a systematic study of the isotopic composi-
tions of oxygen, strontium, and neodymium in rocks and min-
erals of the intrusion to investigate many questions about its
crystallization history raised by previous studies. Work on
other layered intrusions (Pankhurst 1969; Taylor and Forester
1979; Gray and Goode 1981; Palacz and Tait 1985; DePaolo 1985)
shows that isotopic compositions are more sensitive indicators
of many magmatic processes than are major- and minor-ele-
ment compositions of rocks and minerals.
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A body of such enormous size, with a volume of possibly
200,000 cubic kilometers or more, very likely formed from mul-
tiple and possibly interconnected intrusive centers (Ford and
Himmelberg in press), as in South Africa's Bushveld Complex
(Hunter 1978). An interpretation of the crystallization record of
this mostly ice-covered body must encompass not only the
processes that may have operated within a single crystallization
chamber, such as fractionation, assimilation, and mixing of in-
ternal magma-current flows of various origins (Irvine 1980;
Irvine, Keith, and Todd 1983) but also such external processes as
additions of "primitive" magma or of variably differentiated
magma shifted between interconnected crystallization cham-
bers, material loss by volcanism or ancillary intrustion (Ferrar
Group tholeiites?), and meteoric and hydrothermal fluid ex-
changes with country rocks.

General stratigraphically upward increases in the ratios of
iron to iron plus magnesium in cumulus pyroxenes (Him-
melberg and Ford 1976) and normative albite/(albite +
anorthite) in cumulus plagioclase (Abel, Himmelberg, and Ford
1979; Haensel, Himmelberg, and Ford, Antarctic Journal, this
issue) resemble trends in other layered intrusions that are inter-
preted in terms of fractional crystallization (Wager and Brown
1968) or crystallization from a nonhomogeneous magma col-
umn (Irvine et al. 1983). The trends extend upward through the
1.8-kilometer-thick lower part of the body exposed in the Dufek
Massif and up to about 500 meters height in the upper part
exposed in the Forrestal Range, where strong reversals occur in
the compositional trends of all cumulus minerals, including
ilmeno-magnetite (Himmelberg and Ford 1977). The reversals
are the strongest evidence yet found for a large-scale replenish-
ment of magma into the chamber, but the magma's source is

unknown. We are at present in a reconnaissance stage of iso-
topic studies to investigate relative roles of magma additions
and mixing, fractional crystallization, and other mechanisms.

The isotopic compositions of oxygen (in per mil of isotopic
oxygen-18) in 77 rock samples show that values are much more
variable and mostly lower in the Forrestal Range than Dufek
Massif (figure 1), in which values are comparable to those of
Montana Stillwater Complex (Dingwell and Dunn 1982) and
norite of Ontario's Sudbury intrusion (Ding and Schwarcz
1984). Variations are not simply related to stratigraphic height
and apparent relative age of crystallization, however, because
noncumulus granophyre of a 300-meter-thick layer at the top of
the Forrestal Range section has isotopic oxygen-18 values high-
er than those of many underlying cumulates of the section
(figure 1). Three analyzed Dufek Massif plagioclases have iso-
topic oxygen-18 values in a narrow range (6.2-6.9) similar to
"normal" plagioclases of the lower and middle zones of Green-
land's Skaergaard intrusion (Taylor and Forester 1979). As in
rocks, the isotopic oxygen-18 compositions of plagioclases are
lower and more variable (3.2-6.0, n = 12) in Forrestal Range
than Dufek Massif cumulates. Similarly low values in higher
parts of the Skaergaard intrusion show subsolidus isotopic oxy-
gen-18 depletion probably due to activity of a meteoric-hydro-
thermal system (Taylor and Forester 1979).

Rubidium and strontium analyses of 36 rock and 16 pla-
gioclase samples made in preparation for studies of initial iso-
topic ratios of 87 strontium/" strontium (87Sr/85Sr,) show that (1)
the rubidium/strontium ratio of rocks generally increases with
stratigraphic height, from an average of about 0.02 in the Dufek
Massif to 0.12 in the Forrestal Range section, in which ratios are
more variable (figure 2); and (2) strontium content of pla-
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Figure 1. Oxygen isotopic compositions of rocks of the Dufek intrusion. Rocks are cumulates of gabbroic, leucogabbroic, anorthositic, and
pyroxenitic composition; except (D)thin dikes of aplite and felsite that intrude the cumulates or other rocks, (C) noncumulus gabbro and diorite
at the contact with country rocks near Mount Lechner, (G) the Lexington Granophyre or a 300-meter-thick layer at the top of the intrusion (Ford
1976), and (I) inclusions in gabbro of podiform masses of anorthosite and leucogabbro. ("s 180" denotes "isotopic oxygen.")
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Figure 2. Rubidium/strontium ratios in cumulates of the Dufek
intrusion.

gioclases also generally increases upward in the stratigraphic
sequence, from 216 parts per million in basal anorthosite of the
Dufek Massif section and 262 and 309 parts per million in
gabbros higher in the section, to greater values in the Forrestal
Range where plagioclases from below the mineral-trend rever-
sal at 500-meters height average about 315 parts per million
strontium (n = 11) and those above contain much larger
amounts (436 parts per million, 491 parts per million). In other
igneous complexes an increase in the rubidium/strontium ratio
of rocks has been attributed to fractional crystallization (McCar-
thy and Cawthorn 1980). The greatest increase in the rubidium/
strontium ratio of rocks (and of strontium content of pla-
gioclase) occurs going upward across the mineral-trend rever-
sal, which strongly suggests reflection of differences between
added and residual magmas in this part of the body.

A preliminary study of initial strontium isotopic composi-
tions of plagioclase and pyroxene from three samples used in
our potassium-argon age determinations (Ford and Kistler
1980) suggests that isotopic relations are complex: 87Sr/86Sr1 dif-
fers significantly not only between the same mineral type in
different rocks, but between different mineral types in the same
rock sample (table). A finding of common occurrence of such
isotopically nonequilibrium values would have important con-
sequences for any interpretation of the intrusion's crystalliza-
tion history.

Our continuing study will incorporate work on isotopic com-
positions of neodymium and hydrogen. The goal of the isotopic

Rubidium and strontium contents and strontium isotopic
composition of minerals of the Dufek intrusion

Sample	Mineral	Rubidiuma Strontium' 87Sr/86Sr' 875r/86Src

65F23713 Pyroxene	2.94	6.5	0.71083±5 0.70763
65F23713 Plagioclase	5.42	296.0	0.70931±4 0.70918
65F38A Pyroxene	0.54	9.0	0.70841 ±5 0.70799
65F941	Pyroxene	4.80	11.5	0.71130±4 0.70834

° Rubidium and strontium contents measured by isotope dilution. Given in
parts per million.

b Measured ratio. Ratios normalized to 16Sr/88Sr = 0.1194. NBS87SrCO3.
87 Sr/ 86Sr = 0.71023±3.
Initial ratio, corrected to 172 million years (Ford and Kistler 1980).

studies is to attempt to decipher the crystallization record of the
body and determine relative roles of a variety of possible pro-
cesses, particularly those of multiple magma emplacement and
crystal or liquid fractionation. Additions and mixing of magmas
may lead to development of immiscible sulfide liquids and to
concentration of platinum and palladium ore zones in layered
igneous complexes (Irvine et al. 1983) and, accordingly, a study
of isotopic tracers will contribute to understanding the gener-
ally minor-known occurrences of disseminated sulfide minerals
(Drinkwater, Ford, and Czamanske 1985) and platinum-group
metals (Ford et al. 1983) of the intrusion.

This work was supported in part by National Science Founda-
tion grant D1'P 80-20753.
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Apatites of the Dufek intrusion, a
preliminary study

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

U.S. Geological Survey
Menlo Park, California

As part of a continuing study of the mineralogy of the layered
gabbroic Dufek intrusion (82°30'S 50°W), we have begun an
investigation of the occurrence, distribution, and chemistry of
apatite, the only previously unstudied cumulus mineral in the
intrusion. Apatite is generally a minor mineral in layered mafic
intrusions such as the Dufek and mostly crystallized at a late
stage of differentiation from magma enriched in phosphorus
(Wager and Brown 1968). The stratigraphy and rock types of the
Dufek intrusion are described by Ford (1976) and the termi-
nology we generally follow is discussed by Irvine (1982).

In the Dufek intrusion, apatite has three principal modes of
occurrence: (1) cumulus crystals with euhedral, prismatic
shape, lying more or less parallel to lamination and layering; (2)
postcumulus crystals of subhedral to anhedral shape, occurring
in interstices between cumulus silicate and oxide grains; and (3)
noncumulus crystals of commonly acicular shape, occurring in
granophyre and other noncumulus rock. Postcumulus apatite
varies up to about 2 millimeters by 4 millimeters in size and is
commonly much larger than cumulus apatite, which generally
ranges between 1-3 millimeters in length and 0.05-0.2 milli-
meters in breadth. Apparent length/breadth ratios are generally
less than 10 for postcumulus grains but 12-34 for cumulus
grains.

Our search of more than 1,000 thin sections representing all
exposed rock types and stratigraphic parts of the intrusion
shows that apatite of any type is rare in the lower 1.8 kilometers
of stratigraphic thickness exposed in the Dufek Massif, but is
common in the upper 1.7 kilometers of thickness exposed in the
Forrestal Range (figure 1). Based on cursory notations during
previous studies of other minerals (Himmelberg and Ford 1976,
1977; Abel, Himmelberg, and Ford 1979), we concluded that
apatite first appeared as a cumulus phase in the stratigraphic

succession about 400-500 meters below the (erosional) top of
the intrusion. Our more detailed study shows that major
amounts (more than 1.5 volume percent) of cumulus apatite
first occur about 450 meters below the top (figure 1) but that
minor (0.1-1.5 volume percent) or trace (less than 0.1 volume
percent) amounts occur at lower stratigraphic levels. We have
found local minor amounts of euhedral, cumulus-appearing
apatite in an anorthositic (plagioclase cumulate) layer of the
Spear Anorthosite Member of the Aughenbaugh Gabbro near
the top of the Dufek Massif section, which is the lowest occur-
rence known. However, gabbro above the layer appears to be
free of cumulus apatite. In the lower part of the Forrestal Range
section, above the Dufek Massif section, trace or minor amounts
of cumulus-appearing apatite also locally occur in some pla-
gioclase cumulate layers of the Stephens Anorthosite Member
of the Saratoga Gabbro (figure 2) and in overlying gabbro, but
stratigraphic occurrences are discontinuous.

The onset of crystallization of major amounts of cumulus
apatite occurred ("Ap +" on figure 1B) just before depostion of a
thick layer of gabbro containing abundant, large inclusions of
noncumulus anorthosite and leucogabbro. The layer has the
appearance of a "megabreccia" and may have formed during
some kind of disruption event in the magma chamber (Ford and
Himmelberg in press). The greatest concentrations of cumulus
apatite occur in a 65-meter-thick gabbroic cumulate above the
inclusion-bearing layer (figure 1A). Overlying that unit, major
amounts of noncumulus apatite occur in a 25-meter-thick unit
of noncumulus mafic and intermediate rock below the Lex-
ington Granophyre. Concentrations of apatite (noncumulus)
decrease systematically upward in the Lexington at four lo-
calities where the granophyre was studied. The stratigraphic
variation in apatite abundances, where known, is closely re-
lated to P205 content of the rocks (figure 1B). The relations
shown in figure 1 suggest a record of apatite crystallization in
the Dufek instrusion generally similar to that of the Skaergaard
instrusion of Greenland, in which cumulus apatite crystalliza-
tion occurred after 90-98 percent of the magma had crystallized
(Brown and Peckett 1977).

An electron microprobe analysis of cumulus apatite (table)
from near the base of the gabbroic cumulate unit of figure 1A
shows it to be fluorapatite with a composition similar to those of
some Skaergaard fluorapatites (Brown and Peckett 1977; Nash

66	 ANTARCTIC JOURNAL



"—i" LG

fAP
 I500-..

--
I

I.
.	I I

I •	inclusion-bearing
:.	•	gabbro

I

Forrestal1000

(I)

U
F-
U
2 500

I
0

SAM
I

F'ange
:	section

a
I
III

I	I	I	'	I	'	I4'4, 0	0.4	0.8	1.2	1.6(concealed) 

B25(	IN ROCKS

C,)
Of
LU

LU

I-
I
CD
LU
I

II .,

S

\\ III

,, \\

I,

it 	
\" (0.7)NI

(2.0)
('4)

(1.6)

('.5)

- (1.8)

.'

(3,5)
(2.6)
(3.1)

gabbroic

	

(51)	cumulate000000

ro(5.o)

	

(18)	0-sample
locality

	

o(I.9)	vol. %
apatite

	

20(1 8)	mo
(3.2)

(1.9)
-^o . ^%0000%oo, (4.3)

o01 o600b00000p00000po
OP 0 (3.2)

—

.9-

120

100

80

60

LEXINGTON

GRANOPHYRE

noncumulus

diorite and

quartz diorite

leucogabbro
inclusion- bearing
gabbro

Figure 1. A. Columnar section showing rock types and apatite abundance near the top of the Dutek intrusion at Sorna Bluff. Height is from top of
inclusion-bearing gabbro layer. B. General columnar section of the Forrestal Range showing location of section A and stratigraphic variation in
P205 content of rocks. "LG" is the Lexington Granophyre, and "SAM" is the Stephens Anorthosite Member of the Saratoga Gabbro (Ford 1976).
"Ap +" marks the lowest occurrence of abundant cumulus apatite and "Ap + +," the base of the gabbroic cumulate unit which contains an
overall abundance of cumulus apatite.

1976). Preliminary optical and X-ray diffraction studies suggest
that fluorapatite is typical of the Dufek intrusion. Variations in
the compositions of Skaergaard fluorapatites are believed to
reflect magmatic processes such as volatile transfer of inter-
cumulus liquids and liquid immiscibility (Brown and Peckett
1977). To study such processes that may have operated in the
Dufek intrusion, we plan to analyze a suite of apatites that
represents the stratigraphic range of apatite occurrence and the
variety of cumulus, postcumulus, and noncumulus types.

Iron-titanium oxide minerals are locally abundant in the up-
per part of the Dufek intrusion (Himmelberg and Ford 1977),
but we have not found them to be in any general or particular
association with apatite, such as found in parts of the Bushveld

Complex of South Africa which contain oxides intergrown with
20-40 percent apatite (Reynolds 1985).

An unusual variety of cumulus-appearing apatite that con-
tains slender central inclusions of pyroxene or other minerals
paralleling the c axis has been found at several localities of the
Stephens Anorthosite Member. They resemble the 'infilled hol-
low" apatites of a Norwegian layered gabbro instrusion that
Gardner (1972) suggests are skeletal crystals containing crys-
tallized trapped liquid in interior tubes, formed by rapid growth
in a supercooled roof zone, which were recirculated by con-
vection until they reached a sufficient size for deposition. In
synthetic systems, apatite formed by quenching frequently has
a central cavity along the length of the crystal (Wyllie, Cox and
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Biggar 1962). The occurrence and significance of such apatite in
the Dufek intrusion is presently little known. Support for a
magmatic convection-current origin of the plagioclase-cumu-
late layers (Ford and Himmelberg in press), such as shown in
figure 2, would be provided if this type of apatite is found in our

Electron microprobe analysis of a cumulus apatite from the Dufek
intrusiona

	

Compound
	

Weight percent

Si02	 0.15
FeO	 .33
CaO
	

54.7
P205	 41.5
Ti02	 .01
La203	 <.01
Ce203	 .14
Sm203	 <.01
Dy203	 <.01
Cl	 .10
F
	

3.3

100.2
O=F 21
	

1.39

	

Total
	

98.84

a Analysis in weight percent. Sample from near base of gabbro cumulate
layer shown in figure 1A.

continuing study to be generally associated with the pla-
gioclase-cumulate layers.

The principal crystallization of apatite in the Dufek intrusion
occurred in the latest stages of magma differentiation (figure 1),
but earlier and discontinuous periods of crystallization are indi-
cated by the sporadic occurrences of cumulus-appearing apatite
at lower stratigraphic levels, such as in the Stephens
Anorthosite Member (figure 2) and the Spear Anorthosite
Member of the Dufek Massif section. The origin of anorthositic
(plagioclase cumulate) layers in layered intrusions is controver-
sial (Czamanske and Schiedle 1985), and our studies of apatite
occurrences in the Dufek intrusion will contribute, in conjunc-
tion with isotopic and other petrologic studies in progress
(Ford, Kistler and White, Antarctic Journal, this issue; and
Haensel, Himmelberg and Ford, Antarctic Journal, this issue), to
an understanding of the origin of such anorthosite layers.

This work was supported in part by National Science Founda-
tion grant DPP 80-20753 to the U.S. Geological Survey.
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Aerogeophysical survey yields new
data in the Weddell Sea

J.LABRECQUE, S. CANOE, R. BELL, and C. RAYMOND*
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Plate tectonic models attempting to describe the tectonic evo-
lution of west Antarctica have been handicapped by a lack of
data in the ice-covered regions surrounding the Antarctic Pen-
insula. While marine geophysical data have been collected and
the general pattern of seafloor spreading determined for most
of the basins surrounding the Antarctic Peninsula, details of the
development of critical passageways and the timing of rifting
have remained obscure. This situation is now changing as a
result of a state-of-the-art aerogeophysical survey initiated dur-
ing the 1985-1986 austral summer. The aerosurvey is designed
to gather magnetic and gravity data required to address these
problems. The 3-year program complements surveys con-
ducted in previous years by the British Antarctic Survey (BAS)
(Renner, Sturgen, and Garrett 1985) and workers in the Soviet
Union (Masolov 1980), as well as geophysical data gathered by
previous marine expeditions of various countries. The first year
of the U.S-Argentine-Chilean (usAc) aerogeophysical survey

* Members of the U.S. -Argentine-Chilean (usAc) survey team

has gathered nearly 74,000 kilometers of magnetics data over
the Weddell Sea, Bransfield Straits, and Drake Passage, and
20,000 kilometers of gravity data in the Weddell Sea. Flight lines
are shown superimposed on a bathymetric map of the region in
figure 1.

The aerosurvey covered much of the unsurveyed western
Weddell Basin. Preliminary inspection of the data reveals the
extension of the Late Cretaceous to Paleogene magnetic anoma-
lly sequence into the western Weddell Basin where it disap-
pears into a fossil subduction zone which borders the Powell
Basin, the southeast Orkney platform and the Scotia Ridge
(figure 2). Dense magnetics and gravity coverage of the region
has been obtained to determine the development of the subduc-
tion zone and support the planned Ocean Drilling Program
(oDP) drill sites in the region. An abrupt transition to a smooth
magnetic pattern is noted in the westernmost Weddell Basin.
This may be caused by deep sedimentation, fracture-zone off-
sets, or continental crust. The anomaly lineation direction is
observed to change from a predominantly east-west direction in
the eastern Weddell to a northwest-southeast direction in the
northwestern Weddell. The magnetic anomaly lineation pattern
suggests the Late Cretaceous to Oligocene opening of the Wed-
deli Basin occurred about a pole of rotation located in the south-
western part of the basin. The Jurassic and Early Cretaceous
anomaly sequence is difficult to map in the southwestern Wed-
deli and further analysis of the magnetic anomaly data is being
carried out to determine the pre-Cretaceous opening history of
this key area.

Another clue to the early rifting of the Antarctic Peninsula
away from Gondwana was discovered during the aerosurvey. A
high-amplitude, lineated magnetic anomaly bounds the south-
ern Weddell Basin. The "Orion anomaly," as we refer to it,
(named for the survey craft, a U.S. Navy P-3 Orion) was mapped
by the aerosurvey and likely represents the ocean-continent
transition anomaly. The east-west lineation direction of the Ori-
on anomaly at the southern boundary of the basin differs from
the northwestern strike of the anomalies mapped in the north-
western Weddell Basin, implying that at least two poles of
opening are required to describe the development of the Wed-
deli Basin. The shape of the Orion anomaly should yield infor-
mation on the possible post-rifting tectonism of west Antarctica
as well as the relative motion between east and west Antarctica.

High-altitude data, in which a clear anomaly sequence with a
distinct central anomaly have been identified, were collected
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Figure 1. Track chart showing the survey track completed during the 1985-1986 austral summer. Tectonic features are identified, including the
newly discovered Orion magnetic anomaly. Boxes indicate the general survey areas anticipated for the 1986-1987 field season.

over the Bransfield Straits. This data set complements and ex-
tends a low-level aeromagnetic survey by the Chilean Servicio
Nacional de Geologia y Mineria (Parra, Gonzalez-Ferran, and
Bannister 1984) and extensive geophysical work by BAS (Renner
et al. 1985). High-altitude data were also collected over the
Drake Passage and southern Andean Cordillera. These data will
provide constraints on the development of the Drake Passage.

Gravity data were collected using a Bell Aerospace BGM-3
gravimeter and a LaCoste-Romberg system adapted for air-
borne applications (Brozena 1984). Critical positioning informa-
tion was obtained with two Global Positioning System (GPs)

satellite navigator receivers, one Texas Instruments HDUE set,
and a Magnavox T-set. Vertical accelerations are estimated from
a radar altimeter (in experimental use in ice-covered regions),
pressure altimeter, and the GPS receivers.

Video images of the ice coverage in the Weddell Sea were also
collected. Processed tapes of these images merged with the
navigation are being provided to Argentine meteorologists to
help in prediction of the seasonal ice cover. The images, coupled
with still photographs, provided valuable information about a
gigantic tabular iceberg which split off the Larsen Ice Shelf at the
end of 1985. The iceberg, which measures 50 kilometers square,
was observed by the aerosurvey as fault scarps on the ice shelf.
This information aided the glaciologists tracking this iceberg by
providing a constraint on when it finally broke free. Satellite
tracking of the iceberg, named "Larsen 1985," reveals that it is
currently moving northward in the gyre at a velocity of 2-4
kilometers per day.

The aerosurvey was conducted aboard a U.S. Navy P-3 Orion
aircraft in use for research purposes. The difficult logistical

requirements for the survey were satisfied by support from the
U.S. Navy, Argentine Navy, and Chilean Air Force.

The aerosurvey is slated to fly again this coming austral sum-
mer, with the objectives of focussing on specific targets within
the Weddell Basin, denser coverage of the Powell Basin, and the
initiation of a survey effort on the Bellingshausen margin. The
final year will entail further detailed surveys of regions of spe-
cial interest including the Scotia Sea.

The members of the scientific party wish to express warm
appreciation for the enthusiastic and tireless support provided
by Argentine Naval officer Lt. Javier Valladares and the profes-
sional performance of the officers and crew of the U.S. Navy P-3
Orion from the Flight Support Detachment at Patuxent Naval
Air Station. Without such a dedicated and enthusiastic support
group, we would be unable to carry out this research mission.

This research is supported by National Science Foundation
grant DPP 85-17635
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Figure 2. Magnetic anomaly chart of the northern Weddell Basin including the Powell Basin from aerosurvey and shipboard data. Magnetic
anomaly identifications are illustrated by dashed lines, and the estimated position of a fossil trench is shown by the heavy black line with teeth
showing the direction of underthrusting. In the upper right of the figure, some of the high-altitude data over the Bransfield Strait are visible.
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The Cretaceous/Tertiary (KIT) transition on Seymour Island
has been recognized primarily by the last appearance of am-
monities (Macellari and Zinsmeister 1983; Macellari 1985, 1986)
and by evidence from several other fossil groups (Huber, Har-

wood, and Webb 1983; Askin 1984; Zinmeister and Macellari
1983). It occurs within the upper Lopez de Bertodano Forma-
tion, about 45 meters below the base of the overlying Sobral
Formation, at the level of a stratigraphically continuous
glauconite bed (figures 1 and 2). Prior to the 1985 Seymour
Island field season, no definite Tertiary foraminifera were re-
covered from samples above the "KIT glauconite bed" (Huber
1985). This report discusses the first record of diagnostic Danian
(early Paleocene) foraminifera from Antarctica and the for-
aminiferal species turnover at the KIT boundary on Seymour
Island.

The abrupt extinction of planktonic foraminifera at the KIT
boundary has been known for many years (e.g., Berggren 1962;
Luterbacher and Premolj Silva 1964). In the North American
Gulf Coast region, only 1 of 36 foraminiferal species from the
latest Cretaceous Abathomphalus mayorensis zone apparently sur-
vived the KIT boundary event (Pessagno 1967). It is hypoth-
esized that all Paleocene planktonic species evolved from this
single surviving species (Smit 1982).
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Figure 1. Geologic map of Seymour Island showing the location of
samples which yielded latest Cretaceous and Early Tertiary for-
aminifera and the location of the Cretaceous/Tertiary (KIT)
glauconite bed. ("FM" denotes "formation.")
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Figure 2. Stratigraphic section and scanning electron micrographs
showing the distribution of samples and planktonic foraminifera
across the Cretaceous/Tertiary transition and the dissolution inter-
val. 1. Heterohe!ixglobulosa(Ehrenberg); 2. Globigerinelloides mu!-
tispinatus (Lalicker); 3. Hedbergella monmouthensis (Olsson); 4.
Globotruncanella sp.; 5. Globlastica daubjergensis (Brönn imann).
("Fm" denotes "formation.")

In most regions, benthic foraminiferal species extinctions are
much less drastic in comparison to the planktonics. Percentage
extinctions of latest Cretaceous Trinidad foraminifera are only 9
percent for agglutinated species and 22 percent for calcareous
benthic species (Webb 1973). Extinctions are higher among co-
eval Deep Sea Drilling Project (DSDP) site 208 (Lord Howe Rise,
Southwest Pacific) foraminifera. Webb (1973) reports 73 percent
extinction of agglutinated species and 52 percent for calcareous
benthic species. He suggested that the greater faunal turnover
at the Lord Howe Rise site may have been because of more
extreme climatic fluctuations in higher latitude regions.

Foraminiferal distributions on Seymour Island show that
most of the 126 benthic species and 15 planktonic species ap-
pear within the lower 300 meters of the Lopez de Bertodano
Formation. These generally have scattered occurrences
throughout the remaining 850 meters of the Cretaceous section.
Therefore, it appears as though no major biotic changes took
place within the Campanian-Maastrichtian portion of the se-
quence, attesting to long-term environmental stability. The
faunal turnover within 4 meters below the KIT glauconite bed,
on the other hand, is quite dramatic. Foraminiferal species
terminations at this level are 71 percent for agglutinated, 64
percent for calcareous benthic, and 100 percent for planktonic
species. Benthic survivors of the extinction event include a few
simple agglutinated forms as well as several long-ranging, cos-
mopolitan calcareous benthic species.

The highest stratigraphic occurrence of Maastrichtian
planktonic foraminifera on Seymour Island is in sample num-
bers 411, 526, and 535, located within 4 meters below the KIT
glauconite bed (figure 2), in the upper Lopez de Bertodano
Formation. These samples yielded the planktonic species Het-
erolielix globulosa (Ehrenberg), Globigerinello ides mu/f ispinatus
(Lalicker), Hedbergella monmouthensis (Olsson), and Globotrun-
cane/la? sp., in addition to diverse Cretaceous benthic as-
semblages. Just above the glauconite is a sequence, referred to
as the "Dissolution interval," in which foraminifera are poorly
represented (figure 2). Of 41 samples collected from this inter-
val, 20 were completely barren of foraminifera and 21 yielded
poorly preserved agglutinated assemblages. Other calcareous
microfossils (e.g., ostracodes, juvenile molluscs, echinoid spin-
es, calcispheres, and calcarous nannoplankton) are absent from
the dissolution interval.

Foraminifera diagnostic of the Danian wre recovered from
sea cliff sample number 539, collected 1 meter below the Lopez
de Bertodano/Sobral Formation contact, and sample numbers
540 and 515, from the lower Sobral Formation (figures 1 and 2).
The planktonic species Globastica dauhjergensis (Brönnimann),
which is widely recognized as a Danian index fossil (e.g., see
Troelsen 1957; Berggren 1962; Hansen 1970), was found in all
three of these samples. This taxon is considered as a descendant
of an early Danian species, which has not yet been found on
Seymour Island.

Other specimens making their first stratigraphic appearance
above the KIT glauconite bed include forms known elsewhere in
Upper Cretaceous/Lower Tertiary deposits and several new or
indeterminant species. The calcareous benthic Buliminella n.
sp., which makes its first appearance in sample number 539, is
conspicuously abundant in all of the Danian samples, dominat-
ing up to 82 percent of the foraminiferal assemblages. Aggluti-
nated taxa are very rare above the KIT glauconite bed, contrary
to their consistent, moderately abundant representation in the
Cretaceous assemblages. This transition, from high to low spe-
cies equitability, indicates a change from predominantly stable
to stressed environmental conditions. It coincides with a sig-
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nificant negative excursion in the isotopic carbon-13 isotopic
signal and a negative excursion in the isotopic oxygen-18 iso-
topic signal among several of the Danian benthic taxa (Barrera
personal communication). Similar isotopic shifts in isotopic car-
bon-13 and isotopic oxygen-18 occur at numerous other KIT

boundary sites and have been interpreted as representing de-
creased oceanic productivity and increased marine tem-
peratures, respectively (Perch-Nielson, McKenzie, and He
(1982).

This study was supported by National Science Foundation
grants DPP 82-14174A01 to P.N. Webb and DPP 82-13985A01 to
W.J. Zinsmeister and D.H. Elliot.
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Palynomorphs and depositional
environment for upper

Campanian sediments on Seymour
Island, Antarctica
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Seymour Island, northeastern Antarctic Peninsula, provides
an area for effective study of palynomorph assemblages and
their value as indicators of Cretaceous and Tertiary paleoen-
vironments. Paleoenvironmental interpretations can be based
on a wealth of evidence from other fossil groups, coupled with
sedimentological analyses. The interpretations may also be
compared with previous palynological studies from other parts
of the world. The essentially unconsolidated Campanian
through Eocene Seymour Island sediments are well exposed
and yield a plethora of fossils of many different floral and faunal

groups. Palynomorphs, both marine and nonmarine in origin,
are particularly abundant throughout the succession. The fol-
lowing comments on the upper Campanian part of the section
exemplify some aspects of this study.

Fossil and sedimentological evidence suggests a nearshore
marine, low-energy depositional environment for upper Cam-
panian sediments on Seymour Island. Beds dated as upper
Campanian by calcareous nannofossils, foraminifera, am-
monites and other molluscs, etc., (Huber, Harwood, and Webb
1983; Huber in preparation; Macellari 1984, 1986) and by pal-
ynomorphs (Askin 1985, in preparation) comprise the oldest
sediments cropping out on Seymour Island. They are assigned
to part of the Lopez de Bertodano Formation and contain a high
proportion of mud and silt, particularly in massive mudstone
units best developed toward the south coast (Macellari in
preparation).

Upper Campanian Seymour Island sediments are subdivided
into six lithologic units ("Rotularia units," Macellari in prepara-
tion). The low-diversity invertebrate macrofauna is dominated
by the annelid Rotularia, which apparently favored muddy sub-
strates (Macellari 1984). In his discussion of sedimentological
data and environmental/ecological preferences of the macro-
fauna, Macellari (in preparation) concludes that units 1 through
6 were deposited in very shallow marine, low-energy, delta/
estuary-influenced environments, with possible intermittent
brackish conditions.
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Paleoenvironmental inferences from relative abundances,
morphologic features and types of palynomorphs in these sedi-
ments are consistent with Macellari's conclusions. The pal-
ynomorph assemblages studied include relatively abundant
(57-91 percent) and moderately diverse nonmarine pal-
ynomorphs (pollen and spores of land-plants, freshwater algae,
fungi), plus cuticle and other plant debris, sometimes in large
pieces. This component is consistent with hypothesized near-
shore marine depositional conditions, and a low-energy en-
vironment where large, rather delicate pieces of tissue have
been preserved.

A marine component, which includes dinoflagellate cysts,
acritarchs, and other algal bodies, is dominated in most as-
semblages by periodinioid cavate dinoflagellate cysts (mainly
species of Manumiella, with Alterbia, etc.). Acanthomorph
acritarchs vary from less than 1 percent to 76 percent (of total
assemblage). Various studies (e.g., Downie, Hussain, and
Williams 1971; Harland 1973; Wallet al. 1977) have indicated the
preference of peridinioid species for nearshore (to estuarine-
brackish-lagoonal) conditions, with most chorate types (infre-
quent to rare in most Campanian samples studied from
Seymour Island) predominating in offshore, more open marine
conditions. Swarms of acanthomorph acritarchs have been
equated with inshore, partly enclosed conditions (e.g., Wall
1965), often associated with marine transgressions (e.g., Down-
ie et al. 1971), and Wall (1965) also correlated long, delicate
spines in Jurassic acanthomorph acritarchs with an unagitated
environment. The spines preserved in the Seymour Island
Campanian acritarchs are long and delicate, suggesting low-
energy conditions. These acritarchs are particularly abundant
(76 percent) in a sample from unit 3 deposited in a mud flat/mud
tongue (Macellari in preparation) environment.

Vozzhennikova (1965) has suggested a possible correlation of
dinocysts with thick periphragm and endophragm with unsta-
ble, nearshore conditions. Thick walls occur in many dinocysts
in Campanian samples from Seymour Island. A good example
is the relatively thick periphragm of Manumiella ("Isabelidinium")
n. sp. 3, the marker species and usually most abundant dinocyst
in uppermost Campanian/lower Maastrichtian zone 4 samples
(Askin 1985, in preparation).

Once calibrated by other fossils diagnostic of narrowly de-
fined habitats, palynomorph assemblages should useful indica-
tors of Campanian through Eocene paleoenvironments. Pal-

ynomorphs are nearly ubiquitous in these Seymour sediments
and will provide information for samples devoid of other fossil
groups.

This research is supported by National Science Foundation
grant DPP 83-14186.
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Field investigations of the Eocene La Meseta Formation, con-
ducted during the 1984-1985 field season, were a continuation
of work published by Elliot and Trautman (1982). Additional
section was identified at the base of the La Meseta Formation by
Zinsmeister and DeVries during the 1982 field season (1982),
and this stratigraphic revision suggested that a re-evaluation of
the depositional model previously proposed for the formation
was in order. As a result, the formation was remeasured, sedi-
mentary structures were described and interpreted, and sam-
ples were collected for petrographic analysis of provenance.

The La Meseta Formation is 557 meters thick, as measured
from its unconformable contact on the Cretaceous Lopez de
Bertodano Formation to its unconformable contact with
Pleistocene glacial gravels. The base of the formation was placed
where the La Meseta first outcrops continuously. Several small
outliers of the La Meseta were observed stratigraphically below
this level, but poor field conditions precluded evaluation of
their relationship to the main body of the formation.

Elliot and Trautman (1982) originally divided the formation
into three stratigraphic units, while Sadler (personal communi-
cation) has subsequently defined seven alternate
lithostratigraphic units on the basis of fossil content and sedi-
ment characteristics. These lithostratigraphic units are gener-
ally lenticular in geometry and illustrate the lateral variability of
sediment types more clearly than the Elliot and Trautman (1982)
subdivision. Because we were not able to examine field ex-
posures of all of the units described by Sadler, our data can be
discussed more coherently in the context of the three original
units. These units have been slightly modified and are dis-
tinguished on the basis of changes in lithology, faunal content,
and large-scale sedimentary features.

The La Meseta Formation is an upward-coarsening sequence
of unconsolidated fine-grained sands, silts, and muds. Unit I,
395 meters thick, consist of laterally discontinuous, thinly lami-
nated muddy silts and silty sands with rare bivalves and gas-
tropods and is increasingly bioturbated upsection. Large-scale
rotational features (10-50 meters across) occur in the middle
third of the unit. Unit II, 89 meters thick, is lithologically similar
to unit I but also contains both lenticular bodies of unconsoli-

dated, massive sand and consolidated sand beds with both
pebbles and Cucullea bivalves. Soft sediment slumping and
folding are observed within unit II. Unit III, 93 meters thick,
consists of thickly bedded sands, with occasional mud-rich
units and rare beds of angular to rounded clasts; Lahillia and
Turritella replace Cucullea as the dominant fossil within the con-
solidated sand beds. Large-scale sedimentary deformation was
not observed in this unit.

The La Meseta Formation is interpreted as a relatively shallow
water deposit, based on both fossil content and sedimentary
structures. Elliot and Trautman (1982) originally proposed that
the La Meseta was deposited as a prograding tidally dominated
delta, with unit I representing the prodelta, unit lithe delta
front, and unit III the lagoonal (or delta-plain) sequence. Al-
though Woodburne and Zinsmeister (1984) interpreted ac-
cumulations of arthropods, mammal teeth, whale and penguin
bones, and other fossil remains in unit II as beach deposits,
sedimentary structures in unit II do not indicate an active beach-
front environment. Our data suggest that a deltaic environment
provides one reasonable hypothesis for La Meseta deposition
but that a complete deltaic sequence is not present. If the La
Meseta Formation does represent a deltaic deposit, only the
delta-front is preserved. In addition, lateral changes in lithology
have not been completely analyzed, without which distinction
between a tidally influenced coastline and a delta cannot be
made.

Grain mounts of the medium sand fraction (0.250-0.500 milli-
meters) are currently being analyzed to determine mineralogy.
Initial results indicate that the sands are litharenites to lithic
arkoses (after Folk 1968). Composition of the lithic fragments
suggests strong andesitic and rhylitic volcanic sources, al-
though the lack of glass shards indicates that the source is
probably not penecontemporaneous. Metamorphic influence is
also indicated by the presence of pelitic, gneissic, and quartzite
grains. Plutonic input is minor, with occasional granitic and
granophyric fragments. Mineralogy suggested by the sedi-
ments is very similar to that currently exposed along the Ant-
arctic Peninsula.

This research was supported by National Science Foundation
grant DPP 82-13985 to D.H. Elliot. We acknowledge his con-
tinued support of this work.
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The record of marine deposition
along the continental margin of

southern Chile

L. D. STOTT

Graduate School of Oceanography
University of Rhode island

Narragansett, Rhode island 02882

P-N. WEBB

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

In the summer of 1982 and 1983 American and Chilean pal-
eontologists, supported by the iIv Hero, carried out field inves-
tigations and paleontologic sampling on islands within the
Chonos Archipelago, southern Chile. Our scientific objective
was the revisit islands originally investigated by Charles Dar-
win in the last century, to sample and to trace the areal extent of
the marine sediments exposed along the margin of southern
Chile. This was the first detailed geologic investigations of this
kind in the region between 43° and 47° S. Fossiliferous marine
lithologies were observed and sampled on the islands of Guafo,
Ipun, Lemo, and Stokes as well as along the interior margin of
the Peninsula Taitao and its associated islands in the Gulf of Tres
Montes. Three phases of marine deposition are recognized
from these exposures, which range in age from Late Paleogene
to late Pliocene. These sequences were deposited in marginal
basins which have been uplifted and exposed above sea level
during the Late Neogene. Tectonic deformation has been rela-
tively minor. The island sequences exhibit only minor folding,
typically with dips less than 15°. Faulting has not seriously
disrupted the stratigraphic continuity. Sequences can be traced
without interruption along the coastlines of all the islands. This
is in marked contrast to the complex history of tectonic over-
printing that characterizes northern and central Chile. Samples
collected during the two field seasons were returned to Ohio
State University where they were analyzed for planktic for-
aminifera. These data help to delineate the stratigraphic record
of marine sedimentation within the basins. The following is a
brief summary of the results of those field investigations to-
gether with stratigraphic details based on planktic foraminiferal
analyses.

Gulf of Penas. The southernmost occurrence of Tertiary marine
sediments investigated is in the Tres Montes region, at 46° S. In
this region, exposures of marine sediments occur within the
northern portion of the Gulfo de Penas as either small uplifted
islands (Smith, Crosslet, Hereford Islands) or as beach and cliff
exposures along the inner margin of the Peninsula Tres Montes.
The islands appear to be composed entirely of clastic sedi-
ments. Sediments on the islands range from coarse sandstones
and pebbly metamorphic conglomerate, to fine, indurated, gray
to brown sandstones and siltstones. Macrofossils are abundant
to rare throughout the sequence but are typically more diverse
in the finer clastic units (DeVries, Stott, and Zinsmeister 1984).

In general, the coarser clastic sediments occur at the northern
end of Crosslet and Hereford Islands and grade into finer sand-
stone and siltstone toward the south. Dense vegetation severly
limits the amount of exposure along the coasts of these islands,
preventing us from measuring a continuous stratigraphic
section.

Foraminifera were found in 3 of 27 samples collected from
Hereford Island during the 1983 expedition. These three sam-
ples yielded an abundant and well-preserved lower Oligocene
foraminiferal assemblage (table).

The sediments along the inner margin of the Taitao Penin-
sula, are gray, foram-rich, Turritella siltstone. They are best
exposed in San Pablo Fjord and Newman Fjord in the north-
eastern part of Seno Hoppner where approximately 500 meters
of this siltstone sequence is continuously exposed at low tide.
Pleistocene ice advantages have sculpted the present U-shaped
topography and carved deep fjords, removing much of the
Tertiary record. A coarse, gray diamicton which crops out sev-
eral meters above sea level along Newman Fjord is a remnant of
those ice advances.

Samples collected within the San Pablo and Newman Fjord
have yielded very abundant and well-preserved lower upper
Miocene planktic foraminifera. Paleomagnetic samples were
also collected throughout the exposed sequence within San
Pablo Fjord. The results of this analysis as well as the bio-
stratigraphy will be presented elsewhere.

Guafo Island. Guafo is the northern-most island in the Chonos
Archipelago, at 43° S latitude on the western edge of the conti-
nental margin. It was visited during both the 1983 and 1984 field
seasons. However, only the northeastern and southern coasts
were investigated. Along the northeastern coast of the island a
continuously exposed sequence of coarse clastic, nonmarine
sediments grades upward from a boulder conglomerate at the
northern end of the island into finer outer continental shelf and
upper slope siltstones at the southern end. The sequence ex-
posed along this coast maintains a nearly constant strike and
dip of N30-30° E, 15-25° SE and is estimated to 5 kilometers
thick.

The uppermost siltstone at the south end of the island con-
tains abundant and well-preserved, upper Pliocene suban-
tarctic planktic foraminifera (table). Approximately midway
through the section exposed on the island another siltstone unit
contains a less abundant and poorly preserved planktic for-
aminiferal assemblage. A few specimens of lower Pliocene
Globorotalia (Globoconella) puncticulate are present as well as other
longer ranging species, including Globigerina bulloides, Gq. quin-
queloba, Neogloboquadrina pachyderma. No microfossils were re-
covered from the coarser units which underlie these siltstones.
It appears, therefore, that the Guafo Island sequence was de-
posited during a marine phase that began during either the late
Miocene or earliest Pliocene. Although no basement exposure
was observed, the extreme thickness and coarse nature of the
boulder conglomerate exposed on the northern end of the is-
land probably represents the initial phase of basin
development.

Ipun-Lemo-Stokes Islands. The islands of Ipun, Lemo, and
Stokes lie between 44°32' S and 44°41' S latitude, 100 kilometers
due south of Guafo Island. The clastic sediments exposed on
these islands form a nearly continuous lithostratigraphic se-
quence which begins on the northwestern side of Stokes with a
3-5 meter thick, strongly indurated, dark, pebbly metamorphic
conglomerate lying disconformably on crystalline basement.
The conglomerate is interbedded with coarse sands and a white
indurated tuff. The sequence grades upward toward the west

76	 ANTARCTIC JOURNAL



Planktic foraminiferal species occuring in siltstone units within the various island sequences

Guafo Island (Globorotalia inflata Zone, lower Pliocene)	 Ipun Island (Praeorbulina glomerosa Zone, upper lower-lower Middle
Globigerina (Globigerina) bulloides	 Miocene)
Gg. (0g.) falconensis Cataspsydrax parvulusGg. (Gg.) quinqueloba	 C. unicavus
Gg. (Zeaglobigerina) aperture	 Globigerina euapertura (reworked ?)
Gg. (Zg.) woodi
Globigerinita glutinata
Ga. uvula
Oloborotallia (Oloboconella) inflata
Or. (Hirsute/la) scitula
Gr. (Truncorotalia) crassula
Neogloboquadrina pachyderma
Orbulina universa

Tres Montes (Neogloboquadrina continuousaiN. pachyderma Zone
lower Upper Miocene)

Olobigerina (Globigerina) angustiumbilicata
0q. (0g.) bulloides
0g. (Gg.) falconensis
Gg. (0g.) praebulloides
0g. (0g.) quinqueloba
Olobigerina (Zeaglobigerina) brazieri
Gg. (Zg.) druryi
0g. (Zg.) woodi
Globoigerinita glutinata
Ga. uvula
Oloborotalia (Oloboconella) miotumida
Or. (Hirsute/la) scitula
Neogloboquadrina continuosa
N. pachyderma (early forms)
Orbulina suturalis
Orbulina universa

0g. ouachitaensis
0g. (Zg.) connecta
0g. (Zg.) druryi
0g. (Zg.) woodi
0g. (Globigerina) angustiumbilicata
0g. (0g.) praebulloides
Oloboquadrina dehiscens
0g. venezuelana
Globorotalia nana
Or. conica
Or. (Oloboconella) incognita
Or. (0.) miozea
Praeorbulina glomerosa sensu lato

Tres Monies (Globigerina angiporoides Zone, lower Oligocene)

Olobigerina ampliapertura
0g. angiporoides
Oloborotaloides suteri
Gd. cf. testarugosa
Oloborotalia gemma
Or. munda
Or. nana
Or aft psuedocontinuosa

into massive, indurated, brown and gray, coarse sands which
form shear, 10-15-meter cliffs along the northwest coast of
Stokes Island. Molluscs are common within the sandstone units
on the west end of Stokes and include Distortio, Cassis, and
Tereba. Numerous fragments of fossil crab were also recovered
from concretions ar this location.

The sequence can be traced across to Lemo and Ipun Islands
where the brown, fine-grained sandstones are interbedded
with gray siltstone. On the east side of Ipun these beds are
typically 25-50 centimeters thick but become thinner (5-10 cen-
timeters) and more rhymically bedded on the west side of Ipun.
Abundant upper lower Pliocene foraminifera were found in the
sediments on the west side of Ipun (table).

The degree to which tectonics and eustacy have interacted to
produce the record of marine deposition in southern Chile is a
subject of continuing interest and will require additional field
and laboratory analyses.

This research was supported by National Science Foundation
grant DPP 82-14174.
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Stratigraphic/sedimentological studies
in the Upper Cretaceous

of southwestern Patagonia

C.E. MACELLARI

Earth Sciences and Resources Institute
University of South Carolina

Columbia, South Carolina 29208

Several National Science Foundation sponsored expeditions
conducted during the last few years on Seymour Island (Ant-
arctic Peninsula) have greatly increased our knowledge of the
Late Cretaceous sediments exposed in this area of the world (cf.
Zinsmeister 1982; Huber 1984; Macellari 1984). From these stud-
ies, it became evident that refinements were necessary in our
knowledge of the stratigraphy, sedimentology, and mac-
ropaleontology of Late Cretaceous beds outcropping in south-
western Patagonia (Argentina and Chile). An expedition to un-
dertake these studies was mounted in January 1986.

Five detailed sections were measured in the Lago Argentino!
Rio Turbio area (figure), which correlate with three sections
measured in a previous expedition (Macellari 1985). These sec-
tions encompass a late Campanian to Paleocene sequence. Un-
fortunately, the sparsity of the macrofauna hinders the precise
dating of thick intervals of the measured sections. This has also
hampered the recognition of the Cretaceous/Tertiary boundary,
except to the south (Rio Turbio) where the section is mostly
marine and more fossiliferous.

Field observations confirm earlier conclusions (i.e., Feruglio
1949; Cecioni 1957; Nullo, Prosperio, and Blasco de Nullo 1981;
Arbe and Hechem 1984; among others) that facies became pro-
gressively more continental from south to north. Maximum
progradation of continental facies was observed in latest
Maastrichtian/earliest Paleocene beds. This event was followed
by a widespreas transgression in the latest Maastrichtian or
earliest Paleocene.

A strong volcanic input is seen in the Paleocene beds, similar
to that observed in Antarctica (Macellari 1984). Petrographic
data suggest that the dominant sediment source was the An-
cestral Andes to the west. Field observations south of Lago
Argentino, however, demonstrate a lateral passage from shal-
low marine-deltaic sediments in the west to braided river de-
posits in the east. This indicates that during the least part of the
Late Cretaceous an eastern source of sediments was present in
addition to the Andean source. An effort is currently underway
to identify the petrographic signature of these two sources and
their differing contributions to the basin through time.

The field party was composed of Marcelo Manassero (Univer-
sity of South Carolina), Claudio Barrio (Universidad Nacional
de La Plata), and me. This ongoing research is supported by
National Science Foundation grant EAR 84-18145.
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Kinematics of the Scotia Ridge,
Antarctica,

and southernmost South America

I.W.D. DALZIEL

Institute for Geophysics
University of Texas at Austin

Austin, Texas 78751

During the period from 1 June 1985 to 30 May 1986, the
following field work was undertaken:
• Cruise of RIV Polar Duke to South Georgia during June 1986

(Cruise 85-4).
• Cruise of RIV Polar Duke to Diego Ramirez Islands, Chile

during October 1985 (Cruise 85-6).
• Field work on Smith Island, South Shetland Islands, from R/V

Polar Duke during austral summer 1985-1986 (Cruise 86-4).
• Cruise of RIV Polar Duke to Isla de Los Estados and east-

ernmost Tierra del Fuego, Argentina during May 1986
(Cruise 86-5).
This field work resulted in considerable collections of data

and specimens for the two main aspects of the project.
1. Evolution of subduction complexes.

a. A significant part of the Diego Ramirez Islands was map-
ped, and material was collected for geochemical and geo-
chronologic study. It appears in the field that the rocks

have undergone blueschist facies metamorphism. This
remains to be checked in the laboratory.

b. Detailed structural studies were undertaken on Smith
Island. Material was collected for geochemistry and
geochronology.

2. Arc-continent collision.
a. Material for uranium-lead zircon geochronology and pal-

eomagnetism was collected from the southwestern (mag-
matic arc) zone of South Georgia.

b. Extensive studies were made of the volcanology, sedi-
mentology, and structure of the Tobifera and Beauvoir
Formations in easternmost Tierra del Fuego and Isla de
Los Estados. Material was collected for detailed pe-
trologic, geochemical, and structural petrologic study.
Earlier work appears to have greatly underestimated the
extent of intense ductile shearing during the first phase of
Andean deformation in these rocks (see Dalziel and Pal-
mer 1979).

All the laboratory studies are being actively pursued at the
present time. First results from the project will be presented at
the symposium on Antarctic Earth Sciences at Cambridge, Unit-
ed Kingdom in August 1987.

The work was supported by National Science Foundation
grant DPP 85-03196.
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Meteorite studies__________________________

Search for meteorites, 1985-1986

W. A. CASSIDY

University of Pittsburgh
Pittsburgh, Pennsylvania 15260

During the 1985-1986 austral summer, two field parties
searched for meteorites. One team was scheduled to be put in
by LC-130 at Thiel Mountains (85°15'S 91°00'W) to do sys-
tematic searching there, and the other was to carry out recon-
naissance searches on areas of exposed ice accessible by heli-
copter and oversnow traverse from the Beardmore remote field
camp.

Upon arrival at McMurdo Station, I learned that the Thiel
Mountains visits had been cancelled because of overcommit-
ment of LC-130-time for that season. I decided, therefore, to
have the Thiel Mountains party go to Allan Hills instead and
complete our systematic searching coverage of the Allan Hills
far western icefield (76°54'S 157°01E). This would essentially
terminate our systematic meteorite recovery work at Allan Hills;
after this field season, therefore, one could not expect to en-
counter large numbers of specimens at any of the Allan Hills
icefields, although it always will be possible to find a few spec-
imens there, because even with systematic searching, recovery
is never 100 percent complete.

The field parties were in Antarctica from 26 November 1985
until January 1986. Accounts of the activities of each field party
follow in this section. This research was supported by National
Science Foundation grant DPP 83-14496.

Search for meteorites in the
Beardmore Glacier region

W. CASSIDY

University of Pittsburgh
Pittsburgh, Pennsylvania 15260

P. ENGLERT

San Jose University
San Jose, California 95192

T.THOMAS

Smithsonian Institution
Washington, D.C. 20560

C. THOMPSON

Cardrona Ski Patrol
Wanaka, New Zealand

The Beardmore party was based at the Beardmore remote
field camp from 6 December 1985 until 23 January 1986. Initially,
we made day trips by snowmobile to sites of exposed ice border-
ing the Walcott Névé (84 023'S 162°40'E) and began recovering
meteorites on a tongue of ice that extends into the large maraine

located below Lewis Cliff and Mount Achernar (84°12'S
160°56'E). I will refer to this feature as the "Lewis Cliff ice
tongue." Because of the high surface density of meteorites
there, we were able very quickly to establish this site as one
where systematic searches would be desirable at a future date.
When helicopter transport became available, we put in a field
camp south of the Otway Massif (85°27'S 112°00'E). Operating
from this camp, we carried out reconnaissance searches around
the Otway Massif and Mount Bumstead (85°39'S 174°10'E) and
then traversed to Mount Cecily (85°52'S 174°15'E). From the
Mount Cecily campsite, we carried out reconnaissance searches
around Mount Block (85°46'S 176°13'E), Mauger Nunatak
(85°44'S 176°44'E), Block Peak (85°41'S 176°20'E), Mount Ray-
mond (85°53'S 174°43'E), Mount Emily (85°50'S 174°20'E), and
Mount Cecily. Traversing then to a point approximately midway
across the upper reaches of the Mill Glacier, we visited a large
area of firn and blue ice at 85°42'S 170°30'E, then traversed to a
final campsite at 85°32'S 166°20'E, from which we carried out
reconnaissance searches around Mount Ward (85°40'S
167°10'E), Davis Nunatak (85°37'S 166°36'E), and Mount Saun-
ders (85°21'S 165°26'E) in the Dominion Range. Our traverse
concluded, we were picked up again by helicopter and moved
back to the Lewis Cliff ice tongue, where we reoccupied the site
of an earlier camp (dubbed "Hard Times" by its inhabitants) that
had been established originally to work the vertebrate fossil
locality at Coalsack Bluff (84°14'S 162°25'E). We recovered mete-
orite specimens at many of the localities visited in the course of
our reconnaissance traverse, as well as at the Lewis Cliff ice
tongue, where we conducted systematic searches during the
balance of the field season. Our results are summarized in the
table.
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List of Beardmore party meteorite recoveries, with tentative field identification of meteorite types.
Numbers with question marks and parenthetical enclosures were not conclusively identified as meteorites

Carbonaceous	Ordinary
Locality
	 Iron	chondrite	chrondrite	Achondrite	Unclassified	 Total

4 + (4?)Lewis Cliff ice tongue
Coalsack Bluff
Otway Massif
Mount Cecily
Mount Emily
Mount Raymond
Block Peak
84042S 170030'E
Mount Ward
Davis Nunatak
Mount Saunders
Geologists Range
Milan Ridge

Totals

158 + (4?)	2 + (1?)	 6
(1?)

3
4
3
5

4
6 + (1?)
2
5
2

193 + (6?)	2 + (1?)	 6

170 + (9?)
(1?)

3
5
3
5

4 + (11?)
6 + (1?)
2
5
2

207 + (11?)5 + (4?)

During the latter part of the field season, we were able to visit
the southern part of the Geologists Range (82°43'S 155°05'E),
Milan Ridge (83°15' 156°08'E), and Sandford Cliffs (83°54'S
159°17'E) by helicopter from the Beardmore Camp. Recoveries
were made at each of the Geologists Range and Milan Ridge
sites. During this period, too, a survey team from the U.S.
Geological Survey spent a day with us and established a grid of
reference points that we used in mapping the field occurrence of

the meteorites we had recovered at the Lewis Cliff ice tongue.
This team was led by Gary Parasso. Other members were Ed-
ward Eckel, Margurite Hower, and George Sandul. We are
indebted to this group of dedicated professionals and to their
agency for their help. The reference grid and the meteorite
location map will be published separately.

The research described here was made possible by National
Science Foundation grant DPP 83-14496.

Search for meteorites in the Allan Hills
region, 1985-1986

J. SCHUTT

Department of Geology and Planetary Sciences
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

L. SCHULTZ

Max Planck Institute fur Chemie
Mainz, Federal Republic of Germany

E. ZINNER

McDonnell Center for Space Sciences
Washington University

St. Louis, Missouri 63130

M. ZOLENSKY

National Aeronautics and Space Administration
Houston, Texas 77058

Circumstances forced abandonment of plans to search sys-
tematically known meteorite concentrations in the Thiel Moun-

82

tains region during the 1985-1986 season. Thus, we turned our
attention to the icefields of the Allan Hills region in southern
Victoria Land, a proven source of meteorites within helicopter
range of McMurdo Station. From 7 December 1985, the expedi-
tion spent nearly 6 weeks in the field conducting systematic and
reconnaissance searches. (See table 1).

Meteorites had been recovered from one or more of the Allan
Hills icefields (figure) in 10 consecutive austral summers since
the commencement of this project in 1976-1977. Only about 40
percent of the far western icefield (76°54'S 157°01'E) remained
to be systematically searched. This was completed during the
1985-1986 season with 147 meteorite specimens recovered. Ap-
proximately 16 kilometers north of the far western icefield is a
relatively small, but separate, bare-ice feature we have referred
to as the "northwestern icefield." This area is similar to other
isolated icefields with meteorite concentrations, but a thorough
reconnaissance search resulted in only one meteorite find.

There are sizable bare-ice areas at Reckling Peak (76°16'S
15915'E). The ice north of the nunatak was visited briefly during
the 1980-1981 austral summer. The more extensive ice areas
south and west of the peak were traversed this season. No
meteorites were discovered on either of the reconnaissance
searches. The blue-ice areas stretching from Jarina Nunatak
(76°23'S 160°10'E) to Trinity Nunatak (76°26'S 160°38'E) were
also searched with no success.

At the end of the season we returned to the Allan Hills main
icefield. Traverses of the icefield and random searches resulted
in 17 meteorite recoveries. The ice-movement survey stations
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Table 1. Tentative classification of meteorites recovered
in the 1985-1986 season in the Allan Hills region

Ordinary	 Carbonaceous
Icetield	chondrite	Achondrite	chondrite	Total

Allan Hills
Main	 17	0	 0	17

Allan Hills
Far Western	126	2	 19	141

Allan Hills
Northwestern	1	0	 0	1

Total	 144	2	 19	165

Northwestern Icefleld

O1O2O/

,̂'Far Western Icefield

Reckifng Pee

I	 .4'
0

Near
Western icetreld

.. Mtn icefleid	.5

Middle Western $cefieid	 -	 .)
t.	.	Allan Hills

^4
;

Satellite photograph of the Allan Hills regions ("Km" denotes
"Kilometer.")

were measured for ablation and reset. Ice samples were ob-
tained for chemistry and dating experiments.

The systematic search of the Allan Hills icefields was essen-
tially completed this season, although sporadic future finds will
probably be made. Close to 1,700 meteorite specimens have
been recovered from the bare-ice areas in the Allan Hills region
since 1976-1977.

During the 1984-1985 austral summer, an experiment was
begun to determine how fast and how far meteorites travel over
the ice surface once they emerge. It has been observed that most
of the smallest specimens are concentrated at or near the down-
wind edge of the bare-ice area. Many have been found on top of
firn patches and firn-filled crevasses or even on firn up to 40

Table 2. Results of wind-driven "meteorite" experiment after 1 year

	

Team #1	 Team #2

(Encased on ice)	 (Set on surface)
Specimen	Weight	Distance Specimen	Weight	Distance
number	(grams)	(meters)	number	(grams)	(meters)

1	1.01	_a	 1	1.17	_a

2	2.82	43.7	2	3.25	_a

3	4.22	_a	 3	4.40	168.5
4	4.61	81.0	4	7.62	111.5
5	8.50	_a	 5	10.35	108.3
6	11.97	_a	 6	12.06	0
7	14.54	_a	 7	14.96	_a

8	17.88	2.8	8	20.87	0
9	26.93	58.6

Number 9 (25.71 grams) to	Number 10 (35.79 grams) to

	

number 21 had not moved from	number 20 had not moved from
start position.	 start position.

a Not found

meters down-wind of the ice edge. This secondary con-
centration mechanism is presumably the winter katabatic
winds.

For the experiment, surrogate "meteorites" of Columbia River
Basalt were collected from coolees in Washington State. Pebbles
and cobbles were chosen by shape so as to represent rounded
meteorites with full-fusion crusts. The density of basalt is sim-
ilar to the achondrites but is slightly lower than the more com-
mon ordinary chondrites. (Void-free basalt density is 2.8 to 3.1
grams per cubic centimeter; the density of olivine-hypersthene/
olivine-bronzite group chondrites is 3.44 to 3.90 grams per
cubic centimeters.

One team of 20 "meteorites," ranging in weight from 1.97 to
907.00 grams, were deployed at the starting line on the ice
surface. Another team of 21 specimens, ranging in weight from
1.01 to 803.52 grams, were encased in ice so that their tops were
within 0.5 centimeters of the ice surface. All of the specimens in
this team, with the exception of the three largest, had emerged
from the ice and were sitting on the surface free to move. The
three largest had almost totally emerged from the ice indicating
at least 4 centimeters of ablation had taken place. After a year, a
number of stones from both teams were found to have moved
down-wind from the starting lines. The results are shown in
table 2.

This project is supported by National Science Foundation
grant DPP 83-14496.
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Meteorite studies: Terrestrial and
extraterrestrial

applications, 1986

M.E. LIPSCHUTZ

Department of Chemistry
Purdue University

West LaFayette, Indiana 47907

The 7,500 meteorite fragments recovered from Antarctica to
date represent 1,200 to 3,800 separate falls, a number compara-
ble with or exceeding the number of different meteorites re-
covered from the rest of the Earth over all time (Dennison,
Lingner, and Lipschutz 1986). Relative to nonantarctic observed
falls—hitherto, the accepted standard sample of extraterrestrial
material—antarctic specimens are peculiar since many rpresent
unique or rare types. Additionally, even representatives of
types common among nonantarctic falls have unusual relative
proportions in the antarctic population (Dennison et al. 1986).
Lipschutz and Cassidy (in preparation) describe the overall U.S.
program, including meteorite collection and curation, and sum-
marize some recent, exciting scientific results revealed by the
samples.

In our laboratory, we use radiochemical neutron activation
and atomic absorption techniques to determine trace and ultra-
trace concentrations (at the part-per-million to part-per-trillion
level) of 12 to 15 elements in each sample. These are chal-
cophile, siderophile, and lithophile elements that are thermally
highly mobile in genetic episodes. Hence, their relative and
absolute concentrations record preterrestrial and terrestrial his-
tories that can be deduced from study of the meteorites
(Lipschutz 1985a).

Meteorites of rare or unique type are of great scientific inter-
est because they represent parent bodies and/or regions not
ordinarily sampled by Earth. For example, consortium study of
an igneous sample, Shergotty, thought to come from Mars (Laul
et al. 1986)—that is related to two unique antarctic meteorites—
reveals that the earth and Mars derive from the same two
chemically different components. However, proportions of the
two components differ in these planets, arguing for accetionary
history differences (Laul et al. 1986)..

The martian origin of Shergotty and the three other known
related meteorites, while highly probable from circumstantial
evidence (Laul et al. 1986) is not absolutely certain since no
samples of Mars have been obtained by planetary probe. We are
certain that three antarctic meteorites derive from massive im-
pact(s) on the Moon: none is known to occur on Earth outside of
Antarctica (Lipschutz 1985b). Whether these three samples
were launched earthward at above escape velocity (greater than
2.4 kilometers per second) by more than one impact had been
uncertain (Lipschutz 1985c). Mobile trace element trends in the
first two samples clearly differed, the pattern in Allan Hills
(ALHA)81005 indicating a typical lunar highlands rock into
which 1.3 plus or minus 0.5 percent Ci-chondrite-equivalent
had been admixed. In contrast, Yamato (Y)791197 is among the
most trace-element-rich lunar samples known (Kaczaral, De-
nnison, and Lipschutz 1986). Results for the third sample,
Y82192, reveal a pattern like that in ALHA81005 with subtle

differences: early, rapid admixture of 2.4 plus or minus 0.8
percent Cl-equivalent into the Yamato sample; and evidence for
an ancient meteorite impact component (Dennison, Kaczaral,
and Lipschutz in preparation). These observations point to a
distinct lunar source region for each meteorite, hence three
separate massive impacts on the Moon. This implies that, on the
100,000-year time scale sampled by Antarctica, massive impacts
on the Moon were by no means uncommon, in turn strengthen-
ing the likelihood of multiple impacts large enough to eject
martian samples above escape velocity (greater than 5.0 kilo-
meters per second) (Dennison et al. in preparation; Laul et al
1986). As an aside, a substantial portion of Y82192 was shock-
melted in an impact: mobile elements were slightly but mea-
surably deplected during this episode as they are in high-
intensity impacts on asteroids (Dennison et al. in preparation).

Earlier comparisons of mobile element contents in petrologic
grade 5, high-iron (i.e., H5) chonrites from Victoria Land, Ant-
arctica, with contemporary falls indicated statistically signifi-
cant (greater than 90 percent confidence level) differences for 8
of 13 elements tested (Dennison et al. 1986; cf. Lipschutz 1985c,
in press). These differences suggested that the asteroidal parent
populations sampled by contemporary nonantarctic falls and
by Victoria Land 100,000 to 1,000,000 years ago, differ. If ver-
ified, Antarctica would be established as containing material
from extraterrestrial parent bodies or regions not previously
recognized elsewhere on Earth, thus accounting for peculiar
antarctic meteorite types and distributions (Dennison et al
1986).

During the 1985-1986 austral summer, major studies of trace-
element distributions in H4-6 chondrites have been completed,
and the antarctic/nonantarctic differences are even more strik-
ing (Lingner et al. in preparation; Dennison and Lipschutz in
press. Not only do the populations differ compositionally but
also in shock histories and contents of cosmic-ray-produced
radioactive (3.7 million years) manganese-53. The shock dif -
ference detectable petrologically (Dennison and Lipschutz in
press) was also observed by others using thermoluminescence.
An apparent problem with the hypothesized difference in par-
ent populations of antarctic and nonantarctic meteorites is that
Earth-crossing ejecta from asteroid-ring parent objectives
should be homogenized on the 10,000,000-year time scale ac-
cording to current orbital dynamics arguments (Dennison et al.
1986). However, re-examination of the dynamic arguments,
prompted by that paper, indicates that over 100,000 to 1,000,000
years (the antarctic meteorite scale), Apollo asteroids contribute
appreciably to the Earth's flux of meteorites (Dennison and
Lipschutz in press). Antarctic meteorites may be reflecting that
specific contribution.

Chemical data may also permit ranking meteorites by time
spent on the ice-sheet surface (which, when subtracted from
the total terrestrial age measurable from cosmic-ray-produced
radionuclides, gives the travel time within the ice sheet). De-
nnison and Lipschutz (in press) report that trace elements are
depleted in highly weathered H chondrites, probably by leach-
ing and that eight elements (cobalt, gold, antimony, cesium,
tellurium, bismuth, indium, and thallium) provide an index for
H chondrite weathering on the ice sheet. The validity of this
index should be established by additional studies: if it is ver-
ified, efforts should be made to quantify this time scale to obtain
an absolute measure of ice-sheet dynamics.

This research was supported in part by National Science
Foundation grants DPP 81-11513 and DPP 84-15061, National
Aeronautics and Space Administration grant NAG 9-48 and De-
partment of Energy grant DEFG 0280 ER 10725.
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Study of antarctic meteorites and
polar ice

using radionuclides produced by
cosmic rays

D. ELMORE

Nuclear Structure Research Laboratory
University of Rochester

Rochester, New York 14627

K. NisHlizuMi

Department of Chemistry
University of California, San Diego

La Jolla, California 92093

Our measurement program on cosmogenic nuclides in ant-
arctic ice, Greenland ice, and antarctic meteorites seeks to un-
derstand the history of polar ice sheets, the history of climatic
change, and meteorite accumulation mechanisms. In addition,
we are studying the history of antarctic meteorites and galactic
cosmic rays. Our probes are mainly the long-lived cosmic ray
produced radionuclides: beryllium-10 and chlorine-36 in ice
and beryllium-b, aluminum-26, chlorine-36, calcium-41, man-
ganese-53, and iodine-129 in antarctic meteorites. The mea-
surement of radionuclides (except for manganese-53) is carried
out by accelerator mass spectrometry (AMs).

We are measuring terrestrial ages of antarctic meteorites
using cosmogenic chlorine-36 (Nishiizumi et al. 1979). We re-
cently found two stony and two iron meteorites which have the
longest terrestrial ages so far observed in Antarctica
(Nishiizumi et al. 1986). The terrestrial ages of ALHA78153 and
ALHA78045 are 950,000 years and 750,000 years, respectively.
Both of these meteorites and also ALHA77002 (700,000 years)

were found near the east edge of the Allan Hills main ice field.
The long terrestrial age of Allan Hills meteorites and the in situ
produced aluminum-26/beryllium-10 exposure time of quartz
which was collected at the top of the Allan Hills indicate that the
top of Allan Hills has not been covered by ice for at least 1
million years. Two iron meteorites, Derrick Peak and Lazarev,
have longer terrestrial ages, 1,300,000 and 2,700,000 years.

In addition to doing meteorite studies, we have been measur-
ing chlorine-36 in polar ice. There are two primary motivations
for measuring chlorine-36 in ice. The first is to look for correla-
tions between chlorine-36 concentrations and changes in solar
activity. Previous studies of beryllium-10 and carbon-14
(Stuiver and Quay 1980; Raisbeck et al. 1981; Beer et al. 1984)
have demonstrated that the production of these radioisotopes
increases during periods of low solar activity. When the Sun is
active, the magnetic field induced by the solar wind deflects
galactic cosmic rays from the inner solar system and thereby
lowers the production of radioisotopes. Our study of chlo-
rine-36 in ice dating back to 1550 A.D. from Camp Century,
Greenland shows that there was an increase in chlorine-36
production during the Maunder minimum (1650 to 1715).
However, climatic variations introduce large fluctuations in the
chlorine-36 profile and the Maunder minimum peak is only
readily apparent when the data is mathematically smoothed.

The second motivation for measuring chlorine-36 in ice is to
test the possibility that the ratio of chlorine-36 to beryllium-b
will provide a means of dating very old ice (Nishiizumi et al.
1983). Since levels of chlorine-36 and beryllium-10 vary greatly
in ice of equivalent age relative to their half-lives (chlorine-36
has a half-life of 300,000 beryllium-10 has a half-life of 1,600,000
years), dating with one of the radioisotopes alone is impossible.
If, however, both isotopes have the same production rates and
aretransported identically to the ice sheet, the ratio of chlo-
rine-36 to beryllium-10 with its half-life of 370,000 years may
provide a radiometric means of dating very old ice.

Preliminary results from Camp Century, Greenland show
that it will almost certainly not be possible to use the beryl-
lium-10/chlorine-36 ratio for dating. Beryllium-10 and chlo-
rine-36 were measured in more than 20 samples, and beryl-
lium-10/chlorine-36 atom ratios varied without any obvious
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pattern from below 5 to over 15. Additioal evidence comes from
Antarctica. We found that the beryllium-10/chlorine-36 ratio
changed significantly within a short depth interval within a
single block of ice and that the calculated age of ice based on
beryllium-10/chlorine-36 differed from the age of an embedded
meteorite, ALHA82IO2.

A variation of the beryllium-10/chlorine-36 ratio may be
caused by climatic effects, for example changes in air circulation
between the stratosphere and the troposphere in the polar
region in combination with chemical processes that affect aero-
sol chlorine differently than aerosol beryllium. Also, the beryl-
lium-10/chlorine-36 ratio is smaller than expected indicating
that there may be additional sources of chlorine-36. If there is a
source of chlorine-36 that varies independently from the galac-
tic cosmic ray flux, this would result in variations in the isotope
ratio. Discovery of the cause of the variations may lead to a new
tool for understanding paleoclimate.

This work involves a collaboration between the cos-
mochemistry group at the University of California, San Diego
(K. Nishiizumi and J. Arnold) and the accelerator group at the
Univeristy of Rochester (D. Elmore, P.W. Kubik, N.J. Conard,
and H. E. Cove). The beryllium-10/aluminum-26 measurements
in quartz were obtained at the University of Pennsylvania (R.
Middleton and J . Klein) and the beryllium-10 measurements in
ice were obtained by the University of Bern (I . Beer and H.
Oeschger)/ETH-Zurich (W. Woelfli, M. Suter, and C. Bonani)
collaboration.

This work was supported in part by National Science Founda-
tion grants DPP 84-09526, DPP 84-10467, and ATM 82-12793.
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Characterization of antarctic
meteorites

B. MASON, G.J. MACPHERSON, and R.S. CLARKE, JR

Department of Mineral Sciences
Smithsonian institution

Washington, D.C. 20560

We have continued to characterize antarctic meteorites col-
lected in Victoria Land by W.A. Cassidy (principal investigator)

and his colleagues. This work has required the preparation of
several hundred polished thin sections of the meteorites, their
examination with petrographic and metallographic micro-
scopes, and analysis of the minerals with an electron-beam
microprobe.

During the past year, we have examined 9 specimens from the
1978 collection, 2 from 1981, 70 from 1983, and 101 from 1984.
We have now completed the characterization of the collections
from 1976 through 1982, a total of 1,235 meteorites. Work con-
tinues on the 1983 and 1984 collections, and specimens from the
1985 collection are expected soon. The results of the current
year's work have been published in the Antarctic Meteorite News-
letter, 8:2 and 9:1 (available from Johnson Space Center, Code
SN2, Houston, Texas 77058).
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Glacial geology

Recycled marine microfossils from
basal debris-ice

in ice-free valleys of southern Victoria
Land

D.M. HARWOOD and P-N. WEBB

Institute of Polar Studies
Ohio State University
Columbus, Ohio 43210

Wright Upper Glacier in the ice-free valleys of southern Vic-
toria Land, Antarctic extends from the Polar Plateau, over the
Airdevronsix Icefalls, and into Wright Valley, a distance of about
7 kilometers and a drop in elevation from 1,200 meters at the
base of the ice-falls to 1,000 meters at the terminus. Surface ice-
level contours suggest Wright Upper Glacier is composed
largely of ice from a local ice-dome inland of the Transantarctic
Mountains (Drewry 1980), with only minor ice contribution
from the east antarctic ice sheet.

Basal debris-ice was collected from the terminus of Wright
Upper Glacier in 1983. The ice was melted at McMurdo Station,
and debris extracted from the ice was examined for microfossil
and sediment content at Ohio State University.

Cenozoic marine microfossils including marine diatoms, for-
aminifera, and sponge spicules were recovered from this basal
debris. The diatoms are poorly preserved but can be identified
as belonging to genra Actinocyclus, Cosinodiscus, Stephanopyxis,
Thalassjonema and Thalassjosjra. No whole diatoms were re-
covered, preventing species identification. Numerous frag-
ments that could possibly be from Thalassiosira torokina (upper
Miocene through upper Pliocene) were encountered. For-
aminifera are greatly compressed, deformed, and largely infil -
led, suggesting an origin in a thick sedimentary sequence of
probable Tertiary age. Age-diagnostic taxa were not identified.
The fauna consists of one internal cast of a clacareous foram
(Family Anomalinidae) and four agglutinated taxa (Family
Lituolidae). The largest foraminifera recovered was greater than
250 micrometers in great dimension.

Sediments in the basal debris-ice consist primarily of clay and
silt (mostly angular quartz and some feldspar). Minor amounts
of brown chert and sedimentary carbonate were recognized.
The paucity of rounded quartz grains and heavy minerals sug-
gests a source area outside the ice-free valley region, where
Beacon Supergroup sediments, Ferrar Dolerites, and basement
complex granites are dominant. The absence of volcanic mate-
rial (McMurdo Volcanic Group) also argues against a Ross Sea
origin for this material.

The microfossils recovered from Wright Upper Glacier are
very similar to those recovered from the Sirius Formation (Har-
wood 1983, 1986, Antarctic Journal this issue; Webb et al. 1984, in
preparation). The foraminiferal faunas are unlike all faunas re-
ported from deposits in the ice-free valley region; agglutinated
foraminifera are not known as part of the valley fauna (Webb
1974; Webb and Wrenn 1982; Ishman 1985) and appear to be
exotic. The microfossils in the Sirius Formation originated in the
Wilkes subglacial basin in East Antarctica (Webb et al. 1984) and
were reworked into this glacial unit by east antarctic ice (figure).
The nature of preservation and composition of the foraminifera
and diatom assemblages are similar to Sirius Formation micro-
fossil assemblages.

The immediate sources for the microfossils recovered from
the basal debris-ice are local deposits of the Sirius Formation
beneath or near Wright Upper Glacial (figure). The Sirius For-
mation occurs near Wright Upper Glacier on Mount Fleming
(near plateau ice levels), on Shapeless Mountain, and probably
beneath the polar plateau as indicated by erratics of the Sirius
Formation in the Elephant Moraine (76°11'S 157°10'E) which
also contain marine diatoms (Harwood 1986).

Other possible sources for the microfossils include: (1) the
Wilkes subglacial basin, by direct transport from the east ant-
arctic ice sheet and (2) a local marine basin in the western
portion of Wright Valley which has been uplifted with the Trans-
antarctic Mountains. The Sirius Formation appears to be the
most likely source for the microfossils because an ice-dome
presently blocks east antarctic ice from entering Wright Valley
and because the fauna bears no resemblance to known ice-free
valley faunas.

Microfossils from East Antarctica are apparently being trans-
ported across the Transantarctic Mountain rock threshold and
into the ice-free valley region. Given the suggested history of
major increases in the size of the east antarctic ice sheet (May-
ewski and Goldthwait 1985; Webb et al. 1984; Denton et al.
1984), marine microfossils in glacial deposits in the ice-free

Diagram illustrating transport of microfossils into the Sirius Forma-
tion (A) by the east antarctic ice sheet and erosion and transport of
microfossils (B) by Wright Upper Glacier.
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valleys and other areas to the east of the Transantarctic Moun-
tains divide may have a source in sedimentary basins in East
Antarctica. Correlation of glacial deposits by their constituent
microfossils should be approached with caution in light of evi-
dence for reworking of marine sediments from East Antarctica.
The presence of similar microfossil assemblages in glacial de-
posits does not imply coeval deposition but more likely reflects
an earlier marine event "upstream" from these deposits.

This research was supported by National Science Foundation
grant DPP 83-15553 and DPP 84-20622.
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Glacial geology of Spike Cape,
McMurdo Sound

M.C.G. MABIN

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

Spike Cape is a small ice-free area on the western side of
McMurdo Sound, 15 kilometers northwest of Marble Point. A
promontory rises to about 150 meters above sea level and is
connected by a tombolo with two low knolls rising to 25 meters
above sea level. These form a small peninsula that extends
northeast for 1.25 kilometers. Bedrock is microdiorite gneiss
(Gunn and Warren 1962) that has been smoothed and stream-
lined by glacial action. A thin mantle of glacial deposits now
covers most of the area and at lower elevations, the bedrock and
till has been further modified by marine processes (Nichols
1968). The surficial geology is shown in the figure. Differences
in composition and weathering allow three till sheets to be
identified: knoll till, promontory till, and piedmont till.

Knoll till caps the two low knolls near Spike Cape. It consists
of poorly sorted sand to boulder-sized material. Most is locally
derived gneiss, but erratic rock types are common including
granodiorite, granite, and scoriaceous basalts of the McMurdo
Volcanic Group. The till and exposed bedrock are noticeably
weathered. Quartz-rich veins stand up to 8 centimeters above
the gneiss country-rock, and cavernous weathering has re-

moved over 30 centimeters of material from some of the gra-
nodiorite and granite boulders. Many of the cobbles and boul-
ders have had their exposed surfaces rounded by exfoliation
and grain-disintegration processes. A soil profile has begun to
develop in the till which is oxidized a red-brown color to a depth
of 25 centimeters. Promotory till mantles the steep slopes near
the Wilson Piedmont Glacier. It has similar characteristics as the
knoll till, except that no McMurdo volcanic clasts were found.
The piedmont till occurs on the generally flat area at the top of
the promontory, in front of a recently retreated portion of the
Wilson Piedmont Glacier. It consists of boulders and cobbles
scattered over the gneiss bedrock. It is composed mainly of
gneissic rocks with occasional granodiorite and granite erratics;
however, no McMurdo volcanic clasts were seen. The rocks are
all unweathered and some boulders can be seen precariously
perched on smaller rock fragments.

Striations were found on the surface of a dark fine-grained
dyke that intrudes the gneiss (figure). The dyke is 2.5 meters
wide and extends east-northeast for about 400 meters from the
glacier margin. Two contrasting sets of striations commonly
occur, and cross-cutting relationships allow relative age dif-
ferentiation and sense of movement to be determined. The most
common set trends between 65° and 80° (approximately east-
northeast) and is preserved on rock faces oriented toward the
Wilson Piedmont Glacier. The second set trends at 320°-140°
(northwest to southeast) and is preserved on small facets ori-
ented away from the Wilson Piedmont Glacier. The formation of
the east-northeast trending set has obliterated most of the
northwest-to-southeast trending set, the latter being preserved
only on protected lee-side rock facets. Thus, the east-northeast
set is interpreted as the youngest, formed by an expanded
Wilson Piedmont Glacier. The sense of ice-flow direction for the
older set cannot be directly determined, although they are
oriented perpendicular to the present general flow of the
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Wilson Piedmont Glacier and, therefore, were probably not
formed by it. A northwest flow of ice in McMurdo Sound seems
likely. Striations were also noted on Cape Dunlop, a rocky
promontory 7.5 kilometers north of Spike Cape. Here, a youn-
ger set trends eastward, and an older set is oriented northwest
to southeast. Thus, these ice-flow directions are considered to
have regional significance in this part of McMurdo Sound.

A variety of elevated marine features is preserved at Spike
Cape (figure). These have been briefly described by Nichols
(1968) and include beach ridges, ice-push ridges, tombolos, and
wave-washed bedrock surfaces. They have been formed by
wave action reworking the knoll and promontory till sheets.
Isostatic rebound has elevated the oldest beach ridges to 17
meters above sea level. As noted by Nichols (1968) the beach
ridge deposits are clearly less weathered than the knoll and
promontory tills, indicating the area had been deglaciated for a
considerable time before the highest beach ridge began to form.

The absolute ages of these deposits has not been determined
because no datable materials were found. However, other work
done in the McMurdo Sound area allows some limits on their
age to be suggested. Stuiver et al. (1981) have reconstructed a
history of the McMurdo Sound area during the last glaciation

(approximately 18,000 years ago) that shows Spike Cape cov-
ered by some 700 meters of ice. Thus, the deposits at Spike Cape
were probably formed during and since that time and, there-
fore, provide useful information on the nature of the last
glaciation.

The east-northeast trending striations and piedmont till are
clearly very young and are believed to have been formed during
a recent small advance of this portion of the Wilson Piedmont
Glacier. The older striations and till sheets are more difficult to
interpret because their relative age relationships and prove-
nance of the deposits is difficult to determine or correlate with
the existing model of the glaciation of McMurdo Sound. The
knoll and promontory tills are more weathered than is charac-
teristic for deposits of last glaciation age in nearby Wright Valley
(Bockheim 1978); however, this is probably due to more rapid
weathering occurring in this maritime setting. The presence of
erratic clasts in the tills indicates deposition by nonlocal glacier
ice. McMurdo volcanic rocks outcrop to the south and east of
Spike Cape, thus ice that deposited on the knoll till probably
came from this general sector. However, the apparent lack of
these rocks in the promontory till is problematic. This config-
uration may reflect differences in age of the tills and differences
in flow regimes at the times of deposition. A generally north-
ward flow of ice through McMurdo Sound is also indicated by
the northwest trending striations at both Spike Cape and Dun-
lop Island. However, this is not consistent with the Stuiver et al.
(1981, p. 336) reconstruction which shows ice flowing south-
west across the region. Further work on ice-free areas in this
part of McMurdo Sound is needed to refine the glacial history.

This research was supported by National Science Foundation
grant DPP 84-20622 to P.-N. Webb and J.H. Mercer, Ohio State
University. Assistance was also provided by a New Zealand
University Grants Committee grant to R.M. Kirk, Canterbury
University, the New Zealand Antarctic Research Programme,
and Glen Lauder.
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The Beardmore Glacier drains ice from the east antarctic polar
plateau through the Transantarctic Mountains to the Ross Ice
Shelf (figures 1 and 2). Because of its interior location and
adjacent ice-free areas, the Beardmore Glacier is particularly
well suited to document antarctic ice-sheet behavior during late
Quaternary time. This behavior, in turn, can illustrate the role of
the antarctic ice sheet in global ice ages. During the austral field
season of 1985-1986, we mapped glacial drift sheets to resolve
conflicting interpretations of late Quaternary surface-level
changes of Beardmore Glacier.

From Beardmore lateral moraines, Mercer (1972) inferred ex-
tensive grounding of the Ross Ice Shelf accompanied by little or
no change in interior East Antarctica during the late Quaternary
ice ages. In sharp contrast, Mayewski (1975) concluded that the
lateral moraines reflect former thickening of east antarctic ice
accompanied by only minor grounding-line advance along the
inland periphery of the Ross Ice Shelf. These two interpreta-
tions of past changes in Beardmore Glacier imply fundamen-
tally different controls of the antarctic ice sheet during late
Quaternary ice ages.

Our research strategy combines geologic mapping with soil
studies that document postdepositional weathering of drift
sheets. This strategy allowed drift sheets to be differentiated in
each ice-free area and then to be correlated on a local and
regional scale. Differentiation of drift sheets was by mor-
phology, cross-cutting geometric relationships, depth of oxida-
tion, solum thickness, morphogenetic salt stage, and weather-
ing stage (Bockheim, Wilson, and Leide, Antarctic Journal, this
issue). Four drift sheets were found to mantle the present valley
walls and, in places, rest on Sirius drift (Prentice et al., Antarctic

Journal, this issue). These four drifts are from 10 centimeters to
several meters thick. They are composed largely of unconsoli-
dated gravel. Numerous included striated clasts were probably
reworked from Sirius drift. Thin boulder-belt moraines com-
monly mark drift surfaces and define outer edges of drift sheets.
The thin drift sheets overlie well-preserved morphological fea-
tures, particularly in Sirius deposits.

Figure 3 shows former surfaces of Beardmore Glacier repre-
sented by the four drift sheets. The upper limit of Plunket drift
parallels the present surface of Beardmore Glacier along its
entire length. It also fringes the snout of Rutkowski Glacier,
which drains the local ice cap on the Dominion Range. This drift
configuration shows similar behavior of these two glaciers dur-
ing deposition of Plunket drift. The upper limit of Beardmore
and Meyer drifts are close to the present surface of Beardmore
Glacier near the polar plateau but systematically rise above the
present surface in the downglacier direction. Further, the areal
patterns of Beardmore and Meyer drifts show recession of
Rutkowski Glacier concurrent with expansion of Beardmore
Glacier. Dominion drift occurs on the northern flank of the
Dominion Range, where it reaches high above Beardmore
Glacier (Prentice et al., Antarctic Journal, this issue).

We draw several inferences from the configuration, physical
characteristics, and weathering of these four drift sheets. The
first involves their age. From advanced soil development
(Bockheim et al, Antarctic Journal, this issue), we infer that Do-
minion drift is pre-late Quaternary in age. Beardmore and
Meyer drifts are judged to be late Quaternary in age on the basis
of soil development (Bockheim et al., Antarctic Journal, this
issue). Most likely, Beardmore drift correlates with Britannia I
and II (Hatherton and Darwin Glaciers) and Ross Sea (McMur-
do Sound region) drifts, which are radiocarbon dated to late
Wisconsin age (Stuvier et al. 1981; Denton, Prentice, and Bur-
ckle in press). Meyer drift most likely corresponds to stage 6
drift in the McMurdo Sound area (Denton et al. in press).
Plunket drift shows less soil development than Beardmore drift
(Bockheim et al., Antarctic Journal, this issue) and is probably
Holocene in age. Plunket drift is similar in position, mor-
phology, and soil development to ice-cored lateral moraines in
the ice-free valleys of southern Victoria Land that have max-
imum radiocarbon dates of 3,100 years (Denton et al. in press).

From their physical characteristics, we infer deposition of
these four drift sheets by polar ice with a frozen bed. They thus
stand in marked contrast to underlying Sirius drift, which was
deposited under temperate conditions with woody vegetation
and extensive summer ice melting (Prentice et al., Antarctic
Journal, this issue). These two contrasting styles of glaciation
mark a profound climatic change (see also Mercer 1972 and
Prentice et al., Antarctic Journal, this issue) that was pre-late
Quaternary in age. We conclude that Dominion drift represents
extension thickening of polar ice subsequent to this climatic
change.

The longitudinal ice-surface profiles derived from Beardmore
and Meyer drift show thick blocking ice near the Ross Ice Shelf
and little elevation change in the polar plateau during late
Quaternary glaciations (figure 3). In fact, our data permit a
decrease in the level of the polar plateau inland of Beardmore
Glacier. This is consistent with a dual control of the antarctic ice
sheet by eustatic sea-level lowering (causing widespread
grounding of the Ross Ice Shelf) and by a decrease in precipita-
tion due to colder atmospheric temperatures (resulting in little
change or even slight decline of the polar plateau). This dual
control is in accord with the out-of-phase behavior of
Beardmore Glacier and the Rutkowski outlet of the ice cap on

90	 ANTARCTIC JOURNAL



Figure 1. Index map of Antarctica.

the Dominion Range. When Beardmore Glacier thickened
(grounding of the Ross Ice Shelf), Rutkowski Glacier contracted
(decreased precipitation). Comparison of profile C-C" in figure
3 with profiles A-A" and B-B' in figures 2 and 3 of Prentice et al.
(Antarctic Journal, this issue) shows that late Quaternary fluctua-
tions of interior antarctic ice were far less severe than those of
pre-late Quaternary time.

Our inferences concerning late quaternary drift sheets are in
substantial agreement with those of Mercer (1972). Mercer's
Beardmore III drift is largely equivalent to our Beardmore drift,
and his Beardmore II drift corresponds with our Meyer drift.

Mercer (1972) likewise concluded that sea-level lowering and
grounding of the Ross Ice Shelf caused thickening of the lower
reaches of Beardmore Glacier shown by these two drifts. Hence,
our Beardmore data and those of Mercer (1972) both support
our conclusion based on field work further north that wide-
spread grounding occurred in the area of the present Ross Ice
Shelf and Ross Sea during late Quaternary global ice ages
(Stuiver et al. 1981).

This research was supported by National Science Foundation
grant DPP 83-18808. We are very grateful to VXE-6 for helicopter
support in the Beardmore Glacier area.
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Soil development in the Beardmore
Glacier region,

Antarctica
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During the 1985 austral summer, we examined soils on glacial
drift at 10 localities in the Beardmore Glacier region (figure). Our
soils investigation had three major objectives: (1) to use soil
morphologic properties to differentiate drifts of different ages,
(2) to interpret the origin of the dirfts in the Beardmore Glacier
area relative to fluctuations of the Ross Ice Shelf and the east
antarctic ice sheet, and (3) to assess the importance of regional
climate as a soil-forming factor in the Beardmore area.

Drift units were differentiated on the basis of geometry, mor-
phology, and surface boulder weathering features using criteria
previously described (Denton et al. in press). Soils on these
drifts were described and sampled by horizon following the
procedure of Bockhein (1979). Informal names were assigned to
the various drifts. From youngest to oldest in appearance, the
drifts include the Plunkett, Beardmore, Meyer, Dominion, and
Sirius. The relationships of these drifts to those described by
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Mercer (1972) in the Beardmore Glacier region are given in table
1.

Several soil properties are useful in differentiating drifts of
different ages. The depths of oxidation, ghosts, visible salts,
and consolidation increase from the Plunkett to the Dominion
drifts, as do solum thickness, morphogenetic salt stage, degree
of maximum color development, and weathering stage (table 2).
Unpaired t-tests were performed on these morphologic proper-
ties and yielded significant differences (P < 0.05) in soil de-
velopment among the five drifts. Morphogenetic salt stage and
depths of oxidation and consolidation were the most useful
properties for differentiating the various drifts. In terms of
development, soils on the Sirius drift were difficult to separate
from those in Dominion drift, although the geometry and mor-
phology of these drifts suggest they are different.

Whereas Mayewski (1975) attributed glacial deposits along
the Beardmore Glacier to fluctuations of the east antarctic ice
sheet, Mercer (1972) relates them to grounding of the Ross Ice
Shelf. If Mayewski's (1975) hypothesis is correct, soils on
Beardmore drift should be the same age and comparable to soils
on Taylor II drift (the most recent deposit of east antarctic ice in
the McMurdo Sound area) (Bockheim 1982). However, if Mer-
cer's (1972) hypothesis is correct, soils on Beardmore drift
should be the same age and comparable to soils on drifts depos-
ited during the most recent grounding of the Ross Ice Shelf, i.e.,
Britannia I drift in the Darwin Glacier region (Bockheim and
Wilson 1979).

To test these hypotheses, we compared soils on Beardmore
drift to those on Taylor II drift in upper Taylor Valley (77°50'S)
and Britannia I drift in the Darwin Glacier region (80°S). Each of
the three drifts is derived from sediments of the Beacon Super-
group, and each of the soils has formed under a comparable
climate. Based on unpaired t-tests, the soils on Beardmore and
Britannia I drifts are similar but soils on both drifts are dissimilar
to soils on Taylor II drift (table 3). Therefore, our findings sup-
port those of Mercer (1972) which suggest that the Beardmore
drift was deposited during the last grounding of the Ross Ice
Shelf.

The Beardmore Glacier extends 194 kilometers from the polar
plateau to the Ross Ice Shelf, crossing several climatic bound-
aries. This unique situation allowed us to compare soil develop-
ment on Beardmore drift along a latitudinal gradient from
Mount Hope (83°30'S) to the Meyer Desert (85°09'S). There
were no significant differences (unpaired t-tests, P > 0.05) in
soil morphologic properties suggesting that the factor, time,
influences soil development more strongly than regional dif-
ferences in climate in the Beardmore Glacier region.

We appreciate the support of the staff at Beardmore South
Camp and VXE-6. We were assisted in the field by G.H. Den-

Table 1. Preliminary correlation of drift sheets
in the Beardmore Glacier area

This studya	Mercer (1972)

4M I
A055 - ,YFPIN

ICE	SHELF

'ZS'E	
MT HOPE

Geographic place names of soil-sampling localities, Beardmore
Glacier region.

Plunkett	 "youngest moraine"
Beardmore	Beardmore III
Meyer	 Beardmore II
Dominion	 Beardmore I
Sirius	 Sirius

a Informal stratigraphic names.
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Table 2. Summary of field properties of soils in the Beardmore Glacier region

Number	
Depths (in centimeters) of

of	 Visible	 Salt	Weathering	Color
Location	 profiles	Oxidation	Solum	Ghosts	salts	Consolidation	stage 	stagec	equivalentd

Plunkett Drift
Willey Point	 1	0	0	0	0
The Cloudmaker	2	0	0	0	0
Lizard Point	 1	10	0	0	0
Meyer Desert	14	2	0	0	0

18
(x)	 (2)a	(0)a	(0)a	(0)a

Beardmore Drift
Mount Hope	4	7	0	0	0
Mount Kyffin	3	0	0	0	0
The Cloudmaker	12	1	0	0	0
Mount FalIa	 1	0	0	0	0
Lizard Point	 2	2	0	0	0
Buckley Island	2	3	0	0	0
Meyer Desert	17	7	0	2	0

41
(x)	 (5.4)b	(0)a	(1)a	(0)a

Meyer Drift
The Cloudmaker	2	10	11	8	20
Mount Falla	 3	8	11	6	6
Lizard Point	 2	17	13	6	14
Buckley Island	2	8	0	8	0
Meyer Desert	21	9	8	7	9

30
(x)	 (10)c	(9)b	(7)b	(10)b

Dominion Drift
Mount Falla	 1	33	33	11	33
Lizard Point	 1	31	28	8	28
Buckley Island	2	34	34	8	34
Meyer Desert	10	30	31	16	32

14
(x)	 (31)d	(31)c	(14)c	(32)c

Sirius
Mount Sirius	3	42	42	10	42
Mount Falla	13	46	30	11	40
Meyer Desert	3	33	20	16	30

19
(x)	 (43)e	(30)c	(11)c	(37)c

a Different letters denote statistical differences (P <0.05). x = mean values all locations.
b After Bockheim (1979).

After Buntley and Westin (1965)—(for surface horizons).
ci After Campbell and Claridge (1975).
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Table 3. A comparison of soils on Beardmore drift with soils on Britannia I drift (latest advance of Ross Ice Shelf)
and soils on Taylor II drift (latest advance of east antarctic ice sheet)a

Depths (in centimeters) of Salt	Weathering
Glaciation	Number of Profiles	Oxidation	Solum	Ghosts	Visible salts	Consolidation	stage	stage

Beardmore	 34	 (5.7)a	(0)a
Britannia I	 7	 (6.7)a	(2.9)a
Taylor II	 16	 (10.8)b	(12.0)b

a Different letters denote statistical differences (P<0.05).
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(1.4)a	(0)a	 (5.7)a	(0.4)a	(1.1)a
(0.3)b	(0)a	 (8.4)a	(0.7)a	(1.1)a

(11.9)c	(0)a	(25.3)b	(0.8)a	(1.8)b
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ton, B.C. Andersen, H.B. Conway, T.E. Lowell, M. Prentice, R.
Weed, and E. Vrba. This project was supported by National
Science Foundation grant DPP 83-19477.

References

Bockheim, J.G. 1982. Properties of a chronosequence of ultraxerous
soils in the Trans-Antarctic Mountains. Geoderma, 28, 239-255.

Bockheim, J.G. 1979. Relative age and origin of soils in eastern Wright
Valley, Antarctica. Soil Science, 128, 142-152.

Bockheim, J. G., and S.C. Wilson. 1979. Pedology of the Darwin Glacier
area. Antarctic Journal of the U.S., 14(5), 58-59.

Buntley, G.J., and F.C. Westin. 1965. A comparative study of develop-
mental color in a chestnut-chernozem-brunizem climosequence. Soil
Science Society of America Proceedings, 29, 579-582.

Campbell, lB., and G.G.C. Claridge. 1975. Morphology and age rela-
tionships of Antarctic soils. In R.P. Suggate and M.M. Cresswell
(Eds.), Quaternary studies. New Zealand Royal Society Bulletin, 13,
83-88.

Denton, G.H., J.G. Bockheim, R.H. Rutford, and B.G. Andersen. In
press. Glacial history of the Ellsworth Mountains, West Antarctica. In
C. Craddock, J . Splettstoesser, and G.E Webers (Eds.) Geology of the
Ellsworth Mountains, West Antarctica. Geological Society of America
Memoir.

Mayewski, P.A. 1975. Glacial geology and late Cenozoic history of the Trans-
Antarctic Mountains, Antarctica. (Institute of Polar Studies Report No.
56.) Columbus: Ohio State University Press.

Mercer, J.H. 1972. Some observations on the glacial geology of the
Beardmore Glacier area. In R.J. Adie (Ed.), Antarctic geology and
geophysics. Oslo: Universitetsforlaget.

Pre-late Quaternary glaciation
of the Beardmore Glacier region,

Antarctica

M. L. PRENTICE

Institute for Quaternary Studies
University of Maine
Orono, Maine 04469

and
Department of Geological Sciences

Brown University
Providence, Rhode island 02912

G.H. DENTON

Institute for Quaternary Studies
and

Department of Geological Sciences
University of Maine
Orono, Maine 04469

T.V. LOWELL

Department of Geology
University of Cincinnati
Cincinnati, Ohio 45221

H.C. CONWAY

Department of Chemical and Process Engineering
University of Canterbury, Private Bag

Christchurch, New Zealand

L.E. HEUSSER

Lamont-Doherty Geological Observatory
Columbia University

Palisades, New York 10964

Massive fluctuations of the antarctic ice sheet have been infer-
red for pre-late Quaternary time from continental evidence

1986 REVIEW

(Denton et al. 1984; Webb et al. 1984). This mode of glaciation
contrasts markedly with relatively minor late Quaternary fluc-
tuations (Denton, Prentice, and Burckle in press). Such a
change in ice sheet behavior presents a major opportunity to
understand the controls of antarctic ice volume, an important
component of the global climate system. During the 1985-1986
austral field season, we conducted studies in the Beardmore
Glacier region (figure 1) to test hypotheses for pre-late Quatern-
ary glaciation. Here we report some preliminary results.

We examined exposed highlands from the Dominion Range
north to the Queen Elizabeth Range (figure 1). Topographic
relief here is at least equal to the heights of the numerous 4,000-
meter peaks (figure 2). We found a variety of mud-rich glacial
deposits, unconsolidated to consolidated, in addition to those
previously described (Mercer 1972). We informally refer to all
these deposits, which include the Sirius Formation, as "Sirius
drift" because we consider formal stratigraphic subdivision
premature.

Sirius Drift

Basal till patches. Thin patches of Sirius basal till are scattered
throughout the region between elevations of 150 and 4,115
meters. Till patches were found at eleven localities above 3,000
meters. High-elevation till outcrops between 3,490 and 3,825
meters on Mount Falla; at 3,170, 3,215, 3,230, 3,370, and 4,015
meters on Mount Kirkpatrick; at 4,115 meters on Mount Mack-
ellar; from 3,140 to 3,292 meters on Markham Plateau; and at
3,538 and 3,660 meters on Flat Top (figure 2). The till is yellow to
gray, massive, and full of striated gravel. Consolidation is varia-
ble. Sirius basal till on Mount Falla and on the highest surface in
the northern Dominion Range contains far-traveled erratics of
Shackleton Limestone. Basal till on Markham Plateau contains
far-traveled erratics of granite and gneiss as well as Shackleton
Limestone. Bedrock beneath many till patches exhibits striat-
ions uniformly suggesting ice flow toward the northeast.

High-elevation bedrock surfaces without till cover also exhibit
well-preserved striations. Fifteen separate localities were found
above 3,000 meters. Examples occur on Mount Miller between
3,215 and 4,220 meters; on Grindley Plateau between 3,380 and
4,220 meters; and on Flat Top between 3,000 and 3,660 meters
(figure 2). These striations likewise indicate northeasterly ice
flow. High-elevation terrain lacks a dominant topographic grain
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Figure 1. Sketch map of the Beardmore Glacier region. ("Km" denotes "kilometer.')

as occurs in the ice-free valleys region (Denton et al. 1984) and
glacial trimlines like those that occur in the Ellsworth Moun-
tains and northern Victoria Land (Denton et al. in press). Striat-
ed bedrock surfaces were found as low as 150 meters.

The character of this Sirius till strongly suggests deposition
from ice with a thawed bed. We infer that some patches, par-
ticularly those at high elevations, were deposited beneath thick
continental ice that completely overrode the mountains. This
inference is based on the high elevation of the till patches, the
consistency of striation direction across a high-relief region, the
far-traveled erratics within Sirius till in the Dominion Range
and on Mount Falla and Markham Plateau, as well as the lack of
high-elevation trimlines.

Ice-marginal drift. Sirius drift also occurs as thick wedges
alongside and at the confluence of major glacial troughs. Drift
wedges are commonly associated with bedrock cliffs. The
wedges are thickest directly adjacent to bedrock cliffs and pinch
out away from the cliffs. Wedge crests parallel bedrock cliffs.
Examples occur on the north wall of the Beardmore trough at
The Cloudmaker and Willey Point as well as atop Mount Sirius
(figure 2). In the Dominion Range, several wedges, up to 150
meters thick, parallel Mill Glacier for 25 kilometers.

The lithostratigraphy of Sirius drift wedges is complex. The
bottom portions are commonly rich in striated gravel and are
basal till. Above this, many sedimentary units contain angular
gravel with no glacial marks. These upper units are supra- and
en-glacial drift as well a colluvium. Waterlaid deposits from
well-stratified sandy gravel to horizontally laminated sandy
mud are also common in the wedges.

We infer from their form, distribution, and internal character
that Sirius drift wedges were deposited subaerially by marginal

accretion at the margin of temperate ice below the coeval equi-
librium line. Wedge elevations indicate that this paleoe-
quilibrium line occurs today as high as 2,500 meters. Sirius
waterlaid units suggest extensive summer melting. If our inter-
pretations are correct, Sirius drift wedges represent a glacier
system that was far short of overriding the mountains. May-
ewski (1975), on the other hand, inferred complete overriding of
the Transantarctic Mountains from such deposits. We generally
agree with Mercer (1972) except for his proposal for consider-
able post-depositional glacial erosion of our ice-marginal drift.
Rather, we interpret their wedge form as a primary feature
reflecting deposition as lateral moraine.

Organic material was found at nine different localities within
Sirius ice-marginal drift exposed in the northern Dominion
Range (Oliver Bluffs; Oliver 1964) (figure 2). The first locality
was discovered on 3 December 1985. Wood fragments, amor-
phous plant debris, and Nothofagus pollen, a temperate forest
genus of the Southern Hemisphere, are abundant. The excel-
lent preservation and high concentration of the pollen as well as
the absence of recycled palynomorphs as described by Truswell
and Drewry (1984) preclude significant reworking. These plant
macro- and microfossils corroborate the inference for warmer-
than-present climate based on the form and lithologic character
of Sirius drift.

Dominion Drift

Small boulder belts parallel to modern ice margins overlie
Sirius drift throughout the Beardmore region. In the northern
Dominion Range, these lateral moraines are well developed and
stretch in unbroken sequence from the Beardmore Glacier at
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1,800 meters up to 2,500 meters in elevation (figure 2). This is
significantly higher than such drift had previously been found
in this area (Mercer 1972; Mayewski 1975). These high moraines
uniformly exhibit much more soil development than those
lower down (Denton, Anderson, and Conway Antarctic Journal,
this issue; Bockheim, Wilson, and Leide, Antarctic Journal, this
issue) and are named "Dominion drift." Similar moraines man-
tle Sirius drift off the Walcott Névé near Gordon Valley. These
Moraines consist of gravel, primarily boulders, and pods of silty
till. We suggest that Dominion drift was deposited by ice with a
frozen bed under a polar climate similar to today's.

We infer from Sirius drift a long interval of temperate glacia-
tion during which thick continental ice with a thawed bed
completely overrode the mountains of the Beardmore region.
Sirius glacial features were found from elevations of 150 to 4,220
meters. There are no trimlines above this to suggest that the
highest peaks (4,550 meters) projected through the ice sheet at
maximum volume. If they reflect contemporaneous glaciation,
Sirius glacial features suggest that Sirius ice was at least 4,000

meters thick here (figure 2). This would require the surface of
the east antarctic ice sheet to have been much higher than today
(figure 3). The high elevations of Sirius ice-marginal deposits
indicate that even minimum ice cover during this period of
temperate glaciation may have been greater than today (figure
3).

Age control on Beardmore region glacial deposits is poor.
Webb et al. (1984) reported late Oligocene diatoms in a sample
of Sirius drift from Mount Sirius and rare Plio-Pleistocene di-
atoms in a Sirius sample from the northern Dominion Range.
However, on the basis of diatoms in Sirius drift well outside the
Beardmore region, Harwood (1985) proposed a late Pliocene
age for Sirius drift throughout the Transantarctic Mountains.
Poor understanding of the uplift history of the Transantarctic
Mountains coupled with these chronologic problems precludes
estimation of Sirius ice sheet surface elevations.

Subsequent to Sirius temperate ice-sheet glaciation, Ant-
arctica cooled and its ice cover assumed a polar character which
it has retained to today. Mercer (1972) recognized a similar
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change in glaciation style. The Dominion drift represents early
polar glaciation. During Dominion glaciation, ice with a frozen
bed reached at least the 2,500-meter level in the northern Do-
minion Range. Polar glaciation above this limit is not precluded
because cold ice commonly leaves no record of its passage.

The Beardmore region provides the strongest evidence to
date supporting the hypothesis (Denton et al. 1984) for com-
plete overriding of the Transantarctic Mountains by thick conti-
nental ice in pre-Late Quaternary time. Further, the Beardmore
data suggest that antarctic ice attained this massive volume
under remarkably temperate conditions. The Beardmore record
also indicates that younger polar ice reached higher elevations
than previously thought.

We thank B. G. Andersen, J. G. Bockheim, J. E. Leide, and S. C.
Wilson for their collaboration. D.H. Elliot and J.W. Collinson
alerted us to important Sirius deposits. We are indebted to
VXE-6 for their very-high-altitude helicopter support.

This work was supported by National Science Foundation
grants DPP 83-18808 and DPP 83-19477.
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Numerous workers, including Katz (1977, 1982), have
provided convincing evidence of near vertical, mostly normal,
faulting of Precambrian/Paleozoic crystalline basement, Pal-
eozoic/Mesozoic Beacon Supergroup and Jurassic Ferrar Dole-
rite rocks in the Transantarctic Mountains. Because there exists
almost no stratigraphic record between the Jurassic and
Pliocene, it has not been possible to describe this faulting more
accurately than post-Jurassic.

Mercer (1968, Plate 4; 1972, p. 429) and Elliot, Barrett, and
Mayewski (1974) noted and illustrated faulting of the Sirius
Formation, at that time considered to be early Pliocene or
Miocene in age. Since we now place an age of less than 3 million
years on the deposition of the glacigene Sirius Formation (Har-
wood 1983, Antarctic Journal, this issue; Webb et al. 1983, 1984,
Antarctic Journal, this issue) any faulting of this unit assumes
considerable significance in relating the neotectonic and glacial
histories. Our interest in the tectonic-glacial history rela-
tionship is, in part, a response to Lester King's (1965) strictures
that (p. 25) ". . prima faciae evidence of recent faulting has not
been forthcoming"; and (p. 27) ". . . not one of these (hypoth-
esized faults) have been shown to be modern in that it creates a
recognizable scarp feature in the modern landscape."

Barrett (1972) shows a northeast-southwest oriented syn-
cline, with an axis extending from the Queen Elizabeth Range
in the north, passing through the western Queen Alexandra
Range, and ending in the Mill Glacier region between the Do-
minion and Supporters Range. This broad syncline (or crustal
warping) involves deformation of basement crystalline rocks,
Beacon Supergroup, and Ferrar Dolerite rocks. Barrett and Elliot
(1973) and Elliot et al. (1974) provide isopach contours for the
Kukri Erosion Surface (located at the contact between the base-
ment complex and Beacon Supergroup). These delineate the
form, relief, and distribution of the syncline. To the east (coast-
ward) the Kukri Erosion Surface rises to more than 4,000
meters; to the west (inland) it rises to 2,000 meters. At the axis of
the syncline the Kukri Erosion Surface lies at an elevation of
about 0-500 meters.

All known Sirius Formation localities in the area lie within the
boundaries of this syncline or structurally controlled basin and
exhibit a concentration at the 2,000-2,500-meter elevation level.
Basal sediments of the Sirius Formation rest disconformably on
a glaciated surface to which the name "Dominion Erosion Sur-
face" is given. This erosion surface ranges from 1,200 to 4,000
meters elevation. Near the center of the basin (syncline) the
Dominion Erosion Surface cuts deeply into the Beacon Super-
group and the overlying Pliocene Sirius Formation rests on
Triassic sandstone or Jurassic dolerites. High on the flanks of

the basin, the Dominion Erosion Surface intersects the Kukri
Erosion Surface and the Sirius Formation is thin, absent, or
reduced to a veneer of highly weathered rubble (Grindley 1967).
The thickest successions of Sirius sediments are found near the
basin center, e.g., Dominion Range. Water-laid glacio-lac-
ustrine and fluvial sediments are also present at the basin cen-
ter. On the western basin flanks, clast imbrication, and Domin-
ion Erosion Surface striations and grooves are oriented at high
angles to the basin axis. A variety of structural and glacial data
point to the existence of a large, high-relief depression aligned
approximately parallel to the major topography of the present
Transantarctic Mountains.

There is compelling evidence for massive ice over-riding dur-
ing the Queen Maud Glaciation (to which the Sirius Formation
has been coupled) of Mayewski (1975) and Mayewski and Gold-
thwait (1985) if the east antarctic ice sheet was forced to traverse
the 3,000-4,500-meter ridge-line of the Transantarctic Moun-
tains. A similar "giant-ice" scenario has been proposed by Den-
ton et al. (1984) in the northern Transantarctic Mountains. We
consider the possibility that synclinal upwarping and block
uplift occurred during the latest Pliocene/Pleistocene, par-
ticularly at the coast. This would have the effect of raising the
Dominion Erosion Surface and Sirius Formation remnants by
perhaps 1,000 to 3,000 meters. Block elevation would raise the
basin center (syncline axis) from near sea level to its present
height of approximately 2,000 meters. The presence of glacio-
lacustrine and fluvioglacial sediments (Webb et al. in prepara-
tion) and the associated in situ to near in situ fossil wood,
foliage, (Webb and Harwood, Antarctic Journal, this issue) and
palynomorphs (Askin and Markgraf, Antarctic Journal, this is-
sue) at basin center sites are more reasonably explained if they
had originally been located nearer sea level. If topography was
lower at the time of Sirius deposition (i.e., Queen Maud Glacia-
tion), the Transantarctic Mountain threshold would also be less
elevated, requiring a thinner east antarctic ice sheet, a less
dramatic degree of over-riding and reduced expansion of late
Pliocene/early Pleistocene ice across the Ross Sea. We term this
the "dwarf-ice" hypothesis. The dwarf-ice scenario would pro-
duce drainage patterns similar to those of today with Sirius
sedimentation within and across the Transantarctic Mountain
topographic fabric. This appears to be the case (Webb et al. in
preparation).

In promoting the dwarf-ice hypothesis, we consider the pos-
sibility that, while synclinal warping was well developed before
Sirius deposition, it continued to develop after deposition as
well. Such late-stage neotectonic activity has found appeal with
many workers, including King (1965) and Katz (1977, 1982) but
compelling evidence has been lacking. The most obvious site
for major faulting lies along the Transantarctic Mountain front.
Barrett (1965) documents the largest known fault in this area,
but temporal control is again lacking. Fission track and
geophysical techniques would probably provide indication of
neotectonic displacements.

The Sirius Formation in the Dominion Range is heavily fault-
ed. This area lies near the axis of the syncline (basin). The larger
faults (one has a throw of 600 meters) are oriented parallel or
subparallel to the syncline axis. Numerous small faults with
displacements of tens of meters have orientations parallel,
oblique, and normal-to-major faults. Normal faults dominate
over reverse faults. Curvilinear fault planes mark the location of
slump structures several kilometers across. Fault planes are
steep, little modified, unweathered, and occasionally draped by
Beardmore Glaciation deposits. Volcanics are apparently not
associated with these fault fields. We conclude that major post-
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Sirius faulting in the Dominion Range marks a rift-like structure
near the axis of a major basin located immediately inland of the
Transantarctic Mountain ridgeline. It is noteworthy that the
Jurassic Kirkpatrick Basalts crop out along this synclinal axis,
suggesting this lineament marks a zone of long-lived crustal
weakness.

A full understanding of neotectonic activity and the vertical
limits of rock thresholds is desirable before setting limits on ice
sheet dimensions and glacial-interglacial history. An unknown
factor in consideration of Transantarctic Mountain structural
deformation is the crustal history of the adjacent Wilkes-Pen-
sacola basins. Thinner crust and shallow magnetic basement in
this part of the east antarctic craton may point not only to rifting
but also to some degree of crustal spreading and transform-
transcurrent faulting as well. Davey (1981) directs a spreading
axis across the Ross Sea and into the Nimrod Glacier area. This
may continue into the Wilkes Basin, immediately inland of the
Miller Range/Dominion Range area. The Dominion Range rift
zone may be structurally related to deep crustal discontinuities
in the western Wilkes Basin at about latitude 85°S. Detailed
geophysical investigations are urgently needed to answer these
problems.

This work was supported by National Science Foundation
grant DPP 84-20622.
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Marine siliceous microfossil assemblages reworked by ice
into the Pliocene glacigene Sirius Formation of the Transan-
tarctic Mountains provide the only record of Cenozoic sedimen-
tary sequences beneath the east antarctic ice sheet. These mi-
crofossils have an origin in the Wilkes and Pensacola basins of
East Antarctica. The microfossils reflect periods of deglaciation
when the basins were flooded with marine waters and con-
nected to the southern oceans (Harwood 1983, 1985, 1986;
(Webb et al. 1983, 1984).

Lower Oligocene, upper Oligocene/lower Miocene, middle
Miocene, and Pliocene marine sequences beneath the east ant-
arctic ice sheet are represented in the Sirius Formation by sil-
iceous microfossil assemblages, including: marine and non-
marine diatoms, silicoflagellates, ebridians, radiolarians,
chrysomonad cysts, and sponge spicules (Harwood 1986). Ma-
rine microfossils were recovered from 34 of 81 (approximately
41 percent) Sirius Formation samples collected from outcrops
spanning 1,300 kilometers in the Transantarctic Mountains. Of
these 34, 8 samples yielded more than 50 marine diatoms with a
maximum occurrence of 345 specimens in 1 sample. Nonmarine
diatoms were recovered in 3 of 81 samples. Over 350 smear
slides of soft sediment clasts (Harwood, Grant, and Karrer,
Antarctic Journal, this issue) from five Sirius Formation samples
were examined with the goal of proving that the microfossil
assemblages occur inside the tillite within clasts and are not
surface or laboratory contaminants. Nine smear slides con-
tained diatom floras, with a density of up to 50 individuals in
one slide. Furthermore, several preparations of the same micro-
fossil-bearing sample produced consistent results. These fac-
tors eliminate the possibility that the microfossils are
contaminants.

Clumps of diatom-rich sediment were frequently encoun-
tered (figure). These clumps and clasts of diatomaceous sedi-
ment represent marine source beds in East Antarctica which
generated most of the diatoms recovered in the till matrix.
Upper Eocene, upper Oligocene, Miocene, and Pliocene sedi-
ments are represented by individual diatomaceous clumps.
High diatom abundance in these clumps and clasts indicates
high productivity and fertility of the marine seaways/embay-
ments which occupied the Wilkes and Pensacola basins.

The microfossil assemblages are dominated by Pliocene spe-
cies. Pliocene sediments rest on the top of the sedimentary pile
in the Wilkes and Pensacola subglacial basins and would be the
first sediments eroded by ice. Additionally, older Neogene and
Paleogene sedimentary clasts would not disaggregate as readily
in water as did the Pliocene clasts due to greater induration and
possible cementation. Because calcareous and organic walled
microfossils are also present in the Sirius Formation, corrosive
chemicals were not used in sample preparation. The next stage
in the investigation of the Sirius Formation microfossils is to

reprocess all sedimentary clasts greater than 500 microns in
hydrochloric acid and hydrogen peroxide to disaggregate the
older indurated and possibly cemented sediments.

All of the marine diatoms recovered are planktonic species;
no benthic diatoms were recovered. Fringing-ice-shelves, ice-
tongues, or ice-shelves in the Wilkes and Pensacola basins
would prevent light from reaching the sea-bed near the coast,
thus limiting benthic diatom growth. Most of the area of the
Wilkes and Pensacola subglacial basins would have been too
deep (more that 100 meters) for benthic diatoms. The majority
of biogenic sediments in the Wilkes and Pensacola basins,
which were eroded by "Sirius Formation ice," were probably
deposited in deep water.

The modern distribution and ecologic limits of diatom species
recovered from the Sirius Formation, which are still represented
in modern southern-ocean assemblages, shed light on environ-
mental conditions in the Late Neogene Wilkes and Pensacola
seas, provided their environmental tolerances have not
changed. An approximation of water temperature and the de-
gree of ice-cover in the Late Neogene Wilkes and Pensacola seas
is provided by the recovery of several extant diatom species,
including: Thalassiosira len tiginosa, Nitzschia kerguelensis, and
Nitzschia curta. The environmental limits are well known for
these species from biogeographic (Fenner, Schrader, and
Wienigk 1976; Truesdale and Kellogg 1979; DeFelice and Wise
1981; Burckle and Cirilli in press; Burckle and Jacobs in press)
and culture studies (Neori and Holm-Hansen 1982; Jacques
1983). Today, Thalassiosira lentiginosa and Nitzschia kerguelensis
are not commonly found south of the Antarctic Divergence.
They are the two most abundant diatoms in the southern
oceans siliceous ooze belt, bounded to the south by the north-
ern limit of sea-ice and bounded to the north by the Polar Front
(Burckle and Cirilli in press). The occurrence of these diatoms in
the Sirius Formation suggests the presence of marine waters
with temperatures similar to subantarctic values between 2° to
6°C in the Late Neogene Wilkes and Pensacola seas (Harwood
1986). Water this warm at 86°S latitude must have aided the
growth of coniferous vegetation in the late Pliocene Sirius For-
mation as reported by Webb and Harwood (Antarctic Journal,
this issue.)

Siliceous microfossils recovered from the Sirius Formation
reflect open water and ice-minima conditions in the Wilkes and
Pensacola basins during the following times: late Eocene/early
Oligocene (40 to 33 million years ago), late Oligocene/earliest
Miocene (28 to 23 million years ago), Middle Miocene (17 to 14
million years ago), and Pliocene (approximately 5.0 to 2.5 mil-
lion years ago). This history is supported by episodes of high
sea-level and light oxygen-18 isotopic values as discussed in
Harwood (1986). The principal factor limiting application of this
method of ice-volume determination is the questionable bio-
stratigraphic resolution afforded by marine diatoms at the pres-
ent time.

Initial dating of Pliocene diatoms in the Sirius Formation
(Harwood 1983) relied heavily on the work of Ciesielski (1983)
from Deep Sea Drilling Project (DSDP) leg 71. Two episodes of
Pliocene deglaciation (early Pliocene and mid to late Pliocene)
were suggested by Harwood (1983, 1985). Whether the diatom
biostratigraphic record from drill sites in the subantarctic
(Weaver and Combos 1981; Ciesielski 1983) could be applied
directly to diatoms from the antarctic interior was a question
that needed to be addressed (Mercer 1985). Diatom data from
CIROS-2 (Cenozoic Investigations in the western Ross Sea) in
McMurdo Sound (Barrett etal. 1985; Harwood 1986), which also
has paleo-magnetic control, suggest there are only minor dif-
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Diatomaceous sediment clumps recovered from the Sirius Formation at Tillite Spur, Reedy Glacier area. (1) Clump of upper Eocene/lower
Oligocene diatomaceous sediment with Naviculopsis biapiculata, Chaetoceros sp. bristles, and Sceptroneis sp. among other diatom frag-
ments, 64 JHM 70, x 700. (2) Clump of upper Eocene/lower Oligocene diatomaceous sediment with Pyxilla sp. among other diatom fragments,
64 JHM 70, x 700. (3) Clump of upper Eocene/lower Oligocene diatomaceous sediment with Hemiaulus sp. among other diatom fragments, 64
JHM 70, x 700. (4,6) Clump of Neogene diatomaceous sediment with abundant Thalassionema sp. fragments and silicoflagellate fragments,
TS-10, x 1200. (5) Clump of Neogene diatomaceous sediment with abundant Thalassionema sp. fragments and silicoflagellate fragments,
TS-10, x 1200.(7) Clump of diatomaceous sediment with Rhizosolenia sp., 64 JHM 70, x 300.(8) Clump of Neogene diatomaceous sediment with
ebridian Pseudoammodochium dictyoldes, 64 JHM 70, x 1000.
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ferences between the biostratigraphic records of the suban-
tarctic-based chronology of Weaver and Combos (1981) and
Ciesielski (1983) and the antarctic-based chronology of CJROS-2
(Harwood 1986). It now appears that open marine conditions
prevailed in the Wilkes and Pensacola basins throughout the
Pliocene. This long deglacial period was punctuated by several
short-lived glacial events and over-printed by a gradual cooling
from mid to late Pliocene. Maximum warmth is suggested for
the early Pliocene (Mercer 1985) with cooling, but continued
marine conditions in these basins during the late Pliocene. The
Pliocene deglacial event is also recorded by in situ sequences in
the CIROS-2 and DVDP (Dry Valley Drilling Project) cores 10 and
111 in the western Ross Sea region. Diatomaceous mudstones
from these sites contain the same diatoms recovered in the
Sirius Formation, suggesting Pliocene deglacial conditions on
both sides of the Transantarctic Mountains (Harwood 1986).

Future research should be focussed on understanding the
overall biostratigraphic record of antarctic and southern-oceans
diatoms, including their paleobiogeographic distribution, mi-
gration, evolution, and extinction. This will provide higher
resolution in dating the Pliocene and older episodes of marine
incursion and ice-volume decrease, as well as identify pal-
eoclimatic and paloeoceanographic effects of these changes in
the southern high-latitudes.

This research was supported by National Science Foundation
grants DPP 83-15553 and DPP 84-20622.
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Southernmos Chile: A modern analog
of the southern shores of the Ross

Embayment
during Pliocene warm intervals

J.H. MERCER

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

Plant remains, including wood have been found at Oliver
Bluffs, Dominion Range massif, Beardmore Glacier area at 85°S

latitude, 1,800-meter elevation in thin, organic-rich bands inter-
bedded at several horizons with glacial, glaciofluvial, and
glaciolacustrine sediments (Webb and Harwood, Antarctic Jour-
nal this issue). Carlquist has identified some of the wood as
coniferous (Askin and Markgraf, Antarctic Journal, this issue).
These glacial sediments contain marine microfossils that, in
marine cores obtained 30 degrees of latitude further north, are
of early and late Pliocene age (Harwood 1985, p. 239). According
to Askin and Markgraf (Antarctic Journal this issue), the low
number of species recognized in the pollen content of the plant-
bearing sediments suggests that the assemblage represents the
last surviving vestiges of vegetation in Antarctica before extinc-
tion by increasing cold.

The presence of small wood fragments, some of them con-
iferous, is evidence that tree or woody-shrub species were pres-
ent on the slopes of the Transantarctic Mountains facing the
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Ross Embayment. This implies that summer air temperatures
were then well above freezing point, probably no lower than
5°C (see figure), which is about 5°C warmer than is the north-
western Antarctic Peninsula today. This in turn implies that ice
shelves and floating glacier tongues were absent and that tide-
water glaciers calved close to their grounding lines (Robin and
Adie 1964, p. 100). In a map of the isostatically adjusted bedrock
surface of an ice-free Antarctica (Drewry 1983), a fjord extends
from the Ross Embayment southward to the vicinity of the
Dominion Range massif. The stratigraphy of the sediments at
Oliver Bluffs shows that, at the time the vegetation was grow-
ing, the ancestral Beardmore Glacier was nearby and so was,
presumably, terminating as a calving glacier at the head of the
fjord.

To reconstruct the environment at the head of the Beardmore
fjord when this vegetation was growing, the uplift that the site
has since undergone must be taken into account. It now lies at
about 1,800 meters above sea level. Until recently, most workers
believed that uplift of the Transantarctic Mountains during the
Neogene did not exceed 100 meters per million years (e.g.,
Fitzgerald and Gleadow 1985; Smith and Drewry 1984). At that
rate the Oliver Bluffs site would have been at about 1,500 meters
above sea level during the late Pliocene, and 1,300 meters at the
beginning of the Pliocene. Using the lowest possible summer
temperature of 5°C for survival of tree species (see figure) and
the standard lapse rate of 0.65°C per 100 meters given by List
(1949, p. 265), summer temperature at sea level along the shore
of the Ross Embayment would have been about 15°C, if the
vegetation was growing at 3 million years ago, or 14°C it was
growing 5 million years ago. Such temperatures prevail at sea
level today on the Chilean coast between latitudes 41°S and
43°S, in the Valdivian Rain Forest zone; presumably, therefore, a
forest of comparable luxuriance would have occupied the lower
slopes of the Transantarctic Mountains. However, no trace has

:

•1

Glaciae Bruggen at the head of Seno Eyre, Chile (49°14'S 74°W) in
February 1986. The glacier, after advancing 10 kilometers down the
fjord after 1945 and bulldozing and overriding vegetation, began to
recede in the early 1980's. The photograph shows hummocky mor-
aines with shattered remnants of overridden trees, chiefly the con-
ifer Pilgerodendron uvifera, and shrubs, including the conifer
Dacrydium fonckii. This scene may be a partial analog of the upper
Beardmore fjord when the wood-bearing sediments at Oliver Bluffs
were deposited near the margin of the Beardmore Glacier. However,
midsummer temperature in Seno Eyre is about 12°C, allowing fair-
sized trees to grow, whereas the plant remains from Oliver Bluffs
point to a much more stunted vegetation, typical of summer tem-
peratures of about 5°C.

been found in the Pliocene portions of terrestrial or marine
cores on or near the antarctic continent of the pollen such a
forest would have produced. Probably, therefore, when the
impoverished plant assemblage was growing, the Oliver Bluffs
site was at a low elevation—less than 500 meters—and true
forests were absent from the shores of the Ross Embayment.
Evidence that major faulting, with displacements of several
hundred meters, has affected the Dominion Range massif since
deposition of the glacial sediments of the Sirius Formation
(Webb et al., Antarctic Journal, this issue), supports this
conclusion.

A modern analog for the environmental conditions in the
Beardmore Glacier area at the time the Oliver Bluffs vegetation
was growing must be sought well to the north of the Antarctic
Convergence, because tree species or coniferous shrubs do not
grow to the south of it. On the subantarctic island of South
Georgia at latitude 54°30'S, for example, the vegetation consists
of herbaceous angiosperms with a noteworthy absence of
woody species (Greene 1964, p. 25). On the other side of the
Antarctic Convergence in southern South America, however,
tree species grow south of the latitude of South Georgia, the
most southerly occurrence being near 56°S latitude in the Cape
Horn islands, Tierra del Fuego. Because the Antarctica/South
America land bridge was the last connection of Antarctica to the
outside world to have been broken, the closest modern analogs
of Neogene antarctic vegetation are likely to be in southernmost
South America.

Most of the ice-free slopes on the Pacific side of the Andean
Cordillera between 48°S latitude and Cape Horn at 56°S latitude
are covered by what Pisano (1977, p. 149) calls the "Tundra
Magallanica," (Magellanic Tundra). In his study of this zone
between 52°S and 56°S latitude, Pisano (1977, p. 150) points out
that it differs from the arctic tundra in not covering frozen
ground, in having much higher precipitation, and in not being
subjected to the polar regime of continuous summer daylight
and midwinter darkness.

Pisano (1977, p. 218) divides the Magellanic Tundra into sev-
eral vegetational associations. Of these the Sphagnum magellanici
association, which requires the least annual precipitation, is
best developed between the western entrance of the Strait of
Magellan at 52°50'S latitude and Isla Hoste at 55°30'S latitude.
He subdivides this association into two, one of which, the
Pilgerodendro-Sphagnetu m magellan ici sub-association, occupies
the drier habitat with 60 to 100 centimeters annual precipitation.
This sub-association contains both of the coniferous species that
grow in these latitudes: Pilgerodendron uvifera, a member of the
vpress family, and Dacrydium fonckii, a podocarp. Under

lvorable conditions, Pilgerodendron uvifera can grow into a tree
U meters high, whereas under harsher conditions it occurs in a

low, shrubby form. Dacrydium fonckii is always a low shrub less
than a meter high. On Isla Hoste and Isla Navarino on the south
side of the Beagle Channel at 55°S latitude, the treeline on north-
facing slopes is at about 600 meters (Huesser personal com-
munication) and the average midsummer temperature at sea
level is about 9°C (Almeyda and Saez 1958, p. 119). Using a lapse
rate of 0.65°C per 100 meters increase in elevation (List 1949, p.
265), the average temperature at treeline would be about 5°C.

Further to the west, in the area where glaciers calve into
tidewater at the heads of fjords, rainfall is much heavier, ranging
from 250 centimeters to more than 750 centimeters. Sphagnum
bogs are absent, their place being taken by cushion bogs which,
according to Godley (1959, p. 469), are genuinely subantarctic in
character. Pisano (1977, 244-245) describes a zone of mountain
tundra, the Tundra NanofanerofItica Montana,
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(Nanophanerophytic Montane Tundra) up near the treeline in
this zone, where the climate is cold, wet, and windy, and soils
are thin. Vegetation is confined to protected areas and thus
covers less than 30 percent of the surface; the rest is bare, giving
a general aspect of mountain desert. Shrubs are stunted and
ground-hugging, the dominant species being Escallonia serrata,
Em pet rum rubrum and the shrubby forms of the tree species
Nothofagus betuloides and N. antarctica. At lower elevations the
conifer Pilgerodendron uvifera is abundant, both as trees and in
shrub form, and the coniferous shrub Dacrydium fonckii.

The western slopes of the southern Andes are very wet be-
cause they lie across the southern westerlies, in the path of
frequent storms whose frontal precipitation is greatly increased
by the orographic effect of the Cordillera. Comparable condi-
tions are unlikely to have prevailed on the Ross Embayment
slopes of the Transantarctic Mountains during the Neogene
warm intervals. However, if the species of conifer or conifers
that were present at Oliver Bluffs were closely related to the
modern southernmost conifers Pilgerodendron uvifera and
Dacrydium fonckii, rainfall is likely to have been at least moder-
ate-perhaps 60-100 centimeters annually, as in Pisano's (1977,
p. 219) Pilgerodendro-Sphagnetum magellanici sub-association, in
the drier parts of the islands south of the Beagle Channel. Thus
the environment of the Ross Embayment coasts at a time of
Pliocene warmth may, as regards ice cover, have resembled the
extremely wet fjord region of Patagonia and Tierra del Fuego,
whereas the vegetation cover more closely resembled that of
drier areas on the other side of the main divide.

The figure shows a modern scene with some of the inferred
environmental features at the head of the Beardmore fjord at the
time the sedimentary sequence exposed at Oliver Bluffs was
being deposited. The glacier at the head of Seno Eyre (49°S
latitude), after advancing about 10 kilometers down the fjord
after 1945, overriding trees and peat bogs, began a slow retreat
in the early 1980's. The photograph of recently deglaciated
terrain, taken in 1986, shows hummocky glacial sediments with
abundant wood on the surface, chiefly Pilgerodendron uvifera,
with some Nothofagus betuloides. The vegetation that was over-
run also includes Dacrydium fonckii. In the Beardmore fjord at a
time of Pliocene warmth, the glacier would have advanced into
less luxuriant and more stunted vegetation than that shown
here, where average midsummer temperature is about 12°C.

This research was supported by National Science Foundation
grant DPP 84-20622.
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The search for microfossils
beneath the Greenland and west

antarctic ice sheets

D.M. HARWOOD

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

Interest in sediments beneath the Greenland and west ant-
arctic ice sheets stems from the recent discovery of reworked

marine microfossils in the upper Pliocene/lower Pleistocene
terrestrial Sirius Formation of the Transantarctjc Mountains
(Harwood 1983, 1986a; Antarctic Journal, this issue; Webb et al.
1984, 1987). These fossils indicate a complex history of Cenozoic
marine invasion and deglaciation of East Antarctica. Determin-
ing whether this history could be verified and improved from
debris beneath the Greenland and west antarctic ice sheets was
the goal of the present investigation. The results from my search
for microfossils in subglacial debris from two ice cores, Camp
Century in northwest Greenland and Byrd in central West Ant-
arctica, and from glacial deposits associated with hyaloclastites
in Ellsworth Land and Marie Byrd Land are reported below.

West Antarctica

Byrd ice core. The bottom of the west antarctic ice sheet con-
tains, abundant stratified debris, including layers of clay, sand
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and pebbles, and larger fragments of rock occasionally inter-
spersed with bands of clear ice" (Cow, Epstein, and Sheehy
1979). Fourteen samples of basal debris from dirty-ice spanning
the lower 4.83 meters of the Byrd ice core were examined for
microfossils. Sediment material examined here includes debris
melted out of the ice core and several soft mud-clots described
in Cow et al. (979). Microfossils were not encountered during a
thorough microscopic examination of this debris. Because sam-
ple size was exceptionally small (less than 1 cubic centimeter)
for this type of study (Harwood, Grant and Karrer, Antarctic
Journal, this issue), the absence of diatoms is not surprising. Due
to the high potential scientific return, further examination of
this material is warranted.

Hyaloclastites. Volcanic deposits from Ellsworth Land (Rut-
ford et al. 1972) and Marie Byrd Land (LeMasurier and Rex 1982)
have been interpreted as subglacial hyaloclastites erupted be-
neath an ice mass in West Antarctica. Subglacial eruption is
favored over marine eruption due to: (1) striated pavements
beneath the deposits; (2) their thickness, elevation, and inland
position; and (3) stratigraphic association with glacial deposits
(LeMasurier and Rex 1982).

A preliminary examination of six hyaloclastites and associ-
ated glacial sediments from Marie Byrd Land revealed the pres-
ence of marine siliceous microfossils in four samples from
Mount Murphy, Shibuya Peak, Mount Takahe, and Mount Pe-
tras. Microfossils were not present in a sample from Jones
Mountain in Ellsworth Land. In most samples microfossil oc-
currence was limited to less than 10 fragments of siliceous
microfossils, most identifiable to genus. A rich siliceous micro-
fossil assemblage of more than 150 specimens was recovered
from tillite sample HC35F from Shibuya Peak. The assemblage
includes marine diatoms and silicoflagellates of middle to late
Miocene age. A subsequent preparation and examination of this
sample yielded similar siliceous microfossils. Further paleon-
tological study of these samples is in progress.

The history of these microfossils is similar to that of recycled
microfossils recovered in the Sirius Formation (Webb et al. 1984;
Harwood 1986a; Antarctic Journal, this issue) in that they were
initially deposited in a marine environment and later eroded
and transported by ice. Original source area and transport
distance is not known for the west antarctic material. Deposi-
tional processes, however, were markedly different as the
hyaloclastite-associated tills were melted from the basal layers
of an ice mass by subglacial vulcanism, whereas Sirius Forma-
tion deposits are largely ice-marginal or lodgement deposits.

Greenland
Camp Century ice core. Basal debris from the Greenland ice

sheet was examined with the hope of recovering microfossils
which could be used to determine and date changes in ice sheet
size through time. Three samples of basal debris and debris-
laden ice (Herron and Langway 1979) from the lower 18 meters
of the Camp Century ice core revealed the presence of abun-
dant nonmarine and few marine diatoms (Harwood 1986b).

These diatoms may have lived in the vicinity of Camp Century
in the Late Neogene prior to development of the Greenland ice
sheet. More likely, they lived during a Pleistocene interglacial
when the Camp Century site was ice-free and Greenland ice
sheet was at least one-third smaller. The northwest corner of
Greenland and probably much more of the continent, was ex-
posed during an episode of ice-retreat. A warmer and/or longer
interglacial than the present Holocene "interglacial" is sug-
gested to explain the large decrease in ice-sheet volume.

The following individuals are graciously acknowledged for
supplying sample material used in this investigation: C. Crad-
dock for the sample from the Jones Mountains; W. LeMasurier
for the samples from Marie Byrd Land; and Tony Cow for
material from the Byrd ice core. The Ice Core Storage Facility,
State University of New York at Buffalo and the National Science
Foundation provided sample material from the Camp Century
ice core.

This research was supported by' National Science Foundation
grant DPP 83-15553 and DPP 84-20622 to Peter-N. Webb and 1985
Geological Society of America research grant to D. Harwood.
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Techniques to improve diatom
recovery from glacial sediments

D.M. HARWOOD, M.W. GRANT, and M.H. KARRER

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

In Antarctica where more than 95 percent of the continent is
covered by ice, glacial erosions and transport of subglacial rock
sequences provides a means of recovering portions of these
hidden sequences. The value of these reworked sediments is
further enhanced if they contain dateable microfossil as-
semblages such as those recovered from the Pliocene terrestrial
Sirius Formation (Harwood 1983, 1986, Antarctic Journal this
issue; Webb et al. 1983, 1984). This paper describes the micro-
fossil recovery techniques applied to Sirius Formation samples.

When present in glacial sediments of the Sirius Formation,
microfossils occur within the till matrix or within reworked
sedimentary clasts of marine sediments. The ultimate goal is to
isolate the marine clasts from the matrix, process a portion of
the clast for marine microfossils, and retain a portion of the clast
for further geologic examination.

The extraction of diatoms from glacial sediments poses cer-
tain difficulties because microfossils are highly diluted within
glacial debris. To overcome these problems a series of tech-
niques can be employed to enhance the recovery of siliceous
microfossils. These techniques include disaggregation, "bub-
bling," settling, sieving, and heavy liquid separation.

The first step is disaggregation. The raw sample weighed
(Sirius Formation samples often exceed 3,000 grams) and placed
in a Calgon solution and allowed to soak for 48 hours. Excess
water is decanted and the sample is dried to a paste so it can be
"dissected" and smear slides prepared of any soft sedimentary
clasts. These smear slides provide the only means of determin-
ing the concentrations of microfossils, the relationship between
microfossils and clast lithology, and microfossil assemblage
composition. After the entire sample is examined for sedimen-
tary clasts, the remaining material is thoroughly mixed in dis-
tilled water. This "stock beaker" is now ready for bubbling and
settling.

The bubbling method enhances the separation of clastic and
biogenic components of similar size. After stirring, material in
the stock beaker is allowed to settle for 30 seconds removing
coarse material from suspension. Approximately 2,000 milli-
liters of suspended material is then siphoned from the top of the
stock beaker into a 4,000-milliliter beaker where it is diluted
with an equal amount of distilled water. An air hose is placed in
this beaker to maintain a sufficient amount of agitation to keep
the fines in suspension. From this bubbling beaker, the top
2,000 milliliters is siphoned off into another 4,000-milliliter
beaker, called the "settling beaker," and combined with 2,000
milliliters of distilled water. Material in the settling beaker is
stirred and allowed to settle undisturbed through a 25-cen-
timeter column of water for about 5 minutes, after which it is
siphoned. This process is repeated 15-20 times until the stock
beaker contains only coarse debris and is clear of suspended
material after settling. The high degree of repetition is neces-

sary due to large sample size and to ensure that any diatoms
which may have settled to the bottom are resuspended and
recovered during subsequent settlings.

The material remaining in suspension in the settling beaker is
siphoned through a 25-micrometer sieve and saved. Most di-
atoms will be caught in this sieve; diatom fragments and the
smaller diatoms will pass through the sieve. Four 2,000-milli-
liter beakers of the less than-25-micrometer material passing
through the sieve is collected and allowed to settle for 24 hours.
Material remaining in suspension after 24 hours is decanted.
The remaining residue is resuspended with fresh distilled
water. This process washes the sample of clay and is repeated
until the sample is clear. The residual less-than-25-micrometer
material and the greater-than-25-micrometer size fraction col-
lected in the sieve are saved for heavy liquid separation.

Some diatomists do not favor the practice of using sieves in
diatom analysis due to assemblage biasing and potential for
contamination. If sieving is a standard micropaleontological
practice for other fossils groups, (i.e. foraminifera, radiolaria,
conodonts), with the accepted biases, it can certainly be applied
to diatom study where quantitative diatom abundance is not
applicable. Sieve contamination can be avoided by prolonged
ultrasonic treatment in distilled water, washing under a stream
of water and blowing clean with compressed air. Additional
avoidance of contamination is obtained by using nylon sieves
which are dippled in hydrofluoric acid between samples. A
separate set of sieves should be used for glacial tills where
microfossils occur infrequently, if at all.

If sieves are not used in the processing of glacial till samples,
identifiable diatoms are not recovered in as great a frequency as
is sieves had been used. How can a bias be introduced to an
assemblage which is not recovered? Sieving allows large sam-
ples to be processed, increasing the chance of recovering di-
atoms and exotic marine sedimentary clasts. The use of sieves in
diatom preparations is further discussed in Combos and
Ciesielski (1983).

The remaining material not suspended during bubbling is
collected and sieved for forams. This involves washing the
sample through screens of 1000, 500, 250, 125, and 63 microme-
ters. All sedimentary clasts greater than 500 micrometers are
then reprocessed with hydrogen chloride and hydrogen perox-
ide under standard diatom preparation techniques to disaggre-
gate the older and more indurated material which may contain
microfossils.

The final step in the preparation is heavy liquid separation
(see Brady 1977). The less-than-25- and more-than-25-micron
size fractions are cleansed of clays and waters by centrifiguing
with acetone or water, depending on the heavy liquid used
(Bromoform, zinc bromide, sodiumpolytungstate). The sample
is then floated in a solution with a specific gravity of approx-
imately 2.4. Since most diatoms have a specific gravity of 2.0 to
2.25, the lighter diatoms float while quartz and silts sink. A
small amount of the diluting medium is added to the float to cap
the heavy liquid solution, preventing the float from clinging to
the side of the test tube. Floated material is pipeted into another
tube and a specific volume of density-dilluting agent (acetone or
water) is added to reduce the specific gravity to approximately
1.8. This step causes lighter material such as palynomorphs,
dinoflagellates, coal, and woody tissues to float and the material
with a specific gravity between 2.4 and 1.8 to sink, concentrat-
ing siliceous microfossils on the bottom. This material is then
washed in acetone or water to remove the heavy liquid, and
microscope slides are prepared. The foram size fractions are
floated in similar fashion with carbon tetrachloride.
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The above techniques relies on both surface-area-controlled
settling rates and density differences to separate siliceous mi-
crofossils from the abundant silts typically present in glacial
sediments. While this process is lengthy and involved, the
success rate for recovering microfossils in glacial sediments is
high.
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Land ice studies

Geophysical program at Upstream B
camp, Siple Coast
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During the 1985-1986 field season, the University of Wiscon-
sin continued its field geophysical studies of the Siple Coast
area. Once again, our work was concentrated at Upstream B
(UPB) camp (see figure for location) and was carried out in close
cooperation with groups from Ohio State University and the
National Aeronautics and Space Administration.

Seismic work at UPB comprised two parts: "active" seismic
explorations, involving explosive sources, and "passive" seis-
mic recording of natural events in and beneath the ice stream.

Active seismic work at UPB consisted of two continuous reflec-
tion profiles, each 12.5 kilometers long, oriented parallel to ice
flow, and centered on the Ohio State University strain grid. The
two profiles were parallel and separated by about 1-kilometer
transverse to ice flow. Two-fold common-depth-point records
including both compressional-wave and shear-wave data were
recorded. Several short continuous-reflection lines were shot
transverse to the direction of flow to tie the two parallel lines
together. This design complements the experiments of the first
2 years during which first (1983-1984) a dilated till layer was
discovered beneath ice stream B (Blankenship et al. 1986; Alley
et al. 1986) and then (1984-1985) the continuity of the till trans-
verse to ice flow was tested (Rooney et al. in press). This year's
experiment was designed to test the continuity of the till parallel
to ice flow. Preliminary examination of field records indicates
that the till exists at many spots along both of the lines, but its
continuity has yet to be determined.

Two locations were chosen for wide-angle seismic reflection
shooting similar to that done during the 1983-1984 season. The
results from these experiments should enable us to determine
the compressional- and shear-wave velocities and, from them,
some of the properties of the till, such as porosity and effective
pressure. (The 1983-1984 data indicated a compressional-wave
speed of 1,600 meters per second, shear-wave speed of 150
meters per second, till porosity of 40 percent, and effective
pressure of 50 kilopascals.

Passive seismic monitoring of ice stream B, undertaken for
the first time during this field season, consisted of a 1-month
deployment of a new fiber-optically linked array of seis-
mographs developed at the University of Wisconsin
Geophysical and Polar Research Center. The array comprised
nine elements; each element detected all three components of

ground motion. Seismometers were sensitive to frequencies
between 30 and 400 hertz. Signals from the seismometers were
digitized at the array elements and transmitted over fiber-optic
cable to a central node where they were continuously
monitored. When a microearthquake was detected, the digital
data for some specified period of time both before and after the
detection time was recorded. (Recording was done with the
digital seismic-recording system developed by the Geophysical
and Polar Research Center in 1983.) This procedure ensured the
acquisition of both compressional- and shear-wave arrivals at all
elements of the array.

The seismic array was deployed close to the center of the ice
stream near UPB camp. The nine elements of the array were
distributed as a double cross on a rectangle of approximately 2
X 4 kilometers; the long dimension of the array was parallel to
the direction of flow of the ice stream. The array was tested and
calibrated by detonating 30 explosive charges at known loca-
tions within it.

During the period of seismic monitoring, approximately 25
microearthquakes per hour were detected and recorded, 16
events were true "icequakes" associated with crevassing near
the surface, and presumably near the margins, of the ice
stream. The most interesting phenomenon, however, was a
group of nine small microearthquakes occurring only minutes
apart. Preliminary analysis of the location and the focal mecha-
nism of these events shows that they were associated with slip
on low-angle thrust planes at or near the bottom of the ice
stream. The exact location of these planes will be determined by
a more complete analysis. It will benefit our analyses that, by
good fortune, the seismic activity we observed occurred within
the region that is densely covered by seismic reflection profiles.

During the season, our radar development project came to
fruition. The radar transmitter and receiver (50 megahertz) as
well as the digital recorder were upgraded for airborne opera-
tion. This upgrade, performed at the Geophysical and Polar
Research Center, resulted in a digital radar system capable of
true "coherent integration." This capability greatly increases the
signal-to-noise ratio for radar echoes and can be used to reduce
scatter from the surface of the ice by reducing the effective beam
width of our antenna along the direction of motion (as in an
unfocused synthetic aperture radar).

Extensive airborne profiling (figure) was done using the new
digital radar system mounted in a DeHaviland Twin Otter air-
plane based at the UPB camp. This profiling included an 8,000-
kilometer reconnaissance survey of the catchment areas of ice-
stream B and C. The resulting maps of surface and bottom
topography of the ice sheet in this region will be used to con-
tinue mass-balance studies already begun (Shabtaie and
Bentley in press), as well as to investigate the interaction be-
tween the ice sheet and the ice streams. In addition, 6,000
kilometers of detailed survey grids were flown to determine the
continuity of the surface and basal feature of the ice stream as
well as to map reflection amplitudes and roughness of the bed.
Altogether approximately 16,000 kilometers of survey informa-
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surface base camps; and "C.I.R." is "Crary Ice Rise:' [Delineation of the ice streams is not exact—see Shabtaie and Bentley (in press)for a more
accurate version.]

tion were successfully recorded in phase-preserving form by
the new digital radar system. The output of the aircraft's inertial
navigation system and altimeters was recorded also during
these surveys.

Several kilometers of digital-radar profiling on the surface
were completed along survey lines both parallel and perpen-
dicular to ice stream flow near the UPB camp. These profiles
should yield new information about the characteristics of the
ice-stream bed; we hope to develop a diagnostic test for the
existence of active, deforming till.

As part of the cooperation between groups, the National
Aeronautics and Space Administration and Ohio State Univer-
sity investigators remeasured positions at a number of markers
both on the Ross Ice Shelf and on the inland ice emplaced and
measured in 1984-1985 by our field parties. In addition, gravity
measurements were made at remote sites by field personnel
from Ohio State University.

This work was supported by National Science Foundation
grant DPP 84-12404. This is contribution number 459 of the
University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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Further fir studies on the Siple Coast
of West Antarctica

R.B. ALLEY and C.R. BENTLEY
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Our studies of firn texture and diagenesis on the Siple Coast
of West Antarctica continued with collection of a 100-meter core
on ridge BC, between ice streams B and C, and with pit studies
on ridge BC and at the Upstream B camp on ice stream B (figure
1). Among the interesting preliminary results are that visible
stratification records an annual signal, that two types of depth
hoar can be recognized but only one type is an annual marker,
and that grain size increases rapidly with depth below 90 meters
on ridge BC.

The field work during December 1985 and January 1986 by
Alley continued our efforts to characterize better the texture of
firn and ice and to understand the processes that cause the
transformation of firn to ice. During 1984-1985, we conducted
field analyses on a 100-meter core from Upstream B and ob-
tained interesting results (Alley and Bentley 1985); however, the
core melted partially during shipment, so further field work
was required. To this end, coring was conducted to 101 meters
on ridge BC by B. Koci and W. Boller of the Polar Ice Coring
Office, Lincoln, Nebraska; core recovery was nearly 100 per-
cent. Detailed studies of 2-meter pits also were conducted on

Figure 1. Location map, showing drill site on ridge BC (+) and the
upstream B camp (*). "RIS" is the Ross Ice Shelf.

ridge BC and at Upstream B. Densities were measured and thin
sections cut and photographed in the field for both firn and ice.

The pit studies show a regular cycle of thick (approximately 5
centimeters) depth-hoar layers alternating with denser, finer-
grained firn. We interpret this cycle to be annual, and calculate
accumulation rates of 9.0 centimeters per year of ice on ridge BC
and 8.6 centimeters per year of ice at Upstream B, in good
agreement with results obtained from identification of radioac-
tive-fallout horizons (Whillans personal communication).

Two sorts of depth hoar can be identified in pits. In addition
to the thick, diagenetically controlled, autumn depth hoar that
serves as an annual marker, we find thinner layers (1 to 2
centimeters) of depth hoar in which low densities are deposi-
tional feature (surface hoar or still-air snowfall). Details of tex-
ture and contacts as well as thickness allow these types to be
distinguished.

We are determining textural parameters, including coordina-
tion number (Alley in press), from the thin-section pictures
using a computer-based image-analysis system (Bioquant II, R.
& M. Biometrics). These data provide a quantitative picture of
firn geometry and will be presented elsewhere. Of special inter-
est is the rapid increase in grain size below about 90-meter
depth at ridge BC (figure 2), which is accompanied by develop-
ment of a bimodal grain-size distribution; we are studying pos-
sible origins for this feature.

This research was supported by National Science Foundation
grants DPP 83-15777 and Di p 84-12404. This is contribution
number 457 of the University of Wisconsin at Madison,
Geophysical and Polar Research Center.
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Figure 2. Grain sizes from ridge BC core. Grain size is calculated as
1.5 times the average cross-sectional area of grains observed on a
plane of section. Age is calculated assuming constant accumula-
tion of 9.0 centimeters of ice per year and no vertical strain except for
densification.
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Dynamics and mass balance of ice
stream B

I.M. WHILLANS
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Our program, in cooperation with those of Ohio State Univer-
sity and the National Aeronautics and Space Administration, is
designed to determine whether the ice stream is currently
thickening, thinning, or remaining steady and to describe the
mechanics of the controls on its size and velocity.

The first objective involves comparing the input by new snow
accumulation with the output by ice flow. Accumulation rates
are obtained by drilling to detect the nuclear bomb fallout levels
in the firn stratigraphy and integrating the density profile above
these dated levels. The catchment area is to be defined from
velocity determinations. The outflow is obtained by measure-
ments of velocity and of thickness by radar along selected
transects across the ice stream.

The second objective is to determine which are the major
controls on the ice stream, and that is being addressed with
measurements of the fields of velocity, thickness, and surface
slope. Together with the constitutive relation for ice, the ve-
locity field can be used to identify where the restraints on ice
flow are located. Candidates include side drag, longitudinal
tension, longitudinal compression, and basal drag. A uniform
basal drag will not influence the surface velocity field, but the
basal drag is unlikely to be constant and variations in it will lead
to surface velocity and slope variations that can be detected.

During the 1984-1985 austral summer, the first measure-
ments of positions of markers were made and the program is to
be repeated in 1985-1986 to obtain velocities. Positions are ob-
tained in two ways. At safe airplane landing sites, Doppler
satellite receivers were left for 24 hours and, using a procedure
described below, accurate positions will be obtained. At many
of the Doppler stations black plastic photo targets were left tied
to bamboo poles. These serve as control for aerial photography
that was flown in January 1985. The photos show crevasses
clearly and repeated photogrammetry will provide velocities of
these crevasses (which are in areas where airplane landings are
not possible).

The central element of the program is surveying using the
U.S. Navy TRANSIT or "Doppler" satellites. The orbits of these
satellites are not adequately known for our purposes, and so we
continuously tracked the satellites from two small camps north

and south of the ice streams on the nearly stagnant ridges. With
these data, the tracking data obtained from the 24-hour stations
can be used to define positions more accurately. This technique
was used with great success on the Greenland Ice Sheet (Drew
and Whillans 1984) where formal accuracies of 0.1 meter (one
sigma) were obtained. In 1984-1985, we used one JMR-1 re-
ceiver and six or seven Magnavox MX1502 receivers. The
MX1502 receivers had electronic problems that degraded our
program, but we believe that surveying was adequate.

The aerial photograph was flown in January 1985, but unfor-
tunately, due to navigation problems, the photo blocks are shift-
ed about 11 kilometers with respect to the control (plastic photo
targets). Only about 35 percent of the photography is suitable
for precise position determination.

The north and south camps were operated by two people
each. In addition to servicing the satellite receivers, they con-
ducted a program of firn stratigraphy and measurement of
surface elevation and strain. The surface strain will help in
assessing the mass balance of the ridges and the firn stratigra-
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phy was directed largely to determining if annual strata can be
reliably counted (with a view to possible deep drilling later).

The strain grid at the Upstream B camp was remeasured
(figure).

The weather at the camps showed a strong north-south gra-
dient such that the south camp experienced near continuous
blizzard conditions while the main and north camp had only
light winds. This greatly impeded the work program at the
south camp. The wind pattern confirms a prediction from a
numerical simulation of katabatic air flow in Marie Byrd Land by
Parrish and Bromwich (1986).

A critical factor in our success was the availability of aerial
photography obtained in 1983-1984 by the U.S. Geological Sur-
vey. Patricia Vornberger used the photos in making a sketch
map of the ice stream showing the location, type, and orienta-
tion of visible crevasses (Vornberger and Whillans 1986). The
map was used to select landing sites and flight lines for con-
trolled photography this year. One transect (called the "girdle
traverse") was to have been conducted using snow-cats. It was
outside the area of photo coverage and on reconnaissance it
became clear that the traverse would be too dangerous and
difficult by tractor. It was, however, possible to install most of
the stations by air.

The 1983-1984 photographs are being further interpreted and
crevasse patterns are being used to describe the style of flow of
the ice stream.

Full use was made of a ski-equipped Twin Otter aircraft ob-
tained on lease from Kenn Borek Air, Calgary. The air crew
proved to be skilled and willing and we are pleased with the
support.

The field team was composed of John Boizan, Henry Brecher,
Jeff DeFreest, Andrea Donnellan, Joe Kostecka, Mike Strobel,
Patricia Vornberger, and Ian Whillans. This research was sup-
ported by National Science Foundation grant DPP 81-17235.
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Interaction between ice stream B
and Ross Ice Shelf, Antarctica
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Three field seasons have been completed on the Siple Coast
program of glaciological and geophysical studies in West Ant-
arctica. Our part in this program concentrated in the mouths of
ice streams B and C and around Crary Ice Rise. In this report,
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we discuss the major features of the ice morphology and dy-
namics in the region which stretches from the mouth of ice
stream B to just upstream of Crary Ice Rise. Much of this
research is presented in more detail in Bindschadler et al. (in
preparation).

Airborne radar flights in this area carried out by the Univer-
sity of Wisconsin (Shabtaie and Bentley in preparation) have
improved our understanding of the morphology of this region
since the earlier measurements of the Ross Ice Shelf geophysical
and glaciological survey program (Bentley 1984) and the Na-
tional Science Foundation/Scott Polar Research Institute of
Great Britain/University of Denmark airborne survey (Drewry
1983). Ground control for the recent radar flights was accom-
plished by geoceiver positions established by all the cooperat-
ing groups within the Siple Coast program. Figure 1 shows part
of the map compiled by Shabtaie and Bentley (in preparation)
which covers our area of investigation. The ice stream flows in
from the upper left of figure 1 and approaches Crary Ice Rise
just beyond the lower right corner. The two oblong features in
midstream (A and A') have some characteristics of ice rises
(radar returns free of internal clutter which suggest old, stag-
nant ice) but are not encircled by crevasses and move at the
same speed as the ice stream. Their origins are still speculative.

The grounding line of ice stream B is much more advanced
than mapped by Drewry (1983) (Shabtaie and Bentley in prepa-
ration). We have confirmed the position of portions of the
grounding line by a combination of optical leveling, elevation
and ice thickness measurements, and observations of strand
cracks (Swithinbank 1958). Our interpretation of this area is of a
grounded apron of ice extending for 100 kilometers with a
surface gradient unusually low for an ice stream. The ground-
ing line has only a small surface expression and the details of its
shape are probably convoluted.

113



84°S

DISTANCE

STRAIN RATE

/-;

840S

150°W
	

155°W	160°W	165°W
	

A55 w	- -	/160 W	 165 W

Figure 1. Map of the mouth of ice stream B taken from Shabtaie and
Bentley (in preparation). Surface contours (in meters) are from radar
profiling. Thick solid lines indicate the boundaries of ice stream B
and the grounding line. The thin dashed line marks the boundary
between the two major tributaries of ice stream B. Dotted lines show
radar features with ice-rise-like radar signatures. Labeled dots are
survey stations.

The surface strain rates of the ice have been measured at a
number of sites and are presented in figure 2. The large vari-
ability in the pattern of strain rates over much of the ice stream
mouth is partially due to small-scale topographic effects. An-
other cause may be the frequent occurrence of areas of ice which
are decoupled from the bed by pressurized subglacial water.
The pattern of strain beyond the grounding line is more uni-
form and reflects the presence of Crary Ice Rise which causes
increasing longitudinal compression in the ice.

55 W	 160 WI	
4I0.	

1165 W

Figure 2. Surface strain rates in the mouth of ice stream B. Deforma-
tion is represented by the magnitude and orientation of principal
strain rates. Mapped features are taken from figure 1.

Bindschadler, MacAyeal, and Stephenson (in press) show
that there is a slight transverse variation of the longitudinal ice
stream surface velocity in the central portion of the ice stream at
station Downstream B. We have now extended that profile
across the crevassed northern margin of the ice stream by sur-
veying the positions of prominent seracs in the crevassed mar-
gin as well as surface stakes on the ice stream from two stations
on the slower-moving ice outside the ice stream. Figure 3 pre-
sents the average velocities measured over a 2-week interval.
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Figure 3. Velocities at the margin of ice stream B. Resected serac velocities are shown by crosses with vertical error bars; velocities from
geoceiver positioning and survey transects are shown by crosses with horizontal error bars.
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Using the average value of the velocity gradient across the
margin and an average ice column temperature of -13.13°C
(from surface and assumed bed temperatures at Downstream
B), and assuming no other stresses, the shear stress was calcu-
lated to be 1.6 bar. Warmer temperatures (due to strain heating),
additional stresses, or other factors such as fabric enhancement
would all tend to lower the value of shear stress. We feel that the
shear stress is probably not lower than 1 bar.

Our detailed measurements of velocity, strain, and surface
topography have allowed us to calculate the balance of forces in
this region. Across the profile at Downstream B, the average
basal shear stress is 0, while over the entire apron area, the
average basal shesr stress is only 0.005 bar (Bindschadler et al.
in preparation). These small shear stresses underneath
grounded ice are probably achieved by the widespread occur-
rence of pressurized subglacial water. For local areas of floating
ice the creep thinning rates would exceed those of a floating ice
shelf due to the excess ice thickness above sea level.

This research was supported by National Science Foundation
grants DPP 82-07320, DPI' 84-05287, and DPI' 85-14543.
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Paleoclimatic ice core program at
Siple Station

E. MOSLEY-TI-IOMPSON, K.R. MOUNTAIN,

and J.F. PASKIEVITCH

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

An ice-core drilling program was successfully conducted at
Siple Station (75°55'S 84°15'W, 1,054 meters above sea level)
during the 1985-1986 austral summer. The overall objective is to
obtain a high temporal resolution 500-year record of microparti-
cle concentrations, oxygen isotopes, conductivity, accumula-
tion, and chemistry for integration with other paleoclimatic
histories for the last 500 years. Emphasis upon the last 500 years
stems from recent analyses of two ice cores from the Quelccaya
Ice Cap (southern Peru) in which the latest Neoglacial event
(popularly known as the "Little Ice Age") is distinctly recorded
within the microparticle, oxygen isotope, and accumulation
records (Thompson et al. 1986).

The drill site was 1.5 kilometers upwind from the station
(figure 1). Summer (November to January) is the only season
with persistent winds: 68 percent of the 3-hourly observations
were from azimuths of 100° to 225°, and 20 percent were from
110° to 150° during the period from January 1982 through De-
cember 1984. Five years of daily observations (from December
1978 to July 1982) yield an average wind speed of 5.7 meters per
second (11.1 knots) with a maximum of 33.4 meters per second
(65 knots). During the 1985-1986 field season (3 December 1985
to 8 January 1986) average working conditions were approx-
imately -20°C with 18 knot winds. The prevailing winds were
150° from true north.

The first core, 302 meters deep, should provide a record to
about A.D. 1440. The quality of the core is excellent to 200
meters after which the core is consistently wafered. Although
wafered, core recovery was very good, and quality is adequate
for microparticle concentrations, oxygen-18 isotopes, con-
ductivity, and chemistry measurements. Figure 2 illustrates the
microparticle (diameters greater than 0.63 micrometer) con-
centrations in a 1-meter section of the 302-meter core. The
concentrations are among the lowest measured and partially
reflect the diluting effect of the high accumulation (approx-
imately 0.55 meter per year ice equivalent, Stauffer and Sch-
wander 1984). The second core (located 1 meter from the first) is
132 meters long, should contain a record to about A. D. 1770 and
is of excellent quality with nearly complete core recovery.

A complimentary program designed to assist in the inter-
pretation of the deeper cores included hand augering nine 20-
meter cores and sampling and stratigraphic mapping of walls in
three pits. Samples were collected from three walls of the 2.8-
meter deep central pit (pit 1) located 0.44 kilometer upwind
from the drill trench (figure 1). Walls A and C (each 1-meter
wide) were positioned parallel to the prevailing wind, with wall
B (4-meters wide) perpendicular to the prevailing wind. Sam-
ples were collected for microparticle concentrations, con-
ductivity, oxygen-18 isotopes, and chemistry. In addition, one
profile was collected for Beta-radioactivity measurements, and
one density profile was measured. Three cores (20-meters) each
containing approximately 20 years were drilled behind wall B
with each core associated with a specific vertical profile of pit
samples. Pits 2 and 3 (figure 1), consisting of two 1-meter
perpendicular walls (B and C), were each 2.2 meters deep. In
each pit two complete vertical profiles of samples were collected
for microparticle concentrations, oxygen-18 isotopes, con-
ductivity, and chemistry, and two cores were drilled, one be-
hind each wall. Additionally, one density profile was measured
in each pit.

The pit and shallow core data contribute to the determination
of the limit to which annual information can be extracted from
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Figure 1. Location of the science quadrant, the two intermediate
depth cores, nine shallow cores, and three pits with respect to the
station and prevailing wind. ("m" denotes "meter.")

the deeper cores and the characteristics of the individual annual
signals (microparticle concentrations, oxygen-18 isotopes, con-
ductivity, and chemistry) used for both dating and paleoclimatic
reconstruction. Previous ice core analyses from South Pole Sta-
tion (Mosley-Thompson and Thompson 1982; Mosley-
Thompson et al. 1985) illustrate the effect of low accumulation
upon the stratigraphic continuity of the preserved record. At
Siple Station the high accumulation should ensure good tem-
poral resolution, an uninterrupted stratigraphic record, and
preservation of the annual oxygen-18 isotope signal. Alter-
natively, the intensity and frequency of drifting may alter the
annual signal by mixing and scouring. The microparticle con-
centrations, oxygen-18 isotopes, conductivity, and accumula-
tion time series from these cores will be compared (Mosley-
Thompson and Thompson 1982) with other records with special
emphasis upon histories from South Pole Station and the Quelc-
caya Ice Cap [Thompson et al. 1984(a), (b), 1985, 19861.

This project was supported by National Science Foundation
grant DPP 84-10328. The Polar Ice Coring Office at Lincoln,
Nebraska provided the excellent drilling support, and field
participation by Bruce Koci, John Litwak, Kent Swanson, and
Randy Cerveny is gratefully acknowledged. Personnel from the
National Science Foundation's Division of Polar Programs, es-
pecially Ron LaCount, 2rick Chiang, and David Bresnahan, and
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Figure 2. The microparticle concentrations (diameters greater than
0.63 micrometer) per milliliter sample are illustrated for a 1-meter
section of the 302-meter core. The average of 2843 particles per
milliliter is only for this meter.("p. ml 1" denotes "micrometers per
milliliter.")

Lee DeGalen of ITT-ANS deserve special recognition for their
efforts to return the ice samples to the U.S successfully.
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PICO drilling activities at Siple Station
and on the Siple Coast during

1985-1986

B.R. Koci and K.C. KuIvINEN

Polar Ice Coring Office
University of Nebraska at Lincoln

Lincoln, Nebraska 68588-0200

Polar Ice Coring Office (Pico) drilling activities this season
focused on three projects in support of investigations by Ohio
State University and the University of Wisconsin at Madison. A
4-week field season produced a record amount of core and
number of shot holes drilled.

Two cores were collected at Siple Station for Ellen Mosley-
Thompson, Ohio State University's Institute of Polar Studies,
(Mosley-Thompson, Mountain, and Paskievitch, Antarctic Jour-
nal, this issue). The drill site was located 1.5 kilometers upwind
from the station (133 degrees from true north) with drilling,
logging, and packaging done in a covered trench (21 meters
long by 2.7 meters deep by 3.6 meters wide) due to inclement
weather. The first core was recovered to a depth of 302 meters,
with excellent quality core to 200 meters, and wafered but
usable core to 302 meters. Improved core quality was directly
attributable to new asymmetrical double-angle bits. These cut-
ters mounted on a drill head with increased inner diameter
produced 10 percent greater volume of core than earlier bit
configurations. Drilling proceeded at 30 meters per day. A sec-
ond core was drilled 1.5 meters from the first, with excellent
quality core recovered to 136 meters depth.

Both core drilling and hot-water drilling of shot holes were
conducted on the Siple Coast in support of the University of
Wisconsin at Madison. Ninety-six shot holes to 15-meters depth

were drilled using the rico hot-water drill mounted on a sled
towed behind a Tucker SnowCat. The University of Wisconsin at
Madison geophysicists (Bentley et al.Antarctic Journal, this is-
sue) laid out a flagged grid of 96 points at 360-meter spacing in
12-kilometer lines along Ian Whillan's (Ohio State University)
surface strain grid (Whillans, Antarctic Journal, this issue). Each
day iico drillers would traverse from the station to the grid area
for drilling. After problems with pumps and heater ignition
transformers on the first 2 days limited hole production to five
holes, producing during the final 3 days of drilling was 25, 36,
and 30 holes per day.

A 102-meter core was collected at Ridge B-C for the University
of Wisconsin at Madison (Alley, Antarctic Journal, this issue) to
replace core drilled at Upstream B during 1984-1985 but melted
in transit from Antarctica to the United States. This project was
support by Twin Otter aircraft from Upstream B.

Once in the field, drilling proceeded smoothly. Four of the 8
weeks of the field season were spent in transit, waiting for
aircraft or weather.

The Pico field team included Bruce Koci, John Litwak, and
Kent Swanson core drilling at Siple Station; Bill Boiler and Ran-
dall Cerveny hot water drilling at Upstream B; and Bruce Koci
and Bill Boiler core drilling at Ridge B-C.

The Polar Ice Coring Office is supported under National Sci-
ence Foundation contract DPP 83-18538.

References

Alley, R.B., and C.R. Bentley. 1986. Further firn studies on the Siple
Coast of West Antarctica. Antarctic Journal of the U.S., 21(5).

Bentley, CR., D.D. Blankenship, D.C. Schultz, S.T. Rooney, and S.
Anandakrishnan. 1986. Geophysical program at Upstream B Camp,
Siple Coast. Antarctic Journal of the U.S., 21(5).

Mosley-Thompson, E., K.R. Mountain, and JR Paskievitch. 1986. Pal-
eoclimatic ice core program at Siple Station. Antarctic Journal of the
U. S., 21(5).

Whillans, I.M. Dynamics and mass balance of ice stream B. Antarctic
Journal of the U.S., 21(5).

1986 REVIEW	 117



Uranium-series dating of antarctic ice

E.L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

It is very interesting to date polar ice radiometrically. Bands of
dust imbedded in ice are frequently observed in antarctic ice
fields. Our work focuses on dating ice samples with high dust
contents by the uranium-series method. We obtained uranium-
series ages [Fireman 1986(a), 1986(b)] of 325 thousand (± 75)
and 100 thousand (± 20) years for dusty ice samples from two
sites in the main Allan Hills icefield. W.A. Cassidy collected the
dust-banded ice from 50- to 100-centimeter depth at two sites,
called Cul de Sac 100 and Cul de Sac 150. U. Marvin examined
the particles in these samples with an optical microscope and
found them to consist essentially (more than 95 percent of the
particulates) of fine volcanic glass shards full of vesicles and
microvesicles. Evidently the fine volcanic glass shards were
deposited on snow, became incorporated in the ice, and moved
with the ice to the Allan Hills sites.

Ice samples with other types of particulates, such as ter-
restrial morraine, may also be amenable to uranium-series dat-
ing; however, it is difficult to date ice with less than 0.03 gram of
fine particulates per kilogram of ice with our present technique.

The uranium-series method can cover the age range from
10,000 to 600,000 years.

The ages of near-surface ice in the main Allan Hills icefield
may be in this range. This icefield, which covers an area of
approximately 100 square kilometers, is shown in the figure.

More than a thousand meteorites with terrestrial ages that
range from 11,000 (Fireman 1980) to 950,000 years (Nishiizumi
et al. 1986) have been recovered from this field. All reside on the
surface; the terrestrial age of a meteorite is the time since it fell.
If the meteorite fell on snow, became encased in the ice formed
from the snow, traveled with the ice to Allan Hills, became
exposed when the ice ablated, and then resided on the surface
for a long time, its terrestrial age would be much older than the
age of the underlying ice. The meteorite ages, however, tend to
increase as their locations approach Allan Hills suggesting a
stratigraphic sequence for the underlying ice.

According to Cassidy, dust bands imbedded in ice are easier
to find than meteorites. The Cul de Sac region, shown in the
figure, is near the southern corner of Allan Hills; the Cul de Sac
150 site is approximately 50 meters upstream from the Cut de
Sac 100 site. The measurements of radium-226 (22oRa), thor-
ium-230 (2307h), uranium-234 (234U), and uranium-238 ( 2 U) dis-
solved in ice samples, from these two sites [Fireman 1986(a),
1986(b)] are given in table 1, together with results for a clear ice
sample from stake 12.

The first two rows in table 1 show that the two Cut de Sac 100
samples with different dust concentrations have the same 238U

activities but that the sample with the higher dust concentration
has higher 234U, 23°Th, and 226 R activities. The third and fourth
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Table 1. Uranium-series activities dissolved in ice and the ratios of the 226Ra, 230Th and 234 U excesses

Sample
Dust (g)	238U	 234U	 23	 226	(226Ra excess)a	(226Ra excess)a(weight in	 0Th	 Ra 

kilograms)	Ice (kg)	(dpm/kg)	(dpm/kg)	(dpm/kg)	(dpm/kg)	(230Th excess)	(234U excess)

Gui de Sac 100	0.30	0.007 ± 0.002	0.063 ± 0.003	0.141 ± 0.020	0.198 ± 0.007	1.43 ± 0.22	3.41 ± 0.28
(1.00)

Guide Sac 100	0.14	0.009 ± 0.002	0.045 ± 0.003	0.081 ± 0.006	0.110 ± 0.007	1.41 ± 0.18	2.81 ± 0.39
(0.90)

Gui de Sac 150	0.070	0.020 ± 0.001	0.038 ± 0.002	0.066 ± 0.004	0.129 ± 0.005	2.20 ± 0.23	6.06 ± 0.80
(1.80)

Gui de Sac 150	0.008	0.019 ± 0.001	0.020 ± 0.001	0.022 ± 0.002	0.031 ± 0.005	-	 -
(3.60)

A.H. Stake 12	0.003	0.009 ± 0.001	0.007 ± 0.001	0.006 ± 0.002	0.008 ± 0.002	-	 -
(9.90)

° 226 R excess = 226 R - 238 U; 230Th excess = 230Th - 238 U; 234U excess =	-

Table 2. Age of the ice and the dissolved activity ratios

	

(26 N26)	 (26 N26)a

Age	(30 N30)	 (34 N34)
(103 yrs) Calculated	(Measured)	Calculated	(Measured)

a N26, N30, and N34 are the concentrations of dissolved 226 Ra, 230Th, and
234 J minus the concentration of dissolved 238U.

b Allan Hills Location GuI de Sac 150.
Allan Hills Location Cul de Sac 100.

rows show that the two Cu! de Sac 150 samples also have the
same 238U activity even though the 3.60-kilogram sample, which
is visibly clear, contains very little dust. The 234U, 230Th, and 226Ra
activities in the dusty Cu! de Sac 150 sample are higher than the
238U activity, but in the clear Cu! de Sac 150 sample the activities
are in radioactive equilibrium. The activities in the clear ice from

the stake 12 location are also in equilibrium. The last two col-
umns of table 1 give the ratio of the 226 R excess to the 230Th
excess and the ratio of the 226 R to the 234U excess. In dusty
samples, the 226 R activity is larger than the 230Th activity, which
in turn is larger than the 234U activity.

These data are consistent with the idea that 226Ra, 230Th, and
234w recoiled out of the dust during the alpha decays. The ratios
of the nuclides that recoil into ice from dust change with time in
a calculable manner [Fireman 1986(a)]. The calculations show
that these ratios are relatively insensitive to the sizes and shapes
of the particulates. Table 2 gives the calculated ratios versus age.
The 226Ra/230Th and 226Ra/234U ratios measured in the Cu! de Sac
150 sample both correspond to an age of (100 ± 20) thousand
years. The average of the 226Ra/230Th ratios measured in the Cu!
de Sac 100 samples corresponds to the age of (310 + 150, - 50
thousand years and the average 236Ra/2 U ratio corresponds to
an age of (320 ± 40) thousand years.

The experimental procedures involved in these measure-
ments have been described [Fireman 1986(a)].

During the 1985 field season, members of Cassidy's group
collected dust-banded ice samples from the Lewis Cliff region
of the Beardmore Glacier, from the far western icefield (76°54'S
157°01 'E) near Allan Hills, and from three other sites at the main
Allan Hills icefield for uranium-series dating.

We thank J. DeFelice for his assistance. This work is support-
ed by National Science Foundation grant DPP 82-17831.
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The Dominion Range ice core

P.A. MAYEWSKI

Glacier Research Group
and

Institute for the Study of Earth, Oceans and Space
University of New Hampshire

Durham, New Hampshire, 03824

Localized-accumulation basins in the Transantarctic Moun-
tains contain sites yielding ice-cores that provide highly de-
tailed (seasonal to annual resolution, depending upon depth),
several-thousand-year records of glacial history, climatic
change, volcanic activity, and atmospheric chemistry. The sci-
entific attraction of these sites, first, their geographic location
with respect to other ice-core studies (which are most com-
monly recovered from inland sectors of the antarctic ice sheet)
and second, the fact that Transantarctic Mountain sites are more
directly comparable to glacial geologic records because the latter
are usually based on studies in these mountains. Although the
ice-core records from these sites cover shorter periods than
glacial geologic records, they provide much finer resolution and
hence allow more elaborate and direct comparisons to be made
with modern Antarctica. Details gained from ice-core records in
the Transantarctic Mountains, therefore, provide us with a bet-
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ter understanding of glacial geologic records. The most valuable
ice-core records are those which are highly detailed and involve
a number of different types of physical and chemical measure-
ments because such records maximize the dating of the core
while also providing the tightest resolution and interpretation.

During the 1984-1985 austral summer, we undertook a field
program on the plateau of the Dominion Range (figures 1 and
2), a localized accumulation basin at the head of the Beardmore
Glacier, Transantarctic Mountains. Studies conducted during
the field program included: (1) development of an ice drainage
map for the study region (figure 1), (2) radio-echo sounding in
the general region of the drill site, (3) surface and detailed
snowpit (6 meters and 1-2 meters deep) sampling, and (4)
collection of a 201-meter core (in cooperation with the Univer-
sity of Nebraska's Polar Ice Coring Office) including on-site
examination of the physical condition of the core, temperature,
and density.

Although the laboratory portion of the study is not complete,
we have finished the following components of the study.
• Development of ultra-clean firn/ice processing techniques for

both the field (figure 3) and laboratory (Spencer et al. 1985).
• A map of ice-surface elevations and ice thicknesses in the

region of the drill site.
• Physical measurements on the core including stratigraphy

and thin-section analysis (in cooperation with T. Gow at the
Cold Regions Research and Engineering Laboratory in Hano-
ver, New Hampshire).

• Analysis of all surface and snowpit samples and selected
sections of core for sulfate, nitrate, chloride, fluoride, so-
dium, reactive silicate, and total beta-activity and oxygen
isotopes (in cooperation with P. Grootes of the University of
Washington).
Preliminary statistical treatment of the snowpit and core seg-

ments analyzed to date suggest that: chloride, nitrate, sodium,
and sulfate all display seasonal signals; time-series for chloride,
sulfate, and sodium are all positively correlated while the ni-
trate time-series is negatively correlated with all of the latter;
factor analysis reveals a strong association between chloride,
sulfate, and sodium, and marked trends in the chemical time-
series are apparent which can be attributed to volcanic input
and changes in climate and atmospheric chemistry.

4L

Figure 2. Dominion Range field camp.
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Figure 3. Sample handling in the field.

Members of the Glacier Research Group involved in this	 Reference
program include: P.A. Mayweski, W. Berry Lyons, M.J.
Spencer, M. Twickler, J. James, and D. Meese. This work is	Spencer, M.J., W.B. Lyons, M. Twickler, and P.A. Mayewski. 1985.supported by National Science Foundation grants DPP 84-11108	Contamination control for polar ice core samples. EQS Transactions,and DPP 85-13699.	 66(46), 895-896.
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Oxygen isotope studies and
compilation

of isotopic dates from Antarctica

P.M. GROOTES and M. STUIVER

Quaternary Isotope Laboratory
University of Washington
Seattle, Washington 98195

The Quaternary Isotope Laboratory, alone or in collaboration
with other investigators, is currently involved in a number of
oxygen-isotope studies mainly in Antarctica. These are listed
and discussed below.

South Pole (900 S). Most of the analysis of the two parallel 200-
meter cores drilled at the South Pole during the 1980-1982 field
seasons has been completed. Detailed oxygen-18 measure-
ments of the upper section of the 1980 core, of a shallow core
collected for M.B. Giovinetto (University of Calgary, Canada),
and of several pit profiles sampled and studied by E. Mosley-
Thompson (Ohio State University) provide information on spa-
tial variability of the oxygen-18 record preserved in the firn and
on the relation between oxygen-18 and visible stratigraphy.

Dominion Range (85°15'S 166°10'E). Several short oxygen-18
profiles sampled in pit walls by P.A. Mayewski (University of
New Hampshire) were analyzed to determine the seasonal
oxygen-18 signal preserved in the snow and its temporal and
spatial variability. Deeper sections of the core are currently
measured.

Ross Ice Shelf, J-9 (82°22'S 168°40'W). The oxygen-18 measure-
ment of the ice in the Ross Ice Shelf core at J-9 has been com-
pleted. The profile of the top 410 meters, containing inland ice,
has been published (Grootes and Stuiver 1986). The oldest
inland ice is over 30,000 years old. Most of the glacial-inter-
glacial oxygen-18 change occurs between 266 and 286 meters
depth in the core. Correlation with the Dome C oxygen-isotope
record (Lorius etal. 1979) suggests ages of 12,600 to 15,500 years
for this depth range. Detailed comparison of the J-9, Byrd Sta-
tion, and Dome C oxygen-18 profiles shows oxygen-18 change
in antarctic cores to be influenced by, first, a general climatic
change common to all and, second, local topographic changes.

The latter can be ice-sheet thinning; shift of the snow accumula-
tion area of ice, currently at depth in the core, down a flow line
to a different surface elevation; and/or a change in proximity to
the open ocean caused by this same shift along the flow line.
Estimated changes in the surface elevation of the snow ac-
cumulation area for the Byrd Station and the J-9 cores are com-
patible with reconstructions of the size and ice flow of the west
antarctic ice sheet. The bottom 6 meters of sea ice at J-9 show a
rapid transition from inland-ice oxygen-18 values around -42%
to sea-ice values of about + 2°/. This ice documents the history
of bottom freezing between the grounding line and J-9.

Siple Coast. Collaboration with I.M. Whillans (Ohio State Uni-
versity) and R.A. Bindschadler (National Aeronautics and
Space Administration/Goddard Space Flight Center) on surface
samples from the Siple Coast section of West Antarctica was
continued. The surface samples will provide the oxygen-18 data
base needed for a more detailed interpretation of Ross Ice Shelf
oxygen-18 profiles like the one at J-9.

McMurdo Ice Shelf (78°S 166°E). A series of surface samples of
the MuMurdo Ice Shelf collected by T.B. Kellogg, University of
Maine, was analyzed.

Radiometric dates. A compilation of radiometric dates from
Antarctica containing abstracted information from 400 publica-
tions now is available (Stuiver and Braziunas 1985). The list
differs from those routinely published in Radiocarbon (the jour-
nal of publication) because not only radiocarbon but all dating
methods are included. The nearly 2,500 separate entries give
basic information on the sample site as well as the dating meth-
od and the age(s) of the sample analyzed. Fifty-six percent of
the entries are potassium-argon dates, 18 percent radiocarbon
dates, and 15 percent rubidium-strontium dates. A limited
number of reprints is available (Quaternary Isotope Laboratory,
University of Washington) for distribution to interested parties.

This work was supported by National Science Foundation
grant DPP 84-00574.
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The Antarctic Slope Front

S. JACOBS

Lamont-Doherty Geological Observatory
Columbia University

Palisades, New York 10964

In the course of oceanographic studies near the continental
margin, we have made a number of transects across the Ant-
arctic Slope Front (AsF). (See figure 1.) This feature has pre-
viously been noted in relation to subjects as diverse as sea-bird
distributions and bottom-water formation (e.g., Ainley and
Jacobs 1981; Foster and Carmack 1976) but has yet to be thor-
oughly studied (WCRP 1985; WOCE 1985).

The Antarctic Slope Front is probably circumpolar, and its
temperature-salinity characteristics vary considerably in space
and time. It appears to be topographically controlled, usually
being centered above the upper continental slope (figure 2). The
thermal boundary is relatively vertical, unlike some shelf/slope
fronts in temperate oceans (e.g., Houghton, Aikman, and Ou

in preparation). The ASF is frequently associated with a deep,
fresh, wedge-shaped feature (Gill 1973), in which there is often
imbedded a local temperature minimum (T m1 ,,). This Tm ,, may
mark the (high-velocity?) core of a slope current that carries
icebergs and sea ice westward near the shelf break. At the
northwestern corners of the large continental shelf seas, this
current apparently branches into coastal and slope
components.

ASF summer characteristics (the only ones we've observed so
far) are primarily manifested well beneath the sea surface. Hori-
zontal gradients in temperature, salinity, and other parameters
often exceed those observed at the better-known Polar Front
(Antarctic Convergence) and can extend over more than 1,000
meters of the water column. Upwelling, sinking, and intense
mixing in this narrow, high-energy zone result in the consump-
tion of deep water and several modes of shelf water and in the
production of bottom water and surface water. A lower con-
centration of winter sea-ice above the slope region suggests the
presence of a local maximum in sea-air heat flux.

The ASF appears to weaken temporarily or be absent at some
locations, allowing deep water or its derivatives to penetrate
onto the continental shelf. Heat flux associated with these deep
intrusions contributes to basal melting of the ice shelves and
may also influence the ice-front positions (Jacobs, Fairbanks,

4ç0	 50°	 55	 S0°S Lot tude	65°	 (0	750

Figure 1. The position of the Antarctic Slope Front and other oceanic fronts between New Zealand and the Ross Sea, December 1976.
Temperature vs. depth from expendable bathythermograph casts taken from the U.S. Coast Guard icebreaker Northwind. Modified after
Burckle, Jacobs, and McLaughlin (in press).
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Figure 2. The Antarctic Slope Front appears between stations 107
and 111 on these vertical sections of temperature and salinity
across the continental slope and shelf in the central Ross Sea. Deep
Ice Shelf Water (0 < -1.95°C) results from melting at the base of the
Ross Ice Shelf. These data are from conductivity/temperature/depth
profiles taken in February 1984 from the U.S. Coast Guard ice-
breaker Polar Sea (Jacobs et al. in preparation). ("m" denotes
"meters:' "km" denotes "kilometers.")

and Horibe 1985; Jacobs, MacAyeal, and Ardai in press). Ex-
tremely low temperatures and other tracers characterize ice
shelf water (figure 2; Schlosser 1986) which is incorporated into
plumes of dense water at the ASF, subsequently flowing down
and along the continental slope to ventilate the abyssal oceans
(Hollister and Elder 1969; Carmack and Killworth 1978; Foidvik,
Gammelsrod and Torresen 1985; Jacobs 1986).

This work is supported by National Science Foundation grant
DPP 85-12540.
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Abyssal boundary current studies
deployment cruise

R.G. PETERSON

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Two primary objectives of the abyssal boundary current stud-
ies (ABCs) are to determine by which route the antarctic bottom
water (ABw) that is formed within the Weddell Sea enters the
South Atlantic Ocean and to estimate the volume transport of
this deep western boundary current. This program is being
funded by the National Science Foundation and the principal
investigators are W.D. Nowlin, Jr., T. Whitworth III (both at
Texas A&M University) and R.D. Pillsbury (Oregon State Uni-
versity). Other institutions involved include the Argentine Ant-
arctic Institute, Scripps Institution of Oceanography, and
Woods Hole Oceanographic Institution. Field experiments for
this program began with a cruise of the RIv Melville from 22
January to 25 February 1986 (figure 1). During this cruise, 61
Anderaa RCM5 current meters on 14 moorings were deployed,
42 hydrographic stations, and 273 expendable bathyther-
mograph (xBT) profiles were taken. Samples were drawn from
the hydrographic cast for salinity, oxygen, nutrient, helium,
tritium, freon, methane, and pigment analyses.

The ABW flows as a deep western boundary current from the
Weddell Sea northward along the South Sandwich Trench
(Georgi 1981). Beyond the South Sandwich Trench, however, it
is not clear by which route the ABW continues its movement into
the South Atlantic. There are two routes that appear to be the
most likely. One is for the ABW to flow northward along the
eastern side of the Islas Orcadas Rise, then westward along the
northern sides of the Falkland Ridge and the Falkland Escarp-
ment. After flowing through the southern Argentine Abyssal
Plain, it turns northward to flow along the South American
Continental Rise. Another likely path is northward from the
South Sandwich Trench into the Georgia Basin, west of the Islas
Orcadas Rise, and northward through the East Falkland Chan-
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nel or the West Falkland Channel, then westward along the
Falkland Escarpment as it would do with the other path.

To be certain of monitoring this current regardless of the path
that it takes, a line of moorings was installed northward from
the Maurice Ewing Bank into the Argentine Basin (figure 2).
Seven moorings comprise this main line, with the distances

between them being the smallest near the Falkland Escarp-
ment. Pairs of moorings were also installed within the East and
West Falkland Channels and a short line of three moorings was
deployed northward from the Falkland Ridge east of the East
Falkland Channel (figure 2). The current-meter array will be in
place for about 14 months with each instrument taking hourly
measurements of temperature and current speed and direction.
Many instruments are also equipped with pressure and con-
ductivity sensors. In addition to providing long-time series of
the deep and mid-depth flow, the current-meter data will also
be used to reference the geostrophic shears obtained from this
cruise and from two future cruises (one scheduled for
November 1986 and the recovery cruise scheduled for March
and April 1987).

Preliminary results from the deployment cruise indicate that
the bathymetry of the region also exerts a strong influence on
the upper-ocean currents. Property profiles from the hydro-
graphic and (xBr) stations show that the Antarctic Polar Front
closely followed the narrow ridge just north of the West
Falkland Channel and that within the region of the moored
array the Subantarctic and Polar Fronts had nearly merged.
Figure 3 shows a vertical section of temperature extending
across the narrow ridge as observed by closely spaced XBTS (see
figure 2). The northern edge of the near-surface-temperature-
minimum layer in this section was located over the crest of the
ridge (near XBT) 168), as was the case for the length of the ridge
as observed from other sections. Surface temperatures imme-
diately to the north of the temperature-minimum layer were
greater than 8 degrees, which are characteristic of the Suban-
tarctic Zone at Drake passage during the same time of year
(Sievers and Nowlin 1984). Geostrophic shears from the bottom
to the surface within this region were found to be as high as 75
centimeters per second. The surface geostrophic speeds there,
once the shears are adjusted to the current-meter data, are
anticipated to be as strong as any observed elsewhere along the
Antarctic Circumpolar Current.

The current-meter data that will be recovered from the ABCS
array should allow several questions to be addressed. Among
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Figure 1. Hydrographic and XBT stations occupied from the fl/V Melville during 22 January to 25 February 1986. Depths are in kilometers.
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Figure 2. Locations of the current meter moorings deployed during the cruise, and the location of a line of closely spaced XBT stations. Depths
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Figure 3. Vertical section of temperature as observed from closely spaced XBT stations. Station 168 was taken over the crest of the ridge. (See
figure 2).
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them are questions concerning the course of the ABW and its
volume transport as it enters South Atlantic, how the upper-
ocean flow interacts with the deep flow there, and the magni-
tude and variability of the eastward volume transport of the
Antarctic Circumpolar Current.

This research was supported by National Science Foundation
grants OCE 84-16539 and OCE 84-14886.

References

Georgi, D.T. 1981. Circulation of bottom waters in the southwestern
South Atlantic. Deep-Sea Research, 28, 959-979.

Sievers, H.A., and W.D. Nowlin, Jr. 1984. The stratification and water
masses at Drake Passage. Journal of Geophysical Research, 89(C6),
10489-10515.

Physical oceanographic observations,
Antarctic Marine Ecosystems

Research
in the Ice-Edge Zone program, March

1986

AMERILZ II
v1ir1i 1986

,L.III,j'..I

R.D. MUENCH

Science Applications International Corporation
Bellevue, Washington 98005

D.M. HUSBY

Pacific Environmental Group
National Marine Fisheries Service!

National Oceanic and Atmospheric Administration
Monterey, California 93940

54

•

No

 a
No

ego	
J

a'

WEDDELL SEA

46	 42

Temperature and salinity observations were carried out in the
northwestern Weddell Sea marginal ice zone (MIz) during
March 1986 as part of the Antarctic Marine Ecosystems Re-
search in the Ice-Edge Zone (AMERIEz) project. The purpose of
these observations was to define the oceanic temperature, sali-
nity, and density fields. Particular emphasis was placed on
features, such as vertical stratification in the upper ocean layers,
which were expected to impact local biological processes.

The observations were carried out from two vessels. One, the
U.S. Coast Guard icebreaker Glacier, operated at and within the
ice edge. The second vessel, the R/v Melville, operated in the
open water seaward of the ice edge. Observations from both
vessels were made using Neil Brown Mark IV CTD
(conductivity/temperature/depth) profiling systems. During
the March 1986 program, 66 CTD stations were occupied from
the Glacier and 49 from the Melville. Geographical locations of
these stations are shown on figure 1. Most of the CTD casts
extended downward to depths greater than 500 meters; more
than half of them extended to 1,500 meters.

The study area was characterized by three major water mass-
es, each identifiable based upon its temperature and salinity
characteristics (figure 2). (See, for example, Carmack 1977.) The
uppermost layer was the surface water. During the March
AMERIEZ program, the temperature of this layer was at or near
the freezing point (about -1.8°C), where it underlay the sea ice
and increased up to about -0.2°C some 200 kilometers east of the
ice edge. Salinities varied from 33 to 34 parts per thousand; the
higher salinities occurred in areas where freezing was occur-
ring. The layer was vertically well mixed and varied in thickness
from less than 25 meters to greater than 40 meters.

Figure 1. Locations of CTD Stations occupied by U.S. Coast Guard
icebreaker Glacier (circles) and n/v Melville (squares) during the
March 1986 AMERIEZ field program. Arrow indicates approximate
location of station shown in figure 2.

a ANN

Figure 2. Vertical profiles of temperature (solid curves), salinity
(dashed curves), and density as sigma-t (dotted curves) derived
from a CTD station taken near the ice edge during the March 1986
AMERIEZ program. Left-hand plot shows mid-depth step structures,
which are especially pronounced in temperature, and right-hand
plot shows upper layer detail. Depths are in meters. Station location
is indicated on figure 1.
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Underlying the surface water all locations was the Weddell
winter water. This layer reflected cooling and freezing which
occurred during the preceding winter and had temperatures
between about -1.5° and -1.7°C and a salinity of about 34.5 parts
per thousand. The winter water extended from just beneath the
surface water to about 100 meters and was separated from the
upper waters by a region of very strong vertical gradients in
temperature, salinity, and density. A weak (0.1°-0.2°C) tem-
perature maximum layer 10-20 meters thick was often present
between the surface and winter water layers. This thermal fea-
ture was a remnant due to absorption of incoming solar radia-
tion during the preceding summer.

The deepest water mass observed was the Weddell warm
water, which extended from the bottom of the winter water at
about 100 meters to more than the 1,500 meters maximum cast
depths. Temperatures in this layer varied between 0°C and
0.5°C, and salinities were 34.65 parts per thousand at the upper
boundary of the layer increasing to 34.7 parts per thousand at
the greatest observed depths. The greatest observed tem-
peratures in this layer occurred at about 500 meters depth. The
region between this temperature maximum and the top of the
layer at about 100 meters was characterized, over much of the
study region, by large (more than 100 meters in vertical extent)
temperature and salinity steps. These features have also been
noted by Middleton and Foster (1980). There is as yet no satisfac-
tory explanation for their presence, though they may play a
significant role in vertical heat fluxes.

Dynamic heights relative to the 1,500-decibar level were com-
puted to estimate whether appreciable baroclinic circulation
was present over the study region. The total dynamic relief was
of the order of only a few dynamic centimeters over the entire
area, indicating that the baroclinic circulation was negligible.

During the field program, two separate "rapid transects"
were occupied by both vessels. There were attempts to sample
along transects over time intervals which were short relative to
the periods over which changes might be expected to occur in
the water column. No significant variations were detected be-

tween occupations of these transects, suggesting that the phys-
ical system was reasonably steady-state during the 30-day dura-
tion of the cruise.

Finally, no strong horizontal gradients, or frontal systems,
were observed. This was in contrast to the AMERIEZ I program,
which sampled in November 1983 along the strong frontal
system separating the outflowing Weddell Sea water from the
waters of the Eastern Scotia Sea. The region sampled during the
March 1986 program was characterized only by very gradual
horizontal variation—primarily in the upper layers, in moving
from west to east away from the sea-ice edge.

The northwestern Weddell Sea MIZ region was intensively
sampled, revealing three water masses: the Weddell surface
water, the Weddell winter water, and the Weddell warm water.
The dominant upper layer feature was the widespread surface
water layer, which was underlain by very strong vertical gra-
dients. Such gradients imply that little vertical mixing is occur-
ring through the bottom of the upper layer. The dominant deep
feature was the presence of vertical temperature steps which
may be related to region-wide vertical heat transfer.

This work was supported in part by National Science Founda-
tion grants DPP 84-20646 (to Muensch) and DPP 85-13098 (to
Husby), by ONR contract N00014-82-C-0064 with Science Ap-
plications International Corporation (to Muensch) and by the
National Marine Fisheries Service/National Oceanic and At-
mospheric Administration (to Husby).
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Summer-winter comparison of Weddell
Sea surface water and its productivity

C.-T.A. CHEN*

Institute of Marine Geology
National Sun Yat-Sen University

Kaohsiung, Taiwan
Republic of China

The U.S.-U.S.S.R. Weddell Polynya Expedition (WEPOLEX)
(Chen 1982; Gordon 1982; Jennings, Nelson, and Gordon 1982)
generated chemical data near the outflow region of the Weddell
Sea in the late winter/early spring. These data permitted inves-

* On leave from College of Oceanography, Oregon State University,
Corvallis, Oregon 97331.

tigation for the first time of the cumulative winter effects on the
distribution of chemical properties in the Weddell Sea surface
water.

Temperature, salinity, oxygen, and nutrient data all indicate
that the temperature-minimum layer found in summer is the
remnant winter surface water. In summer, solar heating and
melting of sea ice transform the top layer of the winter surface
water into a warmer, less saline water than the winter surface
water which in summer is partially preserved beneath the top
layer. Subsequently, biological activity reduces the nutrient con-
centration in the summer surface layer. The oxygen con-
centration in the surface layer, however, increases in summer
because the oxygen-depleted winter surface water picks up
oxygen from the atmosphere after sea ice is melted. In sum-
mary, the winter Weddell Sea surface water is colder, saltier,
contains more nutrients but less oxygen than the summer sur-
face water (Chen 1984; Gordon, Chen, and Metcalf 1984; Jen-
nings, Gordon, and Nelson 1984).

Comparison of WEPOLEX and GEOSECS (Geochemical Ocean
Section Studies) normalized total carbon dioxide (NTCO 2 =
TCO2 x 35/salinity, TCO 2 is the total amount of carbonate spe-
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cies dissolved in sea water) data (Takahashi etal. 1980; Huber et
al. 1983; Chen 1984) also indicate that the winter NTCO7 values
in the surface layer agree with the GEOSECS summer values in the
temperature-minimum layer (figure). The summer surface
NTCO2 and normalized alkalinity values are lower than the
winter values by about 50 micromoles per kilogram and 10
microequivalents per kilogram, respectively. These data indi-
cate a production of 5 micromoles per kilogram of calcium
carbonate and 45 micromoles per kilogram of soft tissue, a ratio
somewhat lower than an average ratio of 1-to-4 for the world
oceans (Broecker and Peng 1982). The lower ratio is expected
because siliceous rather than calcareous organisms dominate in
the cold waters of the southern oceans.

The average amount of soft tissue production in the surface
layer above the temperature-minimum layer is about 22.5 mi-
cromoles per kilogram. This value translates to a productivity of
300-450 milligrams per square meter per day between late
winter WEPOLEX and summer (cEosEcs) if we assume average
surface layer to be 100 meters thick. The average calcium carbo-
nate productivity is 33-50 milligrams per square meter per day.
Although the effect of meltwater in summer would decrease the
estimated productivity by about 2 percent, the effect of air-to-
sea transport of carbon dioxide would probably offset the melt-
water effect.

Primary productivity in the southern oceans shows much
spatial and temporal variability (Balech et al. 1968; Koblentz-
Mishke et al. 1970; El-Sayed 1970; Lisitzin 1970; Goodell 1973).
For instance, Lisitzin (1970) reports the diatom concentration in
seawater to be between 0.5 x 10 6 and 1.0 x 10 per cubic meter.
Such a large variability may explain partially why some direct
productivity measurements have yielded low values when the
general assumption is that the productivity is high in the south-
ern oceans (El-Sayed and Turner 1977; Jennings et al. 1984).

Our estimates were obtained following the method of Jen-
nings et al. (1984) based on nutrient data. This method gives a
temporally and spatially averaged result. Our estimated pro-
ductivity of 300-450 milligrams per square meter per day agrees
very well with the results of Jennings et al. (220-420 milligrams
per square meter per day) and supports the notion that the

productivity is indeed high in the southern oceans. Even if we
assume that the average yearly productivity is reduced by half
as a result of the winter ice cover, we still have a high organic
carbon productivity of 55-82 grams per square meter per year
and calcium carbonate productivity of 6-9 grams per square
meter per year. These values agree very well with the result, 54
and 7.6 grams per square meter per year, respectively, obtained
from the recent sediment trap experiments in the southern
oceans (Noriki, Harada, and Tsunogai 1985).

I acknowledge support from the U.S. Department of Energy
(subcontract 19X-89608 C under Martin Marietta Energy Sys-
tems, Inc. contract DE-ACO5-84 OR 21400 with Department of
Energy), and the National Science Council of the Republic of
China (NSC 76-0209-M110-03).
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Because of logistic problems, very few expeditions have been
undertaken in the southern oceans in winter. This situation is
especially true for the Indian Ocean section. The scant chemical
data in the southern Indian Ocean were all collected in the
summer, making modeling for deep waters difficult, because
modeling winter-formed deep water with summer data would
add an unknown uncertainty to the results.

In the 1984 austral winter (July), the first cruise of the joint
French-U.S. INDIVAT (Indien Valorisation de Transite) program
was successfully accomplished (Chen and Poisson 1986). Sur-
face data were collected during transit from La Reunion to
Crozét, Kerguelen, Amsterdam Island and back to La Reunion
Aboard the French antarctic research/supply vessel Marion Du-
fresne. The subtropical front was found to be near 40°S and the
antarctic front was near 47°S during INDIVAT 1 (Chen, Poisson,
and Goyet 1986).

Many chemical properties, especially when normalized to a
constant salinity to remove the effects of evaporation and pre-
cipitation, are known to correlate linearly with temperature
(e.g., nitrate: Chen, Millero, and Pytkowicz 1982; Chen, Pois-
son, and Goyet 1986; pH, phosphate, and silicate: Chen 1984;
Chen et al. 1986; calcium: Chen, Pytkowicz, and Olson 1982,
1986; alkalinity and total carbon dioxide: Edmond 1974; Chen
and Millero 1979; Chen and Pytkowicz 1970; Chen 1982, 1984;
Chen, Poisson, and Goyet 1986; Chen et al. 1986.) Our nor-
malized nitrate (NNO 3 = NO3 x 35/salinity) values for surface
water are also found to correlate linearly with surface tem-
perature (figure A) between 2° and 17°C. We did not measure
nitrate for samples above 17°C because the values are known to
be very low.

Normalized alkalinity (NTA = TA x 35/salinity), pH, and
normalized total carbon dioxide (NTCO2 = TCO2 x 35/salinity)
also correlate linearly with temperature (figures B, C, and D). A
slight change in slope may occur at 13°C for normalized al-
kalinity and normalized total carbon dioxide near the sub-
tropical front near 40°S. The normalized alkalinity slope also
changes slightly at 4°C near the antarctic front.

It is not clear why such linear correlations exist. We assume
that biological activity reduces the normalized nitrate con-
centration from 28 micromoles per kilogram in the Circumpolar
Current near 50°S to 0 micromoles per kilogram in the sub-
tropical region near 35°S at a rate linearly correlated with the
warming of the water from 2°C to 17°C. Given the Redfield
carbon-to-nitrogen ratio of 106/16, this consumption of nitrate
must produce 185.5 micromoles per kilogram of organic carbon.
At the same time, the normalized carbon dioxide must be re-
duced by the same amount. In addition, the warming of sea-

On leave from College of Oceanography, Oregon State University
Corvallis, Oregon 97331.

water drives out dissolved carbon dioxide and reduces the nor-
malized carbon dioxide by 8 micromoles per kilogram.

Production of organic carbon as soft tissue is associated with
the production of inorganic carbon as hard tissue and shells at
roughly a four-to-one ratio (Broecker and Peng 1982). Thus, the
production of 185.5 micromoles per kilogram in organic carbon
should result in a further reduction of 46.4 micromoles per
kilogram in normalized carbon dioxide and 63 microequivalents
per kilogram in normalized alkalinity after the effect of nitrate
and phosphate on alkalinity is taken into consideration (Brewer
et al. 1975, Dryssen 1977; Chen, Pytkowicz, and Olson 1982).
Consequently, we expect a total reduction in carbon dioxide of
240 micromoles per kilogram. We observed a reduction of 215
micromoles per kilogram. We also observed a normalized al-
kalinity reduction of 70 microequivalents per kilogram. These
correlations further quantify the relationships between the car-
bon cycle and the nutrient cycle and indicate that biological
activity contributes to most of the reduction in nitrates, al-
kalinity, and total carbon dioxide.

For waters north of 35°S (water warmer than 17C), nitrate
concentration is so low that other sources of nitrogen, such as
ammonia or molecular nitrogen fixation, may be important in
biological consumption (Rheinheimer 1980). The Redfield ratio,
therefore, is no longer applicable. In addition, the effect of
equatorial upwelling becomes important, and simple linear re-
lations cease to exist (Chen, Poisson, and Goyet 1986).

We thank A. Poisson, C. Goyet, and C. Brunet of the Centre
National de la Recherche Scientifique, France and the captain
and crew of Marion Dufresne for assistance. The Terres Australes
et Antarctiques Francaises, France, provided the ship time.
Support was also provided by the U.S. Department of Energy
(subcontract 19X-89608 C under Martin Marietta Energy Sys-
tems, Inc., contract DE-ACO5-84 OR 21400 with the Department
of Energy), and the National Sun Yat-Sen University and the
National Science Council of the Republic of China (NSC76-0209-
M110-03).
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Opal and carbon fluxes beneath ice-
covered regions of McMurdo Sound
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The rate of delivery of sediment from the antarctic continent
to the shelf is presently unknown, but several recent studies
suggest that modern terrigenous supply rates are quite low
(Anderson, Brake, and Myers 1984; Dunbar et al. 1985; Barrett
in preparation). In this unique setting, pelagic production in
surface waters provides an important source of "new" sediment
which transits the shelf water column to the seafloor. Produc-
tion of biogenic silica (opal) and organic carbon varies sea-
sonally in direct response to the available sunlight. The highest
rates of primary production occur during December and Janu-
ary when levels in excess of 3 grams of carbon per square meter
per day have been reported from ice-free areas of the continent-
al shelf (El-Sayed 1970).

a	C FLUX (mg/m2/day)
0	20	40	60

Although the presence of ice greatly attenuates solar irra-
diance in the upper water column, large standing stocks of
phytoplankton have been observed within the base of the an-
nual ice and the subjacent platelet layer (Bunt, 1963; Sullivan et
al. 1982; McGrath-Grossi et al. in preparation). Productivity
within the sea ice rapidly increases during the period from
October through December and is largely a function of snow
cover and the angle of incidence of sunlight. Net annual pro-
duction within the sea ice and platelet layer of McMurdo Sound
may reach levels as high as 40 to 80 grams of carbon per square
meter per year (McGrath-Grossi et al. in preparation; Sullivan
personal communication).

Sea-ice cover in the waters overlying the antarctic continental
shelf exceeds 60 percent throughout the year. In areas where
annual ice forms and persists well into the austral summer,
cumulative production in and directly below annual ice may
approach or exceed that of the more prolific but short-lived
open-water community. Very little information is available con-
cerning when and how the products of the sea-ice and platelet
communities are released to the water column and the efficien-
cy with which these sediments are transported to the seafloor.
During the 1984-1985 austral season, we began to examine
biogenic fluxes beneath the annual fast ice of McMurdo Sound
as part of an integrated study of modern shelf sedimentation
(Dunbar, Leventer, and Marty 1985). One-hund red -and-twen-
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Figure 1. a. Fluxes of organic carbon versus depth for 41 sediment traps deployed beneath fast ice in McMurdo Sound during October through
December 1984. b. Weight percent organic carbon of trap samples versus depth. ("C" denotes "carbon." "m" denotes "meter:' 11 mglm 2" denotes
"milligrams per square meter:")
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ty-eight samples of the vertical flux beneath the fast ice of
McMurdo Sound were collected with sediment traps between
October and December 1984. Preliminary results based on the
diatom fluxes are given in Leventer and Dunbar (Antarctic Jour-
nal, this issue; in preparation). Here we present our initial
findings based on the measurement of opal and organic carbon
fluxes in 41 trap samples.

Sediment traps were deployed on 14 moorings concentrated
in three areas, the southeastern Sound near McMurdo Station,
in New Harbor, and in Granite Harbor (see location map in
Leventer and Dunbar, Antarctic Journal, this issue). Organic
carbon fluxes range from approximately 2 to 80 milligrams of
carbon per square meter per day with average values of 25 to 30
milligrams of carbon per square meter per day in the upper 100
meters and 5 to 10 milligrams of carbon per square meter per
day at greater depths (figure 1). Opal fluxes range from 5 to
nearly 400 milligrams of silicon dioxide per square meter per
day and are highest in near surface waters and adjacent to the
seafloor. Although we have observed significant carbon fluxes
to the upper water column beneath fast ice, the cumulative flux
through late December represents only a small fraction (5 to 20
percent) of the total production estimated for sea-ice commu-
nities in McMurdo Sound (McGrath-Grossi et al. in prepara-
tion). Opal fluxes to the traps are lower than the opal accumula-
tion rates measured at the seafloor in basinal areas of the south-
western Ross Sea (Ledford-Hoffman, DeMaster, and Nittrouer
in press). It is likely that large fluxes of biogenic debris occur
both during and after the breakup of the annual ice, events
which we plan to sample during the 1986-1987 austral summer
using free-vehicle moorings.

Weekly fluxes to traps at 25 and 103 meters adjacent to the tip
of the Erebus Ice Tongue are shown in figure 2. Terrigenous

debris normally accounts for less than 20 percent of the total
flux. The increased terrigenous flux to the shallower trap in late
December may well represent fine-grained sediment intro-
duced from melting of the Erebus Ice Tongue. Fluxes increase
by a factor of 6 during the 5-week experiment, primarily due to
increased production and sinking of opal and organic carbon.
The mid-December flux maximum is followed by a week of the
lowest opal fluxes recorded at this site. The products of the sea-
ice and platelet-layer communities are apparently released as a
series of pulses during the late austral spring. The material
collected within these traps consisted mainly of fresh di-
atomaceous debris, including both large organic aggregates as
well as numerous tests which appear to have settled as individ-
ual particles. Zooplankton pellets are rare.

Large compositional variability is evident in the vertical sedi-
ment flux. For example, the carbon/opal ratio in the upper 100
meters ranges from 0.4 to nearly 3.0 (figure 3). We attribute this
range to modification of the sinking flux through dissolution of
delicate diatom tests (Leventer and Dunbar, Antarctic Journal,
this issue) and rapid degradation of organic matter. With further
settling the oxidative loss of organic carbon apparently outpaces
the dissolution of opal; below 200 meters the trap samples
exhibit very low carbon/opal ratios similar to those found in
surficial bottom sediments. While carbon fluxes generally de-
crease with depth, opal fluxes increase near the seafloor at
several locations. We attribute this to resuspension and lateral
transport of refractory opal-enriched sediment in an environ-
ment of very low primary terrigenous input.

We have observed large spatial and temporal variations in
both the composition and quantity of the vertical sediment flux
over short distances in McMurdo Sound. It is apparent that at
least in this setting, and probably on much of the antarctic shelf,

Jffl OPAL	 ORGANIC C	jTERRIGENOUS

Figure 2. Fluxes of opal, organic carbon, and terrigenous debris to traps deployed at 25 and 103 meters adjacent to the Erebus Ice Tongue
during November and December 1984. Fluxes are averages for weeks ending on the dates given on the horizontal axis. Total undifferentiated
flux is given for the week ending 23 November. ("m" denotes "meter:' "Mg/M2" denotes "milligrams per square meter:')
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regional extrapolation from single mooring sediment trap ex-
periments is not possible. In general, the patterns of the shal-
low-water flux are not well preserved at the seafloor, attesting to
the importance of water column processes in controlling the
nature of the bottom sediments. Although significant amounts
of biogenic debris are transiting the shelf water column during
the austral spring, it is likely that large short-term flux events
occur during and after melting and breakup of the annual ice in

December and January. Further elucidation of the cycles of
carbon and silica on the antarctic shelf awaits sampling of these
events.

This work was supported by National Science Foundation
grant DPP 83-12486.
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Dissolution and transport of
particulate silica

McMurdo Sound, Antarctica

A.R. LEVENTER and R.B. DUNBAR

Department of Geology and Geophysics
Rice University

Houston, Texas 77251

Diatom production within the photic zone is the dominant
mechanism for the uptake of dissolved silica from the oceanic

water column (Heath 1974). Annual silica production on the
antarctic shelf ranges between 100 and 500 grams per square
meter per year, with diatoms accounting for more than 99 per-
cent of the total (Lisitzin 1972). In lower latitude oceanic gyre
settings, annual silica production is much lower, less than 100
grams per square meter per year, and diatoms may account for
less than 35 percent of the total Lisitzin 1972). Removal of silica
from the ocean to long-term storage reservoirs occurs via burial
of opal-bearing sediments, particularly in the southern oceans
(DeMaster 1981). Ledford-Hoffman, DeMaster, and Nittrouer
(in press) have estimated that as much as one-third of the
dissolved silica supplied to the oceans is ultimately sequestered
on the antarctic shelf. A study of silica production, transport,
dissolution, and sedimentation on the antarctic margin is essen-
tial to an understanding of the global silica cycle.
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In this paper, we describe the first use of diatom fluxes to
study systematically the dynamics of sinking particulate matter
in an area covered by annual sea ice. Despite the presence of
extensive seasonal ice cover in the Antarctic (Zwally et al. 1979)
and its influence on primary productivity (Sullivan et al. 1983;
McGrath-Grossi et al. in preparation), little is known about
vertical transport processes in such a setting. Our strategy has
been to examine variability in the character and composition of
biogenic particulate debris collected using sediment traps. Sam-
pies were collected from October through December 1984 from
12 sites in McMurdo Sound (figure 1) (Dunbar, Leventer, and
Marty 1985). The sites were chosen to encompass a variety of
glacial subenvironments and a wide range of water depths.

The average vertical flux of diatoms from October through
December, is 100,000-10,000,000 individual tests per square
meter per day (figure 2). The cumulative flux for this 3-month
period is thus approximately 10 million to 1 billion individuals
per square meter. Although the sub-ice diatom flux cannot be
compared directly with the concentration of diatoms in the sea
ice of McMurdo Sound to range between 10 million and 1 billion
individuals per square meter, the same order of magnitude as
the total cumulative diatom flux from October through De-
cember, as measured in the sediment traps. This rough com-
parison alone implies that when the sea ice melts, diatom and
opal flux must increase significantly, as a result of the release of
biogenic components previously trapped in the ice. In addition,
ice-edge blooms (El-Sayed and Taguchi 1981; Stirling 1982;
Smith and Nelson 1985) may provide another source for an
increased flux of particulates while the sea is melting. Wilson
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Figure 1. Location of sediment-trap moorings deployed through fast
Ice between October and December 1984.

and Smith (1984) found 1 billion to 10 billion cells per cubic
meter in an ice-edge bloom in the Ross Sea.

Based on our results, we have observed significant dissolu-
tion of diatom frustuies in the upper water column. At site I,
approximately 45-80 percent of the diatom tests dissolved be-
tween 34 meters and 220 meters (figure 3). A similar upper
water-column decrease in diatom flux is not seen at the other
sites (figure 2), but this may be a consequence of the sampling
depths at sites D, E, and F, with a significant reduction in diatom
numbers occurring above the shallowest sediment traps at
those moorings. Our findings at mooring I are consistent with
previous observations from open-water portions of the south-
ern oceans. Koziova (1961, 1964) estimated that more than 80
percent of the diatom frustules produced in near-surface waters
of the Indian and Pacific sectors of the antarctic dissolve by 100
meters.

Nelson and Gordon (1982) estimate that as little as 18 percent
to as much as 58 percent (by weight) of the biogenic silica
produced in surface waters of the Pacific sector of the southern
oceans dissolves in the upper 100 meters. We find similar re-
sults based on the sediment-trap data in McMurdo Sound,
where opal-flux decreases between 13 and 40 percent within the
upper column (figure 3). In contrast, in an upwelling region off
northwest Africa nearly none of the diatom tests escaped dis-
solution in the upper 60 meters (Nelson and Goering 1977).
Nelson and Gordon (1982) suggest that the relatively low
amount of silica dissolution in the southern oceans water col-
umn, as compared to lower latitude regions, may be a function
of the very low water temperature, since the dissolution in the
southern oceans water column, as compared to lower latitude
regions, may be a function of the very low water temperature,
since the dissolution rate constant for silica is strongly tem-
perature dependent (Hurd 1972; Kamatami and Riley 1980).

In areas covered by sea ice, the presence of the ice inhibits
wind mixing and subsequent particulate resuspension in the
upper water column. As a result of the shorter residence time of
particulates within the upper water column, less dissolution of
biogenic silica may occur.

While absolute diatom flux decreases between 47 and 79
percent in the upper water column, biogenic silica flux de-
creases by only 13 to 40 percent. It appears that large numbers of
delicate, thin-walled frustules are rapidly recycled to the silica
mass flux to the degree suggested by numbers alone.

Following an initial decrease, diaton fluxes generally increase
slightly with depth (figure 2). The greatest increases in vertical
flux always occur in the bottom-most traps. The near-bottom
diatom flux at site E, for example, is as much as 30 times the flux
to shallow depths. This near bottom increase in diatom flux is
mirrored by increases in the biogenic silica flux (figure 3), and
suggests either bottom resuspension and/or lateral advection of
particulate material at depth.

In the deep-water traps at sites E, F, and I (figure 2), the early
season near-bottom increase in diatom flux exceeds that occur-
ring later in the season. Data from year-long current-meter
moorings near the Ross Ice Shelf indicate that maximum current
velocities in the mid and deep water column occur during the
austral winter, July through August. Velocities then decrease
through the spring and summer with some of the lowest cur-
rent velocities occurring in December and January (Pillsbury
and Jacobs 1985). High near-bottom diatom fluxes during the
early austral spring may reflect resuspension events linked to
greater current velocities at that time.

This work was supported by National Science Foundation
grant DPP 83-12586 and Sigma Xi grant-in-aid of research.
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One of the problems in reconstructing late Quaternary pal-
eoenvironments south of the Polar Front is that this region has
no unique stratigraphic record that is tied to the globally syn-
chronous oxygen isotope record. Because of this, our chro-
nostratigraphy must be based upon second-order correlations
with sites from north of the Polar Front, where the oxygen
isotope record and such measures as changes in abundance of
the radiolaria Cycladophora davisiana, can be determined in the
same core. To resolve some of the outstanding ambiguities
surrounding the late Quaternary paleoceanographic record
south of the Polar Front, we studied diatoms in nine late Quater-
nary piston cores from the Atlantic sector of the southern
oceans. Our chronology was based upon changes in abundance
of resting cells of Eucampia antarctica, which is directly tied to the
C. davisiana stratigraphy, but we also had an isotopic oxygen-18
record on one of the cores. These data permit us to propose a

different interpretation for the E. antarctica chronology and to
establish new criteria for identifying the level of the last glacial
maximum (18,000 years ago) in Atlantic sector cores.

The last glacial maximum was characterized by increased
abundances of near-ice forms such as Nitzschia curta which
proliferates in low-density lenses from sea-ice meltback. By
studying a larger network of cores from this region, we should
eventually be able to identify maximum (winter) sea-ice limits
for the last glacial maximum. From our present data, we esti-
mate that last glacial maximum winter sea-ice limits were sever-
al degrees of latitude north of the present. However, we note a
large difference between present-day and last-glacial-maximum
spring sea-ice limits. Although we still do not know summer
sea-ice limits during the last glacial maximum, our data suggest
a shortened summer (open-water) season during this time and,
further, that sea-ice did not melt all the way back to the coast.
The last glacial maximum level, which in previous interpreta-
tions was marked by an abundance peak of E. antarctica, is
marked by values intermediate between minimum (usually less
than 5 percent) and maximum (as high as 70 percent).

We interpret the youngest abundance peak of E. antarctica to
occur during deglaciation. This interval was marked by rapid
erosion around the antarctic continent and extensive iceberg
production and melt in the southern oceans. Resting cells of E.
antarctica proliferated in the resulting meltwater cap. It is only
after ice-cap equilibration and the end of extensive iceberg calv-
ing that E. antarctica abundances in sediments dropped to low
interglacial values. Because of the gyral circulation in the Wed-
dell Sea, the E. antactica abundances should be most pro-
nounced in the southwest Atlantic and trail off toward the
southwest Indian sector. In many respects this scenario (onset
of deglaciation resulting in iceberg calving, temporary refrigera-
tion of southern-ocean waters followed by a resumption of
deglaciation) is very similar to the chronology for the Younger
Dryas in the North Atlantic and northern Europe. However,
because of the nature of high southern-latitude circulation, we
should expect to see differing patterns in the intensity of de-
glacial cooling around the southern oceans.

This research was supported by National Science Foundation
grant DPP 84-00575 to L.H. Burckle.
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Geochemistry of Chilean Archipelago
bottom

sediments, 55 0-420S latitude
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1976). The elements silver, copper, and tin are also enriched in
this less-than-2-micrometer fraction.

Only strontium has a strong partitioning to the total sedi-
ment, and its correlation is with calcium (r = + 0.98) in calcium
carbonate shell detritus. The same relationship is found in the
less-than-2-micrometer fraction with a calcium-strontium cor-
relation coefficient at + 0.97. Although elements may not be
partitioned to a given sample set, they may have strong interele-
ment or cluster correlations in a set. Several such statistical
relationships are found in the three sample groups. An example
from the total sediment analyses would be the pairs iron-cobalt
(r = +0.93), iron-scandium (r = +0.91), iron-vanadium (r =
+0.90), scandium-vanadium (r = +0.92), cobalt-scandium (r
= +0.93), and cobalt-vanadium (r = +0.91) which together

U.S. Geological Survey	 Average concentrations of chemical elements in Chilean
Reston, Virginia 22092	 Archipelago bottom sediments and their heavy mineral and less

than 2 micrometer fractions. (Data from emission spectrograph
analysis are courtesy of the U.S. Geological Survey, Anthony

J.W. PIERCE	 Dorrzapf, analyst. Samples were collected between about 550 and
420S latitude.)

Division of Sedimentology
Smithsonian Institution

Washington, D.C. 20560

Chilean Archipelago bottom sediments were collected be-
tween 55° and 42°S latitude. The sediments have a large in
granulometry from totally gravel, pebbles, or coarse-shell de-
tritus, to 0.3-98.8 percent sand, silt, and 0.1-60.1 percent clay.
The difference in granulometry is a 0.5-96.2 percent function of
sample location with respect to river or glacial discharge, and
halmrolysis (submarine weathering) in the archipelago system.
Total bottom sediments as well as their heavy-mineral and less-
than-2-micrometer fractions were analyzed by emission spec-
trography to establish average element concentrations for the
region and to determine whether there were latitudinal varia-
tions in geochemistry that could be related to the adjacent land
geology.

The table gives the average element concentrations for the
three sample sets studied. There is marked partitioning of sev-
eral major elements (iron, magnesium, titanium, and phos-
phorus) and associated minor elements (nickel, cobalt, scan-
dium, vanadium, niobium, chromium, zirconium, yttrium,
and lanthides) to the heavy mineral samples, as expected. Cor-
relation coefficients between several element-element pairs are
positive and high and can be predicted on the basis of size,
charge, and coordination relations for major and minor element
diadochy in minerals. For example, the pairs magnesium-nick-
el, magnesium-cobalt, and nickel-cobalt have correlation coeffi-
cients of + 0.80, + 0.89, and + 0.86 + 0.86, respectively, and
cluster analysis between these pairs gives a level of + 0.86
indicating that nickel and cobalt are associated in a magnesium
mineral. Similarly, the + 0.67 correlation coefficient for the ti-
tanium-niobium pair suggests the inclusion of niobium in a
titanium mineral, probably rutile. The elements chronium and
zirconium do not have significant correlation coefficients with
the other elements studied and are present as their own miner-
als, chromite and zircon.

The partitioning of potassium and the minor elements boron,
barium, and lead to the clay-size or aluminosilicate phase has
been recognized in other areas dominated by detrital deposits
and is a common association related to acidic rocks (Calvert

Less than 2

	

Total	Heavy	micrometer
Sediment	Minerals	size

Element	 (n=30)	(in =25)	(n-25)

Silicon (percent)	25.5	29.9	 21.1
Aluminum	 7.6	 9.9	 7.6
Iron	 2.7	18.8	 3.8
Magnesium	 1.5	 7.8	 2.2
Calcium	 7.1	 6.6	 4.7
Sodium	 2.2	 0.9	 2.1
Potassium	 1.5	 0.7	 2.8
Titanium	 0.3	 1.1	 0.2
Phosphorus	 0.1	 0.4	 0.2

(percent)

Silver (parts per	BDL a	 0.2	 3.6
million)

Boron	 55.9	50.8	 91.0
Barium	 259.0	106.9	404.0
Berylium	 1.1	 1.1	 1.5
Cerium	 BDL	162.1	BDL
Cobalt	 9.3	43.6	 14.6
Chromium	 38.6	202.7	 80.0
Copper	 22.5	28.8	 74.2
Europium	 BDL	 2.4	BDL
Gallium	 13.1	 27.9	 25.3
Lanthanium	 21.4	70.9	 24.5
Manganese	 660.0	3932.0	1049.0
Molybdenum	 BDL	 4.6	 3.6
Niobium	 BDL	 25.9	 5.9
Nickel	 16.1	 65.1	 42.7
Lead	 12.0	64.1	104.0
Scandium	 12.5	46.0	 13.6
Tin	 BDL	BDL	 10.0
Strontium	 507.0	293.5	348.6
Vanadium	 77.9	287.2	 91.0
Yttrium	 12.7	46.5	 12.7
Ytterbium	 1.8	 7.3	 2.1
Zinc	 47.0	206.4	177.9
Zirconium	 64.5	211.1	 51.1

"BDL" denotes 'below detection limit?'
Note: The standard deviation of individual values that make up the aver-
ages was taken as plus 50 percent, and minus 33 percent.
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have a cluster level of +0.91. The association of the minor
elements scandium, vanadium, and cobalt with the major ele-
ment iron in rock-forming minerals is well known.

There were regular latitudinal differences in element con-
centrations in the sample sets analyzed that could be related to
the general lithologies of the bordering land masses. This was
somewhat unexpected, because such differences had been re-
ported for the mineralogy of suspended sediments (more than
0.45 micrometers) for chlorite, illite, and talc, and in the less-
than-2-micrometer fraction of the bottom sediments for chlo-
rite, illite, and feldspar in the archipelago (Siegel, Pierce, and
Kostick 1981). Chlorite and talc had greater input to the archi-
pelago sediments south of about 50°35'S latitude which sug-
gested the influence of metamorphic rocks and altered
ophiolites whereas illite had its stronger contributions to the
sediments north of 50°35'S latitude where granodioritic-granitic
rocks are more dominant than metamorphic rocks and where
mafic complexes have not been identified. In addition, a group-
ing of four suspended sediments contained high concentrations
of chromium, nickel, and cobalt between about 54° and 54°30'S
latitude near mafic complexes and Paleozoic basement rocks

(Siegel and Pierce 1982). In the bottom sediments, only chro-
mium on the heavy-mineral fraction of sediment collected at
about 54S latitude showed a high (anomalous) value. If thought
is given to using archipelago sediments for regional geo-
chemical exploration in this potentially mineral-rich but rather
inaccessible area, the suspended sediments and the heavy-
mineral fractions offer the best prospects.

This research was supported by National Science Foundation
grant DPP 73-09317.
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Age and lithologic composition of
pebbles from the bottom of the

Weddell Sea
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On 11 January 1957, the U.S.S. Staten Island (AGB-4) occupied
oceanographic station SI 19 in the Weddell Sea at 77°37's latitude
and 43°15'W longitude as part of Deep Freeze II (figure 1). That
day a sample of sediment was recovered from a depth of 430
meters, and the gravel fraction was separated by sieving
through a window screen. An aliquot of gravel fraction of this
sample (OP-4s) was made available to us in February 1984 by
William H. Littlewood who had been the senior oceanographer
on board.

The gravel sample weighed 346.2 grams and consisted of
pebbles and granules in four size ranges: (1) greater than 12.7
millimeters, 29.8 percent; (2) less than 12.7 but greater than 4
milimeters,40.7 percent; (3) less than 4 but greater than 2 milli-
meters, 23.4 percent; and (4) less than 2 millimeters, 6.1 per-
cent. The coarsest fraction contained pebbles of a red, fine-
grained granitic rocks, diorite/granodiorite, sandstone, sil-
tstone, conglomerate with foraminifers, and basalt.

The sandstone is a quartz arenite containing subangular to
rounded quartz grains (90 percent), illite possibly replacing

potassium-feldspar (5 percent), and opaque hematite cement (5
percent). The diorite/granodiorite is composed of augite altered
to amphibole (35 percent), placioclase (labradorite) slightly al-
tered to sericite (40 percent), amphibole (10 percent), quartz (5
percent), granophyre (4 percent), opaques (4 percent), biotite (2
percent), and potassium-feldspar (2 percent). One siltstone
pebble contains quartz (60 percent); clay minerals (30 percent);
and minor muscovite, opaques, and calcite. A second siltstone
pebble is composed of angular quartz grains (75 percent) in a
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Figure 1. Location of oceanographic station SI 19 by u.s.s. Staten
Island in the Weddell Sea on 11 January 1957.
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clay-mineral cement (20 percent), with accessory plagioclase,
potassium-feldspar, zircon, and muscovite. The 2 to 4 milli-
meter soze fraction contains casts of the foraminifer cyclamina
composed of a mixture of angular grains of brown quartz in a
matrix of feldspar and clay.

Two pebbles of granitic rock (IGA and 1GB), two samples of
hand-picked granitic granules from the 4-to-12.7-millimeter
fraction (sample 2G) and from the 2-to-4-millimeter fraction
(sample 3G), as well as basaltic pebble (413) were analyzed for
dating by the rubidium-stronium method. The granitic samples
in figure 2 loosely define a straight line whose slope yields a
date of 1,409 ± 100 million years (X 1.42 X 10 11 per year). The
basalt has a 750±28 million year date and is significantly youn-
ger than the granitic clasts. Nevertheless, both rock types are
Precambrian in age.

The granitic pebbles resemble the felsic volcanic rocks of the
Littlewood Nunataks that were described by Aughenbaugh,
Lounsbury, and Behrendt (1965) and later dated by Eastin and
Faure (1971) at 980±38 million years (recalculated) to X = 1.42 X
10 "per year). In addition, felsic volcanic rocks of Precambrian
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Figure 2. Rubidium-strontium isochron diagram for granitic pebbles
and one basalt from the bottom of the Weddell Sea. ("Ma" means
"million years.")

age, known as the Gorecki Rhyolite, occur in the Pensacola
Mountains. These rocks were described by Schmidt et al. (1965)
and were subsequently dated by Faure et al. (1977) at 792±38
million years (recalculated). The occurrence of granitic clasts of
Precambrian age in the Weddell Sea near the Filchner Ice Shelf
indicates that such rocks probably exist in the ice-covered area
near the Littlewood Nunataks.

Basaltic volcanics of Precambrian age have been reported
from the Patuxent Formation of the Pensacola Mountains by
Schmidt et al. (1965) and are also known from western Queen
Maud Land along the east coast of the Weddell Sea (Neethling
1970). Eastin, Faure, and Neethling (1970) reported a rubidium-
strontium isochron date of 830±28 million years (recalculated)
for the Trollkjellrygg Volcanics from western Queen Maud
Land.

These results suggest that it is possible to study the geology of
ice-covered coastal regions of Antarctica by means of sediment
samples dredged from the sea. We thank William H. Littlewood
for the sample he collected in the Weddell Sea. The date for the
granitic clasts was calculated by T.M. Mensing. Brian Huber
identified the forams.

This work was supported by National Science Foundation
grant DPI' 82-13511.
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Sedimentation and tectonics in the
Bransfield Strait—A preliminary report
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The Bransfield Strait, northern Antarctic Peninsula, is an
actively spreading continental margin back-arc basin. Marine

geological and geophysical data collected during austral sum-
mers 1980-1981, 1981-1982, 1984-1986, and 1985-1986 (figure 1)
aboard the U.S. Coast Guard icebreaker Glacier demonstrate

many of the distinctive features of the region which will aid in
relating the predominant sedimentary processes to the tectonic
and climatic setting. Preliminary analysis of the data indicates
that sedimentation differs considerably from the generalized
models developed for lower-latitude back-arc basins.

The addition of bathymetric data collected on the four cruises
shown in figure 1 to the existing database lends support to
previous workers (e.g., Gonzalez-Ferran 1985) who correlate
bathymetric features with structural and tectonic tends.
Bathymetric highs align longitudinally along the basinal axis to
define a prominent but somewhat discontinuous back-arc
spreading center. Fjords and bays on the South Shetland Is-
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Figure 1. Locations of austral summer 1984-1985 (BS-A) and austral summer 1985-1986 (S2-S19) seismic lines in the Bransfieid Strait.

lands and overdeepened troughs on the Trinity Peninsula shelf
are aligned with offsets in the central trough and with sites of
inferred and observed off-axis volcanic activity, including Pen-
guin Island (figure 1); all of these features presumably are man-
ifestations of transforms which segment the axis of spreading.

More than 800 kilometers of high-resolution sparker lines,
including eight complete transects (figure 1), exhibit the vari-
ability of basin morphology. North of Bridgeman Island, the
basin in a graben-like trough reaching depths of more than
2,250 meters; no coherent spreading center has been identified.
Between Bridgeman and Deception Islands, the back-arc
spreading center is defined by a relatively continous chain of
seamounts which rise more than 500 meters above the basin
floor (figure 2, panel a). The spreading ridge is identified on 3 of
our 4 crossings of the central basin, and on two other recently
published single-channel (Barker 1986) and multi-channel
(Guterch et al. 1985) seismic lines. South of Deception Island,
the spreading center is absent; here the graben-like basin (fig-
ure 2, panel b) is intersected by a major northwest trending
strike-slip basin (figure 2, panel c) associated with the Hero
Fracture Zone. High-angle faults bounding this feature are visi-
ble in seismic profiles.

The morphology of the shelves both on the northern and
southern margins of the central basin displays marked van-

sediment gravity flow processes to fan aprons on the edges of
the axial trough. It has not yet been determined to what degree
this mode of sediment despersal depends on sedimentation
rates and to what extent it is controlled by differences in struc-
tural relief. Variations in structural style may reflect small-scale
segmentation of the basin.

The outlets of bays in the South Shetland Islands, perhaps cut
along structural features by glaciers and/or meltwater, serve to
channelize sediment flow from the arc to the basin. Small sub-
marine fans are present where they empty into the deep basin.
Future piston coring of outcrop on the steep walls of these
canyons and similar features on the Trinity Peninsula margin
may provide the opportunity to sample older sequences with-
out drilling.

The deep axial trough is presently being filled with di-
atomaceous muds and oozes interbedded with volcaniclastics.
These parallel-laminated units are identified easily on seismic
records; total thickness typically exceeds 500 meters. Vol-
caniclastic aprons flank some of the seamounts of the spreading
ridge. One piston core taken during the 1985-1986 austral sum-
mer penetrated fresh besalt on a seamount.

There are several significant differences between sedimenta-
tion in the Branfield Strait, and sedimentation in other back-arc
basins (Carey and Sigurdsson 1984; Karig and Moore 1975). The
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Figure 2. Uninterpreted line drawings of the austral summer 1985-1986 4.6 kilojouie sparker profiles from the Bransfieid Strait region. (a) Line
Sli, crossing main basin and spreading ridge. (b) Line S19, crossing deep trough south of the Hero Fracture Zone; note rugged shelf
topography and absence of spreading ridge. (c) Line S18, crossing the southern extension of the Hero Fracture Zone.

ability. Where structural relief is high and sedimentation rates
are low, rugged bottom topography mimics underlying struc-
ture; arc- and continent-derived sediments are dammed behind
bathymetric highs and dispersal is inhibited. Elsewhere, base-
ment topography has been infilled by sediments, and reworked
shelf sediments are more readily transported downslope by
South Shetland arc is currently inactive. All volcaniclastics are
derived from the spreading center and the several off-axis vol-
canic sources; only epiclastic material is derived from the arc.
Biogenic material is predominantly siliceous; in lower latitudes,
biogenic silica is an important sedimentary component only in
old back-arc basins which have subdivided below the calcite
compensation depth. In addition, glacial processes have af-
fected sedimentation, especially by carving deep canyons into
the shelves. However, poorly sorted terrigenous glacial-marine
sediments are scarce.

Work in the upcoming season (Polar Duke cruise 1985-1986)
will focus on resolving deeper structure and identifying deeper
sedimentary sequences. Water guns will be used to increase
acoustic penetration, and judicious selection of coring sites
should allow sampling of ancient sequences where they are
exposed or nearly exposed at the seafloor. Our ultimate goal is to
interpret the seismic stratigraphy of the Bransfield Strait to

understand better the tectonic and climatic controls on its de-
velopment as a sedimentary basin.

This research was supported by National Science Foundation
grant DPP 85-16908.
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geological cruises
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On 21 January 1986 the U.S. Coast Guard icebreaker Glacier
departed Punta Arenas, Chile, to begin a marine geologic inves-
tigation of the continental margin of the Antarctic Peninsula.
The scientific party consisted of geologists from Rice Univer-
sity, North Carolina University, Ohio State University, and
Rutgers University. Surveys were conducted in the Bransfield
Strait, Gerlache Strait and its bays and fjords, and Marguerite
Bay. (See figure 1.) This report provides an account of data
acquired and a summary of preliminary findings.

Bransfield Basin. The Bransfield Basin is a relatively young
(approximately 2 million years) back-arc basin (Dalziel 1983). It
is more than a kilometer deep and 100 kilometers wide with a
steep northern flank bounding the South Shetland Islands (the
island arc) and a relatively broad (average 100 kilometers), gent-
ly sloping platform at its southern end. It is characterized by
highly irregular bathymetry which results from combined tec-
tonic, glacial, and fluvial influences.

One objective of our survey was to examine the tectonic
setting and sedimentation in this back-arc basin. This can be
done in great detail because the basin contains relatively little
sediment. Hence, single-channel seismic reflection data
provide a high-resolution record of the basin's structural fra-
mework and sediment fill. Piston cores were acquired to deter-
mine the nature of sediments filling the basin. The data and
samples acquired during this and cruises conducted during the
1980-1981, 1981-1982, and 1984-1985 austral summer comprise
one of the most extensive geologic collections acquired in any
modern back-arc basin setting.

Seven seismic lines (4.6-kilojoule sparker) were acquired
across the basin (figure 2). The quality of these data are gener-
ally quite good. Rough seas posed the main problem in acquir-
ing high-quality data along the entire length of some lines. In
addition to these seismic data, 38 piston cores, 24 box cores, and
5 grab samples were collected in the Bransfield strait area (fig-
ure 2).

Preliminary examination of cores and seismic lines shows that
the north flank of the Bransfield Basin is a steep escarpment
with little or no soft-sediment cover. A slope-base sediment
apron occurs along this northern flank. Volcaniclastic sediment
gravity flow deposits, which comprise this apron, interfinger
with siliceous pelagic sediments in the deep portion of the
basin. Between approximately 58°W and 59°W, a prominent
ridge symmetrically divides the deep basin floor and may be a
spreading center. A piston core collected on the flank of this
feature penetrated basalt.

The southern flank of Bransfield Basin is characterized by
extensively faulted (normal faults) acoustic basement covered
by a draping sequence. This draping sequence is, in turn,
overlain by a widespread, glacial marine sequence. Sediment
thickness over the southern flank of the basin ranges from a thin
glacial marine drape to 0.7 seconds of sediment on the platform
situated east of D'Urville Island (figure 2). Several marine val-
leys, possibly old meltwater stream valleys, cut into these se-
quences and, we hope, provide sites where outcrops of older
deposits can be sampled.

A second objective of the cruise was to examine the distribu-
tion of siliceous biogenic sediments in the region. This is part of
an investigation aimed at evaluating the role of antarctic mar-
ginal basins as silica sinks. Radiometric methods (lead-210 and
carbon-14) will be used to establish sedimentation rates in the
basin and to evaluate silica flux to the seafloor. Preliminary
measurements indicate biogenic silica contents ranging be-
tween 10 and 20 weight percent and sediment accumulation
rates on the order of millimeters per year. In addition to solid-
phase fluxes, pore-water measurements of dissolved silica, ni-
trate, phosphate, and sulfate will be used to evaluate diagenetic
reactions involving biogenic silica and organic carbon.

Lastly, a cooperative investigation between Rice and North
Carolina State investigators is aimed at investigation the Late
Quaternary glacial history of the northern Antarctic Peninsula.

Gerlache Strait. During austral summer 1984-1985, we began a
sedimentologic investigation of bays and fjords in the Gerlache
Strait area. Sixty piston cores were collected from bays and
fjords during that cruise. During austral summer 1985-1986,
high-resolution (40-element sparker) seismic profiles were col-
lected within five of these bays (figure 3). Also, three piston

Figure 1. Locations of study areas.
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Figure 2. Locations of single-channel seismic reflection lines and sampling stations in the Bransfield Strait area (see table for station
information). ("Deep Freeze '86" refers to austral summer 1985-1986.)

cores, six box cores, and two grab samples were collected (fig-
ure 3). Flights aboard the ship's helicopters enabled us to vid-
eotape approximately 300 miles of coastline in the Gerlache
Strait area. These video records will be used to compile detailed
geomorphologic and glacial maps of this unique glacial-mar-
itime setting.

Continental shelf off Anvers Island. Four piston cores were col-
lected along a shelf transect extending just west of Anvers
Island as part of a joint investigation between the University of
Birmingham, England (under the direction of Peter Barker) and
Rice University. The objective of this study is to relate sediment
types to bottom features observed in side-scan sonar and high-
resolution (3.5 kilohertz) subbottom profiles collected during a
1986 cruise of the British research vessel Discovery.

Marguerite Bay. The final leg of the 1985-1986 austral summer
cruise was conducted in Marguerite Bay. Seismic reflection pro-
files (4.6 kilojoule) were collected along the southern edge of the
bay and along the eastern coastline. Also, 18 piston cores, 12
box cores, and 2 grab samples were acquired. See Kennedy and
Anterson (Antarctic Journal, this issue) for the locations of these
seismic lines and stations. Because Marguerite Bay is the ulti-

mate repository of glacial ice flowing from the Palmer Land Ice
Cap, it is a key area to reconstructing late Pleistocene glacial
conditions in Antarctica. Two large trough-like features were
mapped in the southern portion of the bay and point to pre-
vious expansion of grounded ice into the central portion of the
bay. Seismic records show only a thin veneer of sediment res-
ting above the erosional surface that forms the trough. Diamic-
tons buried beneath diatomaceous sediments also provide strik-
ing evidence for a dramatic change in the glacial setting of the
area. Petrographic studies of piston cores are being conducted
to determine whether these diamictons are basal tills or ice shelf
deposits. The North Carolina State University group will make
carbon-14 measurements to evaluate this important glacial-in-
terglacial boundary.

The success of the austral summer 1985-1986 cruise is at-
tributed largely to the officers and crew of the U.S. Coast Guard
icebreaker Glacier. Their enthusiastic support is greatly appreci-
ated. Funding for both the Rice and North Carolina State pro-
grams is provided by the National Science Foundation (grants
DPP 83-15555 and DPP 85-16908 to Rice and DPP 81-17044 to North
Carolina State University.
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Samples collected during austral summer 1985-1986

	

Depth	 Sample
(in meters)	 Type

	

2269	 PC

	

638	 PC

	

366	 Grab

	

658	 PC

	

BCb	40

	

1263	 BC

	

2200	 BC

	

1903	 PC

	

322	 PC

	

1125	 PC

	

1110	 BC

	

1500	 BC

	

2050	 BC

	

750	 Grab

	

461	 PC

	

403	 PC

	

292	 PC

	

549	 PC

	

1680	 BC

	

1910	 PC

	

927	 BC

	

1380	 PC

	

1014	 PC

	

228	 PC

	

247	 BCd

Station
Number
	 Latitude/Longtitude

OF 86-1
	 61036.6/54040.3

OF 86-2
	

62006.0/54047.6
OF 86-3
	

62019-9/54041.9
OF 86-4
	

62011.8/54046.9
OF 86-4
	

62011.8/54046.9

OF 86-5
	 61057.6/55000.1

DF 86-6
	 610533/550354

OF 86-7
	 61057.5/55029.0

OF 86-8
	

62018.4/56001.9
OF 86-9
	

62009.4/56009.0

OF 86-10
	

62010.4/56008.7
OF 86-il
	

62004.8/56011.4
OF 86-12
	

62002.8/56017.9
OF 86-13
	

61053.1/56028.4
DF 86-14
	 61040.9/56041.8

OF 86-15
	 61045.6/56057.5

OF 86-16
	 61050.8/57013.3

OF 86-17
	

62008.8/57043.1
OF 86-18
	

62020.8/57026.5
OF 86-19
	

62018.1/57030.4

DF 86-20
	

62025.4/57013.3
OF 86-21
	

62018.7/58022.5
OF 86-22
	

62022.6/58036.7
OF 86-23
	

62012.0/58051.8
OF 86-24
	

62010.6/58049.7

146



BC
Grab
PC
PC
BC

BC
PC
PC
PC
BC

PC
PC
BC
BC

PC
PC
PC
PC
BC

PC
BC
BC
PC
PC

BC
PC
BC
PC
PC

BC
PC
PC
BC
Grab

Grab
PC
PC
BC
BC

PC
PC
BC
PC
Grab

PC
PC
BC
BC
BC

PC
BC
Grab
BC
BC

BC
BC
BC

47

246.5
292

45

50
609.5e
212.5
101.5
40

266.5
129.5

45

132
44
15

132
60

223
60
60

1 35(c)
179

15
291.5

30
131
145

50
246
271

54

46
178
50
60

180(c)
650(c)

55
NR

220
198
32
27
50

13
50

30
37

40
54
45

TC
TC

TC
TC
TC

TC
TC

TC
TC
TC

TC

TC
TC

TC

TC
TC

TC
TC

TC
TC

TC
TC

TC
TC

TC

Samples collected during austral summer 1985-1986—Continued

Station	 Depth
	

Sample	 Length
Number	 Latitude/Longtitude	 (in meters)

	
Type	 (in centimeters)

	
Other

DF 86-25
DF 86-26
DF 86-27
DF 86-28
DF 86-29

DF 86-30
DF 86-31
DF 86-32
DF 86-33
DF 86-34

DF 86-35
DF 86-36
DF 86-37
DF 86-38
DF 86-39

OF 86-40
OF 86-41
DF 86-42
OF 86-43
OF 86-44

OF 86-45
OF 86-46
DF 86-47
OF 86-48
OF 86-49

OF 86-50
OF 86-51
DF 86-52
OF 86-53
OF 86-54

OF 86-55
OF 86-56
OF 86-57
OF 86-58
OF 86-59

OF 86-60
OF 86-61
OF 86-62
OF 86-63
OF 86-64

OF 86-65
OF 86-66
OF 86-67
OF 86-68
OF 86-69

OF 86-70
OF 86-71
OF 86-72
OF 86-73
OF 86-74

OF 86-75
OF 86-76
OF 86-77
DF 86-78
OF 86-79

OF 86-80
OF 86-81
OF 86-82

62014.4/58048.7
63000.9/58034.8
62053.7/58037.7
62048.1/58048.1
62049.1/58047.5

62041.6/58055.2
62044.6/58054.2
62041.4/58059.1
62027.0/57058.2
62026.4/57055.7

62014.7/58049.4
62015-5/58048.6
62015.7/58047.9
62015.7/58048.4

62030.4/59025.4
62035.3/59015.7
62033.2/59012.9
63027.1/59016.9
63011-9/59018.0

63007.7/59033.4
63000.4/59037.9
62042.7/59045.1
62041.0/59044.5
63022.5/60033.9

63022.3/60034.5
63018.9/60040.6
63014.8/60052.2
63013.4/60055.9
63009.1/61000.3

63008.5/61004.3
63000.1/61016.5
63019.6/61023.3
63017.4/61034.8
63049.8/61004.0

63046.1/61014.0
63042.0/61017.8
63037.7/61034.6
63038.0/61034.2
63034.1/61041.1

63033-9/61041.8
63031.9/61046.1
63033.1/61046.0
63033.8/61058.3
64017.1/61057.6

64037.0/61034.3
64034.6/61038.7
64035.1/61034.2
64033.6/61039.2
64029.6/62016.4

64042.6/62003.7
64033.0/62035.3
65008-8/63012.0
65006.1/63010.0
64059.7/63020.0

64049.5/62039.2
64045.2/62048.5
64037.8/62052.0

440
247
714

1129
1080

1460
1464
1226
1846
1880

459
484
440
440

695
1444
1153
649
805

799
899(W)1

1189
1234
462

430
544
452
722

1098

1180
330

1239
1217

141

375
814
924
940

1316

1325
1371
1371
1316

109

384
373
471
393
693

227
740
448
650
494(W)

366
431
596

Continued on page 148
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393
1327

1334
512
549
490
695

228
1079
1370
210
641

454
723
604
493
292

406
258
238
370
300

219
520
915
840

832
815
490
470
480

630
503
293
582
567

604
466

PC
BC

PC
PC
PC
PC
BC

Grab
PC
BC
Grab
PC

BC
BC
BC
PC
PC

PC
PC
PC
PC
BC

PC
PC
BC
BC

PC
PC
PC
BC
BC

BC
PC
PC
PC
PC

BC
PC

Samples collected during austral summer 1985-1986—Continued

Station	 Depth
	

Sample	 Length
Number	 Latitude/Longtitude	 (in meters)

	
Type	 (in centimeters)

	
Other

TC

TC
TC
TC
TC

DF 86-83
DR 86-84

DF 86-85
DF 86-86
DF 86-87
DF 86-88
DF 86-89

DF 86-90
DF 86-91
DF 86-92
DF 86-93
DF 86-94

DF 86-95
DF 86-96
DF 86-97
DF 86-98
DF 86-99

DF 86-100
DF 86-101
DF 86-102
DF 86-103
DF 86-104

DF 86-105
DF 86-106
DF 86-107
DF 86-108
DF 86-109

DF 86-110
DF 86-111
DF 86-112
DF 86-113
DF 86-114

DF 86-115
DF 86-116
OF 86-117
OF 86-118
OF 86-119

DF 86-120
DF 86-121

64036.4/62049.9
64057.8/64022.4

64057.8/64022.4
64025.2/65009.4
64017.9/65020.1
64007.1/65046.9
68019.7/70024.0

68030.1/70055.6
68028.7/70005.6
68026.7/70003.1
68019.0/68039.6
68015.8/68033.1

68017.3/67052.9
68019.1/68017.9
68017.5/67056.8
68027.0/67044.2
68014.1/67045.7

68008.3/67042.3
68003.6/67040.3
67058.2/67037.2
67053.3/67037.1
67053.6/67038.2

67051.5/67049.0
67049.2/67058.9
67050-1/68012.0
67053.7/68021.8

67055.1/68025.4
67055.7/68025.1
68001.9/68017.2
68002.1/68017.9
68007.9/67050.8

68010.4/68020.1
68009.5/68024.5
68011.2/68039.5
68004.6/69016.9
67057.0/69051.8

67049.6/70003.1
64054.0/64043.3

89
56

217(c)
163
185
143.5
45

227
46

168

17
50
45

138
140

130
2220
244
165
25

Bagged
175
45
40

NR
282(c)
143.5
40
43

40
246
Bagged
302
NR

45
Bagged

TC

IC

TC
IC

IC
TC
TC
IC

TC
IC

TC
TC
TC

IC

TC
TC

a "PC" denotes "Piston core." "NR" denotes "no recovery" (piston coring stations only).
b "BC" denotes "Box Core?'

Box corer destroyed, few rocks recovered.
d Rock in core caused gap; 6" core and X-ray core only.

Piston core partially bagged
'"(W)" denotes Wire out depth, PDR OOC.
g "(c)" denotes Core cut on board for carbon-14 samples, lengths, original length.

References
Daiziel, I.W.D. 1983, The evolution of the Scotia Arc: A review. In R.L.

Oliver, P.R. James, and J.B. Jago (Eds.), Antarctic earth science. Canber-
ra: Australian Academy of Science.

Kennedy, D.S., and J.B. Anderson. Preliminary results of marine geo-
logic investigations, Marguerite Bay, Antarctic Peninsula. Antarctic
Journal of the U.S., 21(5).

148	 ANTARCTIC JOURNAL



600

65°

rO°

'2°

Preliminary results of marine geologic
investigations,

Marguerite Bay, Antarctic Peninsula
D.S. KENNEDY and J.B. ANDERSON

Rice University
Department of Geology and Geophysics

Houston, Texas 77251

During the austral summers 1984-1985 and 1985-1986 expedi-
tions to the western margin of the Antarctic Peninsula, marine
geologic and geophysical data were collected from Marguerite
Bay (figure 1). In total, 73 piston core and box core stations were
occupied, and more than 150 kilometers of single-channel seis-
mic reflection data were acquired from the northern, ice-free
region of the bay (figure 2). This information is being used to
describe modern sedimentary dynamics and environments and
to shed some light on the Late Quaternary glacial history of the
area.

ou
Figure 1. Antarctic Peninsula region, with the Marguerite Bay area outlined.
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Figure 2. Locations of marine geologic stations and single-channel reflection seismic lines in Marguerite Bay. Solid lines denote austral
summer 1984-1985 seismic tracks; solid circles denote austral summer 1984-1985 piston cores and Shippek grabs; dotted lines denote austral
summer 1985-1986 seismic tracks; triangles denote austral summer 1985-1986 marine geologic stations. ("P" denotes piston core, "B"
denotes box core, "G" denotes Shippek grab).

Marguerite Bay is in a unique position with respect to the
present glacial drainage of the Antarctic Peninsula. The north-
ern part of the bay receives ice from small valley glaciers flowing
off the larger islands and from outlet glaciers draining the
Graham Land plateau. The southern part of the bay is the
terminus for ice draining north from Antarctica's northernmost
ice cap, the Palmer Land ice cap. This ice enters the bay prin-
cipally via the George VI and Wordie ice shelves, and the
advance and retreat of these ice shelves historically may serve as
a kind of climatic barometer for the region.

Bathymetric data show a very rugged seafloor throughout the
bay, with a number of deep troughs running roughly north-
south (figure 3). The origin of these troughs is not known,
although one of these features may coincide with the northward
extension of the George VI rift (Crabtree, Storey, and Doake
1985) into the southwestern part of the bay. This trough is quite
narrow (approximately 8 kilometers) and has very steep flanks
(8_100), with virtually no ponded sediment at its base. A seismic
reflection line from a trough lying to the southeast of Adelaide
Island shows some ponded sediment, but only at depths great-
er than 500 meters. The seismic data lend support to the idea
that these troughs are structural features that have been quar-
ried by glacial erosion. The great majority of the bottom of the
bay shows a thin drape of sediment over basement or older
glacial sediments.

150

Work on piston cores has revealed a number of changes in
sedimentation which reflect historical changes in the glacial
setting of Marguerite Bay. Presently, siliceous oozes and muds
are being deposited throughout the bay at depths greater than

Figure 3. Bathymetry map of Marguerite Bay; contour lines are in
200-meter intervals.
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200 meters, although in a number of cores the siliceous interval
at the core top is less than 20 centimetes thick. Siliceous sedi-
ments overlie a variety of sediment types, including glacial
marine deposits, indicating that glacial ice is less extensive than
in the past. Basal tills were collected in the southwestern part of
the bay (85-115, 85-116, 85-118). The interpretation of basal till
was based on lithologic, textural, and geotechnical properties,
as outlined by Anderson et al. (1980). The lithology of the till
units in the three cores is identical (almost exclusively quartz-
mica schist), and a tentative source area has been identified on
northeastern Alexander Island (figure 1). Core 85-115 was re-
covered from a depth of 726 meters, and the presence of
grounded ice at such great depth indicates a major marine ice
sheet advance into the region (late Wisconsin?), as opposed to
an expansion of the George VI and/or Wordie ice shelves. No
evidence of grounded ice has yet been found in the northern
and eastern areas of the bay.

Due to the very rugged bathymetry and high submarine relief
(local slopes of greater than 100 are not uncommon), a number of
sediment gravity flows have been identified, including debris
flows (85-77, 85-123, 85-126) and turbidites (85-78, 85-123).
The frequency of these deposits indicates that sediment gravity
flow processes are important in the bay. Distinctly laminated

intervals have been discerned in three cores (85-72, 85-76,
85-79) using X-radiography. Further investigation is underway
to determine if these intervals are a reflection of anoxic condi-
tions in the past, if they represent annual or seasonal changes,
or if they are thin mass flow deposits.

During austral summer 1985-1986, extensive stretches of the
eastern and northern coastlines of the bay were aerially vid-
eotaped. This will allow a detailed study of the glacial-maritime
setting, and this information will be used to tie the nature of the
present coastline to the characteristics of the sediments found in
the bay.

This research was supported by National Science Foundation
grants DPP 83-15555 and DPP 85-16908.
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A series of ridge crest-trench collisions occurred along the
west coast of the Antarctic Peninsula during the Cenozoic (Her-
ron and Tucholke 1976; Barker 1982; and Cande, Herron, and
Hall 1982). In January 1985 a marine heat-flow survey was
carried out aboard the British Antarctic Survey research ship
RRS Discovery southwest of the Anvers fracture zone where a
ridge crest-trench collision occurred approximately 15 million
years ago (Barker 1982). Anomalously high heat flow has been

discovered coming from the oceanic crust and continental mar-
gin to the west of the Antarctic Peninsula.

The purpose of this study was to examine the thermal state of
one section of the Antarctic Peninsula where young oceanic
lithosphere has been subducted. At the time of arrival of the
ridge crest to the trench, subduction and spreading of the ridge
both stopped. A heat-flow anomaly should still be present
around the subduction zone since newly formed crust was in
the trench at the time of collision. Heat-flow patterns around
trench arc systems subducting old ocean crust in the West
Pacific show a distinctive low heat-flow zone centered around
the trench axis (Horai 1964; Uyeda and Horai 1964; Vacquier et
al. 1967; McKenzie and Sclater 1968; and Watanabe, Langseth,
and Anderson 1977). Conversely, other authors have found
zones of high heat flow along the center of complexes subduct-
ing young ocean coast in the Nankai trough (Yamano, Honda,
and Uyeda 1984) and along the west coast of North America
(Korgen, Bodvarsson, and Mesecar 1971).

Locations of the heat-flow stations (figure 1) were chosen to
determine best the thermal state of the surviving flank of the
spreading center (station 2) as well as that of the collision and
subduction complex (stations 3, 5, 6, and 7). Stations 2 and 3
were located over oceanic crust of ages 14.6 and 15 million years,
respectively. Stations 5 and 6 were located on the continental
rise (assumed to be over the extinct trench axis), and stations 7a
and 7b were located on the continental shelf.

Measurements were made using the Woods Hole
Oceanographic Institution digital heat-flow instrument and
outrigger thermistor probes (Jemsek, Von Herzen, and Andrew
1985). The instrument is made up of an electronics package that
is fastened to a weight stand with four to seven rapid-response
thermistor probes attached to a core barrel at approximately
0.75-meter spacing. Equilibrium temperatures at depths corre-
sponding to the location of the thermistors were determined by
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Figure 1. Study area showing locations of heat-flow stations in
relation to the coast of the Antarctic Peninsula. Crosses indicate
locations of expendable bathythermograph data (from previous
cruises) used to investigate water-column temperature structure on
the shelf.

measuring the decay of temperature from the frictional heat
pulse caused by penetration of the probe into the sediments.
Thermal conductivity was measured in situ at each thermistor
point for each penetration by using a scaled-up version of the
continuously heated needle probe method (Jemsek et al. 1985).

The table gives a summary of the locations and heat-flow data
for each successful measurement. Corrections to the raw gra-
dients include adjustments for sedimentation (after Hutchison
1985) and seasonal variations in bottom-water temperature (sta-
tions 7a and 7b only). Figure 2 is a graphic representation of the
values showing location of the stations relative to the extinct
trench axis; also shown in figure 2 are the results of studies from
the west Pacific and the Nankai Trough. The oceanic sites (sta-
tions 2-5) are losing heat at a greater rate than the theoretical
cooling of a half-space or plate (Parsons and Sclater 1977) by
17-43 percent. In addition, the typical heat-flow pattern of
trenches and volcanic arcs seen by Watanabe et al. (1977) is not
seen here. High, rather than low, heat-flow zones are seen along
the trench axis (stations3-5) and on the continental margin
(stations 6-7). In general, the values are very similar to those
seen around the Nankai Trough (Yamano et al. 1984).

Heat flow from the 14.6- and 15-million-year-old crust at
stations 2 and 3 should be approximately 107 and 121 milliwatts
per square meter, respectively, according to the theoretical cool-
ing relationships of Parsons and Sciater (1977). The absence of a
depth anomaly at the station suggests that the heat-flow anoma-
ly may be due to the scatter of measured heat-flow values
expected on young oceanic crust (Lister 1972; Sclater and Crowe
1976). There is, however, a thick sediment cover (1,200 meters),
and no basement outcrops were seen in the area. Scatter in the
regional heat flow should therefore be low, and the values seen
here are of high quality.

The sites over the extinct trench axis (stations 3 and 5) also
have positive heat-flow anomalies, both in relation to the the-
oretical cooling of Parsons and Sclater (1977) and when com-
pared to established trench-arc patterns (figure 2). The general

15
13

'7b
\ tt6
\_)	

WEST C/F/C

-250	0	250	500
Distance from Trench (km)

Figure 2. Heat-flow data from this survey superimposed on curves of
data from the west Pacific (solid line, data from Kuril arc, Japan
trench, and Bonin-Marianas arc of Mckenzie and Sclater 1968) and
the Nankai Trough (dashed line, Yamano et al. 1984). Error bars
represent 95 percent confidence limits. Note that areas with young
crust in the subduction zone (15 million years for this study and less
than 24 million years for the Nankai Trough) have distinctive heat-
flow highs along the trench axis. The west Pacific systems contain
old subducted crust and show zones of low heat over the trench
axes. ( 11 mW/rn2" denotes "milliwatts per square meter?' "km" de-
notes "kilometer?')

pattern of high values seen here is probably due to the presence
of a young plate in the extinct subduction zone. In addition,
since the subduction zone has been stagnant for 15 million
years, heat-absorbing dehydration reactions along the shallow
portions of the subducted slab should have stopped. These two
factors provide a simple explanation of the anomalous pattern of
heat flow found near this trench-arc system.
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63.39
63.38
63.37
63.36
63.36
63.35

63.67
63.67
63.67
63.69
63.69
63.69

63.75
63.75

63.82
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64.38
64.38
64.38
64.38
64.39

64.37
64.37
64.37
64.37
64.37
64.37
64.37
64.37
64.37
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68.41
68.42
68.42

66.61
66.62
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66.41

66.35

66.77
66.76
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66.61
66.61
66.6
66.64
66.64
66.65
66.66
66.67
66.67

109.8
104.7
103.7
106.7
107.2
106.4

125.4
119
116.4
129.8
135.2
126.3

150.1
147.2

63.8

96.1
65.3
38.3
28.2
40.3
55.5

102.6
97.4
80.8
55.1
76.5
85.4
60.7
66.1
45.3
64.9

13.6
12.9
12.8
13.2
13.2
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27.5
26.1
25.6
28.5
29.7
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32.9
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15

23.3
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7
7
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4
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3
3
4
3
2
2

4
4
3
4
4
4
3
2
2
2

Corr.
0

MW/M2W/M/C

Error
+1-

(95%)

0.988
1.092
1.066
1.025
1.095
0.995

1.006
0.969
1.034
1.053
0.856
0.929

0.974
0.974

0.974

1.02
1.082
1.082
1.036
1.1
0.951

0.993
0.993
1.033
1.024
0.921
0.984
0.903
0.948
0.948
0.929

121.9
128.5
124.2
122.9
117.5
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153.8
140.6
146.8
166.7
141.1
143.3

178.3
174.3

76.7

121.8
88.6
44.3
31.3
62.9

103.2

109
103.5
89.3
60.4
75.4
89.9
58.6
88.1
53.6
85.6

16.1
34.3
22.8
11.3
6.6
7.5

24.8
11.3
22.3
11.7
21
14.3

15.8
17.1

12.7

88.1
20.3

9.8
66.6
45.3
34.2

24.3
31.1
58.3
25.9
52.7
36.3
27.1
30.6
19.8
20
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Heat-flow measurement data

	Uncor.	Correc. TK
Lat.	Long.	 DT/DZ	DT/DZ

Pen.	Dec W	Dec S	N	C/KM	 C/KM

2.1
2.2
2.3
2.4
2.5
2.6

3.1
3.2
3.3
3.4
3.6
3.7

5.1
5.2

6.1

7A.3
7A.4
7A.5
7A.6
7A.7
7A.8

713.9
713.10
713.11
713.12
713.13
713.14
7B.15
713.16
713.17
713.19
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Biotic provinces in modern Amundsen
Sea sediments:

Implications for glacial history

D.E. KELLOGG and T.B. KELLOGG

Institute for Quaternary Studies
and

Department of Geological Sciences
University of Maine
Orono, Maine 04469

In January 1985, the U.S. Coast Guard icebreaker Glacier
penetrated the heavy pack ice of the outer Amundsen Sea. We
took advantage of this unprecedented opportunity to collect 20
piston cores from the Amundsen Sea continental shelf and Pine
Island Bay (Kellogg, Kellogg, and Hughes 1985). These new
cores supplement existing coverage of the outer continental
shelf of the Amundsen Sea (Anderson and Myers 1981) with
material from the eastern side of the Amundsen embayment
(figure 1). Cores were collected for the purpose of microfossil
and sedimentary analyses that would provide data bearing on
the glacial history of the region.

Microfossil distributions in core-top samples define three
regions or provinces in sediments of the eastern Amundsen Sea
(Kellogg and Kellogg in preparation). These provinces are de-
fined best by foraminiferal and diatom distributions, and less
clearly by radiolarian data (figure 1).

Outer shelf province. The presence of abundant well-preserved
calcareous benthic foraminifera suggests that bottom waters on
the outer shelf are well oxygenated and that dissolution is not
significant here at typical depths between 400 and 463 meters.
Low marine-diatom abundances were recorded in core-top sed-
iments from this area. While consistent with our findings fur-
ther west on the outer shelf (Kellogg, Kellogg, and Anderson
1982), these findings are inconsistent with the high diatom
abundances we found in ice and water samples from this area.
Diatomaceous material was observed staining the bottom of
numerous ice floes in this region in January of 1985. Possibly our
core tops represent older material outcropping at the surface. If
this hypothesis is correct, the presence of the stratigraphic-
indicator diatom species Nitzschia curta suggests that deposition
ceased during the Quaternary. Another alternative is that an ice
shelf, or multi-year sea ice, thicker than ice found in the region
today, covered the region until very recently, preventing depo-
sition of the photosynthetic diatoms. The ice-shelf hypothesis
appears unlikely because no source for shelf ice, at a time when
the eastern margin province was apparently the site of a sea-
sonal polynya (discussed below), has been identified and be-
cause there are no known shallows or pinning points for an ice
shelf in this area. Our preferred interpretation is that currents
may be sufficiently strong on the outer shelf to prevent deposi-
tion of diatoms.

Eastern margin province. Abundances of marine diatoms in
eastern margin province sediments are much higher than in
adjacent regions to the north and south. These high abun-
dances suggest that surface waters in this area were highly
productive during the time represented by deposition of the top
1-2 centimeters of sediment used in our analyses. Satellite data
suggest that this area is relatively ice-free during austral sum-
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Figure 1. Map of the Amundsen Sea showing core locations, lo-
calities mentioned in the text, bathymetry, and boundaries of biotic
provinces. Bathymetry (contours in meters) for the shelf break re-
gion is based on data from Anderson and Myers (1981) and Kellogg
(unpublished), and on U.S. Naval Oceanographic Office (1971): con-
tours dashed to indicate uncertainties in locations of soundings.
Bathymetry south of 72 0s shows only 500-meter contour, separating
major troughs and shallows (dashed were estimated). Boundaries of
biotic provinces (heavy dashed lines) are uncertain beyond area
where cores were collected. ("km" denotes "kilometer.")

mers in some years (Zwally et al. 1983). We conclude that the
Amundsen Sea polynya has been a persistent feature of the
eastern margin area throughout the period of deposition of our
core-top samples. Our analyses of the cores from this region
shows that the uppermost layer is a soft, diatomaceous, sandy
mud which averages 4-6 centimeters in thickness. This layer
probably represents Recent sedimentation at a high deposition
rate, resulting from the proximity of numerous glaciers. If sedi-
mentation rates are high (greater than 0.005 centimeter per
year), the uppermost diatom-bearing layer may result from
deposition related to the presence of the polyna during only the
last 1,000 to 2,000 years.

The presence of predominantly arenaceous benthic for-
aminifera in the eastern margin province results from the fact
that most of our cores were taken from deep (perhaps glacially
scoured) troughs in water depths exceeding 500 meters. At the
site of grab B175, where the depth was only 293 meters, cal-
careous benthic foraminifera predominated. We conclude that
the calcium carbonate compensation depth in this area must lie
between 300 and 500 meters.

Pine Island Bay province. Pine Island Bay core tops (and cores)
have very low microfossil abundances, usually consisting of
only a few specimens per sample, yet we recovered over 2
meters of sediment at each location. We believe this nearly
microfossil-barren sediment was deposited beneath a formerly
more-extensive Pine Island Glacier. We know this is true for core
DF85-107 because tricamera aerial photography in 1966 (Anony-
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Figure 2. Map of Pine Island Bay region showing changing positions of the calving margin of Pine Island Glacier. The 1966 position, from
Anonymous (1968a), is based on tricamera aerial photography; the 1973 position, from Anonymous (1975) is based on Earth Resources
Technology Satellite imagery; the 1985 position was established by radar bearings from U.C. Coast Guard icebreaker Glacier controlled by
satellite navigation. ("km" denotes "kilometer:')

mous 1968a) and Earth Resources Technology Satellite imagery
in 1973 (Anonymous 1975) both show the calving front at posi-
tions west of DF85-107 (figure 2). Using these marginal posi-
tions, we calculated a retreat rate of approximately 0.8 kilo-
meters per year for the floating terminus of Pine Island Glacier.
If retreat continued at this rate for more than the last few de-
cades, the calving front of Pine Island Glacier would have been
located west of DF85-108 less than 100 years ago.

An alternative to our hypothesis of gradual calving-margin
retreat is illustrated in figure 3. We speculate that "Thwaites
Iceberg Tongue" is actually a huge segment of Pine Island
Glacier that formerly occupied Pine Island Bay. The calving
margin for this iceberg must have been close to the present
terminus of Pine Island Glacier. Prevailing easterly winds
(Zwally et al. 1983; figures 2-6) drifted the iceberg westward
until it grounded northwest of Thwaites Glacier, the terminus of
which must have been further south than it is now. A subse-
quent advance of Thwaites GLacier brought the two ice masses
into contact, perhaps contributing to the observed northward
movement and counterclockwise rotation of "Thwaites Iceberg
Tongue," and giving this grounded iceberg the appearance of
having calved from Thwaites Glacier [compare the positions of
Thwaites Iceberg Tongue shown by Anonymous (1968b) and
Anonymous (1975); note also the separation between Thwaites
Glacier and the iceberg in Anonymous (1968b); figure 31.

Whichever hypothesis is correct, microfossil abundances in
Pine Island Bay core-top samples are consistent with the ex-
tremely low productivity expected beneath an ice shelf but not
beneath sea ice. The sediments of Pine Island Bay support this
interpretation, consisting of inorganic silt- and clay-sized parti-
cles, which we interpret as glacially derived rock flour, with
occasional drop stones. The few microfossils encountered were

probably introduced by episodic marine currents penetrating
beneath the ice. Because diatoms are quite abundant in sea-ice
and surface-water samples from Pine Island Bay at present, the
very low diatom abundances inPine Island Bay core tops sug-
gest that removal of the former shelf ice from this region was
rapid and very recent, whether occurring by gradual calving-
margin recession or as one large block.

We thank Captain W. Hewell and the officers and crew of U.S.
Coast Guard icebreaker Glacier. Terence Hughes, and John An-
derson and his students, who assisted with our coring project
in January of 1985. Dennis Cassidy assisted with sampling the
cores. David Thompson and Stephanie Staples assisted with
sample preparation.

This work was supported by National Science Foundation
grant DPP 80-20000.
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Figure 3. Map illustrating the hypothesis that "Thwaites Iceberg Tongue" is actually an iceberg calved from Pine Island Glacier. Solid outline of
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Marine diatoms of sediments from
Croft Bay, Antarctica

A.K.S.K. PRASAD and J.A. NIENOW
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We report here the preliminary results of new micropaleon-
tological studies of sediments collected from beneath Croft Bay,
off the northern coast of James Ross Island, Antarctic Peninsula.

The antarctic continental margin is a unique sedimentary
environment controlled primarily by glacial processes. Thus
knowledge of its sedimentary record aids in the interpretation
of the continent's recent glacial history. Antarctica is also the
most important region of biogenous silica accumulation, es-
pecially in the form of diatomaceous ooze (Lisitzin 1972). A
huge band of such ooze surrounds Antarctica, and frustules are
most common in terrigenous sediments of the continental shelf.
The processes that influence the preservation of neritic antarctic
marine diatoms in the fossil record have been little studied; the
present study is part of an investigation of these processes.

59°W	 580	 570

The study area of the present work is located inshore from the
great southern belt of biogenous silica accumulation in bottom
sediments around the continent and encompasses the north -
western Weddell Sea continental shelf. Sediment cores were
recovered during austral summer 1981-1982 by personnel on
board the U.S. Coast Guard icebreaker Glacier from Croft Bay
and the vicinity of James Ross Island, Antarctica (figure). Core
numbers and locations are listed in table 1. The geological
aspects of these cores were described previously by Anderson
(1982), Kaharoedinn et al. (1984) and Smith (1985). The samples
used in the present study were obtained from the Antarctic
Geology Facility at Florida State University.

The diatom assemblages in Croft Bay cores DF82-184,
DF82-187, and DF82-189 support the findings of Krebs (1977)
for the nearshore marine sediments from Arthur Harbor, An-
ders Island, Du Saar and De Wolf (1973) for Breid Bay and
Brekilen, Queen Maud Land, and Kozlova (1964) for the Indian
and Pacific sectors of Antarctica.

The analysis of 14 samples yielded 54 taxa, all marine, and
including 16 centric and 38 pennate diatoms divided among 19
genera (table 2). Cold-water diatoms predominate, with only a
few representatives of temperate and warm waters. Further-
more, comparisons of the species listed in table 2 with those
found by Koziova (1964) and Du Saar and De Wolf (1973) show
that diatoms Kozlova considered to be characteristic of the High
Antarctic zone are well represented and numerically abundant.
It can, therefore, be concluded that the temperature regime at
the time of deposition did not differ greatly from that at present.
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U.S. Coast Guard icebreaker Glacier austral summer 1981-1982 sediment core recovery locations for the present study.
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Water depth
(in meters)

383
265
340

Core length
(in centimeters)

296
273

74

Station
Number

184
187
189

Table 1. Station details

Latitude	Longitude
Location	 (S)	 (W)

Croft Bay, off northern coast of James Ross Island
	

6402.7'	57045.5'
Croft Bay, off northern coast of James Ross Island

	
64002.7'	57047.0'

Croft Bay, off northern coast of James Ross Island
	

6357.2'	57039.0'

Table 2. Diatom species found in Croft Bay marine sediment
cores

Achnanthes brevipes v.angustata (Grey.) Cl.
Achnanthes charcoti Peragallo
Actinocyclus actinochilus (Ehr.) Simonsen
Amphiprora paludosa Wm. Smith
Amphora antarctica Hustedt
Amphora proteus Greg.
Amphora sp.
Chaetoceros sp.
Cocconeis costata Greg.
Cocconeis costata v.kerguelensis (Petit) Cl.
Cocconeis curiosa Hustedt
Cocconeis distans Greg.
Cocconeis imperatrix (C. fasciolata) (Ehr.) Brown
Cocconeis lyra A.S.
Cocconeis pinnata v.plena M. Peragallo
Coscinodiscus bouvet Karsten
Coscinodiscus sp.
Eucampia antarctica (Castr.) Mangin
Gomphonema groenlandicum v.clusa M. Peragallo
Gomphonema intricatum Kutz
Gomphonema sp.
Gyrosigma sp.
Hemiaulus sp.
Navicula criophila (Castr.) Detoni
Navicula directa (Wm. Smith) Ralfs in Pritchard
Navicula glacei Van Heurck
Navicula schefterae Lobban
Navicula sp.
Nitzschia angularis Wm. Smith
Nitzschia angulata Hasle
Nitzchia curta Hasle
Nitzchia cylindra (Grun.) Hasle
Nitzschia decipiens Hustedt
Nitzschia linearis (Castr.) Hustedt
Nitzschia polaris Grun. in Cl. & MOIler
Nitzschia ritscheri (Hustedt) Hasle
Nitzschia sub/means Heiden & Kolbe
Nitzschia sp. 1
Nitzschia sp. 2
Nitzschia sp. 3
Odontella rhombosa ( Ehr.) Kütz
Odontella weissfloggii (Janisch) Grun.
Pinnularia quadratarea ( Schmidt) Cl.
Pinnularia quadratarea v.bicuneata Heiden & Kolbe
Pinnulania quadratareoides Heiden & Kolbe
Porosira glacialis (G run.) Jorgensen
Porosira pseudodenticulata ( Hustedt) Jouse in Koziova
Stellarima microtrias (Ehr.) Hasle & Sims
Thalassiosira antarctica Comber
Thalassiosira graci/is (Karsten) Hustedt
Thalassiosira gracilis v.expecta (Van/andingham) Fryxell & Hasle
Thalassiosira tumida (Janisch) Hasle
Thalassiosira sp.
Trachyneis aspera v.antarctica M. Pergallo

Since most of the diatom taxa in the cores are still represented
in antarctic waters, the sedimetns are of Holocene age. In fact,
the term "subfossil" (Du Saar and De Wolf 1973) probably best
describes the sediments of this study. Thus, the subfossil flora is
of the same composition as the present flora of the extreme cold
sea area near the ice shelf.

The diatom assemblages found in the three cores are very
similar. The samples are dominated by two assemblages, the
planktonic and the benthic. Benthic forms, or what are consid-
ered to be benthic forms on the basis of modern ecology, are
Cocconeis, Achnanthes, and Pinnularia. The presence of benthic
forms suggests that the assemblages were deposited in very
shallow water where light penetrated to near the bottom.

The planktonic assemblage includes Chaetoceros and related
forms. Spores of several species of Chaetoceros occur in the
sediments in very high numbers, more than 90 percent of the
frustules in all samples. Most of these lack distinctive structural
characteristics, making specific identification impossible in
most cases. There is little in the literature on the distribution of
Chaetoceros spores in marine sediments. They are weakly sil-
icified and dissolve quickly; hence, they are generally not found
in deep-sea sediments (Kanaya and Koizumi 1966; Kozlova and
Strelinicova 1974). However, Richert (1977) noted abundant
Chaetoceros spores in sediments off Cape Barbos in the area of
the West African upwelling and Burkle (cited in Sancetta 1982)
has found them below the antarctic convergence. It is probable
that Chaetoceros occurs wherever productivity is high, but spo-
res are preserved only in areas where production of siliceous
organisms is so great that the accumulation of silica in bottom
sediments is high, which in turn leads to good preservation
(Sancetta 1982). The abundance of Chaetoceros spores in the
present study indicates, therefore, conditions of high produc-
tivity and upwelling. In addition, a comparison of the diatom
biocoenose and thanatocoenose may reveal information on the
dissolution of the thanatocoenose.

We thank Dennis Cassidy, Curator of the Antarctic Research
Facility and Core Library, Florida State University, for core sam-
ples. Funding was provided in part by the Florida Legislature by
specific appropriation to R.J. Livingston, Florida State Univer-
sity. Arthur K. Womble prepared the map-illustration.
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Siliceous ooids from antarctic marine	size (figure 2d). The composition of the sectioned nuclei could
not be determined with the X-ray analyzer. It is possible that thesediments	 nuclei are organic in nature.

The origin of these ooids remains problematic. Their chemical
composition, onion-like structure, and presence of a nucleus

S.D. WEITERMAN and M.D. RUSSELL, JR.

Antarctic Research Facility
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Tallahassee, Florida 32306

Numerous enigmatic spherules were discovered during rou-
tine analysis of a piston core recovered from the Ross Sea. Core
92 was collected in 1980 by a field team lead by John B. Ander-
son (Rice University) aboard the U.S. Coast Guard icebreaker
Glacier during the 1979-1980 austral summer. Upon discovery of
the spherules, other 1979-1980 cores and grab samples re-
covered in the immediate vicinity of core DF 80-92 were exam -
ined for more spherules, but none were found. However, sub-
sequent routine sampling of austral summer 1979-1980 and
austral summer 1984-1985 sediments from other locations did
reveal additional spherules.

The geographic distribution of these spherules extends from
the Scott Coast southward into McMurdo Sound (figure 1). A
single spherule was discovered in austral summer 1984-1985
sediments from Marguerite Bay (68°06'S 67°55'W). The spher-
ules appear to be facies independent as they are found in cal-
careous turbidites (DF 80-92), fine sands (DF 80-117), coarse ash
(DF 80-39, 80-49), and diatomaceous mud (DF 80-77). Recovery
depths of these antarctic coastal shelf sediments range from 104
to 456 meters.

Sediments were washed over a 64-micron sieve and hand-
picked. The spherules were then mounted in epoxy resin, sec-
tioned, and polished. Several were etched with hydrofluoric
acid (figure 2a). These transparent, glassy spherules were then
examined using a JEOL 100 CX TEMSCAN with a Tracor North-
ern 2000 energy dispersive X-ray analyzer. They consist of con-
centric shells of opaline silica, possibly the variety hyalite (fig-
ure 2b). The diameters of the ooids vary from 100 to 1,250
microns with individual layers averaging 5 microns in thickness
(figure 2c). Of the five sectioned ooids examined under the
scanning electron microscope, three have nuclei. The nuclei,
unlike the rest of the ooid, appear to be silica-free and vary in
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Figure 1. Geographic distribution of spherule-bearing sediments
recovered during austral summer 1979-1980.
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Figure 2. A. Polished cross section of a specimen etched with hydrofluoric acid. B. Specimen sectioned near its outer surface. C. Broken
specimen showing layered structure, x 2545. D. Silica scan across a sectioned specimen and its nucleus.

suggest that a cyclic process may be responsible for their forma-
tion. However, the conditions under which these ooids form is
not readily apparent. Because the ooids are found in unconsoli-
dated calcareous sediments, replacement of carbonates by silica
is unlikely. Further investigation concerning the composition of
the nuclei is needed before conclusions can be made about the
formation of these siliceous ooids.

We would like to express our gratitude to Donald E. Brownlee
and Susan Taylor-George, Department of Astronomy, Univer-

sity of Washington, and Thomas J . Fellers, Department of Bio-
logical Sciences, Florida State University, who provided valu-
able assistance with the preparation, chemical analyses, and
photography of the specimens. Samples were generously sup-
plied from cores stored at the Antarctic Research Facility and
Core Library, Florida State University, which is supported by
National Science Foundation, Division of Polar Programs con-
tract C-1059. Special thanks to Dennis Cassidy, curator of the
Antarctic Research Facility for his advice and support.
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Recent diatom distributions in the
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We summarize here the results of diatom analyses of water,
sediment, and sea-ice samples collected during a cruise of the
U.S. Coast Guard icebreaker Glacier to the Amundsen Sea in
January of 1985 (T. Kellogg, D. Kellogg, and Hughes 1985). This
work, described in greater detail by D. Kellogg and T. Kellogg
(in preparation) is the first study of modern Amundsen Sea
microfossil distributions and will serve as the basis for inter-
pretation of sediment cores in terms of past oceanographic,
glacial, and climatic fluctuations (D. Kellogg and T. Kellogg,
Antarctic Journal, this issue). Sample locations are shown in a
companion paper in this volume (D. Kellogg and T. kellogg,
Antarctic Journal, this issue, figure 1).

Marine diatoms in sediments. Fifty-seven marine taxa were
identified in the core-top samples (42 to the species level), but
most of these taxa occur only rarely (1-5 specimens per sample).
Species that were present consistently in most samples, often in
moderate to high abundance (more than 10 specimens per
sample) include: Actinocyclus actinochilus, Chactoceros sp. spores,
Eucampia antarctica, Paralia sol, Nitzschia curta, N. kerguelensis, N.
vanheurckii, N. obliquecostata, N. sublineata, and Thalassiosira gra-
cilis. Present in lower abundance were various species of the
genra Cocconeis and Thalassiosira. All but two of the marine
species recorded are extant in modern antarctic waters or occur
in Recent antarctic sediments (e.g., Fenner, Schrader, and
Wienigk 1976; Truesdale and Kellogg 1979). These species are
typical of McCollum's (1975) Thalassiosira lentiginosa (formerly
Coscinodiscus lentiginosus) Parital Range Zone. The two excep-
tions are Denticulopsis hustedtii and Trinacria pileolus, both of
which occur as single specimens in DF85-111 and DF85-96,
respectively. These species have stratigraphic ranges inthe
Miocene (McCollum 1975) to Pliocene (Ciesielski 1983; Burckle
personal communication). Their presence in Amundsen Sea
core-top samples suggests either reworking or the exposure of
older sediment on the sea floor. Reworking is more likely for
both samples because they contain the Quaternary species N.
curta and the Quaternary/upper Pliocene species A. actinochilus
in abundance (D. Kellogg and T. Kellogg 1986b).

Nonmarine diatoms in sediments. Nonmarine diatoms are pres-
ent in most sediment samples, but abundances are generally
much lower than those of marine species and usually consist of
only one or two specimens of each species. Taxa recorded in-
clude Melosira distans, and species of Cyclotella, Diploneis,
Navicula, and Tabellaria. The nonmarine species appear to be
distributed nearly uniformly throughout the Amundsen Sea
core tops, with slightly higher abundances in cores DF85-95 and
DF85-99.

Our report of nonmarine diatoms in Amundsen Sea sedi-
ments is not anomalous. Many of these same species occur, in
comparable abundances, in Ross Sea sediments (T. Kellogg and
Truesdale 1979; Truesdale and Kellogg 1979; T. Kellogg and D.

Kellogg 1981). These nonmarine species are widespread in lakes
and melt ponds throughout the ice-free valleys of southern
Victoria Land (D. Kellogg et al. 1980), on the McMurdo Ice Shelf
(D. Kellogg and T. Kellogg 1984, in press), and in the Vestfold
Hills (Setty, D. Kellogg, and T. Kellogg 1984). Melt pools occur-
ring on antarctic sea ice could also provide a suitable habitat for
nonmarine diatoms throughout the circumantarctic sea-ice
zone. Introduction of nonmarine diatoms to marine sediments
requires only melting of the pack ice. Once they are introduced
to the water column, currents may carry diatoms even beneath
ice shelves and floating glacier tongues, such as Pine Island
Glacier.

Diatoms in ice and water samples. Additional material was col-
lected for comparison of fossil and living diatom distributions.
Sea-water samples were obtained routinely at each coring sta-
tion, and ice samples were collected intermittently. All ice ana-
lyzed was stained green or red by algal material. Sea water and
melted ice were filtered to extract diatoms. Filters (cleared with
acetic acid) were mounted on slides using Hyrax.

All our ice and water samples contained abundant marine
diatoms and were dominated by large to very large numbers of
N. cylindrus, Nitzchia curta, N. vanheurckii, and N. obliquecostata,
in varying proportions, were subdominants in most samples.
These four species together usually comprised over 95 percent
of each sample in our quantitative analyses, and a total of 300
specimens was almost always obtained after analyzing only a
small portion of each slide.

The overwhelming dominance in ice and water samples of N.
cylindrus may be attributed to a seasonal bloom, because all
these samples were collected within 1 week and because they
cover almost the entire north-south extent of the eastern
Amundsen Sea. Other species which are known to spend part
of their life cycle attached to the underside of the sea ice (e.g., N.
curta, N. kerguelensis, and N. vanheurckii are, predictably,
subdominants.

More than half of the sea-ice and sea-water samples con-
tained occasional specimens of nonmarine diatoms. One sam-
ple (DF85-73-55) had nearly 50 specimens of a small delicate
species of Navicula which we have not encountered previously
but which we suspect is nonmarine, as are most members of
that genus. Nonmarine diatoms in sea-ice samples may repre-
sent populations that inhabit small melt pools or occur at the
base of the snow layer (i.e., in situ assemblages), or they may
have been carried from some terrestrial location by winds. The
low abundances of nonmarine diatoms in our ice samples (ex-
cept DF85-73-55) suggest that they represent a contaminant and
were probably introduced by winds. Scattered occurrences of
nonmarine diatoms in surface water samples probably also re-
sult from distribution by winds.

We also sampled melt ponds on islands in the Amundsen
Sea, to determine if nonmarine species present in this area are
similar to those in the Ross Sea sector and elsewhere. Samples
were collected from open water in ponds on the Lindsey and
Edwards Islands. Both these samples were dominated by the
marine species N. cylindrus, although nonmarine species com-
prised 22.4 percent of the diatom flora at the Lindsey Islands.
We suspect that marine species are introduced to these ponds
by storm waves and spray, an hypothesis that is supported by
the lower percentage of marine species at the higher elevation
Lindsey Islands site. Nonmarine diatoms at the Lindsey Islands
are dominated by formae of the species Navicula muticopsis,
which occur commonly in similar melt ponds in the ice-free
valleys of southern Victoria Land and on the McMurdo Ice Shelf
(D. Kellogg et al. 1980; D. Kellogg and T. Kellogg in press). The
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same small delicate Navicula species we noted in the ice sample
at DF85-74-55 was also found in both terrestrial ponds samples.
We conclude that both these sites are situated too close to the sea
to give an accurate representation of a typical nonmarine diatom
flora for the area surrounding the Amundsen Sea.

We thank Captain W. Hewell and the officers and crew of U.S.
Coast Guard icebreaker Glacier, Terence Hughes, and John An-
derson and his students, who assisted with our coring project
in January 1985. Dennis Cassidy assisted with sampling the
cores. David Thompson and Stephanie Staples assisted with
sample preparation. This work was supported by National Sci-
ence Foundation grant DPP 80-20000.

References

Burckle, L.H. 1985. Personal communication.
Ciesielski, P.R 1983. The Neogene and Quaternary diatom biostratigra-

phy of Subantarctic sediments, Deep Sea Drilling Project Leg 71.
Initial Reports of the Deep Sea Drilling Project, Vol. 71. Washington,
D.C.: U.S. Government Printing Office.

Fenner, J . , H.-J. Schrader, and H. Wienigk. 1976. Diatom phytoplankton
studies in the Southern Pacific Ocean, composition and correlation to
the Antarctic Convergence and its paleoecological significance. initial
Reports of the Deep Sea Drilling Project, Vol. 35. Washington, D.C.: U.S.
Government Printing Office.

Kellogg, D.E., and T.B. Kellogg. 1984. Diatoms from the McMurdo Ice
Shelf, Antarctica. Antarctic Journal of the U.S., 19(5), 76-77.

Kellogg, D.E., and T.B. Kellogg. 1986a. Biotic provinces in modern
Amundsen Sea sediments: Implications for glacial history. Antarctic
Journal of the U.S., 21(5).

Kellogg, D.E., and T. B. Kellogg. 1986b. Diatom biostratigraphy of sedi-
ment cores from beneath the Ross Ice Shelf. Micropaleontology, 32,
74-94.

Kellogg, D.E., and T.B. Kellogg. In preparation. Microfossil distribu-
tions in modern Amundsen Sea sediments. Palaeogeography, Pal-
aeoclimatology, Palaeoecology.

Kellogg, D.E., and T.B. Kellogg. In press. Diatoms of the McMurdo Ice
Shelf, Antarctica: Implications for sediment and biotic reworking.
Palaeogeography, Palaeoclirnatology, Palaeoecology.

Kellogg, D.E., M. Stuiver, T.B. Kellogg, and G.H. Denton. 1980. Non-
marine diatoms from late Wisconsin perched deltas in Taylor Valley,
Antarctica. Palaeogeography, Palaeocli,natology, Palaeoecology, 30,
157-189.

Kellogg. T.B., and D.E. Kellogg. 1981. Pleistocene sediments beneath
the Ross Ice Shelf. Nature, 293, 130-133.

Kellogg, T.B., and T.S. Truesdale. 1979. Late Quaternary paleoecology
and paleoclimatology of the Ross Sea: The diatom record. Marine
Micropaleontology, 4, 137-158.

Kellogg, T.B., D.E. Kellogg, and T.J. Hughes. 1985. Amundsen Sea
sediment coring. Antarctic Journal of the U.S., 20(5), 79-81.

McCollum, D.W. 1975. Diatom stratigraphy of the Southern Ocean.
Initial Reports of the Deep Sea Drilling Project, Vol. 28 Washington, D.C.:
U.S. Government Printing Office.

Setty, M.G.A.P., D.E. Kellogg, and T.B. Kellogg. 1984. Preliminary
report on diatoms from the Deep Lake terraces, Vestfold Hills, Ant-
arctica. Antarctic Journal of the U.S., 19(5), 88-90.

Truesdale, R.S., and T.B. Kellogg. 1979. Ross Sea diatoms: Modern
assemblage distributions and their relationship to ecologic,
oceanographic, and sedimentary conditions. Marine Micropaleon-
tology, 4, 13-31.

162	 ANTARCTIC JOURNAL



Marine biology

Chlorophyll a distribution in the
vicinity

of an advancing ice edge: Antarctic
Marine

Ecosystem Research at the Ice-Edge
Zone, 1986

W.O. SMITH

Botany Department and Graduate Program in Ecology
University of Tennessee

Knoxville, Tennessee 37996

N.K. KEENE and D.L. WILSON

Graduate Program in Ecology
University of Tennessee

Knoxville, Tennessee 37996

During March of 1986, we participated in a coordinated, two-
ship study of the biological dynamics at an advancing ice edge
in the Weddell Sea as part of Antarctic Marine Ecosystem Re-
search at the Ice-Edge Zone (AMERIEZ) 1986. Water samples were
taken for chlorophyll a determinations at 48 open-water stations
and 25 ice-covered stations at depths from 0 to 150 meters
(figure 1). Chlorophyll a concentrations in the upper layers of
one transect ranged from 0.05 to 0.70 micrograms per liter
(figure 2). Surface chlorophyll a concentrations averaged 0.34
micrograms per liter at open-water stations, whereas at ice-
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Figure 1. Location of stations at which chioryphyll a concentrations
were analyzed during AMERIEz-86, and ice-edge position.

covered stations surface mean chlorophyll a levels were 0.09
micrograms per liter. Similarly, integrated euphotic zone values
for open-water and ice-covered stations averaged 24.76 milli-
grams per square meter and 9.6 milligrams per square meter,
respectively. During February 1977 the surface chlorophyll a
value at a station near our study area and in 3/10 ice cover, was
0.05 milligrams per cubic meter (El-Sayed and Taguchi 1981),
within the range of the values we obtained. The low 1986 bio-
mass values are in sharp contrast, however, to values obtained
during the 1983 AMERIEZ expedition, which was conducted at a
retreating ice edge during November and December 1983. Sur-
face chlorophyll a concentrations at open-water and ice-covered
stations during that study averaged 2.65 and 0.03 micrograms
per liter. Integrated euphotic zone values were 148.2 and 21.5
milligrams per square meter for open-water and ice-covered
stations, respectively. A t-test indicated that a highly significant
difference (p greater than .001) between austral spring 1983 and
austral autumn 1986 standing stocks existed.

A number of conclusions can be drawn from this preliminary
analysis. Although the ice retreat had only recently begun to
advance in 1986, chlorophyll a concentrations in the water col-
umn under the ice were already extremely low. Conversely,
although the ice retreat was only beginning when our 1983
study was completed, chlorophyll a concentrations in the water
column had slightly increased (relative to the 1986 results).
These differences in the levels of spring and autumn biomass
indicate that growth within the water column (although slow)
may begin earlier than previously thought. Similarly, growth
under the ice may cease earlier than expected.
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While the high phytoplankton biomass values of the 1983
study are characteristic of bloom conditions, the low biomass
values of the 1986 study indicate that any bloom which might
have been associated with the ice-edge was dissipated by the
time of our study. Bloom situations in the marginal ice zone of
the southern oceans are initiated and maintained by meltwater-
induced stratification of the water column (Smith and Nelson
1985). The spatial and temporal limitation of these blooms is
controlled by the presence or absence of this stability. However,
results from the 1986 study show that vertical mixing of surface
waters was limited to 40 or 50 meters by a strong halo- and
pycnocline (Muench and Husby, Antarctic Journal, this issue).
Such stability was not correlated with phytoplankton distribu-
tion. These low values are in contrast to high phytoplankton
standing stocks measured in 1983 during a period in which the
receding ice edge had a much deeper mixed layer (mean of 57
meters, range 10-130 meters; Smith and Nelson 1986).

This research was supported by National Science Foundation
grant DPP 84-20213.
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Heterotrophic activities in the marine
surface waters

near penguin rookeries of the
Antarctic Peninsula
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The chlorophyll concentration (algal biomass) and primary
productivity of the marine surface waters surrounding the Ant-
arctic Peninsula have been previously studied (El-Sayed 1967).
These waters are known to be very productive and support
large populations of herbivorous krill, which in turn support
several species of krill-feeding birds and mammals. In this
study, the bacterial concentrations, heterotrophic activities, and
the chlorophyll a concentrations were determined in the surface
waters along a transect in the vicinity of Palmer Station (64°46'S
6°3'W), Antarctica.

Using the U.S. Coast Guard Arctic Survey Boat, water sam-
ples were collected using Niskin 5-liter sampling bottles (Gen-
eral Oceanics) from five stations positioned on a transect from
Humble Island out to the deeper waters found in a basin (see
figure). Penguins found in rookeries on the small islands (i.e.,
Lithfield, Torgersen, and Humble Islands) were known to fol-
low this route while feeding for krill and nesting during the

1985-1986 austral summer. Before use, the Niskin bottles were
rinsed with a 70 percent ethanol solution. The collected sea-
water samples were filtered through 100 micrometer Nitex net-
ting to remove the larger zooplankton and particles and placed
into sterile 1-liter polypropylene Nalgene bottles. The samples
were stored in an ice chest filled with crushed ice until they
were processed at the Palmer Station Laboratory. The tem-
perature for the samples was recorded using a hand-held ther-
mometer placed in a bottle containing the collected seawater
sample.

The chilled samples were transported back to the Palmer
Laboratory, and 100-milliliter aliquots were distributed into 18-
ounce Whirlpak sterile plastic bags. Three bags and a for-
maldehyde (2 percent, final volume) killed control were incu-
bated at 2.0°C ± 0.5°C with a radioactive substrate for 3 to 5
hours. All radionuclides were purchased from ICN Radi-
ochemicals (Irvine, California). L-glutamic acid, [ 1H] (49 curies
per millimole, ICN catalog number 20019-E) and an L-amino
acid mixture, [ 3H] (267 millicuries per milligram, ICN catalog
number 20063) were used with the 100 milliliter subsamples.
The radioactive amino acid mixture contained the following L-
amino acids: alanine, arginine, aspartic acid, giutamic acid,
glycine, histidine, isoleucine, leucine, lysine, phenylalanine,
proline, serine, threonine, tyrosine, and valine. The specific
activity for each amino acid ranged from 25 to 58 curies per
millimole and the relative proportion of each amino acid is
similar to the proportions found in a typical algal protein hydro-
lysate (ICN information).

For our study, a working solution of the substrates was pre-
pared by dilution of the stock solution 1/20 with autoclaved and
0.2 micrometer filtered distilled water. Fifty microliters of the
working solution was added to each Whirlpak bag for each
station. The incubations were terminated by filtering the sam-
ples through a 47-millimeter diameter, 0.2-micrometer Nu-
clepore polycarbonate membrane filter at 200 Torr vacuum. The
filters were then rinsed five times with ice-chilled 0.2-microme-
ter filtered and autoclaved seawater. The slightly damp filters
were transferred into 20-milliliter glass scintillation vials, 1.0
milliliter of Protosol (New England Nuclear) was added, and the
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Location of stations for 26 April 1986 transect.

vials were placed in a 50°C waterbath for 10 minutes to dissolve
filters were acidified with 50 microliters of glacial acetic acid, and
10 milliliters of Econofluor-2 (New England Nuclear) was add-
ed. The vials were shaken and the amount of radioactivity
collected on the filters was measured using the Palmer Station
LKB 1217 Rackbeta Liquid Scintillation Counter. Counts were
corrected for quenching using an external standard ratio
procedure.

Using this sensitive assay the turnover time for glutamic acid
and the amino acid mixture was calculated by using the formula
t/f where "t" equals the time of incubation with the radionuclide
for each sample, and "f" equals the fraction of the radionuclide
that was assimilated by microorganisms present in the sample
(Azam and Holm-Hansen 1973).

The chlorophyll a concentration of the samples was deter-
mined by filtering 500-milliliter aliquots through 4.25-cen-
timeter CF/F Whatman glass fiber filters. Three replicates were
used for each sample. The filters were frozen at -60°C until the
analyses were performed. Photosynthetic pigments were ex-
tracted with methanol and the concentration of chlorophyll a
was measured using a Turner Designs 10-005R Fluorometer

(Holm-Hansen and Rieman 1978). Chlorophyll a concentration
was corrected for the presence of phaeophytin a.

A set of water samples was fixed with 2 percent (final volume)
formaldehyde and returned to Seattle for enumeration of bacte-
ria using the acridine orange direct count (AoDc) procedure.
Portions of the fixed samples were vacuum-filtered (200 Torr)
onto 25-millimeter diameter black 0.2 micrometer Nuclepore
membrane filters. The filters were air-dried and stained with an
acridine orange solution (30 micrograms per milliliter acridine
orange in 0.01 M TAPS (tris[hydrox-
ymethyl]aminopropanesulfonic acid buffer at pH 8.2 with
methiolate added as a preservative at 100 micrograms per milli-
liter and glycerin added at 5 percent final volume). The stained
cells were counted using a microscope with epifluorescent
illumination.

The table lists the data that were collected for the transect
performed on 26 February 1986. The counts of bacteria meas-
ured by the AODC method ranged from 1.5 x 105 to 2.1 X 106
cells per milliliter. The particulate chlorophyll a concentration
was highest in the 10- and 25-meter samples (1.09 to 2.12 milli-
grams per cubic meter) and reduced in the deeper 100 and 200

Data collected on 26 February 1986 transect

Turnover Time (hours)

Water	Sampling
depth	depth	Water	Amino acid	Glutamic

Station	(in meters)	(in meters)	temperature	mixture	acid

Acridine orange	Chiorophy a
direct count
	

(milligrams per
(cells per milliliter)	cubic meter)

32
	

10
	

2.2
	

215
	

206
	

7.9 x 10
	

1.28
32
	

25
	

1.8
	

1241	 657
	

2.8 x 10
	

1.09
31
	

10
	

2.0
	

112
	

68
	

9.5 x 10
	

1.22
31
	

25
	

1.9
	

585
	

362
	

6.9 x 10
	

1.51
119
	

10
	

2.5	 708
	

381
	

1.2 x 106
	

1.23

7
	

100
	

10
	

2.5	 78
	

75
	

2.1 x106
	

1.13
8
	

274
	

10
	

2.2
	

892
	

809
	

1.3x 106
	

2.12
8
	

274
	

25
	

2.3
	

854
	

751	 7.3 x 10
	

2.27
8
	

274
	

100
	

1.6
	

2685
	

2079
	

2.3 x 10
	

0.47
8
	

274
	

200
	

1.4
	

4225
	

4249
	

1.5x 10
	

0.39
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samples at station 8 (0.47 and 0.39 milligrams per cubic meter).
In the surface waters, the assimilation of the amino acid mixture
and glutamic acid was also the greatest for the 10-meter samples
collected at stations 7, 4, and 1. Samples collected at these
stations had turnover times of 75 to 206 hours for glutamic acid
and 78 to 215 hours for the amino acid mixture. These turnover
times are comparable to assimilation rates found for leucine and
glucose for the more productive areas of McMurdo Sound
(Hodson et at. 1981). Although the 10- and 25-meter samples
from station 8 contained the highest concentrations of chlo-
rophyll a, these samples did not have the shortest turnover
times for the organic compounds that were examined. This
result suggests that heterotrophic activity in the surface waters
in the vicinity of Palmer Station is not totally dependent upon
the algal biomass that is present.

The small islands near the station, especially those with rook-
eries, may be contributing substantial amounts of nutrients to
the surface waters. For example, Torgersen Island is reported to
have a penguin population of approximately 8,000 breeding
pairs of Adélie penguins during the austral summer (Heimark
and Heimark 1984). Adult penguins leave the rookeries to col-
lect krill and return to feed chicks who remain at the rookeries
from hatching in November until late summer. In addition,
penguin excreta from the rookeries are a rich source of phos-
phate, ammonia, and organic carbon (Ugolini 1972; Speir and
Cowling 1984). Nutrients and microorganisms associated with
the excreta and ornthithogenic soil may be washing into the
surrounding marine waters and thereby enhancing hetero-
trophic activity and productivity.

We would like to acknowledge the excellent cooperatin that
we received from the crew of the U.S. Coast Guard Arctic
Survey Boat and the support personnel from ITT Antarctic Serv-
ices, Inc. at Palmer Station.

This work was supported by National Science Foundation
grant DPP 84-15069.
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Microalgae at the ice edge in the
northern Weddell Sea

G.A. FRYXELL

Department of Oceanography
Texas A&M University

College Station, Texas 77843-3146

Species of microalgae clearly respond to the changes at the
edge of the ice, not only in the ice but also in the water column.
In the austral fall of the 1986 season, the iIv Melville and the U.S.
Coast Guard icebreaker Glacier visited the accreting ice edge.
Our findings were in marked contrast to those found in the
austral spring cruises of the U.S. Coast Guard icebreaker West-
wind and the Wv Melville in 1983. In the austral fall, those
microalgae in the phytoplankton that could make resting spores
had done so, and auxospores and maximum size of individual
cells showed that the sexual cycle of several species may be
triggered by the ice edge or processes associated with it. The
sparse population was generally dominated by many diatom
species, but the prymnesiophyte Phacocystis was well repre-
sented. Phytoplankton abundance was low in the fall, both

outside the ice and under it. Since the ice had been concentrated
by strong easterly winds during the previous month into a
north-south boundary, the adjacent water regimes probably
had much the same history of partial ice cover. Salps were
common under the ice only. Results from the fall cruises with
collections by R.W. Gould, Jr., M.A. Hoban, and G.A. Fryxell,
will be reported at a later date, but the two seasons showed
many obvious differences.

For example, in the austral spring of 1983, the ice edge had
begun to retreat and was in loose bands. There was a well-
defined upper water column about 50 meters thick (AMERIEZ

group in preparation), as in the fall, and the phytoplankton
under the ice was low in numbers. However, in the spring
outside the ice edge, nets clogged under near-bloom condi-
tions, dominated by two gelatinous colony-forming species: the
centric diatom Thalassiosira gravida Cleve and the prym-
nesiophyte Phaeocystis poucheti (Hariot) Lagerheim (Fryxell,
Gould, and Watkins 1985).

T. gravida was all but lacking in the ice (Buck, Garrison, and
Fryxell 1985) and under the ice, but increased greatly outside
the ice beyond station 19 (figure 1) at most depths, and it
continued to dominate the diatoms in net hauls taken on the Wv
Melville away from the ice. It is proposed that Thalassiosira was
seeded from the north, perhaps from subsurface layers, and
Phaeocystis from the ice-covered waters or the ice itself (Fryxell
in preparation.) The pennate diatom genus Nitzschia was also
abundant (figure 2), but the great increase in phytoplankton
outside the ice can be credited mainly to the centric diatom. Cell
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Figure 1. Estimated number of Thalassiosiragravida cells integrated
throughout the water column under 1 square meter in the transect
from south to north from samples taken on the U.S. Coast Guard
icebreaker Westwind. Stations 14-16 were in the heaviest ice, and
stations 20-24 had little if any ice.

numbers of the ribbon colony forming species of Nitzschia (sec-
tion Fragilariopsis) are indicated in figure 2 by the finest striping
("NITZ 1"), and they dominate the genus in the water under the
ice. They have dominated in the ice, in both spring and fall.

Especially common is Nitzschia cylindrus (Grunow) Haste,
shown here in the austral fall from a saip fecal pellet (figure 3),
where we found them to be abundant. In Antarctic Marine

Ecosystem Research at the Ice-Edge Zone (AMERIEZ) 1983 (aus-
tral spring), the salps dominated in the upper 500 meters of the
open water column (Torres et al. 1984). It appears that the
feeding filter of some salp species can clog in water with abun-
dant phytoplankton, although the salp has been seen to try,
often unsuccessfully, to dislodge it by swimming backwards
(Harbison, McAlister, and Gilmer 1986). Gelatinous colony for-
mers such as T. gravida and Phaeocystis could well form a bolus in
a salp and clog the filtering apparatus as they also clog nets.
This growth habit (utilized by both of the dominants, the di-
atom and the prymnesiophyte) may this be an effective defense
against grazing. Salps are considered to be nonselective
feeders, and vertical migrating might allow feeding in concen-
trated layers (such as in bloom areas, near the ice, or in canals at
the bottom of floes) without clogging. However, Torres et at.
(1984) found no evidence of salp diel migration in the 1983
cruise of the iIv Melville, but saip numbers did increase deeper
in the open water column as the season progressed.

The usually heavily silicified diatom genus Actinocyclus has
been of interest in antarctic and subantarctic waters (see Fryxell
and Semina 1981; Priddle and Fryxell 1985; Villareal and Fryxell
1983) lightly silicified, new species has been found in AMERIEZ
1983 material (Watkins and Fryxell in preparation). Silica is not
limiting (Nelson personal communication), and light silicifica-
tion would not be expected in these waters from environmental

NITZ1	NITZ2	NITZ3

Figure 2. Estimated number of cells of three groups of Nitzschia
species integrated throughout the water column under 1 square
meter with stations as in figure 1. "NITZ 1" is Section Fragilariopsis,
with ribbon colonies composed of cells united by the valve faces;
"NITZ 2" is Section Pseudonitzschia with chains formed of long,
needle-like cells with overlapping tips; and "NITZ 3" is Nitzschia
closterium (Ehrenberg) Wm. Smith, common in the golden, slushy
layer of ice under the snow on ice floes.

conditions. A closely related genus, Azpeitia, has principally a
warm-water distribution both for living and fossil species, but
there is one species apparently radiating into cold water, A.
tabularis (Grunow) G. Fryxell and P.A. Sims (Fryxell, Sims, and
Watkins in press). It reaches its greatest abundance north of the
ice edge in the subantarctic zone.

Polymorphic species such as Thalassiosira tumida (Janisch) Ha-
ste (Fryxell, Hasle, and Carty in press) are known from the
antarctic phytoplankton, and some explanations of its intra-
specific variation are coming to light. Growth conditions are
involved, but there is sufficient genetic variability to support
rapid phenotypic evolution under continued directional selec-
tion (Wood, Lande, and Fryxell in preparation). In the same
genus heterovalvy has been noted in resting spores Uohansen,
Doucette, and Fryxell 1985) and can be responsible for some
morphological discontinuities seen in field material and pre-
served in heavily silicified cells in sediments.

Theriot and Fryxell (1985) and Priddle, Heywood, and
Theriot (1986) found that distribution of net diatoms revealed
geographical patterns that could be interpreted in the light of
environmental factors. Although many antarctic phy-
toplankton species apparently have a circumpolar distribution,
the balance of species changes from one location to another in
response to immediate conditions. Thus the species composi-
tion and abundance reflect the history of the water as well as the
current growth conditions.
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Figure 3. Nitzschia cylindrus(Grunow) Hasle from a salp fecal pellet,
station 28, 64°58.4'S 50°55.9'W, 27 March 1986, U.S. Coast Guard
icebreaker Glacier, AMERIEZ 1986, from under the ice in the accreting
ice regime in the Weddell Sea. This small species is common in and
under the ice. Scanning electron micrograph by T.P. Watkins, with
scale bar equals 1 micromole.

Methods of photography being used on board ship have
included a modification of the promising filter-transfer-freeze
microscope slide preparation for quantitative estimates from
filters for whole-cell mounts with small flagellates (Hewes and
Holm-Hansen 1983; see Hewes, Reid, and Holm-Hansen 1984,
for thorough comparison with other methods) and a strobe light
system utilizing minimal automation. The combination has
proved quite reliable, even with shipboard vibrations from
multi-motored icebreaker activities, operation under cold con-
ditions to allow working with living material, and rough condi-
tions. Epiflourescent capabilities of the microscopes have great-
ly aided in distinguishing possibly living from dead cells (by
determining if they still retained their nuclei) and distinguish-
ing if living cells were probably heterotrophic or were capable of
photosynthesis (by autofluorescence of chlorophyll).

This work has been supported by National Science Founda-
tion grants DPP 82-18491 and DPP 84-18850, which are gratefully

acknowledged. G.A. Kendricks has provided technical
assistance.
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Microheterotrophs in the ice edge
zone: An AMERIEZ study
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In 1983, we initiated a study of microzooplankton in the ice-
edge zone as part of Antarctic Marine Ecosystem Research in
the Ice-Edge Zone (AMERIEZ) studies (Garrison, Buck, and Silver
1984; Garrison and Buck 1985c). During this cruise, which was
conducted during the austral spring, we found that micro-
zooplankton reached maximum abundances near the ice edge
in conjunction with elevated biomass of phytoplankton and
bacterioplankton (Garrison, and Buck 1985b, 1985c). We also
found rich and diverse populations of nano- and micro-
heterotrophs in sea-ice microbial communities (Buck and Gar-
rison 1984; Garrison 1985a; Garrison Sullivan, and Ackley 1986).
In March 1986, the austral fall, we participated in the second
cruise of the AMERIEZ program (AMERIEZ 1986) with studies
aboard both the U.S. Coast Guard icebreaker Glacier and the R/V
Melville. The study was located at the ice edge in the Weddell
Sea, approximately 64° to 66°S 44° to 51°W. We continued the
sampling program initiated in 1983 by making observations
throughout the water column and in sea-ice microbial commu-
nities (see Garrison et al. 1984). In addition, our studies during
1986 included more extensive onboard counts of nanoplankton
and microheterotrophs using fluorescence microscopy, the col-
lection of large volume samples by reverse flow concentration
and feeding-rate studies. Our study is an ongoing effort to
assess the role and importance of protozoans and other micro-
zooplankton in the ice-edge system.

Abundance and distribution. A comparison of abundance
among microbial groups in the ice-edge zone is shown in the
table. Although average concentrations of many groups were
similar in 1983 and 1986, the spatial distribution within the
water column was markedly different in the two studies. In
contrast to the relatively well-defined gradient in micro-
zooplankton abundance, we observed in 1983 (Garrison and
Buck 1985b, 1985c), populations were more uniformly dis-
tributed throughout the study area during the 1986 cruise.
Chlorophyll a concentrations were low and similarly uniformly
distributed (W.O. Smith, unpublished AMERIEZ data). We did
not count diatoms aboard ship, but our microscopy observations
suggest planktonic populations were nanoplankton domi-
nated. We again found rich and diverse microbial communities
similar to those we described in 1983 in sea ice (Buck and
Garrison 1984; Garrison and Buck 1985a).

Trophic mode and feeding. By examining samples immediately
aboard ship using epiflourescence microscopy, we were able to
define more clearly the trophic mode of the many small flagel-
lates present. In the water column, autotrophic flagellates out-

numbered heterotrophic flagellates with autotrophic-to-hetero-
trophic ratios ranging from approximately 5 to more than 100.
In ice communities, however, heterotrophic forms were rela-
tively more important (see table). We found a surprising
number of naked dinoflagellates (Gymnodiniaceae) in both ice
and water, with heterotrophic forms often outnumbering auto-
trophs. One of the abundant grazers in ice communities was a
large heterotrophic dinoflagellate that was often filled with ice
diatoms. Naked ciliates with bacteria and algae in feeding vac-
uoles were also commonly observed in samples from ice
communities.

Large (2.5 millimeter) phaeodarian radiolarians of the fam-
ilies Aulacanthidae, Aulosphaeridae, Cannosphaeridae, and
Coelodendridae were common in 35 micrometer mesh
plankton tows from 100- to 200-meter depth and in many of the
162-micrometer mesh zooplankton tows to greater depths
taken by T. Hopkins as part of the trawl samples. These radi-
olarians as well as other common phaeodarians of the Cas-
tanellidae, Challengeriidae, and Tuscaroridae families are pres-
ently being identified and their feeding vacuoles are being ex-
amined with transmission electron microscopy to determine
their feeding habits. Preliminary results include the presence of
diatom frustule fragments, bacteria, protozoan trichocysts,
small algal cells, archaeomonads, and partially digested di-
atoms and dinoflagellates (figure).

We conducted several feeding experiments aboard ship to
determine the grazing rates on bacteria and algae, but we have
not yet analyzed the results of these studies. As part of our
ongoing work at the Institute for Marine Sciences and Institut
for Sporeplanter, we are continuing to examine samples col-
lected during the recent cruise by using both light and electron
microscopy. We were also successful in returning several rough
protozoan cultures to our laboratory and these may be suitable
for continued feeding studies.

This study was funded by National Science Foundation grant
DPi' 84-20184 to D.L. Garrison.

Summary of nanoplankton and microplankton abundance (cells
per liter) for ice and water during AMEERIEZ 1983 and AMERIEZ

1986 cruises. Values for 1983 are based on counts of preserved
samples. Values for 1986 are preliminary data based on

shipboard counts. For some groups, only a small number of
cells were counted, so mean values have wide confidence limits.
("nc" denotes "not counted"; - denotes too few organisms to

estimate.)

Water	 Ice

Spring	Fall	Spring	Fall
1983	1986	1983	1986

Autotrophs
Diatoms	 0.7 x 106	nc	1.2 x 10	nc
Dinoflagellates	2.2 x 1003	2.8 x 104	1.2 x 105	7.8 x 10
Other flagellates	3.5 x 105	4.4 x 105	6.0 x 106	3.3 x 106
Heterotrophs
Dinoflagellates	nc	2.0 x 105	nc	5.6 x 10
Flagellates	1.1 x104	2.4x 104	1.5x10°	5.0x 10
Ciliates	 9.3x102	3.4x103	1.0x104	5.6x103
Other protists	-	-	4.1 x 102	nc
Metazonans	-	-	2.6 x 102	nc
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Transmission electron micrograph of contents of food vacuoles of phaeodarian radiolarians collected during AMERIEZ 1986. Scale bars = 1
micrometer. A. Archaeomonad: "cy" denotes cytoplasm(s) silicious wall. B. Diatom: "cy" denotes cytoplasm(s) silicious frustule. C. Partially
digested dinoflagellate: "cs" denotes chromosomes. D. Vacuole containing trichocysts "I". The arrow indicates the boundary of food vacuole:
"cy" denotes cytoplasm of radiolarian surrounding food vacuole.
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Contribution of carbon fixed by
nitrifying bacteria

during ice cover in McMurdo Sound,
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Because of the relatively low light levels which exist in and
beneath the annual sea ice of McMurdo Sound, we postulated
that chemosynthesis may have an important role in the overall
primary production of this region. Chemosynthesis uses re-
duced compounds, including ammonium, nitrite, methane,
and hydrogen sulfide. The energy generated from the oxidation
of these reduced compounds, is used by certain bacteria to
assimilate carbon dioxide into cellular material. Because am-
monium is the most likely of these substrates to exist in the well
oxygenated waters of McMurdo Sound (Littlepage 1965), nitri-
fication, i.e. the oxidation of ammonium to nitrate ion, should
be the predominate chemosynthetic pathway in these waters.

Nitrification measurements were made on ice and pelagic
communities at 4 sites in McMurdo Sound: (1) near the tip of the
Erebus Ice Tongue, (2) the western portion of Wohlschlag Bay,
(3)10 kilometers east of Marble Point and (4) approximately 200
meters off Cape Armitage. Nitrification rates were determined
by measuring dark carbon-14/bicarbonate fixation with and
without the specific nitrifier inhibitor nitrapyrin (2-chloro-6-
trichioromethyl pyridine) (Billen 1976; Priscu and Downes
1985).

Pelagic nitrification under annual ice between 20-27 De-
cember 1985 ranged from below detection to greater than I
micromole of carbon per cubic meter per hour (table). The
highest rates were obtained just beneath the sea ice. Taking 300
meters as the average depth of McMurdo Sound, and assuming
that nitrification rates in the upper 25-50 meters are representa-
tive of deeper water, we estimate that nitrifying bacteria can
contribute between 40.8 and 135.0 (mean = 84.4) micromoles of

carbon per square meter per hour of new carbon to this region.
Palmisano et al. (in press) estimated phytoplankton production
under the annual ice in the eastern portion of McMurdo Sound
to be about 2,000 micromoles of carbon per square meter per
hour (assuming a 3 meter deep euphotic zone). Using their
carbon dioxide uptake per unit chlorophyll a ratio in conjunc-
tion with the chlorophyll a values we measured on the western
side of McMurdo Sound, phytoplankton productivity in the
latter region can be estimated at 225 micromoles of carbon per
square meter per hour. The depth-integrated (0-300 meters)
nitrification rates computed in the present study represent
about 21 percent of total hourly phytoplankton primary pro-
duction in McMurdo Sound. The largest contribution by nitri-
fiers (approximately 37 percent) occurred on the western side of
the Sound where phytoplankton photosynthesis was lowest.
These proportions can be expected to change seasonally; the
greatest contribution by nitrifying bacteria should occur during
winter, spring and early summer when photoautotrophic pro-
duction is low (Palmisano et al. in press).

Horrigan (1981) concluded that carbon dioxide fixed by chem-
oautotrophic nitrifying bacteria under the Ross Ice Shelf (site J9)
may be an important contributor to the overall primary produc-

Nitrifying activity measured in and under annual sea ice in
McMurdo Sound, Antarctica, 20-27 December 1985. ("WB"

denotes "Wohlschlag Bay"; "MP" denotes "Marble Point"; "EIT"
denotes "Erebus Ice Tongue"; "CA" denotes "Cape Armitage";

"ND" denotes "not detectable"; dashes denote no data
available.)

	

WB	MP	EIT	CA

Micromoles of carbon

Pelagic	 per cubic meter per hour

Depth
(in meters)

0	 0.80	1.02	0.38	-
12	 -	-	0.04	-
25	 0.05	ND	0.10	-
50	 0.05	0.01	-	-

Micromoles of carbon
per square meter per hour

Integrated
(0-300
meters)	135.0	77.4	40.8

Micromoles of carbon
per square meter per hour

Sea ice	0.01	1.61	2.03	2.20
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tion there. Our results indicate that nitrifier activity may also be
an important pathway of carbon dioxide fixation in the water
under annual sea ice at certain times of the year.

Carbon dioxide fixed by nitrifiers in the bottom 20 cen-
timeters of congelation ice averaged 1.5 micromoles of carbon
per square meter per hour (table). The rate of carbon dioxide
fixation by nitrifiers in congelation ice was less than 0.05 percent
of the primary productivity by congelation ice microalgae (ap-
proximately 3,796 micromoles of carbon per square meter per
hour (Palmisano et al. 1985). However, nitrification in sea ice
may play an important role in the nitrogen cycle within the ice
which deserves further attention.

In conclusion, carbon dioxide fixation by nitrifying bacteria
during our study period was an important component of pel-
agic primary production under the annual ice of McMurdo
Sound but was a small component of primary production with-
in the sea ice. Because nitrifying activity is not light mediated,
this avenue of primary production can predominate during the
austral winter when photoautotrophic production is minimal.
Therefore, on an annual basis, chemoautotrophic nitrifying
bacteria may supply a significant amount of new organic carbon
to the region which can provide basal support to higher trophic
levels when photoautotrophs are absent or inactive. A seasonal
and spatial study would be required to test this hypothesis
thoroughly.

We thank M. Lizotte, G. Smith, and C. Cota for field and
laboratory assistance and the U.S. Navy for helicopter support.
This research was supported by National Science Foundation
grant DPP 84-15215 to A.C. Palmisano and C.W. Sullivan.

References

Billen, C. 1976. Evaluation of nitrifying activity in sediments by dark "C
bicarbonate incorporation. Water Research, 10, 51-71.

Horrigan, S.G. 1981. Primary production under the Ross Ice Shelf,
Antarctica. Limnology and Oceanography, 26, 378-382.

Littlepage, J.L. 1965. Oceanographic investigations in McMurdo
Sound, Antarctica. Antarctic Research Series, 5, 1-37.

Palmisano, AC., S.T. Kottmeier, R.M. Moe, and C.W. Sullivan. 1985.
Sea ice microbial communities (slMco). IV. The effect of light pertur-
bation on microalgae at the ice-seawater interface. Marine Ecology
Progress Series, 21, 37-45.

Palmisano, AC., J.B. SooHoo, S.L. SooHoo, S.T. Kottmeier, L.L. Croft
and C.W. Sullivan. In press. Photoadaptation in Phaeocistis pouchetu
advected beneath annual sea ice in McMurdo Sound, Antarctica.
Journal of Plankton Research.

Priscu, J.C., and M.T. Downes. 1985. Nitrogen uptake, ammonium
oxidation and nitrous oxide (N20) levels in the coastal waters of
western Cook Strait, New Zealand. Estaurine, Coastal and Shelf Science,
20, 529-542.

Sea-ice pressure ridge microbial
communities
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Significant biological material has been found within ant-
arctic sea ice and, because of the unique ecological setting, this
material has been called sea-ice microbial communities (e.g.,
Ackley, Buck, and Taguchi 1979; Garrison, Ackley, and Buck
1983; Sullivan and Palmisano 1984). Depending on the ice for-
mation mechanisms, season, and particular region, these com-
munities have differing characteristics. We have broadly classi-
fied the communities into surface, interior, and bottom depend-
ing upon where within the ice the community is found. Within
this broad framework, there is high variability that appears to be
more directly linked with variations in ice structure and overall
morphology of the ice cover (Clarke and Ackley 1984).

Pressure ridges—the ice pileups above and below the ice
surface that result from pack ice deformation—apparently con-
tribute unique environments for the development of ice micro-

On leave 1985-1986, Office of Naval Research Arctic Marine Sciences
Chair, Naval Postgraduate School, Monterey, California.

bial communities. The significance of pressure-ridge commu-
nities to the total productivity of the pack ice is linked to the
level of deformation resulting in increased ridge density of one
region compared to another.

In this article, two mechanisms are described which can lead
to the development of microbial communities near pressure
ridges. The first mechanism is associated with the initial ridge
formation process which occurs during deformation periods in
the interior regions of the pack ice. The second effect arises after
the ridges have formed and is related to floe breakup processes
near the ice edge in the decay phase of the pack ice cycle.

The first mechanism is illustrated in figures la and lb. The
pressure-ridge building causes ice blocks to be loaded onto one
of the two overriding ice sheets. As the sheet is loaded, it cracks
at some radial distance from the loading and the edge of the
sheet between the blocks, and the crack is deflected below sea
level. Surface flooding occurs which leads to the gray-white
appearance of the snow cover just adjacent to the ridge. If an
appropriate seed population is available in the water column
and appropriate temperatures and light levels are present, a
bloom of phytoplankton can occur in the flooded areas on the
ice floes. These would then be called "surface communities" in
our previous classification. During the 1981 joint U.S-U.S.S.R.
Weddell Polynya Expedition, we obtained a sample of one of the
communities apparently formed by this process. We found a
chlorophyll a concentration of 43 milligrams per cubic meter,
which was about 10 times that found in ice cores from adjacent
flat areas of the ice floe (Clarke and Ackley 1984). The species
composition of the ridge samples was dominated numerically
by Tropidoneis glacialis (more that 90 percent) while the cores
contained T. glacialis but in much lower percentages. Oxygen
isotope analysis determined how much of the ice sample was
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Figure 1 a and lb. Photographs of new ridges in the Weddell Sea pack ice showing the surface flooding caused by ridge loading, deflection, and
cracking of the adjacent flat ice. Flooded areas are the darker gray near the ice blocks in the foreground of each photo.

derived from atmospheric precipitation compared to sea water.
This value was determined as 12 percent plus or minus 4 per-
cent snow in the total ice volume of the ridge sample. The
presence of snow in significant amounts therefore defined this
as a surface sample. In other analysis of ice cores, no ice sample
taken below 10 centimeters from the surface was found to have
an isotope content different from that derived from sea water
alone. The presence of atmospherically derived precipitation
using isotope analysis therefore effectively determines the sur-
face nature of these ice samples.

The second mechanism associated with ridge microbial com-
munities occurs in the outer margins of the pack near its bound-
ary with the open ocean. As large floes are advected toward the
open ocean, waves and swell penetrate into the ice pack because
of less attenuation as the floes approach the ice edge. The floes
are broken up into smaller diameters, typically from kilometer
sizes to diameters less than 100 meters (Ackley, Smith, and
Clarke 1982). If the floe breakup takes place along or near a
ridge, the level surface nearby is placed out of isostatic balance
by the weight of the ridge and is deflected below sea level,
flooding the surface with sea water. These features quickly
develop large blooms of phytoplankton, coloring them, and
because of their circular pond-like appearance with a large algae
bloom, they have been called "farm ponds." Figure 2 shows
floes of about 10 to 30 meters diameter found near the ice edge
in the Weddell Sea. The center floe has one of these farm ponds
as well as a "farm lagoon" with a visible surface connection to
the open ocean, both adjacent to the old pressure ridge on the
ice surface. These structures have been found to contain a rich
diversity of microbial life as well as small zooplankton (Garrison
and Buck personal communication). With their proximity to the
open ocean and more equatorward (northern) latitudes in the
Southern Hemisphere, these flooded areas are relatively warm
and well-lit, compared to interior pack ice, and not as heavily
grazed as open ocean areas nearby so they contain high con-
centrations of phytoplankton of the order of 10 to 100 times that
found in unflooded ice areas or adjacent open ocean. These
features are distinguishable from melt ponds formed by the
surface melt of snow. Farm ponds are always associated with
ridges and, while melt ponds are above sea level and consist of
fresh water derived from surface melt, the farm ponds are high-
salinity, sea-water intrusions that are at or below sea level.

Figure 2. Photograph of a "farm pond" on a floe in the marginal ice
zone of the Weddell Sea pack ice. The pond is the gray area with new
ice formation appearing on the central floe near the pressure ridge
in the picture. A smaller lagoon with a visible surface connection to
the open ocean is to the left of the farm pond. The floe is about 30
meters across and has been broken up by wave action in the mar-
ginal ice zone.

The tendency of a particular region to form these ridge micro-
bial communities is related to the ridge density, i.e., how many
ridges per kilometer are available in the region. Govoni, Ackley,
and Holt (1983) estimate Ross Sea pack ice to have about 1.8
ridges per kilometer while our estimates from Sornov measure-
ments suggest Weddell Sea pack ice has 3 to 4 ridges per kilo-
meter. The observations of farm ponds and enhanced microbial
growth have been taken from the Weddell Sea so far. Based on
the preliminary ridging estimates we currently have, it is sug-
gested that Weddell Sea pack ice may have significantly greater
number of pressure ridge associated microbial communities
than the Ross Sea ice cover.

The hospitality of the Department of Oceanography at the
Naval Postgraduate School and Office of Naval Research while
the author was occupant of the ONR arctic Marine Science Chair
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Annual sea-ice in McMurdo Sound in known to provide an
extensive microhabitat for microalgae. These communities con-
tain a high biomass within the lower 5 centimeters at the water/
ice interface, with an estimated annual production of 4.1 grams
of carbon per square meter (Palmisano and Sullivan 1983). Upon
senescence, this microalgal population contributes a large
amount of carbon to the benthic biota. Annually this ice algal
fall-out adds to the already substantial benthic microbial bio-
mass shown to be present (White, Smith, and Stanton 1984;
White et al. 1985).

Total biomass as measured by membrane phospholipids of
benthic microorganisms from three sites in McMurdo Sound
were comparable to those of a Florida estuary and greater than
those of deep-sea trenches (White et al. 1984). In addition to
total biomass, changes in community structure of the sediments
at the McMurdo study sites of Cape Evans, Cape Armitage, and
New Harbor (figure) are detectable by detailed fatty-acid pro-
files of phospholipid membranes (Smith, Nichols, and White in
press). These data are comparable to studies of the benthic
macrofauna from McMurdo Sound which indicated that the east
Sound sites are more productive than the west (Dayton and
Oliver 1977; Hodson et al. 1981). The east Sound sediment sites
were found to contain the greatest amount of the phospholipid

fatty acid, 16:1w7c (16 carbon atoms in chain, one unsaturation,
7 carbons from the alkyl end of the molecule with unsaturation
in the cis confirmation) a major component of the sea-ice diatom
Nitzschia cylindrus (Nichols et al. 1985).

Bacterial biomarkers indicated little difference in total bio-
mass between the sites but did reveal community structure
differences. Saturated, branched, and odd carbon fatty acids,
14:0, i15:0, a15:0, 15:0, i17:0, a17:0, and 17:0 (14:0 indicates a 14
carbon chain with no unsaturation, suffixes c and g indicate iso

ii

McMurdo Sound study sites. "CE" denotes "Cape Evans"; "CA"
denotes "Cape Armitage"; and "NH" denotes "New Harbor:' Arrows
indicate dominant current flow.
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Neutral lipid components of McMurdo sediments:
Triglyceride fatty acid methyl esters and sterols

CA

nM/gdwb	% Mole

Total triglyceride	 20.2
Fatty acids

Total polyenoic	 2.4	 11.6
Fatty acidsa

Total sterols	 0.4

Cholesterol	 0.2	 45.6
22-Dehydrocholesterol	 0.07	 19.5

a Sum of all fatty acids with two or more unsaturations.
nM/gdw - nanomoles/gram dry weight; % mole = mole percent.

and antiso branching), were present in similar relative propor-
tions. Cape Armitage showed increased amounts of l0Mel6:0
(10 methyl palmitate) and cyclopropyl 17:0, both major compo-
nents of sulfate-reducing bacteria from the genus Desulfobacter
(Taylor and Parkes 1983: Smith et al. in press).

Fatty acids from triglyceride and sterols from the neutral lipid
fractions of the sediments indicated a similar pattern to that of
the phospholipid biomasses, with the east Sound sites con-
taining greater amounts. A major diatom sterol trans-22-de-
hydrocholesterol (Nichols et al. 1985) found in amounts of 19.5
to 23.0 percent (Smith in preparation) of the total sediment
composition (table). Trans-22-dehydrocholesterol was also
found to be a significant portion in the stomach content of a
common benthic nematode, genus Dcontostoma and the sea star,
genus Odantaster from a Cape Armitage site (Nichols un-
published data). Stomach contents from these organisms also
showed high amounts of the fatty acids 16:1w7c, 18:1w7c, and
18:1w9c, all of which are components of antarctic ice diatoms
(Nichols et al. 1985).

Metabolic activities at the sites were measured by their incor-
poration of radiolabeled precursors into bacterial DNA and lipid
classes. A trend parrelleling the biomass was observed, with the
east Sound sites exhibiting the greatest activity when compared
to the west Sound site. Metabolic activities of the sediments
measured during a Phaeocystis bloom indicated that the algal
input to the sediments was a stimulus, with significant dif-
ferences noted between the activities of the sites (White et al.
1984).

Lipid and metabolic activity monitoring has proven to be a
useful technique in ice algal physiology studies. Such studies
using carbon-14/sodium biocarbonate as precursor for sea-ice
microalgal lipids showed changes in metabolic pathways
throughout the growth period (see Palmisano et al., Antarctic
Journal, this issue).

Recent improvements in gas chromatography and gas chro-
matography/mass spectrometry have permitted confirmation of
unique microbial lipids and insight into community structure
and physiology. These techniques, as developed in this labora-
tory, have been of great assistance in understanding the micro-
bial ecology of polar extreme environments. Further investiga-

CE	 NH

	

nM/gdw	% Mole	nM/gdw	% Mole

	

222.8	 32.1

	

36.8	 16.3	 7.2	 22.2

	

0.6	 0.2

	

0.3	 48.2	 0.1	 49.4

	

0.01	 22.5	 0.06	 23.0

tions are required to assess fully the interactions of the sea-ice
microbial community's influence upon the antarctic near-shore
benthic communities. Ice-algal physiology studies using lipid
techniques are also a useful complement to such invesigations,
and should be carried out in parallel with sediment studies.

This work was supported by National Science Foundation
grants DPP 82-13796-01 and DPP 84-15215.
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Changes in photosynthetic
metabolism of sea-ice microalgae

during
a spring bloom in McMurdo Sound
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Microalgae, primarily diatoms, bloom in the lower layers of
coarse-grained congelation ice and platelet ice during the aus-
tral spring at McMurdo Sound, Antarctica (Bunt 1964; Pal-
misano and Sullivan 1983). Our purpose in the 1985-1986 field
season was to examine changes in photosynthetic metabolism
that occur during the development and decline of the spring
bloom of sea-ice microalgae. We have proposed that sea-ice
microalgae may serve as a model system for studying growth
phase-related changes in physiology of natural populations of
microalgae. Because they are physically trapped within the
brine channels and pockets that permeate sea ice, a single
community may be repetitively sampled throughout the bloom
period.

Our seasonal study of photosynthetic metabolism included
the following parameters:
• carbon assimilation into crude fractions of protein, lipids,

carbohydrates, and small molecular weight metabolites;
• carbon assimilation into specific lipid fractions: neutral lipids,

glycolipids, and phospholipids;
• identification of key lipid components by gas chromatogra-

phy/mass spectrometry;
• photosynthesis/light relationships;
• release of extracellular organic carbon and
• analysis of pigment composition: chlorophylls, carotenoids,

and breakdown products.
Detailed studies were conducted in November and December

1985 at two sites on sea ice in McMurdo Sound—Cape Armi-
tage, an area near McMurdo Station where we have a 5-year
data base, and near the Erebus Ice Tongue, a site away from the
possible influence of McMurdo Station. We found little, if any,
difference between these two communities. Standing crops of

microalgae, as measured by chlorophyll a per square meter,
increased steadily through November (figure 1). A peak in algal
biomass of about 150 milligrams chlorophyll a per square meter
was reached by 6 December. Subsequently, algal biomass de-
creased as the sea ice ablated, then leveled around 21 December
as a minor secondary algal bloom was established.

An important finding from our research was that photo-
synthetic carbon-14 assimilation into specific lipid fractions
(neutral lipids, glycolipids, and phospholipids) changed dra-
matically over the course of the bloom and its decline (figure 2).
Early in the bloom in November, neutral lipids were dominant
accounting for 54 to 77 percent of the total lipids labeled. In
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Figure 1. Changes in algal biomass as estimated by chlorophyll a
per square meter during the spring bloom of sea ice microalgae in
McMurdo Sound, November and December 1985. ("mg.m 2" denotes
"milligrams per square meter.")
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Figure 2. Percentage of total carbon-14-labeled lipids represented
by three lipid fractions (neutral lipids, glycolipids, and phos-
pholipids) during the 1985 of sea-ice microalgae. A percentage
scale is shown at left.
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diatoms, carbon may be stored in the neutral lipid fraction
which is comprised primarily of triglycerides. (Nichols et al. in
press). As the bloom declined after 6 December, the glycolipid
fraction became dominant (70 to 97 percent of the total lipids)
primarily due to a decrease in neutral lipids. After a secondary
sea-ice algal bloom became established in late December, initial
proportions of the three lipid fractions were reestablished. The
phospholipid fraction, which includes membrane components,
remained constant and low (less than 10 percent of the total
lipids) throughout the bloom. To further characterize these lipid
fractions, detailed analyses of the lipid biochemistry of sea ice
microalgae are currently being performed in the laboratories of
David C. White and Peter D. Nichols.

This work was supported by National Science Foundation

grant DPP 84-15215 to A. C. Palmisano and C. W. Sullivan and by
a National Research Council Fellowship to A.C. Palmisano.
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In the Antarctic, temperature is low (-1.8° C) but constant,
and inorganic nutrient concentrations are usually high enough
to preclude nutrient limitation. The annual sea ice attenuates a
significant proportion of the incident insolation (Sullivan et al.
1983), thus light intensities will regulate the physiology,
growth, and ultimately the seasonal succession within micro-
algal communities. Microalgae inhabit the benthic, planktonic,
and the sub-ice epontic environments. The algae within each of
these environments experience distinctly different photic regi-
mes. For example, ice (epontic) algae are typically exposed to
relatively "high" but constant irradiances. Daily variations in
light fields can arise from diel changes in incident insolation and
cloud cover. Phytoplankton experience these daily variations,
as well as those resulting from vertical movement due to
positive buoyancy, sinking, or tidal mixing within the euphotic
zone. Thus, phytoplankton may be exposed to relatively large
and rapid variations in irradiance. Benthic algae are similar to
the ice algae in so far as being exposed to relatively constant
albeit "low" irradiance. The average irradiances to which ice
algae are exposed are higher than phytoplankton which in turn
are higher than benthic algae. The biosynthetic pathways, pho-
tosynthesis-irradiance relationships and division rates may be
different for microalgae adapted to different photic regimes
(Harris 1978; Morris 1981; Prezelin 1981). Reported herein are

the irradiance-dependent rates of photosynthesis for individual
species of microalgae isolated from epontic, planktonic, and
benthic environments. By using high-resolution, single-species
techniques (Rivkin and Seliger 1981; Rivkin et al. 1982; Rivkin
and Voytek in preparation), the photosynthetic characteristics
of algae isolated from natural populations can be examined with
almost the same precision as in unialgal laboratory cultures.

During the 1985 austral spring, ice algal and plankton sam-
ples were collected at our seasonal field station in McMurdo
Sound which was located about 25 kilometers north of Cape
Armitage and 9 kilometers west of Tent Island. Phytoplankton
were sampled through a 1-meter diameter hole in the 1.5- to 2-
meter-thick annual sea ice using a 0.5-meter diameter, 20-mi-
crometer aperture plankton net or a 10-liter Niskin bottle. Ice
algae were collected with a 7.5-centimeter diameter SIPRE
auger. Benthic algae were collected in 18-22 meters of water off
Cape Armitage from the sponge spicule mat and adjacent
spicule free areas by scuba divers. Species-specific rates of pho-
tosynthesis were measured as previously described (Rivkin and
Seliger 1981; Rivkin and Voytek in press).

The photosynthesis irradiance relationships were measured
for six species of microalgae isolated from benthic, planktonic,
and epontic environments. Microalgae isolated from these dif-
ferent environments had distinct photosynthetic characteristics
(table and figure). The benthic algae had a lower saturation
irradiance (Isat) and greater initial slope of the light limited
region of the P vs. I curve ( ) than the other algae examined
(figure A). The Isat of 6 microEinsteins per square meter per
second among the lowest ever measured (Platt et al. 1983; Pal-
misano et al. 1985a, 1985b). Photosynthesis by Trachynesis aspera
(figure, block A) was sharply photoinhibited above approx-
imately 6-10 microEinsteins per square meter per second. In
contrast, carbon uptake by the other benthic alga (Amphora
antarctica) was photoinhibited above 30 microEinsteins per
square meter per second. The Isat of the planktonic microalgae
was much higher (more than 50 microEinsteins per square
meter per second) and was usually not photoinhibited (table
and figure B). An exception to this was A. kufferathii; however,
this alga (figure, block B) may not be truly planktonic since it
was isolated from both the plankton and the sub-ice epontic
communities. The photosynthetic characteristics of A. kufferathii
were similar when isolated from both the epontic and
planktonic environments (table). Photosynthesis by the two ice
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Photosynthetic characteristics of microalgae isolated from
epontic, planktonic, and benthic environments in McMurdo

Sound, Antarctica

Alga	 Pmaxa	Alpha 	lsatb

Ice algae

Amphiprora kufferathii	 0.80	0.045	25
Navicula sp.	 1.9	0.17	12

Planktonic algae

Thalassiosira scotia	 6.3	0.087	80
Porosira pseudodenticulata	9.3	0.18	50-60
Amphiprora kufferathii	 0.90	0.030	50

Benthic algae

Trachyneis aspera	 34.0	1.45	6
Amphora antarctica	 8.9	1.16	6

a Maximum photosynthetic rate (in picomoles of carbon per cell per hour).
b Slope of the light limited region of the photosynthesis-irradiance rela-

tionship (in picomoles of carbon per cell per hour per micro Einstein per
square meter per second).
Irradiance at which photosynthesis saturates (in microEinsteins per
square meter per second).

algae, Navicula sp. and A. kufferthii, saturated at 12 and 25 micro-
Einsteins per square meter per second, respectively, and was
photoinhibited above 80 microEinsteins per square meter per
second (figure C).

Alpha for the ice and planktonic algae ranged between 0.03
and 0.18 picomoles of carbon per cell per hour per microEins-
teins per square meter per second and did not seem to vary
systematically (table). In contrast, alpha for the benthic algae
were up to 50 times greater than for the planktonic and ice algae
(table). The greater alpha of the benthic algae suggests they
were highly efficient at utilizing very low irradiances (Falkowski
1980; Prezelin 1981). This would be consistent with their photic
environment. The photosynthetic rate of both the ice and
benthic algae saturated and was photoinhibited at low irra-
diances (table and figure, blocks A and Q. In contrast, the
saturation irradiances for the planktonic algae were 2-15 times
greater and photosynthesis was not photoinhibited. The ice and
benthic algae are exposed to extremes in photic environments;
however, irradiances are relatively constant. Planktonic algae,
however, can experience a large range and rapid variation in
irradiance. Thus they have evolved a greater physiological plas-
ticity in their responses to light.

Our continuing studies of antarctic microalgae has demon-
strated significant differences in the physiology of the regula-
tion of carbon metabolism and photosynthesis among different
antarctic microalgae. These studies can ultimately lead to a
better understanding of the dynamics of planktonic food chain
in polar regions.

This research was supported by National Science Foundation
grant DPP 83-14607. Additional members of our field party were
Mark Moline and Evelyn Lessard. We thank T. DeLaca, and S.
Bosch, R. Britton, and B. Marinovic for collecting samples of
benthic algae.
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Diatom distribution in surface waters
of the southern oceans: 1985-1986

austral summer cruise
of U.S. Coast Guard icebreaker Polar

Star

L.H. BURCKI.E

Lamont-Doherty Geological Observatory
Palisades, New York 10964

N.B. HUMPHREYS

Department of Biological and Environmental Sciences
Western Connecticut State University

Danbury, Connecticut 06810

During the austral summer 1985-1986 on board the U.S.
Coast Guard icebreaker Polar Star, we sampled diatoms in the
upper layer (10 meters) of the water column along a track, which
ran from Punta Arenas, Chile to Palmer Station, Antarctica to
McMurdo Station, Antarctica and finally to Sydney, Australia.
More than 60 samples were collected along this track together
with expendable bathythermographs (xBT) of the upper 300
meters of the water column. Our purpose was to do species
enumeration and analyze the data statistically. These results
will then be tied to the XBT data, and the surface water diatom
assemblages will be related to diatom distributions in the under-
lying surface sediments.

Essentially, we sampled across three major hydrographic
boundaries (the subantarctic front, the Polar Front, and the
antarctic slope front). An assemblage dominated by Nitzschia
kerquelensis occurs between the subantarctic front and the Polar

Front while various species of the genus Chaetoceros dominate
just south of the Polar Front. Unfortunately, Chaetoceros spp. is
not preserved in the sediment record so these species cannot be
used to identify past locations of the Polar Front. N. kerquelensis
also dominates as far south as the antarctic slope front, which
also tends to be the northern limit of late spring/early summer
sea ice (at least in the Ross Sea). As also reported by Ackley,
Taguchi, and Buck (1978), Nitzsc/iia cylindrus is an important
part of the diatom flora in the sea ice but gives way to N. curta in
the open Ross Sea to the south. In general, we can say that N.
kerquelensis is an important member of the surface-water com-
munity between the subantarctic front and the antarctic slope
front (essentially between about 8°C and 0°C). To the south of
the antarctic slope front, N. cylindrus and N. curta become
important. These relationships also hold true for diatom dis-
tributions in the underlying surface sediments except that N.
cylindrus is much less common. If, with additional sampling, we
continue to find a good correlation between diatom distribution
in the water column and in surface sediments, we will then have
a basis for describing the distribution of surface-water masses
around Antarctica during specific target dates of the Late
Quaternary (i.e., the last glacial maximum 18,000 years ago and
the last interglacial 125,000 years ago). Additionally, since some
species distributions (e.g., N. curta) are tied to sea ice, we may
be able to develop reasonably good proxy indicators of past sea-
ice limits.

We thank the officers and crew of the U.S. Coast Guard
icebreaker Polar Star for their assistance in securing diatom and
XBT data. This research was supported by National Science
Foundation grant DPP 84-00575.
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Oceanographic influences on marine
benthic communities

in McMurdo Sound, Antarctica

J.P. BARRY and P.K. DAYTON

Scripps Institution of Oceanography
La Jolla, California 92093

During the 1983-1984 and 1984-1985 field seasons in McMur-
do Sound, Antarctica, we collected data concerning several
aspects of the dynamics of sub-ice benthic communities. Pho-
tographic transects were collected with a deep submersible
camera at several locations within the sound including White
Island, Strand Moraine, two locations under the Koettlitz
Glacier outflow near Heald Island, and along the Ross Ice Shelf
edge near Scott Base. Current measurements were made at
three month-long stations across the sound and at seven short-
term stations (1 week or less). Water-column samples were
collected at 19 stations from which analyses of temperature,
salinity, density, oxygen, chlorophyll a, nitrate, nitrite, phos-
phate, and silicate were completed. In addition, several
plankton samples tows were collected from the upper water
column. The diving program was able to resurvey monitoring
projects and manipulative experiments begun during the 1970's
as well as establish new experiments measuring recruitment,
growth, and survivorship of benthic fauna in the eastern and
western sound.

Photographic data show diverse faunal communities
throughout the Sound, even in deep water in the western
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Figure 1. McMurdo Sound, Antarctica. Stars indicate station loca-
tions for current measurements. Solid arrows indicate mean surface
flow. Dashed arrows indicate mean flow below 100 meters. Dots are
locations of hydrographic sampling stations.

Sound, and indicate that benthic standing stock and productivi-
ty are related to both large- and small-scale current patterns
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Figure 2. Cross sound section of selected hydrographic parameters.
These sections represent data collected from stations located be-
tween Strand Moraine and Cape Armitage, as indicated in figure 1. A.
Density (sigma-tin kilograms per cubic meter). B. Water temperature
(°C). C. Chlorophyll a (in milligrams per cubic meter). ("m" denotes
"meter.")
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(Dayton, Barry, and Kooyman in preparation). Deep-water pho-
tographs from beneath the Ross and McMurdo Ice Shelves
show the highest faunal biomass in the eastern sound and
lowest in the west, similar to the shallow benthic community
(Dayton and Oliver 1977), and apparently related to differences
in the concentration of phytoplankton advected into each area.
Interestingly, these data also indicate that local variability in
current speed may also be important in local benthic production
and standing stock. Sites which appear to have more intense
currents have higher faunal standing stocks than sites with
apparently sluggish flow.

Analyses of current-meter data documented the large-scale
flow pattern in McMurdo Sound during 1984-1985 with strong
southerly flow in the eastern Sound and an opposing northerly
flow in the western Sound (figure 1; Barry and Dayton). Semi-
diurnal tidal motion dominated all current records. These data
were similar to previous current observations (Heath 1977;
Lewis and Perkin 1985), though there appears to be consider-
able interannual variability in the intensity of the southerly flow
in the eastern Sound which may be related to variability in
atmospheric forcing functions.

a OXYGEN
mg at/1

0.6	0.8	1.0	1.2
01

o SUMMER
• SPRING

600

C PHOSPHATE
j moles/1

0	0.4	0.8	1.2	1.6	2.00'
0 000	 00

0 00

0
200'	 0	00 0

II-0.
SUMMER

400	• SPRING

600

Hydrographic section maps compiled from nutrient and
physical water-column data show that nutrient levels were high
and nearly homogeneous throughout the Sound during spring
1984. Water temperature was very low and salinity and density
were high though somewhat lower in the western Sound (figure
2). Oxygen was near 6.8 milliliters per liter and chlorophyll a
was low at most stations and was highest in the eastern Sound
(figure 2). During summer 1984, conditions below 200 meters
were very similar to springtime conditions, though in shallower
water, nutrients levels were depressed, salinity and density
were lower, and temperatures were higher. Near surface salinity
had decreased, due to sea-ice and glacial meltwater. Nitrate and
phosphate levels were dramatically reduced and near 0 at some
locations, while nitrite and oxygen concentrations increased
somewhat during summer (figure 3; Barry in preparation).

These investigations allowed considerable advances in our
understanding of the dynamics of local benthic communities,
particularly their relationship to oceanographic processes. Sub-
ice faunal communities, especially those under thick ice and
snow cover depend on phytoplankton growth from well-lit
areas and the subsequent advection of this food under the ice to
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Figure 3. Spring vs. summer composite nutrient profiles from McMurdo Sound, Antarctica. A. Oxygen. B. Nitrate. C. Phosphate. D. Nitrite. ("mg
at/I" denotes "milligram atoms per liter:'	moles/I" denotes "micromoles per liter:' "m" denotes "meter:')

1986 REVIEW	 181



benthic filter feeders and grazers which in turn are consumed
by other community members. Thus, the large-scale current
pattern is obviously important to the McMurdo Sound benthos.
Moreover, it appears that local variability in current intensity
may be responsible in part for the structure of benthic commu-
nities. Those areas with high current speeds are expected to
have higher particle fluxes and lower sedimentation rates than
nearby sluggish current sites, resulting in different faunal as-
semblages. These physical processes may exert primary control
over community productivity and are superimposed on the
biotic interactions which have also been shown to be of impor-
tance in regulating benthic community structure (Dayton et al.
1974).

We intend to continue to investigate the relationship between
physical processes and sub-ice benthic community structure.
The dramatic north-south and east-west gradients of productiv-
ity and species composition in McMurdo Sound appear directly
related to ice cover and oceanographic features. As such,
McMurdo Sound benthos are particularly amenable to testing
hypotheses regarding the roles of in situ vs. advected primary
production, and/or the importance of biotic (competition, pre-
dation) vs. abiotic (current patterns, etc.) control of community
dynamics. We hope to investigate the importance of large- and
local-scale current intensity on community production by coup-
ling current observations with growth rate and survivorship
studies. In addition, we will continue and expand our benthic
productivity studies (Dayton et al. in press) and hope to evalu-
ate the roles of advected vs. in situ primary production on

microbial and meiofaunal activity, general benthic trophic rela-
tionships, and recolonization.

This work was supported by National Science Foundation
grant DPP 81-00189.
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Contrasting tempos of reproduction by
shallow-water

animals in McMurdo Sound, Antarctica

J.S. PEARSE, I. BOSCH, J.B. MCCLINTOCK,
B. MARINOVIC, and R. BRITTON

Institute of Marine Sciences
University of California

Santa Cruz, California 95064

Recent work by our group has revealed that a wide range of
reproductive modes prevails in McMurdo Sound, Antarctica, as
in other parts of the world ocean (Pearse, Bosch, and McClin-
tock 1986). The production of pelagic larvae is common, al-
though a large proportion of the larvae are lecithotrophic.
Among those species that have planktotrophic larvae, there is
little evidence of starvation even when phytoplankton levels are
very low (Olson, Bosch, and Pearse in press), probably because
such larvae are able to use dissolved organic material and to
feed on bacteria (Rivkin et al. 1986). Larval energy requirements
are probably relatively low; energy stores in lecithotrophic lar-
vae, at least, function mainly to produce large juveniles and are
little used during larval development (McClintock and Pearse
1986).

The timing of reproduction may be related closely to mode of
reproduction. Animals with planktotrophic larvae, for exam-
ple, need to synchronize the production of larvae with periods
when adequate food supply is available in the plankton. In
contrast, species that have lecithotrophic larvae or that bypass
larval production altogether by brooding or encapsulating em-
bryos and releasing juveniles may be uncoupled from periods
of phytoplankton production; reproductive periods of such
forms may be extended over much or all of the year.

During our field work at McMurdo Station, from August 1984
to January 1986, we were able to collect data on both the mode
and timing of many of the common, shallow-water inverte-
brates there. From preliminary analyses completed SO far, we
can estimate the temporal pattern of reproduction of 15 species
of common invertebrates in McMurdo Sound. Temporal re-
productive patterns have been described by other workers for
six additional species of animals in the area, bringing the total
number to 21 (table).

Seven of the species have planktotrophic larvae. Most of these
species have discrete reproductive periods, spawning in late
winter, spring, or early summer. Only the nemertean Parbolasia
corrugatus spawns with little or no seasonal pattern, and pil-
idium larvae were collected from the plankton throughout the
year. These larvae, as well as those of the asteroids and echi-
noid, are able to at least supplement their diet with bacteria and
thereby not be directly dependent on the midsummer phy-
toplankton bloom (Rivkin et al. 1986). The larvae of Euphausia
crystallorophias, on the other hand, probably feed nearly ex-
clusively on phytoplankton, and they are produced in syn-
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Months during the year when shallow-water benthic marine animals spawn in McMurdo Sound, Antarctica. (Symbols: S, main spawning
period; x, some spawning probable because mature gametes present, or in the case of suspected continuous breeders, brooding

animals and/or larvae found irregularly throughout the year.)

Months	 Evidencea

Pelagic embryos,
planktotrophic larvae

Polychete
Flabelligera mundatab

Bivalve
Limatula hodgsonib

Asteroids
Odontaster validus
Odontaster meridionalis
Porania antarctica

Echinoid
Sterechinus neumayeri

Euphausid
Euphausia

crystal lorophias
Nemertean

Parbolasia corrugatusb

Pelagic embryos,
pelagic lecithotrophic larvae

Copepod
Euchaeta antarctica

Cnidarian
Edwardsia meridionalisb

Asteroids
Acodontaster hodgsoni
Perknaster fuscusb

Benthic embryos,
benithic lecithotrophic larvae

Teleost
Trematomous bernacchii

Asteroid
Porania sp.

Brooded embryos (no larvae)
Peracardians

Nototanais dimorphus
Orchomene plebs
Glyptonotus antarcticus

Asteroid
Diplasterias brucei

Echinoids
Abatus nimrodi

Abatus shackletoni
Bivalve

Laternula elliptica

J F MA M J JASON D

S S

x x x x S S

S S S S
S S S S

S S S

x S x

S x	 x SS
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x	x	x	x	x	x	x	x	x	x	x	x

S	 x x x S

x	x	x	x	x	x	x	x	x	x	x	x

x 	SS S S S S x
x  SS S SS S

x	x	x	x	x	x	x	x	x	x	x	x

x	x	x	x	x	x	x	x	x	x	x	x

x	x	x	x	x	x	x	x	x	x	x
x	x	x	x	x	x	x	x	x	x	x	x

x S x

2,3

2,4

1a,2,3,4,5,7
2,3,5
2,5

1 b,2,3,4,5,6,7

ic

1 d,2,6,7

lc

le

2,3,5
2,3

if

2,5

7
ig
lh

ld,2,7

2,7
2,7

2,4,5,6,7

a 1. Literature a. Pearse 1965, Pearse and Bosch in press; b. Pearse and Giese 1966, Bosch et all. in preparation; c. Littlepage 1964; d. Dearborn 1965a; e.
Oliver 1979; f. Dearborn 1965b; g. Pearse 1963, Rakusa-Suszeczewski 1982; h. Dearborn 1967.

2. Fresh gonadal smears.
3. Gonadal size analyses.
4. Histological analyses of the gonads.
5. pawned in the laboratory.
6. Spawning observed in the field.
7. Embryos or larvae collected in the field.
Developmental mode based on size and buoyancy of eggs and lack of observation of brooding; small eggs less than 200 micrometers planktotrophic;
large eggs more than 500 micrometers lecithotropic.
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chrony with the midsummer phytoplankton bloom (Littlepage
1964).

Most species with lecithotrophic larvae, whether benthic or
pelagic, as well as those that retain their embryos and bypass
larval stages altogether, show little or no seasonal pattern of
reproduction. Nevertheless, the peracarideans Nototanais di-
morph us and Orchomene plebs reproduce seasonally; they spawn
and begin brooding in late fall, winter, and spring, and the
juveniles are released mainly in late spring and summer when
they can graze on the abundant diatoms (Marinovic and Pearse
unpublished observations). The predaceous copepod Euchaeta
antarctica also has a restricted spawning season, producing
lecithothrophic pelagic larvae in midwinter that develop into
juveniles capable of preying on the juvenile euphasiids present
in the summer (Littlepage 1964).

The underlying cause of the restricted midsummer spawning
period of the fish Trematomus bernacchii remains unresolved. As
with E. antarctica, the juveniles could be dependent on the
summer production of planktotrophic crustacean prey. The fall
spawning period of the bivalve Laternula elliptica, with its un-
usual mode of development (Pearse et al. 1986), is even more
difficult to explain, but may correspond to a period of low
predation on the embryos and juveniles.

In conclusion, temporal patterns of reproduction by shallow-
water antarctic animals are variable and are only partly related
to reproductive mode. As in other environments, reproductive
tempo is controlled by the specific requirements and con-
straints of particular species, and varies both among species in a
particular habitat and within species among different habitats.
While broad generalities can be made (e.g., species with feed-
ing larvae tend to have restricted spawning times while those
without feeding larvae tend to reproduce throughout the year),
patterns for particular species, and their underlying causes, will
best be understood within the context of each species.

We thank Kathy Ann Miller and Ann Shaffer for diving assist-
ance, Vicki Pearse for comments on the manuscript, and the
Antarctic Services Inc. of ITT and the U.S. Naval Antarctic Sup-
port Force for logistic support. This work was supported in part
by National Science Foundation grant DPP 83-17082.
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Diel periodicities of photosynthesis in
antarctic

phytoplankton: Species-specific
responses
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Light is believed to be a major factor regulating the productiv-
ity of phytoplankton in the Antarctic (Bunt 1964; Holm-Hansen
et al. 1977). The photic regime experienced by these microalgae
is one of the most extreme in the world. For example, in McMur-
do Sound the transition from the continuous darkness of winter
to the continuous light of summer takes about 2 months. By
summer, the 1.5 to 2 meters of annual sea ice and the develop-
ing epontic community reduce light available to phytoplankton
to irradiances below those often considered necessary for
growth by temperate microalgae (Garrison, Sullivan, and
Ackley 1986). Changes in the photosynthetic capacity over the
course of the 24-hour day are common in temperate regions and
appear to have evolved in response to predictable light-dark
cycles (Sournia 1974). Diel patterns of photosynthesis may im-
part some selective advantage to these phytoplankters by en-
hancing their ability to fix carbon. Photosynthetic periodicities
may also influence estimates of daily water-column production
in temperate regions (Harding et al. 1982).

During the 1985-1986 field season, we conducted prelimin-
ary studies to determine whether phytoplankton from McMur-
do Sound exhibit diel patterns in photosynthetic capacity. An
unmodified water sample contains many algal species, thus
temporal changes in photosynthesis may appear small if the
relative maxima and minima of the different species within the
sample occur at the same time. Hence to maximize the resolu-
tion with which periodicities of photosynthesis of these polar
phytoplankton were examined, we used the species-specific
radioisotope techniques of Rivkin and Seliger (1981).

Samples were collected in McMurdo Sound at our seasonal
field station located about 25 kilometers north of Cape Armitage
and 9 kilometers west of Tent Island. Plankton were sampled
through a hole in the sea ice using a 0.5 meter-diameter, 20-
micrometer aperture plankton net and were incubated under
simulated in situ conditions of temperature and irradiance. Inci-
dent insolation was continuously measured. Photosynthesis
was determined at irradiances previously determined to satu-

rate photosynthesis. To facilitate comparisons among species,
relative rates of photosynthesis are presented here:

Relative photosynthesis = - x 100
PtIlax

where P is the observed rate of photosynthesis at any time and
Pma, is the maximum rate of photosynthesis observed over the
24-hour period.

Two centric diatoms were among the dominant net plankton
at our sample site in McMurdo Sound during the austral spring
of 1985. On 12 September daylength was about 9 hours and
maximum daily incident irradiance was measured at about 156
microEinsteins per square meter per second (figure 1A). 'max for
Coscinodiscus sp. was about 6 times greater than the observed
minimum rate of photosynthesis Maximum rates oc-
curred midday with minimum rates at midnight. For Porosira
pseudodenticulata the ratio of Pn,a. to P i,, was about 2. Like Cos-
cinodiscus sp. minimum rates for P. pseudodenticulata occurred
during the dark period but Pmax occurred at dawn. On 30 Sep-
tember daylength was 14 hours and maximum irradiances were
about 600 microEinsteins per square meter per second (figure
1B). The diel pattern for Cosinodiscus sp. was similar to that
observed on 12 September. The ratio of Pma, to P, i , was about 5
and occurred midday. In P. pseudodenticulata, P,ax to Pmin
was about 2, and early morning and late afternoon peaks in
photosynthesis were observed.

On 10 November, the sun was continuously above the hori-
zon; maximum and minimum incident irradiances were about
850 microEinsteins per square meter per second and 200 micro-
Einsteins per square meter per second, respectively. All four
species examined showed diel changes in photosynthetic capac-
ity (figure 2). For three of the species, Pm i. to Pmin was about 4,
which was similar to values observed earlier in the season.
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Figure 1. Diel changes in photosynthesis for Coscinodiscus sp. and
(•) Porosira pseudodenticulata (A) measured on A. 12 September
1985 and B. 30 September 1985. Incident irradiance on each date is
indicated. Photosynthesis was measured at 240 microEinsteins per
square meter per second on 12 September and at 140 microEins-
teins per square meter per second on 30 September.
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in tJnvmhrn" 1gR5 Species-specific Pmax for these species occurred at times ranging
from early morning to midnight.

Our study shows that diel patterns of photosynthesis are
common in antarctic phytop!ankton throughout the season and
that both timing of maximum rates of photosynthesis and the
ratio of P,,, , , to Pmifl vary among species. Future studies will
examine the environmental regulation of these diel changes and
their impact on the estimation of primary productivity in polar
regions.

This research was supported by National Science Foundation
grant DPP 83-14607 to Richard B. Rivkin and by a scholarship
awarded to Mary Putt by the Natural Sciences and Engineering
Research Council of Canada. Other members of the 1985-1986
field party were M. Voytek and E. Lessard.
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Figure 2. Diel changes in photosynthesis rate for Thalassiosira
Scotia (), Amphiprora kufferathii (A), Fragilariopsis kerguelensis
sp. (A) and Thalassiosira sp. (•), measured on 10 November 1985.
Incident irradiance is indicated. Photosynthesis was measured at 80
microEinsteins per square meter per second.
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Nutrition of microzooplankton and
macrozooplankton

from McMurdo Sound
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Microzooplankton (protozoans and metazoans from 20 to 200
micrometers in size) are ubiquitous and abundant in oceanic
and neritic communities of most temperate and tropical marine
waters (e.g., Beers, Reid, and Stewart 1980; Taylor 1982). As
consumers of bacteria and nanoplankton, they may act as
trophic links to larger zooplankton. Recent investigations in the
southern oceans have shown that protozoans and metazoans
are a significant biomass component of both plankton and sea-
ice microbial communities in the ice-edge zone of the Weddell
Sea (Garrison, Buck, and Silver 1984) where they appear to
graze autotrophic nanoplankton biomass (Hewes, Holm-Hans-
en, and Sakhaug 1985). Protozoans have also been observed in
the sea-ice communities in McMurdo Sound (Sullivan and Pal-
misano 1984). Here we investigated the composition, distribu-
tion, and grazing activities of microzooplankton under the an-
nual sea ice in McMurdo Sound. The questions we addressed
were: (1) Is the seasonal development of the diatom bloom and
microzooplankton coupled? (2) Are the microzooplankton
feeding on bacteria, phytoplankton or both? and (3) How do the
grazing activities of the microzooplankton compare to those of
representative macrozooplankton?

To determine the abundance and distribution of micro-
zooplankton, samples were collected through holes in the ice
on a north-south transect within McMurdo Sound from late
August through December and from the ice edge in November
and December. Both whole water and concentrated (more than
20 micrometers) samples were collected at depths from the
surface to 80 meters. Quantitative cell counts will be reported
elsewhere. The microzooplankton were composed of hetero-
trophic dinoflagellates, ciliates, copepod nauplii and larval
stages of echinoderms, polychaetes, and other invertebrates.
The composition of the community changed seasonally. Pro-
toperidinium antarcticum, a large (120-micrometer diameter) het-
erotrophic dinoflagellate, was a conspicuous member of the
microzooplankton and were present throughout the season in
concentrations of up to 10 per liter.

The ingestion of phytoplankton and bacteria by field-col-
lected microzooplankton was determined using single-cell radi-
oisotope techniques (Roman and Rublee 1981; Lessard and
Swift 1985). Hydrogen-3-thymidine and carbon-14-bicarbonate
were used to label natural populations of bacteria and phy-
toplankton differentially. After 2-6-hour incubations, individu-
al micro- or macrozooplankton were isolated and their radioac-
tivity assayed with LSC. Clearance rates (microliters per
individual per hour) were calculated from the ratio of the specif-
ic activity of the microzooplankter to that of the labelled particu-
late matter. As hydrogen-3-thymidine is taken up predomi-
nantly by bacteria in short incubations (Fuhrman and Azam
1980) and carbon-14-bicarbonate is taken up by autotrophic
plankton, the appearance of hydrogen-3 or carbon-14 in a mi-

crozooplankter reflects feeding on bacteria (either free-living or
attached to particles) and bacterivores, or phytoplankton and
herbivores, respectively.

Reported here (table) is a summary of the prey preferences
and range of clearance rates of several species or groups of
microzooplankton and macrozooplankton. A total of 16 experi-
ments was conducted with field populations under different
conditions (with respect to prey concentration, time of day, and
depth). These differing conditions, as well as differences in
predator size, contribute to the variability in clearance rates
within a species or group.

The heterotrophic dinoflagellate, P. antarcticum, and ciliates
(mainly nonloricate) ingested almost exclusively hydrogen-3-
labelled particles; in a few instances they ingested carbon-14-
labelled particles at low rates (table). Invertebrate larvae (poly-
chaetes, echinoderms, and nemerteans) ingested only bacteria,
and excluded phytoplankton (table). This was confirmed in
experiments with lab-reared echinoderm larvae fed bacterized
algal cultures (Rivkin et al. in press). An adult calanoid
copepod, sp. A, consistently ingested carbon-14-labelled parti-
cles but also ingested hydrogen-3-labelled particles at even
higher rates. If both hydrogen-3- and carbon-14-labelled parti-
cles were ingested without preference, then clearance rates
based on either isotope would be the same. For all the zoo-
plankton examined (table), hydrogen-3-based clearance rates
were higher than carbon-14-based rates, indicating a selection
for heterotrophic particulate matter. This is in contrast to studies
in temperate and tropical oceanic waters (Roman and Rublee
1981; Lessard and Swift 1985), which found that most micro-
and macrozooplankton preferentially grazed autotrophic food.

The predominance of bacterivory, rather than herbivory, in
the micro- and macrozooplankton suggests that the planktonic
food chain in McMurdo Sound is detrital-based. Bac-
terioplankton concentrations in the Sound are high (106_108 per
liter) (Hodson et al. 1981; Rivkin et al. 1986) and bacterial pro-
duction in parts of the Sound are comparable to that of tempe-
rate coastal waters (Hodson et al. 1981; Fuhrman and Azam
1982). In contrast, phytoplankton biomass is highly seasonal
and typically low (1-10 nanograms of chlorophyll a per liter). A
pulse of Phaeocystis is delivered from offshore in December (up
to 6 micrograms chlorophyll a per liter). However, Phaeocystis
forms large gelatinous colonies (2-5 millimeters) and is gener-
ally unsuitable for most grazers; this ungrazed biomass may be

Clearance rates of representative micro- and macrozooplanktoa.
Rates were measured by dual-labelling of the particulate matter

with hydrogen-3-thymidine and carbon-14-bicarbonate. Labelling
of a grazer with hydrogen-3 represents ingestion of bacteria or
bacterivores; labelling with carbon-14 represents ingestion of

phytoplankton or herbivores.

Clearance rates
(microliters per individual per hour)

Plankton species or group	hydrogen-3-based	carbon-14-based

Protoperidinium antarcticum	0.4-	6.3	0 - 0.2
Ciliates	 0.4—	1.1	0 -	0.2
Invertebrate larvae-	 94.7- 1087.6	0
Copepodite sp. A	 11.5- 31.1	0
Copepodite sp. B (?)	 72.5- 164.2	0 - 5.3
Copepod sp. B	 500.1 - 4260.5	10.8-100.4

a Polychaetes, echinoderms, nemerteans
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contributing dissolved organic matter in the water column.
These preliminary studies suggest that, in McMurdo Sound,
microzooplankton and macrozooplankton use detrital path-
ways of nutrition.

This research was supported by National Science Foundation
grant DPP 83-14607. Additional members of our field were Mark
Moline, Mary Voytek, and Mary Putt.
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The role of bryozoans in the benthic
community

at Low Island, Antarctica
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During the austral summer and fall of 1985, we carried out
studies on the ecology of antarctic bryozoans. Part of this work
involved determining life-history characteristics and ecological
relationships of dominant species at Low Island, the south-
ernmost of the South Shetland Islands (63°25'S 62°10'W). In
water between 80 and 110 meters, the benthic community re-
sembled that described in other areas of the Antarctic, with a
high biomass consisting primarily of large, sessile suspension
feeding organisms (figure 1). Bryozoans made up about 15
percent of the biomass. Five species predominated, all with
large, foliaceous, flexible, lightly calcified colonies. The most
abundant was Carbasea ovoidea (figure 2) which often comprised
more than half of the bryozoan biomass in a trawl sample. The
other abundant species were Nematoflustra flagellata, Flustra thy-
sanica, Kymella polaris, and Himantozoum antarcticum.

Fronds of Carhasea colonies showed no yearly growth checks,
indicating that all frond growth takes place during one season,
although basal rhizoids and stolons may be perennial, produc-
ing new fronds yearly. The mean growth increment for Carbasea
fronds was 8.5 centimeters per year. Growth of species with
perennial fronds was much slower (0.92-1.34 centimeters per

year), but only a little less than that measured in the only
temperate species of this type studied, Flustra foliacea (1.7 cen-
timeters per year, according to Stebbing 1971). Life spans of
these species appear somewhat shorter than the 10-20-plus
years found for some rigid erect species from deeper antarctic
waters (Winston 1983) but are definitely in the same range (6-12
years) as those of temperate perennials like Flustra foliacea.

The reproductive pattern of Carbasea ovoidea also contrasted
with those of the other common species, with a larger number
of embryos (averaging 2,953 per colony) produced over a re-
productive season ending by mid-March. Mean number of em-
bryos produced per colony was lower in the other species stud-
ied, averaging a few hundred per colony per census, but
continued through mid-April, although numbers of empty
brood vs. full brood chambers indicated that the end of the
reproductive season was then approaching.
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Figure 1. Average proportions of major invertebrate groups present
in three trawls taken at 100-meter depths off Low Island.
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Figure 2. Colony of Carbasea ovoidea, most abundant bryozoan species in the Low Island benthic community.

We also examined colonies for injuries of different types. All
species had sustained a considerable amount of damage;
however, most injuries were apparently not due to feeding by
animals specialized as bryozoan predators but were the result of
foraging by fish and invertebrates in pursuit of motile inverte-
brates inhabiting the colonies. Three bushy clumps of Carbasea
taken from a single trawl were found to contain 496 inverte-
brates, chiefly amphipods (known to be important in the diets
of several notothenid fish).

In addition, we examined gut contents in eight species from
Low Island to determine what the bryozoans themselves were
feeding on. Particles between 3 and 93 micrometers in size were
found, but the majority of particles were less than 20 microme-
ters in size, suggesting that bryozoans were feeding primarily
on nanoplankton. The most common categories were small
diatoms and dark red or green rough-walled cysts (6-10 mi-

crometers in size). Another important category was "brown
particulate material," shown by epifluorescence microscopy to
contain chlorophyll and possibly derived from fecal pellets
produced by zooplankton or by other organisms.

This work was supported by National Science Foundation
grant DPP 83-18457 to J.E. Winston.
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Predatory feeding ecology of Euchaeta
antarctica,

a carnivorous marine copepod

J. YEN

Hawaii institute of Marine Biology
University of Hawaii at Manoa
Kaneohe, Hawaii 96744-1346

Copepod feeding behavior. Predatory zooplankton have now
been recognized as important agents for structuring planktonic
communities (Steele and Frost 1977; Zaret 1980). A prominent
macroplanktonic carnivore and biomass dominant in the south-
ern oceans (Hopkins 1985) as well as in many marine systems is
the predatory marine copepod, Euchaeta. The antarctic con-
gener, E. antarctica (7 millimeters prosome length), is equipped
with a formidable pair of feeding appendages (figure 1).
Selective feeding experiments indicated that preferred prey of

adult female E. antarctica were approximately 1,200 micrometers
in prosome length (figure 2). Similar predator-prey size rela-
tionships have been observed for other congeners of Euchaeta
(Yen 1985, in preparation). Maximum volume searched at low
prey concentration was 3.8 liters per female per day at I prey per
liter. Maximum feeding rates, achieved at approximately 15
prey of the preferred size (approximately 25 micrograms dry
weight per animal) per liter was l5 ± 1.6(s.e., n = 18) prey per
predator per day (figure 3) or 6.5 percent of the body weight
ingested per day. Adult female copepods respired 7 percent of
their ingested food per day or 0.5 percent of its body weight.
After 1 week of starvation, maximum feeding rates increased 1.6
times. To produce one fecal pellet (approximately 3-4 milli -
grams dry weight per fecal pellet, average length of 890 microm-

0

Ui	 UI	 1	0

Prosome length (micrometer)

Figure 2. Feeding rates of adult females of Euchaeta antarctica on
copepod prey of various sizes. E. antarctica exhibits highest feeding
rates on prey having prosome lengths of approximately 1,200
micrometers.
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Figure 1. Adult female Euchaeta sp., showing the trap formed by the
extended second maxillae and maxillipeds. Note the second
basipodal segment of the maxilliped. A. Frontal aspect. B. Lateral
aspect. Only the proximial segments of the other appendages have
been shown (from Wickstead 1962). Gauld (1966) remarked that the
maxilliped of Euchaeta is much more powerful than that on any
other copepod. ("mm" denotes "millimeter.")

Figure3. The relationship between predation rate and prey con-
centration for adult females of E. antarctica. Maximum ingestion
rate, of 15 ± 1.6 (s.e., n = 18), was achieved at approximately 15
Metridia per liter.
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eters and width of 170 micrometers estimated cylindrical vol-
ume of 19.3 microliters), approximately 1.6 copepods of the
preferred size (approximately 25 micrograms dry weight per
copepod) must be consumed. A maximum of 15 fecal pellets
produced at a gut evacuation rate of 1 pellet per hour gives the
copepod a gut volume of 290 microliters. If E. antarctica feeds at
1.6 copepods per hour, it must spend 6.6 hours per day feeding
to achieve its maximum ration. At this rate, a first estimate of the
predatory impact that E. antarctica has on the preferred prey size
class at one time of the year is a 7.7 percent prey population
removal per day. Seasonal variations in the percent removed
from a stock of prey that includes small adult copepods as well
as copepodid stages of larger copepods, plus the additional
predation pressure exerted by copepodid stages IV and V can
result in a significant impact on the population of its preferred
copepod prey. I seek to evaluate the importance of carnivory in
copepods in the transfer of organic matter in the food web of the
southern oceans and the influence of E. antarctica as a size-
selective carnivore on the prey communiy structure.

Euchaeta antarctica carry their eggs (Approximately 33 micro-
grams dry weight per egg) in an external egg sac. Clutch size
varied widely from 4 to 76 eggs per clutch and each clutch was
10-70 percent of the female body weight. Body weight of the
adult females averaged at 6 milligrams yet varied widely be-
tween 2 and 8 milligrams. Eggs, hatched in the laboratory, grew
to the copepodid I stage within 30 days without food. Eggs of
the genus Euchaetidae are lipid-rich which appears to allow
growth without feeding.

Vertical distribution of E. antarctica and other copepods in Croker
Passage, Antarctica. In Croker Passage, (65°05'S 62°50'W), I took
a series of vertically stratified samples of the zooplankton com-
munity in mid-austral summer and late austral summer to com-
pare with the distributions described by Hopkins (1985) for
early winter in the same area. Preliminary results showed that
within this vertically uniform temperature regime, there is no
evidence for vertical migration. The bulk of the population of
adult females remains at depth, between 600 and 1000 meters. In
early winter, when the light cycle is more pronounced, the
difference in the day/night distributions of E. antarctica suggests
a nocturnal ascent (Hopkins 1985). I seek an understanding of
how light cycles, food availability, and foraging strategies influ-
ence vertical migratory behavior. The extreme environment of
the Antarctic may produce unique responses in the plankton.

Two unusual features in the vertical distributions of copepods
are the lack of copepods above 100 meters and the abundance in
the deep stratum of carnivorous or omnivorous copepods con-
sisting primarily of juvenile Euchaeta and Metridia. It appears
that in areas where krill are present, few copepods are found in
the upper stratum and those copepods that are found are om-
nivorous (Metridia) or carnivorous (Euchaeta). Two factors may
contribute to this situation. Krill outcompete other small parti-
cle grazing copepods for the phytoplankton food resource
(Schnack 1985), and krill can carnivorously consume copepods,
if available (Price personal communications). In order to exam-
ine the displacement of copepods in the presence of krill, a
comparison must be made between areas with and without
krill.

This research was supported by National Science Foundation
grant DPP 84-15395 to J. Yen. I acknowledge the assistance of J.
Finn of the University of Hawaii and M.I. Zmijevska, of the
Gdansk Oceanographic Institute of Poland.
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Summary of Polar Duke winter cruise
85-5

to the Antarctic Peninsula during
August and September 1985

L.B. QuETIN and R.M. Ross

Marine Science Institute
University of California at Santa Barbara

Santa Barbara, California 93106

Polar Duke cruise 85-5 (WinCruise I) departed Punta Arenas,
Chile for the Antarctic Peninsula on 20 August and returned 24
September 1985. On board were 17 scientists from seven pro-
jects, one journalist, 12 crew members, and two representatives
of Antarctic Services, Inc. who were headed by Ulrich Mueller,
captain; Bruce Carter, project coordinator; and Langdon
Quetin, chief scientist. The objectives of the cruise were to
survey and sample different components of the marine eco-
system during a season for which we have little information. We
present here a summary of the cruise track, the objectives of
each of the seven projects, and the numbers of samples
collected.

WinCruise I was divided into three legs separated by visits to
Palmer Station. Operations during the first leg (23 to 29 August)
were in the southern Bransfield Strait, Dallmann Bay, and
Gerlache Strait (figure 1, a and b). After a call at Palmer Station
from 30 to 31 August, the Polar Duke headed south in search of
fast ice, reaching the southern tip of Adelaide Island without
encountering fast ice (figure ic). During the latter half of leg 2 (8
to 14 September) we worked in the vicinity of Hugo Island and
in the area enclosed by the dashed line east of Hugo Island
(figure Id). Leg 2(31 August to 14 September) ended with a final
call at Palmer Station. During the final leg of WinCruise I, the
Polar Duke returned to the general area surveyed during leg 1
(figure id) for science operations from 15 to 20 September, then
proceeded to Punta Arenas, Chile after a brief call at Arctowski
Station, King George Island.

Because this area northwest of the Antarctic Peninsula had
never been investigated during the late winter, the seven sci-
ence projects were selected to study aspects of the major com-
ponents of the marine ecosystem. The field leaders, principal
investigators, and objectives of each project follow.

Behavior and ecology of Weddell seals. Ward Testa (University of
Minnesota), field leader. Donald Siniff (University of Min-
nesota), principal investigator. The objective of this project was
to collect true antarctic seals for reproductive, genetic, and
dietary information. Eighty-seven specimens (56 crabeater, 29
leopard, and 2 Weddell seals) were collected, most from 8 to 13
September north-northeast of Renaud Island (figure id). Earlier
in the cruise a few seals were collected further north in Flanders
and Fournier Bay.

Current status of known-age birds banded as chicks at Palmer Station
during the 1970's. Pamela Pietz (University of Minnesota), field
leader. David Parmelee (University of Minnesota), principal
investigator. The objective was to survey and sample birds from
areas of fast ice, broken pack ice, and open water and to com-
pare their distributions and diets, reproductive state, fat con-
tent, and molt. The Polar Duke, however, encountered mostly

shifting pack ice and no fast ice. Ninety-six 30-minute bird
surveys and 78 specimens from eight species were collected and
preserved.

Reproduction, feeding, and swimming energetics, and egg larval
physiology of Euphausia superha. Langdon Quetin (University of
Califonia at Santa Barbara), field leader. Langdon Quetin and
Robin Ross (Universities of Califronia at Santa Barbara), co-
principal investigators. The physiological condition of Eupha-
usia superba (krill) and levels of their food supply were assessed
during the cruise period. Krill were most abundant west of
Trinity Island, in Dallmann Bay and the Schollert Channel,
immediately southwest of Palmer Station, and southeast of
Hugo Island. Eleven schools were sampled and experiments
with krill from five of these schools determined the rates of fecal
pellet production, ingestion, growth and metabolism, and the
assimilation efficiency. Chlorophyll a levels were continuously
monitored, showing very low phytoplankton levels except
when storms broke up the sea ice and released ice algae. Krill
were not feeding or feeding at very low rates, but the reproduc-
tive systems were beginning to develop.

Growth patterns in antarctic fishes. John Konecki (University of
Washington), field leader. Timothy Targett (University of Dela-
ware), principal investigator. Kevin Hill (Moss Landing Marine
Laboratory) field leader. Richard Radtke (University of Hawaii),
principal investigator. Assembly and stability of microtubules from
antarctic fish at low temperatures. Gerardo Chin-Lao (University of
Delaware), field leader. William Detrich (University of Mis-
sissippi), principal investigator. These projects combined to
sample fish in the vicinity of Low Island, southwest of Snow
Island, Astrolabe Needle in Dallmann Bay, Hugo Island, and a
shallow shelf west of Renaud Island, and inside Deception
Island. A total of 18 species from five families of fishes was
collected. (See figure 2.) At least, 2,500 individuals were col-
lected and processed to study three areas of fish physiology:
Targett's group studied winter feeding habits; Radtke's group
studied age and growth of both adult and larval fishes during
winter; and Detrich's group studied the biochemical adapta-
tions that facilitate the assembly and function of cold-stable
microtubules.

Physiology of sea-ice algae. Steven Kottmeier (University of
Southern California), field leader. Cornelius Sullivan (Univer-
sity of Southern California), principal investigator. This group
intended to document the distribution and metabolic activity of
microbial communities in the water column and sea ice. Al-
though the project was hampered by the lack of fast ice, ice cores
from flows at nine stations were collected, and the water column
was sampled at four hydrostations. During six scuba dives
beneath the ice, subice irradiance was measured, the structure
of sea ice and the distributions of microalgae and cryofauna
were photographed, and cryofauna were collected. The divers
also observed a strong association between krill furcilia and
early juveniles and the ice algae.

Figure 1. Cruise track of the RIv Polar Duke northwest of the Ant-
arctic Peninsula between 23 August and 20 September 1985 during
WinCruise I. A. Cruise track in the southern Bransfield Strait,
Dallmann Bay, and Gerlache Strait from 23-27 August. B. Cruise
track in the southern Bransfield Strait to as far south as Lavoisier
Island from 27 August through 4 September. C. Cruise track north-
west of Lavoisier and Adelaide Islands from 4-6 September. D.
Cruise track from Lavoisier Island northward past Deception Island
from 6-20 September.
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Figure 2. Ichthyologists sorting through the contents of an Otter
trawl during WinCruise I.

Structure of cold-stable microtubule
proteins

from antarctic fishes

H.W. DETRICH, III

Department of Biochemistry
University of Mississippi Medical Center

Jackson, Mississippi 39216-4505

Microtubules are filamentous elements of the cytoskeleton of
virtually all eukaryotic cells. These structures play essential
roles in many cellular functions, including mitosis, nerve
growth and regeneration, maintenance of cell shape, and trans-
port of organelles within cells. Temperature plays a crucial role
in the assembly of cytoplasmic microtubules from their subunit
proteins, called tubulins. The tubulins of warm-blooded ani-
mals (e.g., mammals, birds) assemble to form microtubules at
elevated, physiological temperatures (30-37C). In contrast, tu-
bulins purified from the brain tissue of antarctic fishes poly-
merize in vitro to yield microtubules at the low temperatures (-2
to + 2°C) experienced by these extreme poikilotherms and at
physiological protein concentrations (Williams, Correia, and
DeVries 1985; Williams and Detrich 1986; Detrich, Overton,
Marchese-Ragona, and Johnson unpublished data). Thus, the
tubulins of antarctic fishes must be adaptively modified to per-
mit microtubules to form at low temperature.

Primarily due to the outstanding cooperation and effort
shown by the scientists and crew, all of the objectives of
WinCruise I were at least partly fulfilled. The success of this
cruise should encourage future expeditions during the austral
winter. The National Science Foundation, Division of Polar Pro-
grams, provided the opportunity to study the marine environ-
ment near the Antarctic Peninsula during the austral winter.

During the 1985-1986 austral summer, we collected large
numbers of the nototheniids Notothemia gibberifrons and N. cor-
iiceps neglect a and of the channichthyid Chacnocephalus aceratus
by bottom trawling from iIv Polar Duke (figure 1) near Low
Island and in Dailman Bay near Brabant Island. Specimens of N.
nudifrons, N. larseni, N. (Trematomus) newnesi, Pscudoc/iacnichthys
georgian us, Champsocephalus gun nan, and Parachaenichthys c/ia r-
coti were also obtained in the trawls. Live fish were transported
to Palmer Station where they were maintained in sea-water
aquaria at 0 to +2°C.

At Palmer Station, we continued our studies to determine the
biochemical modifications that facilitate the assembly of the
cold-stable microtubules of antarctic fishes. We have shown
previously that whole brain tubulins (containing both the
alpha-tubulin and beta-tubulin subunits) from these cold-
adapted fishes differ structually from the tubulins of a tempe-
rate fish (the channel catfish Ictalurus punctatus and of a mammal
(the cow) (Detrich and Overton 1986). To determine whether
the structural differences are present in the alpha chains, in the
beta chains, or in both subunits, we compared isolated brain
tubulin subunits from three antarctic fishes (N. gibbcnifrons, N.
coniiceps neglecta, and C. aceratus), from a temperate fish (the
dogfish shark Mustelus canis), and from the cow by one-dimen-
sional peptide mapping (Cleveland et al. 1977) with Staphylococ-
cus aureus V8 protease or with cyanogen bromide (CNBr). Fish
and mammalian tubulins were purified as described previously
(Detrich and Overton 1986), the proteins were reduced and
carboxymethylated (Crestfield, Moore, and Stein 1963), and the
alpha- and beta-tubulins were isolated by preparative elec-
trophoresis. Preliminary analysis of V8 and CNBr peptide maps

194	 ANTARCTIC JOURNAL



AB
I-I

0•

Figure 1. Bottom trawling for fish near Low Island in the South
Shetland Islands. Mark Eichenberger (right) of ITT Antarctic Serv-
ices, Inc., and an unidentified crewman prepare to recover an 18-foot
otter trawl (January 1985). Nets are deployed to depths of 80-120
meters and recovered by means of the deep-sea trawl winch and the
stern A-frame of n/v Polar Duke. (Photo by H.W. Detrich, Ill.)

revealed that alpha-tubulins from the antarctic fishes were
structurally similar but differed significantly from alpha-tu-
bulins of the temperate fish and the mammal. In contrast, beta-
tubulins from all the organisms examined were similar in struc-
ture. These results suggest that the changes that enhance the
assembly of antarctic fish tubulins at low temperatures may
reside largely in the alpha-tubulin chains.

Tubulins from antarctic fishes also differ in net electrostatic
charge from the tubulins of a temperate fish and a mammal
(Detrich and Overton 1986). To estimate this charge difference,
we compared the electrophoretic mobilities of native tubulins
(complexed with the antimitotic drug, colchicine, to prevent
microtubule assembly) from N. coriiceps neglecta and from the
cow (figure 2). Clearly, tubulin from the antarctic fish migrated
more slowly in this nonsieving agarose gel system than did the
bovine protein. From the relative mobilities of the two proteins,
we calculate that the antarctic fish tubulin possesses 1-2 fewer
net negative charges than does bovine tubulin. Together with
the amino acid compositions of antarctic fish and bovine tu-
bulins (Detrich and Overton 1986), these results suggest that the
fish tubulins contain fewer glutamyl residues. We propose that
reduction of the acidic character of the carboxy-terminal regions
of the antarctic fish tubulins (through loss of glutamyl residues)
may contribute to their enhanced capacity for assembly at phys-
iological temperature.

I+1
Figure 2. Agarose gel electrophoresis of native tubulins from an
antarctic fish and a mammal. Samples of tubulins (13 micrograms)
complexed with colchicine were electrophoresed on a 1 percent
(weight/volume) agarose slab gel (60 volts, 2 hours, 4-7 °C), and the
gel was stained with Coomassie Brilliant Blue R-250. Samples: A,
bovine tubulin; B, N. corilceps neglecta tubulin. The origin (0) and
the polarity of the electrodes are indicated. Reprinted with permis-
sion from H.W. Detrich, Ill, and S.A. Overton (1986).

During the past year, we also made significant progress in
three other project objectives. First, the role of antarctic fish
microtubule-associated proteins (MAP) in the assembly of cold-
stable microtubules was explored. Second, tubuilin was pu-
rified for the first time from eggs of the antarctic cod N. coriicep
neglecta, and the heterogeneity of brain and egg tubulins from
this fish was compared. Finally, additional nucleic-acid samples
were purified from two species of antarctic fish to support our
studies of tubulin genes from extreme poikilotherms. Analysis
of the results of these studies is currently in progress.

Field studies were conducted at Palmer Station from late
January to mid-March 1986. I am deeply grateful to Robley C.
Williams, Jr. (Vanderbilt University), Richard E Ludueña (Uni-
versity of Texas Health Science Center at San Antonio), Indira E.
Fernandes (University of Mississippi Medical Center), and
Jonathan H. Dinsmore (Dartmouth College) for their participa-
tion in the field research program. I also thank the personnel of
ITT Antarctic Services, Inc., the captain and crew of i1v Polar
Duke, and the scientists of Palmer Station for the assistance that
they provided to the project. This research was supported by
National Science Foundation grant DPP 83-17724.
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Investigations of otholiths from
antarctic fish

R.L. RADTKE

Hawaii Institute of Marine Biology
University of Hawaii

Kaneohe, Hawaii 96744

Elucidating accurate population dynamics parameters re-
quires an errorless estimation of age. Age determination can
provide basic life history information such as mortality, popula-
tion age structure, changes in individual growth, as well as
other information which increases our understanding of fish
biology (Ricker 1975). As part of an effort to study antarctic fish
growth and population dynamics, I studied otoliths from a large
number of antarctic fish species. Otoliths, which are aragonitic,
calcium carbonate concretions situated in the membranous lab-
yrinth of teleost fishes (Popper and Coombs 1980), grow as a
fish grows and, because of their physiological importance (bal-
ance organs), may store a large amount of ecological informa-
tion. Investigations of the structural and chemical components
of otoliths can reveal this stored information.

Most age determination investigations have used annual
rhythmic deposition in calcified tissues as time marks.
However, because of the lack of distinct periodicity in antarctic
hydrographic conditions, age determination of antarctic fish
has proven to be difficult. Hence, although the otoliths of ant-
arctic fish do not appear to contain interpretable annual deposi-
tion patterns, finer-scale observation of antarctic fish otoliths
may be of value. It is now possible to determine the age of fish
through the use of daily increments in otoliths. Otoliths were
prepared for scanning electron microscopy (sEM) as described in
Radtke and Targett (1984). External and internal examination of
otoliths from antarctic fish by SEM methodology revealed spe-
cies differences in shape and internal rhythmic patterns that
have been validated to be daily. From these discoveries, it is
possible to estimate the age of large numbers of species.

The discovery of daily increments greatly increases the value
of otoliths as recorders of a fish's past life history. Otoliths may
also hold information about the environmental conditions to
which a fish has been subjected. This information may be re-
solved from the chemical composition of otolith aragonite. Two
chemical analyses hold promise: stable isotopes and strontium/
calcium ratios.

The stable oxygen isotope ratio (oxygen-18/oxygen-16) of cal-
cium carbonate has been shown to be dependent upon the
temperature of the sea water from which it was precipitated
(Urey 1947). In a similar fashion, the oxygen isotope ratio of
otolith carbonate has been postulated to reflect habitat tem-
perature (Devereux 1967). Investigations of the stable isotope
composition of antarctic fish otoliths could provide valuable
information about habitat changes. Data on stable isotopes in
antarctic fish otoliths established their potential as environmen-
tal indicators (table 1). Collection differences, probably associ-
ated with latitude and species differences, were evident. Spec-
imens within the same species collected from colder areas had
higher ratios. Furthermore, areas in the otoliths displayed dif-
ferent isotopic ratios and suggested changes in life history pat-
terns. The causes of these stable isotopic ratio differences are
unknown, but hydrographical relationships are strongly
suggested.

The elemental composition of otoliths could also provide
information on habitat changes. It is possible that strontium
could interchange with calcium in otolith aragonite in a tem-
perature-related fashion in much the same way it does in corals
(Smith et al. 1979). As a result, measurement of strontium and
calcium levels in antarctic fish otoliths would provide hydro-
graphical records of the water masses in which a fish lived.
Strontium/calcium ratios of otolith carbonate could con-
sequently record life history information. Data for antarctic fish
(table 2) supported an inverse relationship between strontium/
calcium ratios and temperature. Dissostichus mawsoni inhabits
colder water masses than D. elegenoides and the strontium/ cal-
cium ratios reflect this habitat preference. Strontium/calcium
ratio measurements hold the exciting potential to map small
differences as related to daily increment size and number.

A combination of structural and chemical analyses of ant-
arctic fish otoliths would provide ecological data which could
not be easily gathered by other methods. In the present inves-
tigation otoliths from selected antarctic fish were analyzed
structurally and chemically. Chemical analyses of stable iso-
topes and elemental concentrations in otoliths suggest that
otoliths may also contain hydrographic and nutritional infor-
mation. A thorough use of structural and chemical analyses in
antarctic fish otoliths may make it possible to link growth to
environmental occurrences. The present studies were intended
to demonstrate the potential of SEM and stable-isotopic and
strontium/calcium ratio techniques. Daily increments and
chemical analyses may not answer all the questions of antarctic
fish biology, but they do make it feasible to reconstruct a record
of a fish's past and to understand the age and subsequent
population dynamics of antarctic fish.
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Table 1. Stable isotopic composition of antarctic fish otoliths demonstrating latitudinal, fish size, and species specific variations

	Isotopic	Isotopic
Species	 Capture location	 oxygen-18	carbon-13

Dissostichus mawsonia
	

McMurdo(7701 5' Si 66°40'E)
	

3.75	 -1.48
D. mawsonib	 McMurdo(770 1 5' Si 66°40'E)

	
2.59	 -2.82

Dissostichus eleginoidesb
	

(TL = 54 centimeters)'
	

Argentine(65°1 5' S64'1 5'W)
	

2.49	 -3.83
D. eleginoidesb	 (TL = 63 centimeters)

	
Argentine(65 0 1 5' S64'1 5'W)

	
2.87	 -1.99

D. eleginoidesb	 (TL = 75 centimeters)
	

Argentine(65 0 1 5' S64'1 5'W)
	

3.01	 -1.80
D. eleginoidesb	 South Georgia(54'15' S36°45'W)

	
3.40	 -2.24

D. eleginoidesb	 (IL = 58 centimeters)
	

Shag Rocks(53 035' S4202'W)
	

3.46	 -2.17
D. eleginoidesb	 (TL = 68 centimeters)

	
Shag Rocks(53 035' S42°02'W)

	
3.65	 -2.20

D. eleginoidesb	 (TL = 84 centimeters)
	

Shag Rocks(53 035' S42'02'W)
	

3.84	 -2.90
Notothenia gibberifronsa	 South Georgia(54 006' S36'31 'W)

	
3.15	 -3.59

N. gibberifronsb	 South Georgia(5406' S36 031 'W)
	

3.30	 -4.50

a Core region of otolith
b Outside surface of otolith

"IL" denotes "total length."

Table 2. Strontium/calcium ratios for the otolith carbonate from
antarctic fish determined by atomic absorption

spectrophotometry

Strontium/calcium x 10
Species	 Capture location	mole ratio

Dissostichus mawsoni	McMurdo	 13.06±0.09
Dissostichus elegenoides South Georgia	3.92±0.08

Thanks are due to J. Bell, T. Targett and the staff of Palmer
Station for help in collections and rearing. S. Folsom, C.
Rowland, and K. Hill helped with sample collection, prepara-
tion and data analyses. This research was supported by Na-
tional Science Foundation grant DPP 82-14492
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Role of antifreeze glycopeptides and
peptides

in the freezing avoidance of antarctic
fishes

A.L. DEVRIES and C.-H. C. CHENG

Department of Physiology and Biophysics
University of Illinois

Urbana, Illinois 61801

P.W. WILSON

Department of Physics
University of Otago

Dunedin, New Zealand

The members of our team for the 1985-1986 season were
Arthur DeVries, Chris Cheng, Jeff Ahigren, Neil Kizer, and
Steve Ware from the University of Illinois, and Peter Wilson
from the University of Otago, New Zealand. All arrived at
McMurdo Staion in early October. Three fish houses were
promptly set up on the annual sea ice to capture specimens of
Dissostich us mawson i, Pa got hen ia borchgrevinki, Trematomus bernac-
chii, and Rhigophila dearborni. Other species that were inadver-
tently caught were T. cent ronotus, Gymnodraco auticeps and Para-
liparis devriesi. Except R. dearhorni which has peptide anti-
freezes, all species have glycopeptide antifreezes (GPAFS)
(Ahigren and DeVries 1984) which enable them to survive in the
-1.9°C ice-laden water of McMurdo Sound.

Studies of the physiological and biochemical roles of biolog-
ical antifreezes in the freezing avoidance of several of these
fishes were continued again this season. One of the un-
answered questions about the GPAF5 is how the different sizes
synthesized by the liver become distributed to some of the body
fluids but not to others. By injecting a tritium labeled GPAF ( 3H-
GPAF) into the circulatory system and sampling each of the body
fluids after several hours, it was found that the 3H-GPAFS equili-
brated between the blood and the other body fluids in the same
way as native GPAF5 in the control fish as shown by acrylamide
gel electrophoresis.

These results indicate that the process of distribution of the
GPAF5 into the various fluid compartments is a passive one,
involving movement through leaky capillaries, as it is for other
liver-secreted blood proteins. Fluids including urine, endo-
lymph, and aqueous and vitreous humors, which are formed
by the secretion of ions across epithelia, either lack all GPAFS5 or
have very low concentrations of only the low molecular weight
ones and therefore are undercooled by about 1°C. The urine
lacks GPAF5 because urine formation involves only secretion by
the aglomerular nephrons of the kidney. The endolymph is
located within the semicircular canals which are located deep
within the head of the fish and have no external connections.
Neither the urinary bladder nor semicircular canal fluid freezes,
apparently because they are surrounded by tissues whose flu-
ids are fortified with GPAF5. Like the endolymph, the cere-
brospinal fluid (CSF) within the ventricles of the brain has no
external connections and is separated from the blood by a

blood-brain barrier which in all vertebrates prevents passage of
blood proteins into the brain and CSF. In contrast to the endo-
lymph and CSF of other vertebrates, however, we have found
large amounts of GPAF present in the CSF of antarctic fishes. We
demonstrated previously the presence of the small GPAF5, and
this season with improved techniques in sampling the inher-
ently minute volumes of CSF and in purification procedures,
using polyacrylamide gel electrophoresis, we have une-
quivocally demonstrated the presence of all eight GPAF5 in the
CSF as well. They are, however, present at slightly lower con-
centrations than are found in the blood. Why the GPAF5 are
present in the CSF is not known. Neither is it known whether
they are synthesized there or translocated from the blood, a!-
though the blood-CSF and blood-brain barriers were found to be
intact.

The ocular fluids lack GPAFs because the blood-eye barrier
prevents passage of proteins including the GPAFs from the blood
to the ocular fluids. To determine how the ocular fluids avoid
freezing, we studied the resistance of the ocular epithelium to
ice propagation. It was found that ice did not propagate across
the ocular epithelium until the temperature was lowered to -3°C
(Turner, Schrag, and DeVries 1985), thus demonstrating that the
presence of the epithelium is sufficient to keep ice from propa-
gating into the undercooled ocular fluids. Apparently the small
amount of undercooling is metastable for the life of the fish in
this environment.

Since continual presence of antifreeze molecules is obligatory
in these fishes for survival in the perennial freezing sea water of
the Antarctic, it is of interest to know the turnover rate of these
molecules in vivo. This study was done with D. mawsoni and was
completed in this season. The protocol involved injecting a
known quantity of 3H-GPAF antifreeze through a permanent
catheter implanted in the caudal vein in a free-swimming fish
and following the decay of the radioactivity over time by daily
sampling of 0.5 milliliter of blood through the same catheter.
The half-life of the GPAF5 determined by this method is about 45
to 50 days in the feeding fish.

The antifreeze present in the antarctic eel pout R. dearborni
was also characterized. In contrast to the antarctic nototheniids,
the eel pout has a peptide antifreeze. Using Sephadex gel filtra-
tion and high-pressure liquid chromatography, three distinct
peptides were purified from the blood which accounted for 95
percent of the antifreeze activity in the blood. Determination of
the primary structure (sequence) of the three peptides revealed
they each have 65 residues but the residues differ slightly
amongst the three, mostly in the carboxyl terminal portion of
the molecules. Studies of their secondary structure indicate
they lack helical structure and are extended molecules with
some beta structure. At concentrations of 20 milligrams per
milliliter all three depress the freezing point of water to -1.2°C,
which is similar to that found for the large GPAF5. It is interesting
to note that two unrelated groups of antarctic fishes living in the
same environment have solved the problem of preventing the
freeqing of their body fluids by making use of two very different
molecules.

Studies of the mechanism of action of antifreeze activity were
continued. The adsorption-inhibition theory of antifreeze ac-
tion (Raymond and DeVries 1977; DeVries 1984) postulated that
the antifreeze molecules whether they be glycopeptide or pep-
tide adsorb to the straight steps of the basal plane of hexagonal
ice, forcing ice to grow between adjacent antifreeze molecules
in the form of small, curved fronts. Using a light-scattering
technique with the coherent light from a small laser aimed at the
interface of the basal plane of hexagonal ice and an antifreeze
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solution, between the melting and freezing points where no
visible ice growth occurs, a 5- to 6-fold increase in light scatter-
ing was observed over that from an ice-water interface. The
increased scattering is indicative of increased surface rough -
ness, which is consistent with the adsorption-inhibition mecha-
nism. Whether the increased surface roughness is due to sub-
microscopic growth of the small curved fronts remains to be
elucidated. These results are being presented at the 19th Sym-
posium on the Chemistry and Physics of Ice, Grenoble, France,
September 1986.

This research was supported by National Science Foundation
grant DPP 84-15266.
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Structure-function studies on
antifreeze glycoproteins

from blood serums of antarctic fish
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Our laboratory started studying the blood serum proteins of
antarctic penguins and fish in 1964. During the past decade our
laboratory has been procuring blood serums of fish from Ant-
arctica (Pagothenia borchgrevinki and Dissostichus mawsoni), the
Barents Sea (Boreogadus saida), off Kotzebue, Alaska (Elecinus
gracilis), and off Mombetsu, Japan (Eleginus gracilis). Antifreeze
glycoproteins (AFGP) were prepared from all of these serums
and their properties studied. During the last 2 years the use of
several different experimental techniques has shown that the
antifreeze glycoproteins must function at the ice-solution inter-
face (Feeney, Burcham, and Yeh 1986).

Tools for characterizing structure have included chemical
procedures such as sequencing of the polypeptide chains, deg-
radations, and chemical modifications of the amino and carbox-
yl terminal groups and the carbohydrate chains; and physical
procedures like ultracentrifugal analyses, circular dichroism,
Raman spectroscopy, laser-light scattering, surface second-har-
monic generation, direct visual observations of crystal growth,
and surface activity by microscopic observation of growing crys-
tal fronts (Feeney, Burcham, and Yeh 1986).

All of the antifreeze glycoproteins appear to be functional,
although the extent and nature of the activity are not identical.

An abbreviated summary of the characteristics is as follows:
(1) Lowers solution freezing temperature noncolligatively:

freezing temperature is 500 times lower than predicted
from solution colligative properties.

(2) Lowers solution freezing temperature additively with salt.
(3) No evidence for functioning in liquid or solid phases.
(4) Functions in the presence of ice.
(5) Not excluded from bulk ice phase.
(6) Ice has a normal hexagonal structure as determined by X-

ray diffraction.
(7) Many observations indicate that AFGP functions at the ice-

solution interface:
(a) Growing edge of crystal disrupted.
(b) Surface energy at ice-solution interface is lowered

(Kerr et al. 1985) (table 1).
(c) Crystals growing into AFGP solution have unusual

form:
(i) With a linear temperature gradient, growth is

transverse to the gradient (Kerr et al. 1985)
(ii) On free growth, with minimal supercooling (be-

low the freezing point), growth is along the basal
direction (c-axis), while growth along the pris-
matic face (a axis) is inhibited (cooperative with J.
Hallett).

(d) When growth of performed ice crystals is studied,
small AFGP peptides do not function if ice is highly

Table 1. Interfacial energies between ice and AFGP solutions

Concentration	SL
(in milligrams	(in ergs per	Standard

Sample	 per milliliter)	square centimer)	deviation

Water	 -	 30	 ±5
AFGP 1-5

(high activity)	2	 26	 ± 8
4	 21	 ±9

11	 9	 ±4
AFGP 7-8

(weak activity)	5	 30	 ± 3
26	 26	 ±7
72	 20	 ±10

Ovomucoid	 10	 28	 ± 3
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Table 2. Effect of ice crystalline structure on AFGP activitya

Freezing temperature of solution
in the presence of ice made at:

Sample	 -10C	- 6°C

AFGP 1-4 (4 milligrams
per milliliter)	-0.39°C ± 0.02-0.36°C ± 0.03

AFGP 7-8 (10 milligrams
per milliliter)	-0.30°C ± 0.01-0.05°C ± 0.02

AFGP 1-4 (4 milligrams
per milliliter) +
AFGP 7-8 (10 milligrams
per milliliter)	-0.51°C ± 0.02-0.51°C ± 0.02

a From Burcham et al. (1982).
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Normalized intensity derived from surface second harmonic gener-
ation versus glycoprotein solution. Intensity increase is measured
in photons detected per 2,000 laser pulses and is normalized with
respect to the square of the baseline intensity. Numbers in paren-
thesis are concentrations in milligrams per milliliter. From Brown et
al. (1985).

dendritic, but will function additively in the presence of
large AFGP (cooperatively) (Burcham et al. 1984) (table
2).

(e) Direct evidence for AFGP adsorbing to an ice surface:
AFGP-ice systems exhibit large inversion asymmetry
as detected by surface second-harmonic generation
(Brown et al. 1985) (figure).

(f) Analysis of inhibition data indicates Langmurian ad-
sorption on ice surface (Burcham et al. 1986).

Only references to our most recent studies are included. For
other studies from our laboratory see Feeney, Burcham, and
Yeh (1986) and from other laboratories see DeVries (1984),
Knight, DeVries, and Oolman (1984), Hew and Fletcher (1985),
and Ananthanarayanan, Slaughter, and Hew (1986).

This research has been supported by National Institutes of
Health grant GM 23817 and by National Science Foundation
grant CHE-84-05390.
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Distribution of krill, marine birds, and
antarctic fur seals

in the waters off the western end of
South Georgia Island
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We investigated the distribution and abundance of marine
birds and antarctic fur seals (Arctocephalus gaze/la) with respect
to the distribution and abundance of a major prey species,
Euphausia superha, near the western end of South Georgia Island
from 4 February to 5 March 1986. Concurrently, J . Croxall and P.
Prince investigated the reproductive biology and foods used by
marine birds on nearby Bird Island (54°S 38°W), thereby provid-
ing an integrated study of predator reproductive performance,
prey use, foraging distribution, and prey distribution.

To characterize the abundance and distribution of both pre-
dators and prey, we designed a set of radial transects centering
on Trinity Island (54°00.3'S 38°10.2'W) in the Willis Islands
(figure 1). The inshore end of the first set of 20 transects com -
menced 10 nautical miles off shore of the center and extended to
65 nautical miles off shore. A second set of radial transects was
concentrated to the north and south of Bird Island and com-
menced as close to land as possible. These transects extended 45
nautical miles off shore to the north and 65 nautical miles off
shore to the south, the distances being set to permit crossing of
the shelf break to deep water on each transect. The offshore
ends of the first set of transects were separated by 17.5 nautical
miles, while on the second set, the outer ends to the north and
south were separated by 5.0 and 8.5 nautical miles, respectively.
Transects were run such that diurnal patterns of bird movement
could be separated from spatial pattern. This design thus
provided thorough coverage of waters likely to be available to
fur seals and avian predators such as macaroni penguins (Eu-
dyptes chrysolophus) breeding on Bird Island or the Willis Islands.

All transects were run during daylight hours with continuous
concurrent recording of bird, seal, and krill density; nighttime
observations were also made along several transects. Daytime
bird and seal observations were made from the bridge wing of
the British Antarctic Survey ship RRS John Biscoe (height 10
meters above sea level). Birds and seals were counted out to 300
meters from directly in front of the bow to 90° off the side of the
ship with the best visibility. On all transects, two observers

counted birds and seals, dividing between them the species to
be covered as best met the changing conditions. A third person
entered all observations into a small waterproof microcomputer.
Data from this computer were transferred at the end of each day
to a larger microcomputer for storage. Custom software permit-
ted immediate inspection of the results of transects which facili-
tated design of other elements of the study requiring informa-
tion on the location of concentrations of birds or seals.

Nighttime observations of birds were made in several in-
stances to determine if the pattern found in daytime reflected
nighttime foraging activity. For these surveys, observers were
stationed in the wheelhouse and counted through 7 x 42 bin-
oculars all birds present in the beam of the ship's searchlight
where it hit the water. Identification to species was possible in
some cases, but often birds could be identified only to a broader
category.

A calibrated SIMRAD EK-400 Echosounder interfaced to a
SIMRAD QD digital integrator was used to estimate krill abun-
dance in 10 layers between 10 and 200 meters from the surface
along the transects. Aimed net hauls using a multiple RMT8
system (Roe and Shale 1979) were used to confirm that the
swarms seen on the echosounder were krill. The majority of net
hauls were made at night to minimize the effects of net avoid-
ance (Everson and Bone in press) and to ensure that representa-
tive samples of krill present were obtained for comparison with
krill obtained from predators.

The majority of the krill found during our survey was concen-
trated in a large patch 5-10 miles south of Bird Island in shallow
water (e.g., figure 2). Large amounts of krill were encountered
in this area over a 3-week period. In contrast, in sectors A, B,
and C krill patches were relatively uniformly distributed with
respect to water depth. Most large krill patches were encoun-
tered in sectors C and D.

The distribution of antarctic fur seals and penguins fre-
quently reflected the distribution of krill (figures 2 and 3). Seals
were most commonly encountered close to the islands on the
south and southwest sides (sectors C and D) in areas where krill
was abundant. Macaroni and gentoo penguins (Pygoscelis pa-
pua) were also concentrated inshore. Persistent, large aggrega-
tions of penguins and seals were found south of Bird Island
associated with the large krill patch. Large numbers of penguins
were also seen on the two easternmost north-side radials, again
over krill. It was exceptional to encounter major concentrations
of seals or penguins associated with krill near the shelf break or
in deeper water.

Prions (Pachyptila sp.) and diving petrels (Pelacanoides sp.)
were found primarily off shore (figure 2). Most diving petrels
were encountered at or near the shelf break to the south of Bird
Island. Smaller numbers of diving petrels were encountered to
the north and west and in Stewart Strait. Prions were con-
gregated in immense flocks over the mid-shelf and outer shelf
to the south of Bird Island. Large flocks of prions were also
found foraging in Stewart Strait.

In some cases nighttime observations confirmed the presence
of penguins and foraging albatrosses in locations where they
were encountered in high concentrations during the day. Prions
were seen throughout the night in Stewart Strait. Elsewhere
over the shelf at night, prions generally were found after 0100 in
areas where they had been seen in daylight. The absence of
large flocks of prions before midnight coincided with the period
when shore-based observers found prions feeding young.

Daytime collections of birds yielded stomach samples replete
with fresh food indicating that diurnal foraging for krill and
plankton occurs. Not only did macaroni penguins take krill in
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Figure 1. Study area and survey design. ("nm" denotes "nautical miles:' "km" denotes "kilometers.")

the daytime, but surface foraging species found associated with
penguins and seals in mixed flocks also had krill. In general, the
predators took a preponderance of large, adult knit. Large krill
were a major segment of the krill population samples with net
hauls, a result differing from that of Croxall and Pilcher (1984)
who found large krill in the predators, but not in net samples,
many of which were obtained in daytime.

Our results will permit the examination of predator distribu-
tion with respect to prey distribution at a variety of spatial and
temporal scales. It is now clear on the basis of both collections
and nighttime observations that daylight counts of birds on the
water are useful indices of where birds may be obtaining food.

This research was supported in part by a grant to G.L. Hunt
from the National Science Foundation DPP 83-18464 and by the
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Natural Environment Research Council, British Antarctic
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Ornithological observations west of
the Antarctic Peninsula,
August-September 1985
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Most research on the distributions and diets of antarctic birds
has been restricted to the austral summer when ship travel is

least impeded by ice. During Polar Duke cruise 85-5 (WinCruise
1), we had an opportunity to make observations along the Ant-
arctic Peninsula during late winter. Our primary objectives were
• to document the distribution of birds at sea in relation to

numerous parameters (e.g., ocean temperature, sea-ice
cover, proximity to land) and

• to collect specimens of several species to examine their diet in
different ice habitats and to examine their fat content and
plumage condition.
Between 22 August and 22 September, we conducted 96 30-

minute strip censuses using methods described by Ainley,
O'Connor, and Boekelheide (1984). Census transects covered
areas from the northern Drake Passage (56°30'S) to the north
edge of Marguerite Bay (67°30'S). Twenty species of birds were
recorded between these latitudes (table 1). Transect data will be
analyzed by computer and compared with similar data sets
collected in austral summer by D. Ainley and W. Fraser of Point
Reyes Bird Observatory. Preliminary analyses suggest that
snow petrels (Pagodroma nivea) and Adélie penguins (Pygoscelis
adeliae) were the species most strongly associated with sea ice.
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Table 1. Bird species observed in transects and their
approximate latitudinal distributions

Latitudinal
distribution 

Species
	 (to the nearest 30'S)

Adélie penguin (Pygoscelis adeliae)	 64030'-67030'
Chinstrap penguin (P antarctica)	 64 ob
Gentoo penguin (P papua)	 620	65°b

Wandering albatross (Diomedea exulans)	56030'-58030'
Black-browed albatross (D. melanophris)	56°30'-61°
Gray-headed albatross (D. chrystoma)	 56030'-57030'
Southern giant fulmar (Macronectes giganteus)	56030'-66030'
Southern fulmar (Fulmarus glacialoides)	56030'-65030'
Cape petrel (Daption capense)	 56030'-660
Antarctic petrel (Thalassoica antarctica)	57030'-67030'
Snow petrel (Pagodroma nivea)	 620 —67030'
Antarctic prion (Pachyptila desolata)	 56030'-60030'
Blue petrel (Halobaena caerulea)	 56030'-63030'
Kerguelen petrel (Pterodroma brevirostris)	56°30'-61°
Diving petrels (Pelecanoides)	 56030'-58030'
Blue-eyed shag (Phalacrocorax atriceps)	63030'-65030'
American sheathbill (Chionis alba)	 61030'-65030'
Stercorariidae (unidentified)	 60°30'
Southern black-backed gull (Larus dominicanus)	61 0 —67030'
Antarctic tern (Sterna vittata)	 62030'-650

Observations were precluded by darkness in the range of 58030'-61°S
on the southward crossing of the Drake Passage and 57°-600S on the
northward crossing.

b Observations outside of transects were used in assessing distribution.

Antarctic avifauna present in austral summers but missing from
our transects included brown and south polar skuas (Catliaracta
Ion nbergi, C. maccormicki), Wilson's storm petrels (Ocean ites
oceanicus), and arctic terns (Sterna paradisaea).

Between Fournier Bay (64°32'S 63°07'W) and Lavoisier Island
(66°11 'S 67°46W), we collected 78 birds of eight species (table 2).
Specimens were weighed and examined for reproductive state,

fat content, and molt. Skins were frozen and later shipped to the
Bell Museum of Natural History, Minneapolis, Minnesota.

Stomach contents of bird specimens were catalogued (table
2), weighed, and preserved within a few hours of collection
using methods described by Ainley et al. (1984). These materials
will be identified and measured at Point Reyes Bird Observato-
ry. A small reference collection of otoliths was made to aid in
identifying heavily digested fish. To help estimate the original
size of heavily digested krill, we measured fresh krill (Euphausia
superba) and determined correlations between eye diameter,
body length, and body weight.

About 46 percent of the birds collected had no food items in
the esophagus or proventriculus, and 9 percent had no trace of
food even in the gizzard. Nevertheless, more than 61 percent
had medium or heavy fat layers (fat classes of 2 or 3 on a scale of 0
to 4). About 32 percent had light fat (class 1), 6 percent had trace
fat, and 1 bird had none.

On 30 August, during a visit to Palmer Station (64°46'S
64°03'W), station personnel helped us survey the area for breed-
ing birds. We observed several things:
(1) southern giant fulmars (Macronectes giganteus) on Humble

Island had occupied most of the previous year's nest sites;
(2) blue-eyed shags (Phalacrocorax atriceps) at Cormorant Is-

land were paired and on breeding sites; and
(3) Adélie penguins (Pygoscelis adeliae) at Torgersen and Cor-

morant Islands were gathering at the island edges but were
not yet occupying traditional colony sites.

We wish to thank Bruce Carter and the captain and crew of
the Polar Duke for excellent logistic support. We also thank Jeff
Ash, Herb Butt, Skip Owen, and Mike Parfit for assisting with
data collection. This research was supported by National Sci-
ence Foundation grant DPP 82-13688 to David Parmelee.
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Number	fat class empty esophagus!
	

Unidentified
Species	collected	(0-4)	proventriculus	Fish	Krill	crustacean	Squid	Bird	Pebble	Miscellaneous

Southern giant fulmar
	4	1.1

	
0
	

0
	

0
	

3
	4
	 2a

Cape petrel
	

4
	

1.8
	

0
	

3
	

0
	

3
	0
	

0
Antarctic petrel
	

14
	

1.2
	 7	 5

	
6
	

3
	

9
	1	0
	2b

Snow petrel
	

32
	

1.8
	

15
	

19
	

18
	

2
	 0

Blue-eyed shag
	 2
	

1.0
	

0
	

2
	

0
	

0
	

0
	0	0
	

0
American sheathbill
	

2.0
	

0
	

0
	

0
	0
	

0
Southern black-backed gull

	
13
	

1.9
	

11
	 4	 4

	
3
	4	2
	4a,c

Antarctic tern	 8
	

2.0
	

2
	

8
	

2
	

0
	0
	

0
	

0

a Seal (believed to be scavenged from remains of collected seal).
Amphipod (1), pteropod (1).
Shell fragments (3).
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Preliminary report on satellite remote
sensing

of Adélie penguin rookeries

M.R. SCHWALLER

Eosat Company
Lanham, Maryland 20701

C.E. OLsoN, JR. and W.S. BENNINCHOFF

University of Michigan
Ann Arbor, Michigan 48109

K.M. WEHNES

University of Maryland
Collte Park, Maryland 20740

In October 1985, the National Science Foundation, Division of
Polar Programs initiated support for a 1-year project to demon-
strate the utility of remote sensing for reconnaissance of Adélie
penguin (Pygoscelis adelie) rookeries on Ross Island. The figure
illustrates some of the preliminary results of our remote-sens-

ing analyses, which clearly show that Adélie rookeries on Cape
Crozier are separable from other components of the antarctic
environment in Landsat Thematic Mapper images. The image
was created from enhancement of Thematic Mapper band 4,
which records radiance in the red region, with a bandwidth of
0.76-0.90 micrometers. The separation of Adélie rookeries re-
sults from the unique spectral characteristics of guano deposits
in and around the penguin colonies (Schwaller, Benninghoff,
and Olson 1984). Guano and other debris from the nesting sites
create a unique organic soil that is distinguishable from sur-
rounding areas by radiance recorded in the satellite imagery.

A field team supported by the U.S. Antarctic Research Pro-
gram visited the rookeries on Ross Island's Cape Crozier, Cape
Bird, and Cape Royds during January and February 1986. The
field team collected specimens and ground-level radiometric
measurements. Field measurements are now under study, and
we expect that detailed analysis of the radiometric data, image
data, and laboratory spectrophotometric measurements of field
specimens will suggest improved algorithms to help enhance,
identify, and isolate penguin rookeries in the remote-sensing
images.

Preliminary results are exciting because they may be incorpo-
rated into survey methods for estimating penguin populations.
Once a penguin rookery is unequivocally identified in a remote-
sensing image, counting the number of pixels associated with
the rookery yields an estimate of size. This information, to-
gether with an estimate of density, can be used to calculate
rookery population. An important point is that ground esti-
mates of density made at a few locales can be combined with
remote-sensing measurements and generalized to reconnais-
sance of large regions, possibly to continent-wide estimates of
penguin populations.

The justification for remote-sensing reconnaissance of pen-
guin rookeries is based on the need for timely and accurate
population estimates of the living resources in Antarctica.
Methods now employed in antarctic orinthology have been

Enhancement of Thematic Mapper band 4 identifying the Adélie
penguin rookeries on Cape Crozier. "R" denotes "rookery:' "C"
denotes "cloud:' "Rx" denotes "rocks:' "SI" denotes "ice shelf:'
"5" denotes "snow:' "w" denotes "water:' Imagery collected on 26
January 1985.

successful for investigation of population dynamics on individ-
ual penguin colonies, and attempts have been made to study
penguin population on a regional basis. When ecosystem stud-
ies are contemplated, however, current methods of antarctic
orinthology cannot adequately estimate the total breeding pop-
ulation of Adélie and other penguins (Wilson 1983).

Based on our preliminary image and ground-level data ana-
lyses, we now believe remote-sensing methods can be extended
to a penguin population survey of the entire antarctic continent.
Such a survey would probably involve a multi-phase approach,
integrating ground-level counts with aircraft and satellite re-
mote sensing at different levels of spatial resolution. The results
of a continent-wide survey would contribute to an understand-
ing of the patterns of penguin migration, population fluctua-
tion, and the influence of the physical environment on rookery
choice and breeding success. Since reconnaissance would be
conducted along the entire antarctic coastline, meridional as
well as total penguin population estimates may be possible.
Furthermore, satellite remote sensing along the coastline may
well locate previously unidentified penguin nesting sites. Dis-
covery of new penguin rookeries may fill gaps in our knowl-
edge of the distribution, migration, and nesting of pygoscelid
penguins.

This work was supported in part by National Science Founda-
tion grant DPP 85-07483, National Aeronautical and Space Ad-
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ministration contract NAS 5-28755, and the patronage of I.
Hesslein. We would also like to acknowledge the field, laborato-
ry, and technical assistance of Kathy Wehnes, Paul Dahmer,
Zhenqui Ma, and Zhiliang Zhu. M.R. Schwaller conducted
fieldwork for this project while employed by the Univeristy of
Michigan, Ann Arbor.
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Emperor penguin breeding population
of the Ross Sea

G.L. KOOYMAN

Physiological Research Laboratory
University of California, San Diego

La Jolla, California 92093

J.L. MULLINS

National Mapping Division
U.S. Geological Survey
Reston, Virginia 22092

In the course of preparations for a study of emperor penguins
in the Ross Sea it was necessary to have the U.S. Geological
Service do an aerial survey of ice conditions at five of the six
known rookeries. The aerial photographs taken were done on 9
and 14 December 1983, and they were of such resolution that
birds could be counted easily.

At this late date the chicks are close to fledging and the
majority of birds in the photographs must be chicks, but the
resolution of the photographs was inadequate to make a distinc-
tion. However, we feel it is probably safe to assume that the
counts should be tripled to obtain a realistic estimate of the
number of breeders and chicks at the various sites. The pictures
were taken by an LC-130 aircraft flying at 500 meters above the
sea ice. A 20 x 20 centimeter format aerial camera was used to
take a series of vertical pictures. All colonies were in full sun
except a small area of the Franklin Island colony. Although birds
in the shadow of the island could not be counted, it represents a
small part of the colony based on the small shadow area and the
dispersion of the birds.

Two facts are clear from the table. First, there have been very
few census reports of emperor penguin colonies. Cape Roget
and Cape Washington colonies have not been reported since
shortly after their discovery in 1964 and 1965. Coulman Island,
one of the largest of all emperor colonies, has not been counted
since that time as well. The second fact is that there are some
remarkable differences in the early censuses and the 1983 sur-
vey. The 1983 census at Cape Roget was only 38 percent of the
1964 count, but the most dramatic decline has been at Beaufort
Island. In 1983 it was only 6 percent of the 1976 count. The
Coulman Island population is about equivalent to the 1960s
count with a 20 percent higher estimate in 1983. Franklin Island
was 2.9 times higher in 1983 than 1964 if our counts are doubled

to estimate breeders. The most marked increase has been at
Cape Washington where the estimate for chicks is 3.7 times the
1965 counts.

If our total counts are doubled to estimate breeding pairs,
then the total breeding population of emperor penguins is
about 108,684. This estimate is about 77 percent of the estimate
of Ainley, O'Connor, and Boekeiheide (1985) summed from the
1960s counts. The dramatic changes noted at some of the colo-
nies such as Beaufort Island and possibly Cape Washington
seem too rapid a decline and increase to be attributed to mor-
tality or reproductive recruitment. This suggests that the pen-
guins may be rather flexible in their faithfulness to particular
breeding sites. Possibly prevailing ice conditions at various sites
may influence where they ultimately breed. Nevertheless, it
seems unlikely that the birds moved entirely out of the Ross
Sea. If not, then there has been a substantial decline in the total
population of emperor penguins in the Ross Sea over the past 20
years. This is coincidental with the beginning of major, perma-
nent bases in the Ross Sea. Since much more activity is likely in
the future, as more bases by other nations are established, a
closer monitoring of emperor penguin colonies seems appro-
priate. Futhermore, it should be noted that if there has been a
decline in the northern colonies of the Ross Sea, it is not unique.
The Cape Crozier colony, one of the most southerly and the
most closely monitored of all emperor penguin colonies, has
declined from about 1,000 breeding birds in the early 1960s to a
low of 46 in 1976 (Todd 1980). In 1977 it was up to 200 birds, and
in 1983 there were 88 chicks in December (Ainley, personal
communication), which would be at least 176 adults, not allow-
ing for any mortality.

This work was supported in part by National Science Founda-
tion grant DPP 83-16963.

Counts of emperor penguins obtained by aerial, photographic
surveys conducted on 9 and 14 December 1983.

	

Count	Previous Count
Locality	(Chicks)'	& Date	Source

Cape Roget	4,402	11,700 (1964)b Cranfield (1966)
Coulman Island	25,299	21,000 (1952)b Cranfield (1966)
Cape Washington	18,725	5,000 (1965)' Cranfield (1966)
Franklin Island	5,702	4,000 (1964)C	Stonehouse (1969)
Beaufort Island	214	3,574 (1976)"	Todd (1980)

a Presumed that most of the birds were chicks based on the late season
photographs.

b Chicks.
Breeders.
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Population studies of Adélie, gentoo,
and chinstrap penguins

J. KJELMYR, W.Z. TRIVELPIECE,
G.R. GEuPEL, and S.C. TRIvELPIEcE

Point Reyes Bird Observatory
Stinson Beach, California 94970

During the past several years, we have investigated the
breeding and feeding ecologies of the Pygoscelis penguins, the
Adélie (P. adeliae), gentoo (P. papua), and chinstrap (P. antarctica).
This season we continued our studies of banded, known-age
populations of these krill-consuming penguins near the Polish
Academy of Sciences' Arctowski Station, King George Island,
Antarctica (62°10'S 58°30'W). Specifically, we collected data on
fecundity, age of first breeding, annual survival, immigration
and emigration, nest-site tenacity, and mate fidelity from I
November 1985 to 13 February 1986. Some preliminary results
follow; however, all data are uncorrected for band losses and for
losses of chicks between banded (3-4 weeks old) and fledging
(7-10 weeks old).

Mortality among adult breeding Adélie penguins was high
over the 1985 winter with only 28 percent of the banded birds
returning to their rookeries. Known-age pre-breeders (3- and 4-
year-olds) had slightly higher overwinter survival rates, 51 per-
cent and 34 percent, respectively. These data support current
ecological theory which predicts that reproduction has some
associated costs. The higher survival rates among pre-breeders
may be due to predation pressure on breeders by leopard seals
during the austral summer. Breeders make many more feeding
trips to sea than pre-breeders. In addition, of the 1,000 Adélie
penguin chicks banded in 1982-1983, 131 (13 percent) returned
to their natal rookeries in 1985-1986, a decline from the 20
percent return supported for 3-year-olds in 1984-1985. Our data
suggest that Adélie adult survival is much lower and pre-
breeder survival is higher in the maritime Antarctic than in the
continental Antarctic (Spurr 1975; Ainley et al. 1983).

This season, almost 7 percent of the 1-year-old chinstrap
penguins returned to their natal rookeries, compared to less
than 3 percent in the 1984-1985 season. Eighty-five of 998 (8
percent) gentoo penguin chicks banded in 1984-1985 returned
to their natal rookeries in 1985-1986, a sharp decline from the
1984-1985 season when 34 percent of all banded 1-year-olds
returned. In addition, 20 percent of the 2-year-old gentoo co-
horts returned to their natal rookeries in 1985-1986 compared to
only 9 percent of the 2-year-olds returning to 1984-1985.

Female Adélies and chinstraps again first attempted breeding
(laid eggs) at 3 years of age while males did not breed until 4
years of age. Almost 67 percent of chinstrap 3-year-old females
bred compared to 20 percent of Adélie 3-year-old females; while
62 percent of the Adélie 4-year-old cohorts laid eggs. Estimates
for Adélies, however, may be low due to our late arrival on King
George Island. Breeding attempts were made by 67 percent of 2-
year-old gentoo penguins including 49 males, 20 females, and
34 birds of unknown sex. First-time breeders of all species were
less successful than older experienced birds.

The winters of 1984 and 1985 were both ice free near King
George Island and the nonmigratory gentoo penguins re-
mained at the breeding rookeries all winter. However, the dif-
ference between the proportion of birds returning in these years
suggests that the factors influencing survival are complex. Con-
tinuing population studies coupled with studies of winter pack
ice and krill abundance may provide new information toward
our understanding of these sympatrically breeding penguin
species.

We are grateful to the Polish Academy of Sciences and the 9th
Polish Antarctic Expedition for their technical assistance and
warm hospitality. We would also like to thank USARP for logis-
tical support. This research was supported by National Science
Foundation grant DPP 83-14667.
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Evaluation of inner ear pathology in
Weddell seals
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Last year, it was reported that several noise sources, located in
McMurdo Sound, are potentially damaging to the hearing of
marine mammals. To determine whether or not the hearing
organ (organ of Corti) of Weddell seals had evidence of perma-
nent sensorineural damage, we processed for microscopic ex-
amination, one temporal bone from each of 11 Weddell seals
which were killed in January, 1985, as part of the New Zealand
Antarctic Research Program.

The techniques used to collect the seals and to fix and embed
their temporal bones were described last year (Bohne et al.
1985). This report briefly describes the techniques used to ob-
tain surface preparations of the organ of Corti and to analyze the
specimens microscopically. The normal and pathological find-
ings in the 11 Weddell seal cochleas are also summarized.

The cochleas were fixed in osmium tetroxide, dehydrated in
alcohol and embedded in plastic. Once the plastic had poly-
merized, the cochlear bone which surrounds the soft tissue of
the inner ear was removed with a sharpened steel pick. Pieces of
razor blade were used to divide the cochlear duct into small
segments which ranged in length from 0.6 to 4.9 millimeters.
Each segment was then trimmed to remove most of the plastic
filling scala typmani. The trimmed segments were re-
embedded in a thin layer of plastic. After the layer polymerized,
simplified images of the segments of the organs of Corti were
made, their lengths were measured with a graphics tablet/
computer system, and the histological appearances of the sen-
sory cells and eighth nerve fibers were determined using a
phase contrast microscope.

As noted in the previous report, all 11 temporal bones sus-
tained some acute damage (e.g., detachment of the organ of
Corti from the basilar membrane) due to the exploding bullets
used to produce instant kills. The presence of acute damage
prevented detailed analysis of the entire organ of Corti in each
specimen. Nevertheless, in most specimens, a sufficient
amount of tissue remained for the determination of some nor-
mal cochlear parameters and for the assessment of the presence
of pre-existing (i.e., prior to gunshot) cochlear pathology.

The average length of the organ of Corti from the 11 Weddell
seal cochleas was found to be 31.2 ± 1.1 millimeters. The aver-
age density of inner and the three rows of outer hair cells per
millimeter length of the organ of Corti were found to be 98 and
395, respectively. These values should be considered as rough
approximations because the cell counts could be made in only a
small portion of each of the 11 organs of Corti. However, it is
interesting to note that these densities are similar to the inner
and outer hair cell densities in several terrestrial mammals
[human-109, 418 (Bredberg 1968); chinchilla-100, 405
(Bohne, Kenworthy, and Carr 1982); guinea pig-92, 354
(Thorne and Gavin 1984)].

Five of the 11 cochleas had no evidence of previous damage to
the organ of Corti. Due to extensive acute damage, the organ of
Corti was not visible in a sixth cochlea. In these six cochleas, the
entire population of eight nerve fibers was intact. On this basis,
it was concluded that none of these ears had sustained severe
injuries to the organ of Corti prior to death.

The remaining five cochleas had clear evidence of previous
damage. These injuries ranged from scattered loss of outer hair
cells to degeneration of an entire portion of the organ of Corti
and its replacement by squamous epithelium. This latter lesion
was accompanied by degeneration of the corresponding eighth
nerve fibers. It should be noted that since only a small portion of
the organ of Corti could be examined in each cochlea, additional
sensory cells may have been missing but their losses would
have been masked by the acute damage.

Although the etiology of the cochlear damage in the five
Weddell seal cochleas cannot be determined with certainty,
noise is the one ototraumatic agent which is known to have been
present in their environment.

The effect these cochlear lesions had on the hearing ability of
the seals is unknown. However, based on studies in terrestrial
mammals in which hearing loss has been correlated with senso-
ry cell loss (e.g., Bohne and Clark 1982), it is highly unlikely that
any of the seals had a significant hearing impairment.

The research was supported by National Science Foundation
grant DPP 82-17708 and National Institutes of Health grant
N5O1791.
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Patterns of weight gain by Weddell
seal pups

HILL, S. VACCA, S. BARTSII, R. RElcilli,
J.W. TESTA, and D. SINIFF

L)epartinent of Ecology and Behiwioral Biology
University of Minnesota

Minneapolis, Minnesota 55455

Over the past several years researchers from the University of
Minnesota have investigated the long-term population dynam-
ics of the Weddell seals of McMurdo Sound (Kaufman, Siniff,
and Reichle 1975; Siniff et al. 1977; Testa 1986). Recently our
efforts have been concentrated on aspects of reproductive ecol-
ogy, especially parental investment. One area of interest has
concerned patterns of weight gain by Weddell seal pups be-
tween birth and weaning. Such patterns may affect the survival
and the future reproductive patterns of both the pup and its
mother. We were interested in how much and how quickly seal
pups gained weight, and what factors led to differences among
the pups. These questions were investigated during the
1985-1986 austral summer.

Methods. A field camp was set up at the pupping/breeding
colony at Hutton Cliffs on the western edge of Ross Island
approximately 18 kilometers north of McMurdo Station. The
camp was occupied continually between 15 October and 19
December 1985. We walked through the colony at approx-
imately daily intervals during the pupping season (19 October
to 14 November) and tagged new pups as they were encoun-
tered. The pups were weighed as 500fl after birth as possible,
but never before the umbilical cord had detached and the pup
was dry, and at weekly intervals up to age 40 days. Mothers
were weighed and their lengths and girths measured once near
the birth of the pup and again as near as possible to day 40
following parturition. A total of 58 pups and 35 mothers was
measured sufficient times to use in the following analyses.
Activity patterns (on ice vs. in the water) of 12 pups were
monitored continuously for periods between 15 and 31 days,
over the time when weekly weights were being measured.
Radio transmitters were attached to the dorsal fur of the pups,
and the signal monitored by a scanning receiver. If the pup was
on the surface of the ice, a mark was made on a strip-chart
recorder. The total time a pup spent in the water as a proportion
of the time it was being monitored was calculated, and this
proportion used on the following analyses.

Results. The 58 Weddell seal pups weighed 32.0 ± 4.7 kilo-
grams (mean ± standard deviation) at birth and 110.9 ± 19.0
kilograms 40 days later. The average rate of weight gain was 2.04
± 0.06 kilograms per day. Over the same period, the mothers of
these pups were losing an average of 4.16 ± 0.15 kilograms per
day. There were no significant differences between the weights
of male and female pups at birth or at 40 days of age, nor in the
rates of weight transfer. The birth weight of a pup did not
significantly affect its rate of weight gain, but there was a signifi-
cant correlation between birth weight and 40-day weight [(P:h
= 0) = 0.003, r = 0.39]. Weight gain by pups was significantly
correlated with the weight of their mothers SOOfl after parturi-
tion [(P:b = 0) = 0.001, r = 0.63], and with the
rate at which the mothers lost weight [(P:b = 0)	0.02, r =

0.40] (figure 1). Additionally, the level of activity, measured as
the proportion of its time that a pup spent on the water, was in-
versely correlated to its rate of weight gain [(P:b = 0) = 0.002,
r = -0.80] (figure 2).

Discussion. The lactation period is probably the most impor-
tant time during the first year of a Weddell seal's life. During
approximately 7 weeks, a pup makes the transition from a
terrestrial mammal (thin, hairy, non-swimming) to a marine
mammal (thick-blubbered, thin-haired, swimmer), and during
the process may gain 5 times its birth weight. Over the same
period a lactating female will lose twice as much weight as her
pup gains.

We found that male and female Weddell pups grow at the
same rate, and do not differ in weight as weaning. This is in
contrast to other species of seals wherein male pups grow much
faster than females (Doidge, Croxall, and Ricketts 1984; Reiter,
Stinson, and LeBoeuf 1978). Early growth patterns of Weddell
seals probably reflect the lack of size difference in adults.

Although birth weights were quite similar among all pups,
growth rates and weaning weights did differ. Weight gain by a
pup was positively correlated with the size and rate of weight
loss of its mother, and negatively correlated with its own level of
activity. Heavier mothers were able to provide more energy to
their pups and provide it at faster rates, both of which increased
the rate at which pups put on weight. It was not surprising to
find that pups who spent more time in the water gained weight
more slowly than those who spent less time swimming.

Pup Weight Gain vs. Mother Weight Loss

Mother weight loss (kg/day)

Pup Weight Gain vs. Weight of Mother

Weight of mother after parturition (kg)

Figure 1. Relationship between Weddell seal (Leptonychotes wed-
deli,) females' weight loss and weight just after parturition and pups'
weight gain. Data are from Hutton Cliffs colony in eastern McMurdo
Sound, Antarctica. ("kg" denotes "kilogram:')
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Pup weight gain vs. time in water

Proportion of time spent in water

Figure 2. Relationship between Weddell seal (Leptonychotes wed-
deli,) pup weight gain and proportion of time spent in the water
during the period of nursing. Data are from Hutton Cliffs colony in
eastern McMurdo Sound, Antarctica. ("kg" denotes "kilogram:')

The size of a seal pup at weaning is probably important in
determining it subsequent survival. At that stage, pups are left
on their own to find food, and a fat pup would have sufficient

reserves to survive for quite some time while perfecting its
food-gathering and predator-avoidance abilities. Over evolu-
tionary time, there has probably been strong selection for fast
and large transfers in weight between mother and pup during
lactation. However, pups who learn to swim well while still
under the protective influence of their mothers may have an
advantage over those who do so while on their own.

This research was supported by National Science Foundation
grant DPP 83-18473 to D. B. Siniff, and with the able and energet-
ic assistance of D. Garron and K. Prentice.
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Second cetacean survey of eastern
Tierra del Fuego

and Isla de los Estados

R.N.P. GOODALL

Prograrna Cetdceos Australes
Centro Austral de investigaciones CientIficas (cADic)

Tierra del Fuego, Argentina

As part of a U.S.-Argentinian program of cooperative
research organized by the National Science Foundation and
CADIC, we took part in an expedition aboard the R/V Polar Duke
from 12 May to 2 June 1986 to the Peninsula Mitre of eastern
Tierra del Fuego and Isla de los Estados. This was the second
such project, the first being carried out aboard the tIv Hero in
1981 (Goodall and Galeazzi in press-b). Very little work had
been done on the marine mammals of this rather inaccessible
and seldom-visited area (Pine, Angle, and Bridge 1978).

The objective was to further scientific understanding of the
distribution and biology of marine mammals in eastern Tierra
del Fuego by surveys of beaches (on foot) for stranded material

and observation of living animals. Beaches checked in 1981
would be resurveyed for new material, and we hoped to reach
beaches inaccessible at that time. Periodic beach surveys offer
one of the best ways of accumulating data and specimens of the
cetaceans of a given area, especially those that are least known
(Geraci and St. Aubin 1979). Those participating in this study
were: Natalie Goodall, Alejandro R. Galeazzi, Margarita Godoy,
and Gustavo MarfIa, all of Ushuaia. Adrian Schiavini assisted us
on some beaches, and we accompanied him on seal surveys.

During the 22 days of the cruise, we were able to survey 33
beaches in 18 bays and coves (figure), as well as checking others
visually from a zodiac when conditions made landings impossi-
ble. Table 1 lists the beaches surveyed. Extensive coastal sur-
veys from the zodiac made in Bahia Aguirre, Bahias Franklin,
Flinders, San Juan de Salvamento, York, and Blossom and the
area from Puerto Vancouver west to Cabo Webster, as well as the
Islas Dampier and Menzies. Other members of the expedition
(geologists Ian Dalziel and assistants) examined the shores of
Islas Elizalde, Zeballos, and Goff re and collected one specimen.
Areas which were surveyed in 1981 but could not be reached in
1986 for climatic or other reasons were: western Bahia Aguirre,
Bahias Valentin, Capitán Cánepa and Puerto Cook.

Collections were made of 18 cetacean specimens. Incidental
to the cetacean work, we also collected specimens of 12 pin-
nipeds, two otters, once guanaco; notes were taken on the
presence of marine birds and 47 collections were made of skel-
etal material of dead birds.
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Strandings (Mysticetes)

Beach-worn vertebrae of large whales were found at many
sites. These were not collected due to size, state, and difficulty

Table 1. Beaches surveyed in the U.S.-Argentinian
cooperative research program

Peninsula Mitre	 Isla de los Estados

Bahia Sloggett	 Bahia Crossley (3 beaches)'
Bahia Aguirre (4 beaches)'

	

	Bahia Flinders (3 beaches to the
east, and 1b to the west)

Bahia Buen Suceso
Caleta San Mauricio	 Bahia San Antonio (2 beaches,

east and south)
Caleta to the north of
	

Bahia Colnett, Puerto Roca
San Mauricio	 Caleta San Luisb

Puerto San Juan de Salvamento
(3 beaches)b

Bahia Blossom,b Puerto
Vancouver

Primera Bahia, Bahia Grantb
Bahia York [Caletas, Heredia,

Brent, and Llanos (zodiac)]
Bahia Franklin (2 beaches)b

a Three of the four beaches were not checked in 1981.
b Not checked in 1981.

of identification. Photographs were taken of a large mandible on
the upper beach at Bahia Blossom. Ribs of a large whale which
had been cut by natives (probably Yahgan or Yamana) were
found at Beach C, Bahia Aguirre.

Eubalaena australis. An unreported beach-worn skull, proba-
bly of this species, was found at the western side of the un-
named beach (Beach A) at the northeastern corner of Bahia
Aguirre. No specimen was collected. Sightings and strandings
of this species off southern South America have recently been
reviewed (Goodall and Galeazzi in press-a).

Strandings (Odontocetes)

Physeter catodon. A broken skull and several vertebrae of a
subadult animal were found at the northeastern beach of Bahia
Flinders (Belgrano). Two vertebrae were collected. Although
many strandings of sperm whales, all males, are known for
Tierra del Fuego, this is the first record of a stranding of this
species on Isla de los Estados. The specimen was no there in
1981.

Berardius arnuxii. A large skull and part of a flipper of Ar-
noux's beaked whale were found at Beach A, Bahia Aguirre.
This is an interesting find because only three other specimens
are known from Tierra del Fuego (Goodall 1978).

Mesoplodon layardii. On 18 January 1986, a fresh specimen of
Layard's beaked whale stranded at Bahia Buen Suceso, where
personnel of the Museo Territorial Tierra del Fuego were study-
ing. Although standard data were taken, they could not bring
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the skeleton back to the museum. We were able to collect part of
the specimen but were unable to return for the rest as planned.
It was noted that sections of 4 or 5 vertebrae held together by
cartilage floated in salt water.

Undetermined Ziphiidae. Vertebrae of large ziphiid whales, ei-
ther Hyperoodon or Tas?nacetus, were found at Caleta Llanos and
Bahia Colnett.

Orcinus orca. A large skull and one vertebra were collected at
the northeastern beach of Bahia Franklin, where it had been
seen by a CADIC expedition in 1985. This skull showed evidence
of bone erosion in th area of the prenarial triangle, as did pilot
whale skulls from Caleta San Mauricio collected in 1981 (Good-
all and Galeazzi in press-b). Killer whale vertebrae were found
at Bahia Colnett and Puerto Roca.

Globicephala melaena. A beach-eroded skull and other bones
were collected at Bahia Colnett; cervical vertebrae were found
on Isla A. Goffre to the north of Colnett; a scapula at Caleta
Brent (where a skull was found in 1981); a mandible was col-
lected at Caleta San Mauricio, where 32 crania were found in
1981 and thereafter (Goodall and Galeazzi in press-b), and
vertebrae were found at Puerto Vancouver and the east side of
Bahia Flinders.

No remains of pilot whales were found at the SW corner of
Bahia Flinders where nine whales were seen in 1971 (R!v Hero
cruise 71/5). We were unable to reach that area in 1981.

Lagenorhynchus cruciger. A postcranial skeleton of this species
was found on the mid-eastern beach at Bahia Flinders
(Beigrano). In spite of much searching, the skull was not found.
This is the first specimen of the hourglass dolphin for Tierra del
Fuego and the sixth speciment to be published (Fraser and
Noble 1968). Many of the vertebral epiphyses were fused, in-
dicating that physically the animal had been subadult.

Lagenorhynchus australis. Vertebrae, which probably represent
two individuals, were found on the surface of an indigenous
midden on the south coast of Bahia Crossley, along with work-
ed bones of baleen whales. There is no way of knowing if the
animals stranded there or were captured by the natives (proba-
bly Yahgans). These are the first specimens of this species from
Isla de los Estados.

Grampus griseus. A cranium of Risso's dolphin was collected at
Puerto Roca, forming another new record for Isla de los Es-
tados. There are a number of records of this species for the Strait
of Magellan (Sielfeld 1983), the Isla Grande de Tierra del Fuego
and the Rio Gallegos (Goodall, unpublished data).

Other mammals. Notes were taken and specimens were col-
lected of other marine mammals when seen.

Strandings (Mustelids)
Lutra sp. Two crania were collected, a larger one with unfused

sutures at Caleta Brent and a small one with completely fused
sutures at Caleta Heredia, both on the south side of Isla de los
Estados. Scats were seen at Bahia Blossom and Puerto
Vancouver.

Two otters were observed in the backwater of the outlet
stream from Lago Lovisato at Bahia Colnett. They were attracted
by sounds from the hand radios we carried. An otter run was
seen at the opposite end of the bay. Otters seem fairly plentiful
on Isla de los Estados, but little has been written about them
(Pine et al. 1978; Chebez 1983).

Strandings (Pinnipeds)
Mirounga leonina. The skeleton of a young elephant seal was

found scattered over the beach at Bahia Colnett. A live animal
was seen at Puerto San Juan de Salvamento.

Hydrurga leptonyx. A leopard seal skull and part of its skeleton
was collected at Bahia Sloggett and a mandible with a few
vertebrae at the northeast beach of Bahia Franklin. These add to
the list of antarctic seals which reach Tierra del Fuego and are
important because both speicmens have teeth for aging (Good-
all and Schiavini 1985).

Otaria flavescens. The southern sea lion is the most numerous
pinniped off Tierra del Fuego at present. Skeletal material was
seen at many sites. Specimens were collected at Bahia Aguirre
(Beaches A and C), Caleta Llanos, Bahia Colnett and San Juan
de Salvamento. Living animals were seen at Bahia Colnett and
San Juan de Salvamento.

Arctocephalus austraiis. One southern fur seal cranium was
collected at Caleta Heredia and a postcranial skeleton was
found at Bahia Sloggett. Once plentiful, then decimated by
scalers, this species is making a comeback on this remote island.
Living animals were seen on a number of occasions and three
new colonies were identified (Schiavini 1986).

Sightings

Observations for marine mammals were carried out from the
bridge during daylight hours, but these were reduced due to
the late season of the year (daylight from about 0930 to 1700
hours only) and the fact that the ship usually moved from bay to
bay during darkness. Nevertheless, cetaceans were sighted on
six occasions (table 2).

The Peale's dolphin Lagenorhynchus aust rails has been seen by
us and others on several previous occasions at Bahia Sloggett,
where the animals are fairly safe from capture for crab bait
(Goodall and Cameron 1980; Goodall and Jordan in press). The
observations by Schiavini on 24 May were made after midnight
with a full moon on calm water. The animals rode the ship's bow
wave for nearly half an hour. On 2 June dolphins escorted one
zodiac every time it moved, between Isla San Martin de Tours
and the main coast.

A killer whale had been sighted in the eastern Beagle Chan-
nel several times in the 2 months before our cruise (Goodall
personal communication). These and the two sightings made in
the same area (12 May and 2 June) may have been of the same
animal.

These sightings are valuable because few winter observations
exist for Tierra del Fuego.

Although fresh strandings of cetaceans (which give the most
data) were not found on this expedition, the information and
specimens gathered are a valuable addition to the growing data
bank on these species in South American subantarctic waters.
They will be even more valuable if fairly regular surveys can be
made to these isolated areas in the future.

Pine et al. (1978) listed only one cetacean species (G. melaena)
for Isla de los Estados. On our 1981 expedition we found spec-
imens of three more (Hyperoodon sp., 0. orca, and Lissodelphis
peronii) and registered sightings of L. australis. During the pres-
ent cruise we found specimens of four more: P. catodon, L.
cruciger, L. aust rails, and G. griseus, bringing the total to eight.
Twenty species of smaller cetaceans and seven of large are
known to inhabit the waters of Tierra del Fuego (Goodall and
Galeazzi 1985). With additional surveys, most of these should
be found on or near Isla de los Estados as well.

We sincerely appreciate the kindness of the National Science
Foundation in sponsoring this voyage, and the efficiency of
Captain Gates, H. Owen, and the crew of the Polar Duke in
carrying it out. Our work in Tierra del Fuego is supported by the
Committee for Research and Exploration of the National Ceo-
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Table 2. Sightings of cetaceans made during the expedition to Isla de los Estados

Date
	 Species	 Locality	 N	 Hour	 Observer

3+

3

5-6

3

12 May 1986

13 May 1986

13 May 1986

24 May 1986

02 June 1986

02 June 1986

Orcinus orca

Lagenorhynchus australis

Lagenorhynchus australis

Lagenorhynchus australis

Lagenorhynchus australis

Orcinus orca

Northwest of Isla Picton
5437'S 6704'W

Bahia Slogget
5502'S 6620'W

Estrecho de LeMaire

Bahia Sloggett West
5506'S 6624'W

Bahia Sloggett Isla
San Martin de Tours

Northeast of Isla Reparo

1620

0850

1750

0020-0045

0930-1130

1547

A.R. Galeazzi

A.R. Galeazzi

A.R. Galeazzi

A.C.M. Schiavini

A.C.M. Schiavini
and others

M.C. Garcia,
P Medina,
J.D. Morteau

graphic Society and by the Consejo Nacional de Investigaciones
CientIficas y Técnicas (coNIcET).
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National Oceanic and Atmospheric
Administration!

National Marine Fisheries Service
antarctic marine living resources

program

K. SHERMAN

National Marine Fisheries Service
Northeast Fisheries Center
Narragansett Laboratory

Narragansett, Rhode island 02882-1199

The National Marine Fisheries Service (NMFS) of the National
Oceanic and Atmospheric Administration (N0AA) was active in
the Antarctic for the 1985-1986 season. Scientists from NMFS

participated in the National Science Foundation sponsored Ant-
arctic Marine Ecosystems Research at the Ice-Edge Zone
(AMERIEZ). They were on board the RIv Melville and the U.S.
Coast Guard icebreaker Glacier, conducting research on krill
population dynamics in relation to southern-ocean circulation
variability. The studies, part of the U.S. Antarctic Marine Living
Resources (AMLR) program, were carried out in support of U.S.
participation in the Commission and Scientific Committee of
the Convention for the Conservation of Antarctic Marine Living
Resources (CCAMLR). The convention has established a system
for managing the living resources of the antarctic ecosystem
through international cooperation. United States participation
is aimed at realization of the convention's objective relating to
the conservation of antarctic marine living resources from an
ecosystem perspective. The AMLR program complements the
U.S. Antarctic Research Program (USARP) of basic research and
contributes to the overall U.S. science effort in Antarctica.

As part of the 1985-1986 AMERIEZ program funded by the
National Science Foundation, research was undertaken on krill
hydroacoustics and net sampling, as well as physical
oceanography along the sea-ice/open-water interface. In addi-
tion, studies were made on the feeding ecology of pack-ice seals
in the Weddell Sea including pilot studies to monitor seals using
satellite-linked telemetry.

Net sampling and hydroacoustic assessment of krill con-
ducted as part of the AMERIEZ program indicated that large
concentrations of krill were absent throughout the area sur-
veyed. Micronekton biomass was an order of magnitude less
than levels that have been encountered in previous seasons.

Field research on the feeding ecology of crabeater, leopard,
and Ross seals produced the first information available on the
diving profiles of crabeater seals. Preliminary studies using
satellite-linked telemetry on pack-ice seals were also initiated
along the Antarctic Peninsula. An analysis of antarctic fur seal
teeth is underway and is expected to shed light on the interan-
nual variability of prey resources (krill) in the South Georgia
area over a 25-year period.

They physical oceanographic data from the November 1983
AMERIEZ cruises have been processed and initial analysis com-
pleted. The measurements on both the i1v Melville and the U.S.
Coast Guard icebreaker Wesiwind were accomplished with con-
ductivity-temperature-depth (cTD) instruments to provide tem-
perature and salinity profiles to a depth of 500 meters. The
instrument on the Melville was also equipped with a fluo-

rometer to measure the vertical distribution of chlorophyll in
the water column. Copies of the initially processed data from
the Melville were provided to all investigators in the program.
The data were analyzed to look for any influence of the location
of the ice edge or its meltwater remnant on the vertical density
stratification and subsequently on the vertical distribution of
chlorophyll. No relationship was found. Areas of high chlo-
rophyll concentration on the west side of the survey area did not
exhibit significant stratification or any other sign of an ice-edge
effect. An analysis of the temperature, salinity, and nutrient
properties did suggest that the higher chlorophyll water may
have been advected into the survey area from the west. These
results were presented at the American Society of Limnology
and Oceanography/American Geophysical Union Ocean Sci-
ences meeting in New Orleans in January, 1986.

During the 7-27 March 1986 AMERIEZ cruise, a total of 49 CTD

casts were accomplished aboard the Rlv Melville in the western
Weddell Sea in the area bounded by latitudes 65-39.7° and
64-35.4°S and by longitudes 42-21.1° and 49-51.3°W. These
casts were made in open water with the exceotion of two which
were made at or just within the edge of the ice. Fourteen casts
were made to a depth of 1,500 meters and the remainder to a
depth of 500 meters.

The objectives of the CTD program were: (1) to provide real-
time information on the vertical density structure in the photic
zone for the biological program components, (2) to characterize
the physical oceanographic regime in the marginal ice-edge
zone during the autumnal ice advance period, and (3) to investi-
gate the regional physical oceanography of the western Weddell
Sea in sufficient detail to define the mesoscale circulation.

The principal water masses observed in the survey area con-
sisted of the surface water, the Weddell winter water, and the
warm deep water. The surface water has the well-mixed upper
layer which ranged in depth from 25 to 40 meters. Temperatures
ranged from -0.2°C at stations distant from the ice edge to near
-1.8°C at the ice edge. Salinities in the surface water, away from
the ice edge, ranged from 33.6-33.8 parts per trillion on the
southern transect to 33.7-33.9 parts per trillion on the northern
transect.

Beneath the surface water there was a persistent halocline/
pycnocline in the layer from 40 to 50 meters in depth. The
Weddell winter water was found beneath the sharp pycnocline
between 50 to 100 meters in depth. This water mass represent
the remnant of the previous winter's upper cold convective
layer. The temperature of the winter water was relatively con-
stant between -1.6° and -1.7°C with salinities of approximately
34.5 parts per trillion.

The Weddell warm deep water is characterized by tem-
peratures between 0°C and 0.5°C and salinities between 34.65
and 34.69 parts per trillion. This water mass is found between
the depths of 250 and 1,500 meters over much of the Weddell
Sea away from the continental slope. The depths between the
lower boundary of the winter water and the upper boundary of
the warm deep water were characterized by a monotonic in-
crease with depth of both temperature and salinity. Well-de-
fined thermal step structures were observed in this boundary
between the two water masses at several stations within 60-90
kilometers of the ice edge. These step structures were usually
found in the 200- to 300-meter depth range.

The vertical structure of the water masses described above
was persistent throughout the survey area except at stations
37-38 and 43-45 which showed the influence of active cooling
and ice formation in the surface layer. Surface layer salinities at
these stations were from 33.2 to 33.4 parts per trillion, which
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were low, probably due to ice melt during the summer
1985-1986.

During the survey a rapid transect and slow transect were
accomplished along two lines separated by approximately 30
kilometers. In addition, four stations were occupied a third time
along the southern transect. These data will allow an examina-
tion of time-dependent changes in the water structure and
geostrophic flow across these transects. Preliminary inspection
of the CTD data reveals that the mixed layer depths increased
from about 25 meters on the southern rapid transect to about 40
meters on the northern rapid transect. It is not clear whether

this difference is related to temporal or spatial changes in wind-
mixing and cooling or to horizontal gradients in the mass dis-
tribution. These two transects were occupied 2 weeks apart in
time. Isopycnal surfaces were relatively flat along all transects,
indicating little geostrophic flow.

Calibration corrections and numerical smoothing to reduce
spiking have yet to be performed on the CTD data. Further work
will include the preparation of final cross sections of salinity,
density, and geostrophic velocity.

This research was funded by the U.S. Department of
Commerce.

Functional properties of hemoglobin
from antarctic fishes

C. DI PRisco

International Institute of Genetics and Biophysics
80125 Naples, Italy

The project on hemoglobins, isolated from several antarctic
fish species, was developed between February and April 1985 at
Palmer Station.

The hemolysates from 10 species, belonging to four families,
were electrophoretically characterized during the 1983-1984
austral summer; two additional species were observed during
1985. One, belonging to the family of Nototheniidae (Notothenia
larseni), had an electrophoretic pattern qualitatively similar to
that of the other nototheniids, with a major component and a
second, more anodal one (5-10 percent of the total); the other, of
the family of Rajidae (Raja georgiana), had a single, highly anodal
hemoglobin.

A major effort was devoted to the investigation of the func-
tional properties of hemoglobin. Regulatory effects on oxygen
binding in erythrocytes, whole hemolysates, and purified he-
moglobins were studied in three nototheniid species (N. cor-
iiceps neglecta, N. rossii, and N. gibberifrons) and in a fourth one
(Parachaenichthys charcoti) of the family of Bathydraconidae.
Blood was drawn from the caudal vein of unaesthetized fishes
by means of heparinized syringes; EDTA was used to avoid
coagulation. Following lysis and high-speed centrifugation of
the washed erythrocytes, hemoglobins were purified by ion-
exchange chromatography (D'Avino and di Prisco 1985).

It is well known that the oxygen affinity of hemoglobin of
many teleost fish species becomes so low at slightly acidic pH
(5.5-6.0), that the protein is only partially oxygenated, even at
oxygen pressures of several atmospheres. This special type of
Bohr effect is referred to as "Root effect" (Root 1931). An inves-
tigation in the pH range of 5.5-8.5 showed that hemoglobin in
intact erythrocytes, in "stripped" hemolysates, and in the pure
state was characterized by a marked Root effect in all four fish
species, as indicated by a 65-75 percent decrease in oxygena-
tion, observed at lower pH values even in the presence of the
ligand at atmospheric pressure. Figure 1 shows a representative

set of results. The modulating effect of the allosteric effector
inositol hexakis (phosphate) (IHP), which induces the decrease
in oxygenation at higher pH values, is also evident. Other
organic phosphates, like ATP, produced the same effect. The
level of endogenous ATP was measured in the blood (table). Its
presence accounted for the shift toward a higher pH of the

6.0	7.0	8.0	9.0

pH

Figure 1. Oxygenation of N. corliceps neglecta hemoglobin as a
function of pH. Buffers were 100 millimolar Tris-CI, pH 8.5-7.5, and
bis-Tris-CI, pH 7.0-6.0. Each plotted value was obtained spec-
trophotometrically at 20°C by calculating the average of the absor-
bance difference at three wavelengths (540, 560, and 575
nanometers) between the spectrum observed at a given pH and the
spectrum obtained after addition of a few crystals of sodium di-
thionite, which caused complete deoxygenation of the hemoglobin.
(A) Erythrocytes (A); "stripped" hemolysate (A) and hemoglobin 1
(B), in the absence (.) and presence (a) of 3 millimolar IHP.
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Measurement of ATP concentration in the blood of four antarctic
fish species, using the method of Bucher (1947)

Species	 Milligrams per 100 milliliter

N. corliceps neglecta	 41.9 ± 5.2
N. rossii	 34.5 ± 4.8
N. gibberifrons	 32.8 ± 6.1
P charcoti	 34.0 ± 2.4

inflection in the erythrocyte oxygenation curve. ATP and other
organic phosphates were completely removed from the hemo-
lysates by "stripping," namely by running hemolysates through
a small column of a mixed bed ion-exchange resin [Dowex AG
501 X8(D)J. These components were absent from the pure
hemoglobins.

The effect of pH on the oxygen equilibrium curves ("Bohr
effect"), was determined in the erythrocytes, the "stripped"
hemolysates, and the seven pure hemoglobins of the four spe-
cies under investigation. Qualitatively similar large Bohr effects
were observed in all cases. The spectrophotometric technique,
illustrated by Giardina and Amiconi (1981), was used in all
experiments. Figure 2 shows the results obtained with the
erythrocytes and one of the purified hemoglobins of N. coriiceps
neglecta: P 112 values (i.e., the oxygen partial pressure, required to
achieve hemoglobin half-saturation) varied from 6.8 millimeters
of mercury at pH 8.5 to 281.8 millimeters of mercury at pH 6.5.

These values were obtained from Hill plots of lg	VS.

lgpO2, where ? is the degree of saturation at a given oxygen
pressure (P02). The Hill coefficients obtained from these plots
clearly indicated cooperativity (which disappeared at pH lower
than 7.0) among the oxygen binding sites. Quantitative experi-
ments on the effect of ATP concentration were carried out at pH
7.0. Maximal enhancement of the Bohr effect was observed at
0.1-1.0 millimoles of ATP; the concentration of the nucleotide in
the fish blood (table) is in this range.

The effect of temperature on the oxygen equilibria was inves-
tigated at pH 7.0 in erythrocytes, "stripped" hemolysate and
purified hemoglobins 1 and 2 of N. coriiceps neglecta. In all cases,
an increase in temperature caused a decrease in oxygen affinity.
For example, P 12 was 14.5 millimeters of mercury at 2.5°C and
70.8 millimeters of mercury at 30°C in hemoglobin 2. The en-

thalpy values, calculated from plots of 1np 112 vs.	were

5.0, 5.0, 6.6, 9.9 and 9.3 kilocalories per mole for erythrocytes,
"stripped" hemolysate, hemoglobin 1 and 2, respectively.

pH

Figure 2. Oxygen Bohr effect in N. corliceps neglecta hemoglobin.
Buffers, as in figure 1. Spectra were taken at 20°C, using a modified
Thunberg tube with the lower part sealed to a Pyrex cuvette, which
allowed complete deoxygenation by vacuum and subsequent oxy-
genation by additions of known volumes of air (Giardina and Ami-
coni 1981). A: erythrocytes; B: hemoglobin 1, in the absence (.) and
presence of 0.1 mole sodium chloride (a) and 0.1 mole sodium
chloride, 3 millimolar IHP (A).

The amino acid sequence of the separated globin chains and
the three-dimensional molecular conformation by X-ray diffrac-
tion analysis of the large crystals obtained at Palmer Station of
five pure hemoglobins are under investigation in our laborato-
ries in Naples and will integrate this study on the structure-
function relationship in antarctic fish hemoglobins.

This research was supported by National Science Foundation
grant DPP 82-18356.
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The dry valleys of southern Victoria Land, Antarctica, con-
tain several closed basins in which perennially ice-covered lakes
are found. One of the most unusual features of these ice-cov-
ered lakes is the occurrence of supersaturated oxygen con-
centrations in the water column; concentrations ranging from
slightly over saturation to values of over 400 percent saturation
(Parker et al. 1981, 1982; Wharton et al. 1986). This same phe-
nomenon of supersaturation has been observed for nitrogen
and suggested for other atmospheric gases (Wharton et al. in
press). To explain quantitatively the high oxygen concentrations
in these lakes, we developed a bulk-oxygen budget for Lake
Hoare (Wharton et al. 1986). This budget shows there are two
primary net sources of oxygen; a biological source resulting
from photosynthesis, or conversely, the burial of organic carbon
in the sediments on the lake bottom, and a physical source
resulting from gases carried into the lake by the aerated
meltstream and forced into the water column when the lake
water freezes and is added to the bottom of the ice cover.

Sedimentary materials play a key role in controlling these
oxygen-production mechanisms, both in terms of sand in the

ice cover and in the burial of reduced carbon on the lake bottom.
Inorganic sediment deposited on the surface of the lake, pri-
marily as sand, causes localized radiative heating and increased
surface relief. These effects will increase ablation, cause a thin-
ner ice cover (McKay et al. 1985), and alter the steady-state
oxygen equilibrium (Wharton et al. 1986). Changes in ice-cover
thickness and structural integrity should correlate with changes
in the rate of inorganic sedimentation on the lake bottom. Rapid
burial rates due to increased deposition of sand may suppress
mineralization of organic detritus resulting in an increased net
biological oxygen production.

In our effort to understand the dynamics of these processes,
we have been studying the sand-ice interactions and analyzing
sediments from the lake bottom. In this paper, we present
preliminary results of observations and experiments conducted
during the 1985-1986 austral summer at Lake Hoare, southern
Victoria Land, Antarctica. We also discuss changes in Lake
Hoare's ice cover (thickness and morphology) between 1983
and 1986. We propose a conceptual model which relates sand
loading on the ice-cover surface to the observed variations in the
ice cover on Lake Hoare.

Lake Hoare (77°38'S 162°53'E) is at the eastern end of Taylor
Valley in southern Victoria Land. The figure presents a
bathymetric map of Lake Hoare. The perennial ice cover of Lake
Hoare overlies water at a temperature of about 0°C. Less than 1
percent of the incident photosynthetically active radiation
(400-700 nanometer wavelength) penetrates the ice cover (Par-
ker et al. 1982; Palmisano and Simmons in preparation). The ice
cover also prevents wind-generated mixing and greatly restricts
exchange of gases with the atmosphere. The lack of mixing
results in a perpetually stratified water column which is anoxic
below 29 meters. Along the margins of the ice cover is a region
of annual ice which melts most summers, creating a moat about
5 meters wide, which is relatively well mixed by frequent
winds. The lake receives both water and sediment from glacial
meltstreams and from nearby Lake Chad during the austral
summer. Lacking outfiowing streams, the lake loses its water
primarily by ablation and sublimation at the surface of the ice
cover and evaporation from the moat.

During the 1985-1986 austral summer, sediment traps (de-
ployed in December 1982 and January 1983) were removed from
sites near 1981-1982 dive holes (DH) 1, 2 (see figure), 1980-1981
dive hole 3, and a dive hole (glacier hole, GH1) located near the
20-meter contour approximately 10 meters from the snout of
Canada Glacier. A trap consists of an aluminum funnel (top
diameter of 45 centimeters and 47 centimeters deep attached to
a 4-liter Nalgene plastic bottle. The traps were placed in metal
stands with the upper surface of the funnel approximately 2
meters above the lake bottom. Three identical traps were placed
at each site approximately 1 meter apart and 10 meters away
from the dive hole.

Ice-thickness measurements and observations of the strat-
igraphy and morphology of the lake ice cover were made while
melting the dive holes (Love et al. 1982). Key observations
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Bathymetric map of Lake Hoare, Antarctica, from soundings taken in January 1981 (reprinted from Wharton et al. 1986). Lake Hoare 1s58 meters
above sea level, 4.1 kilometers long, 1.0 kilometers wide, and has a surface area of 1.8 square kilometers, a maximum depth of 34 meters and a
mean depth of 11 meters.

included location and thickness of sand layers, stratigraphy of
gas bubbles, the presence of vertical cracks, and water flow
within the ice cover.

On 5 January 1983 five ablation corks (2 x 2 centimeters) were
placed under the ice cover near DH1 (see figure, 1980-1981
DH1). The corks were allowed to freeze into the bottom surface
of the ice cover and by tracking their upward movement, the
ablation rate could be quantified.

Sediment samples collected from the lake shore, the Canada
Glacier meltstream, surface of the ice cover, within the ice cover,
and from the lake bottom during the 1980-1981 and 1984-1985
field seasons were analyzed for their grain-size distribution,
mineralogy, and microscopic texture. Additional samples were
collected from these environments during the 1985-1986 field
season.

Sediment-trap data for Lake Hoare are presented in the table.
Traps from DH1 showed a sedimentation rate of 4.11 milligrams
per square centimeter per year. Sediment traps from DH2 and
DH4 averaged 3.76 and 2.87 milligrams per square centimeter
per year, respectively. It is interesting that one trap from each of
these two sites contained significantly more sediment than the
other traps from the same site. Traps from GH1 contained a
substantial quantity of sediment and had a mean sedimentation
rate of 142 milligrams per square centimeter per year. The sedi-
ment from traps at GH1 were predominantly coarse sand, while
farther away from the glacier at DH3, both coarse sand and finer,
silty material were collected. In DH1 and DH2, which were

closer to the shoreline, the traps collected silt and clay-sized
particles.

Several interesting changes in Lake Hoare's ice cover oc-
curred between January 1983 and October 1985. These included
a general thinning of the ice cover from approximately 5 to 3
meters, the continued thinning of the ice cover from October
1985(3 meters) to January 1986(2.5 meters), and the observation
of vertical cracks within the ice cover. In addition, ablation corks
placed at the bottom of the ice cover in early January 1983 were
observed on the ice surface on 3 December 1985.

Sediment from the Canada Glacier meltstream, a sand bank at
the eastern end of the lake, the lake shoreline, the lake bottom,
and the ice cover had fairly uniform mineralogies. However,
grain-size distribution analyses showed that sediment from the
lake bottom was most similar to sediments on or in the ice cover
and different from samples from the lake shoreline and from
the Canada Glacier meltstream.

Several observations made during the 1985-1986 field season
lead us to suggest that major changes are occurring to Lake
Hoare's ice cover (when compared to similar observations made
during the 1978-1982 austral summers). The most important of
these observations include a thinning of the ice from 5 to 3
meters (between 1983 and 1985), the development of vertical
cracks within the ice cover, and the rapid upward movement of
ablation corks through the ice.

We now develop a conceptual model which incorporates
these observations and relates sand loading on the ice-cover
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Sediment trap data for Lake Hoare, southern Victoria Land, Antarctica

Samplea

DH1: A
B
C

DH2: A
B
C

DH3: A
B
C

GH1: A
B
C

12-27-83
12-27-83
12-27-83

12-27-83
12-27-83
12-27-83

1-1-83
1-1-83
1-1-83

1-1-83
1-1-83
1-1-83

11-29-85
11-29-85
11-29-85

11-25-85
11-25-85
11-25-85

11-21-85
11-21-85
11-21-85

11-21-85
11-21-85
11-21-85

Dry mass'
(in grams)

17.52
24.38
16.95
Mean:

44.25
4.58
4.98
Mean:
2.58
2.08

36.35
Mean:

633.00
544.60
856.20

Mean:

Sedimentation rate
(in milligrams per square centimer

per year)

3.67
5.11
3.55
4.11
9.27
0.96
1.04
3.76
0.54
0.44
7.62
2.87
133
114
179
142

Date deployed
	

Date removed
(month/day/year)
	

(month/day/year)

° Refer to the figure for the location of sample sites: DH1 and DH2 = 1980-1981  dive holes 1 and 2; DH3 = 1980-1981 dive hole 3; Ghi = a dive hole
located near the 20-meter contour approximately 10-meters from the western snout of Canada Glacier.

b Samples were freeze-dried under vacuum and weighed.

surface to the observed variations in the ice cover on Lake
Hoare.

A small, dark sand particle on the surface of the ice, or
embedded in the ice cover, absorbs sunlight. If the heating rate
is sufficient to raise the surface temperature of the particle above
the melting point, the particle will sink through the ice cover.
Because the particles are very small compared to the thickness
of the ice cover, the particle surface temperature can be deter-
mined by the spherically symmetric heat equation:

F(1 -tiy)irr2=4rrKzT

where F is the radiation field in the ice cover averaged over the
upward and downward directions (including scattered light),
is the single scattering albedo of the particle (trr equals approx-
imatley 0.2), r is the radius particle K is the thermal conductivity
of the ice (at -1°C, K equals approximately 2.3 W per K per
meter), and AT is the difference between the temperature of the
particle surface and the temperature of the ice at the depth of the
particle. From the measurements of Palmisano and Simmons
(in preparation), we have determined that the maximum radia-
tion (at noon on summer solstice) is given approximately as F
equals approximately 1 .55,,e-kz, where z is depth into the ice
and K equals approximatley 0.9 per meter is an equivalent
absorption coefficient which includes scattering. The incident
solar flux, S,, at solstice noon is approximately 500 W per square
meter. Using these results, it can be shown that to melt through
ice that is only 10 below freezing requires a particle of 1.5-
centimeter radius at the surface, 3.8 centimeters at a depth of 1
meter and 9.3 centimeters at a depth of 2 meters. Melting
through colder ice requires even larger particles. Hence, the
sand particles, which have radii much less than 1 centimeter,
will not melt through the ice cover and, therefore, are carried
into the ice cover by surface meltwater percolation during the
austral summer.

Using the observations and theoretical considerations of sand
movement, we developed the following model. The nature of
the interaction between the sand and the ice cover can be

illustrated by considering a time course of sand accumulation.
The stages in the time course are: (1) clean ice, (2) subsurface
melting, (3) surface ponding, and (4) instability and dumping.

Clean-ice. Initially when the amount of sand in the ice cover is
small, the ice is relatively stable and uniform. In addition, its
thickness is dependent upon the mean annual temperature and
ablation rate. Based on the results of McKay et al. (1985), this
clean-ice thickness is about 3.3 meters for Lake Hoare. As sand
accumulates onto the ice it is initially collected at a depth of 0.5
to 1 meter in the ice cover due to summer surface meltwater
percolation.

Subsurface melting. As the sand lens at the 1-meter depth
grows, it becomes a significant absorber of radiation and a
strong local heat source. This results in melting of the ice at the
depth of the sand layer mobilizing the sand. The attenuation of
the sunlight results in a thickening of the ice cover: for a 10
percent sand absorptivity the thickness becomes 4.2 meters
(McKay et al. 1985).

Surface ponding. As the sand continues to accumulate and is
carried about the ice cover as a result of meltwater movement,
strong local concentrations of sand are set up beneath the ice.
These sand lenses cause complete melting of the ice above
them, forming surficial ponds. During the winter, these ponds
freeze forming resistant sand-based pedestals that protrude
above the ice surface during the next summer. As the pedestals
are worn down by ablation, the sand is carried to newly formed
ponds and the process repeats itself. This pond/pedestal to-
pography greatly increases the ablation rate of ice from the ice
cover due to two effects: an increase in relief and the presence of
warm surficial ponds. The result of an increase in the ablation
rate is a thinning of the ice cover (McKay et al. 1985).

The thinning of Lake Hoare's ice cover from 5 to 3 meters and
the movement of ablation corks from the bottom of the ice cover
to the upper surface between 1983 and 1985 support this sce-
nario. Specifically, the corks have been transported through the
3 to 5 meters of ice to the upper ice surface in 2 years. We can
infer that the ablation rate has averaged, at a minimum, 1.5
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meters per year. This is an increase in the ablation rate of over 1
meter per year compared to previously reported rates (Hender-
son et al. 1965; McKay et al. 1985) and coincides with the
thinning of the ice cover.

Instability and dumping. The cycle can be reinitiated by the loss
of sand from the ice cover. Two separate mechanisms could
accomplish this: thinning of the ice cover due to changes in
mean annual temperature and/or annual ablation rate or in-
stability of the sand/ice interaction. As the ice thins and the
pond/pedestal relief grows to scales comparable to the ice thick-
ness, it would be possible for the ponds to melt through or
honeycomb the ice cover. In addition, the appearance of large
vertical cracks in the ice cover might aid meltwater percolation
and the transport of sand through the ice cover. Through these
mechanisms, sand would be dumped into the lake water and
could result in an essentially clean ice cover, starting the cycle
over again.

It is possible that the translation from the relatively smooth
ice-surface conditions observed in 1983 to the unstable condi-
tions observed in 1986 reflects the transition from stage 2 to 3. If
this is correct, and the model presented here is valid, then we
predict that in the next few years there will be further instability
in Lake Hoare's ice cover leading ultimately to the dumping of a
significant fraction of the ice-cover sand load (stage 4). The
episodic deposition of sediment predicted by this model is
consistent with the uneven sedimentation rates determined
from cores in Lake Vanda by Lyons et al. (1985).

The cycle outline above would be modified if there were
changes in the local climatic conditions. However, the thickness
of the ice cover would tend to average out variations on time-
scales of a few years or less.

An interesting aspect of sediment deposition in antarctic
lakes is its impact on the formation of stromatolites. Several
types of stromatolites are forming in the antarctic lakes as a
result of sediment trapping and binding by benthic microbial
mats (Parker et al. 1981; Wharton et al. 1982, 1983). If the sand-
ice scenario presented above is valid, then it may be possible to
use information contained in the antarctic stromatolites to make
inferences about local climate in the southern Victoria Land dry
valleys over the past 100,000 years.

Another interesting feature of the antarctic lakes is their pos-
sible relevance as analogs to ice-covered lakes which may have
existed on the primordial Mars (McKay et al. 1985; Nedell 1986).
The equatorial canyons of Mars, the Valles Marineris, contain
sedimentary deposits exhibiting rhythmic horizontal layering
suggesting a lacustrine origin (Nedell and Squyres 1984; Nedell

1986). These paleolake sediments may hold clues to the early
martian environment (which was warmer than the present
Mars) and the possible origin of life on Mars. As in Antarctica,
sand-ice interactions may have partially determined the be-
havior of the martian paleolakes.

We wish to thank Col. Linton Leary for invaluable field assist-
ance. This research was supported by National Science Founda-
tion grant DPP 84-16340 and National Aeronautics and Space
Administration grants NCA2-2 and NCA2-1R675-402.
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During the 1985-1986 season, field parties were established at
two locations in the ice-free valleys of southern Victoria Land:
Linnaeus Terrace (Upper Wright Valley) and Battleship Promon-
tory (Convoy Range). In these areas, endolithic colonization of
sandstone rocks by lichens, bacteria, algae, and fungi is
extensive.

Members of the field party were R. Ocampo-Friedmann, C.
Gallikowski, M.A. Meyer, J.A. Nienow, J.R. Vestal, and E.I.
Friedmann (group leader).

The automatic environmental monitoring system (McKay
and Friedmann 1984; Friedmann, McKay, and Nienow in press)
on Linnaeus Terrace was serviced, and a second system was
installed on Battleship Promontory, providing year-round bio-
logically relevant nanoclimate data. Both systems are now rec-
ording and transmitting (via satellite) rock humidity, air and
rock temperatures, conductivity (indicative of liquid water),
insolation, and snow cover. In addition, two dataloggers at
other sites on Linnaeus Terrace are recording rock temperature,
conductivity, and insolation; these data will be recovered dur-
ing next year's field season.

The survey of microbial communities was continued with
special emphasis on the effect of variations in nanoclimate on
community structure and distribution. As part of the ongoing
effort to identify the fungal components of the endolithic com-
munities, numerous new cultures were initiated from as-
cospores. Experiments were continued on the effects of light
and nutrients on the photosynthetic rates of endolithic micro-
biota. Measurements were taken for ultraviolet radiation and
soil temperature profile. Preliminary work had begun on the
study of the short-term thermal regime and the degree of Un-
dercooling of water within colonized rocks.

Colonized rock samples were collected for laboratory re-
search, including analysis and documentation of fossilization,
physical-chemical effects on metabolic rate, and microbial mi-
crodistribution studies. Samples, brought back to the United
States for further experiments and distribution to other re-
searchers, are stored at -20°C in the Antarctic Core Library at
Florida State University, Tallahassee. Some results of antarctic
cryptoendolithic research are reported by Nienow and Meyer
and by Johnston and Vestal (Antarctic Journal, this issue).

The Fourth Workshop/Symposium of the Antarctic Cryp-
toendolithic Microbial Ecosystem (ACME) research group was
held in Tallahassee, Florida, 11-13 October 1985, where results
of ongoing research were presented.

The nanoclimate of the endolithic habitat was discussed in
several talks by C.P. McKay (Ames Research Center, National

Aeronautics and Space Administration) and J.A. Nienow (Flor-
ida State University). From these data, Nienow estimated the
maximum period of biological activity.

R.J. Palmer (Florida State University) suggested that thallose
lichens can serve as a model for the cryptoendolithic environ-
ment. M.E. Hale (Smithsonian Institution) discussed the dis-
persal mechanisms of endolithic lichens, andJ.C. Putman (Flor-
ida State University) presented the microdistribution of lichens
and parasymbionts within rocks. V. Ahmadjian (Clarke Univer-
sity) and J.B. Jacobs (St. Vincent Hospital and University of
Massachusetts Medical School) had light and scanning-electron
microscopic observations of laboratory-synthesized antarctic
cryptoendolithic lichens. C. Huang (Florida State University)
presented work on fluorescent substances isolated from colo-
nized rocks and cultures of fungi. R. Ocampo-Friedmann re-
ported on the culture collection of microorganisms from ex-
treme environments.

Temperature responses of antarctic strains of the eukaryotic
algal genus Heterococcus were presented by R.B. Darling (Flor-
ida State University). Blue-green algae isolated from Linnaeus
Terrace rocks were discussed by L. Hoffman (Florida State Uni-
versity). B.K. Stulp (Florida State University) reported on the
genetic similarity of Clzroococcidiopsis (Cyanobacteria) strains
isolated from hot and cold deserts. The microbial morphotypes
inhabiting different niches of the ice-free valleys of southern
Victoria Land were delineated by P. Hirsch and C.A. Gal-
likowski (University of Kiel, Federal Republic of Germany).
H.S. Vishniac and J . Klinger (Oklahoma State University) dis-
cussed the role of soil nitrogen in the distribution of the ice-
valleys of southern Victoria Land yeasts.

R. Weed (University of Maine) presented her findings on the
chemical and biological weathering of rocks in the ice-free val-
leys of southern Victoria Land. E.I. Friedmann showed evi-
dence of fossilization in the cryptoendolithic environment. The
martian paleoclimate and possible paleoecologies were dis-
cussed by C.P. McKay. B.C. Clark (Martin-Marietta Corpora-
tion) talked about designs for a Mars sampler for detecting
fossils.

J.R. Vestal (University of Cincinnati) investigated the effects
of light and temperature, and C. Johnston (University of Cin-
cinnati) discussed the effect of nutrients on the photosynthetic
rate of the endolithic microbiota. L. Kappen (University of Kiel)
reported on carbon dioxide and oxygen exchanges of antarctic
lichens measured in the field.

The fluidity of membranes and lipids at low temperatures was
discussed by L.X. Finegold (Drexel University). M.A. Meyer
(Florida State University) and G.J. Morris (Culture Centre for
Algae and Protozoa, Cambridge, United Kingdom) presented
cryomicroscopic observations on the cryptoendolithic eu-
karyotic alga He,nichloris antarctica during freezing and thawing,
and G. Huang showed transmission-electron micrographs of
the same species subjected to multiple freeze-thaw cycles.

The program and abstracts from the ACME research group
Workshop/Symposium are available upon request.

At the time of this meeting, a travelling exhibition on Florida's
contribution to antarctic exploration and research was opened at
Florida State University.

Field research was supported by National Science Foundation
grant DPP 83-14180 to Friedmann. The ACME Research Group
Workshop/Symposium was supported by National Science
Foundation grant DPP 83-14180, grant NSG7337, and Florida
State University. The antarctic exhibit was sponsored by Na-
tional Science Foundation grant 85-GR-0039 and by Florida State
University.
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Biologically relevant physical
measurements

in the ice-free valleys of southern
Victoria Land:

Soil temperature profiles and
ultraviolet radiation

J.A. NIEN0w and M.A. MEYER

Polar Desert Research Center
Department of Biological Science

Florida State University
Tallahassee, Florida 32306-2043

As part of the ongoing comprehensive study of the cryptoen-
dolithic microbial community in the ice-free valleys of southern
Victoria Land, thermal properties of the soil and the ultraviolet
radiation regime were measured. Although soil temperature
profiles have been measured in the ice-free valleys (e.g., Cam-
eron et al. 1970; Cameron 1972), these are the first such data
from higher elevations. This is apparently the first time the
ultraviolet radiation regime has been measured in the Antarctic.

Thermal properties of the soil. The physical characteristics of the
soil habitat are of interest because the soil harbors a community
of psychrophilic yeasts, several of which are endemic to the area
(Vishniac 1985). In addition, viable cryptoendolithic micro-
organisms reach the soil as a result of the exfoliative weathering
of colonized rock surfaces (Friedmann 1982). These micro-
organisms are potential colonizers of fresh rock surfaces.

The soil is a coarse-grained mixture of weathering products
from the sandstone and dolorite rocks of Linnaeus Terrace. This
mixture rarely forms a layer more than a few centimeters thick.

Soil temperatures were measured during the latter part of
December. The probe consisted of a series of copper-constantan
thermocouples attached at 4-centimeter intervals to a wooden
dowel about 2 centimeters in diameter. The lower 16 cen-
timeters of the probe were buried in the soil on 19 December
1985. Bedrock began just below the lower end of the probe.

Temperatures were recorded by a Campbell 21X micrologger
(Campbell Scientific Instruments, Logan, Utah). Recordings
were made at 15-minute intervals for 120 hours, ending 31
December 1985 (figure 1). The surface of the soil was covered by
snow at the beginning and at the end of the recording period,
and the nearby automatic environmental monitoring station
indicated that fresh snow fell during the recording period

(Friedmann, McKay, and Nienow in press). Thus, these data
may not be representative of bare soil.

Under the assumptions of the standard model for soil tem-
perature profiles, the temperature at each depth fluctuates
about the same diurnal average, while the amplitude of the
fluctuation decreases with depth (Marshall and Holmes 1979).
However, as seen in figure 1, the temperatures deeper in the soil
profile are lower than the average at the surface. This situation
may result from the combination of an insulating, IR-opaque
layer of snow at the surface and the presence of bedrock (a
massive heat sink) at the lower boundary of the soil. We there-
fore treat the soil as a homogeneous slab 16 centimeters thick
with the temperature at the upper surface fluctuating with a
period of 24 hours and the lower surface constant at -12.5°C. In
this case, assuming the absence of transients, the dependence
of amplitude on depth, A(z), is given by

- sinh(K*z*(1+i))
A(z) - sinh(K*L*(1 + i))

where z is distance from the upper surface of the slab, L is the
thickness of the slab, and K is a constant equal to (w/2k)0)0.5. w
equals 2*piIT, T is the period of fluctuation (24 hours), and k is
the thermal diffusivity (Carslaw and Jaeger 1959). The shape of
A(z) was calculated for a number of values of k with L fixed at 16
centimeters and T at 24 hours, and the results compared with
figure 1. For the four complete temperature peaks, the thermal
diffusivity was calculated to be 0.0017, 0.0015, 0.0015, and
0.0035 square centimeters per second, respectively. The first
three values are in the range reported for dry shady soils (Car-
slaw and Jaeger 1959) and are used to estimate the thermal
diffusivity of Linnaeus Terrace soil as 0.0016 square centimeters
per second. The value for the last peak is more representative of
moist soils and may be indicative of snowmelt. This finding
suggests an alternative method of determining the presence or
absence of water in the soil.

Ultraviolet radiation regime. A puzzling feature of the ice-free
valleys of southern Victoria Land is that, although colonized
rocks can be locally prevalent, the surfaces of these rocks are
essentially abiotic (Friedmann 1982). One factor suggested as
being responsible for this situation is the ultraviolet radiation
regime. In addition, the discovery that Deinococcus radiopug-
nans, a microorganism resistant to ultraviolet radiation, is a
common inhabitant of the ice-free valleys habitats (Gallikowski
1985; Counsell and Murray 1986) raises the question of whether
this attribute confers any selective advantage under natural
conditions.

Calculations of the spectral distribution of ultraviolet radia-
tion, based on a simple model of the absorption of radiation in a
clean, dry atmosphere (solar spectrum data from Koller 1965;
parameterization of absorption coefficients from Green, Cross,
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Figure 1. Soil temperature profile from Linnaeus Terrace. ("cm" denotes centimeter:')

and Smith 1980) indicated that the maximum flux of ultraviolet
radiation in the ice-free valleys is lower than the maximum flux
in other habitats. Actual measurements of the ultraviolet regime
in the Antarctic were made in December 1985 as a check of these
calculations.

Measurements were taken with a UVX radiometer (UVP,
Inc., San Gabriel, California) with three sensors of different
spectral sensitivities. Because the sensors are sensitive over a
wide band of wavelengths, their spectral responses, supplied
by the manufacturer, are shown in figure 2, and their expected
responses to the calculated antarctic ultraviolet spectrum are
shown in figure 3. Clearly, care must be taken when results
from these sensors under natural light conditions are
interpreted.

These sensors are-not suitable for use over long periods of
time or for remote recording. Accordingly, measurements were
limited, by weather conditions and other field activity, to one 12-
hour period of relatively clear skies beginning at 08:00 local solar
time on December 18; conditions worsened to snowfall at 20:00,
at which point measurements were discontinued.

The results are shown in the table. Because the nominal
wavelength may not be a true indicator of wavelengths meas-
ured, we have included the expected response of the sensor to
the calculated ultraviolet spectrum; these values are listed in
parentheses. We have also included the calculated energy flux
in a 10-nanometer band about the nominal wavelength. Al-
though the predicted response of the sensors to the calculated
spectrum consistently over-estimates the measured flux of ul-
traviolet radiation at the shorter wavelengths and under-esti-
mates the measured flux at longer wavelengths, it is clear that
the measured values are consistent with energy-flux calcula-
tions. Improving the model by the addition of terms to account
for the presence of water vapor, diffuse sky radiation, and
reflected ground radiation would have only a minor effect.

We conclude that the flux of ultraviolet radiation in the ice-
free valleys of southern Victoria Land, especially at wavelengths

1986 REVIEW

shorter than 300 nanometers, is too low to be solely responsible
for the abiotic nature of rock surfaces and too low to confer a
selective advantage to ultraviolet-resistant microorganisms.

Field research was supported by National Science Foundation
grant DPP 83-14180 to E. Friedmann. Members of the field
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Figure 2. Spectral response of ultraviolet radiation sensors. ("cm"
denotes "centimeter:' "nm" denotes "nanometer:')
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Figure 3. The expected spectral response of sensors to the calculated ultraviolet spectrum on Linnaeus Terrace. The sensors' response is
indicated by the shaded region. ("nm" denotes "nanometer?')

Flux of ultraviolet radiation on horizontal surfaces in
Antarctica-measured and expected for the three nominal

wavelengths of the sensors. Values in the second line of each
time represent the calculated energy flux in a 10-nanometer band

centered at the nominal wavelength of the sensor. Units are
microwatts per square centimeter. The value at 10:00 was

discarded because of a poor connection between the sensor and
the reader.

254	 310	 360
Time	nanometers	nanometers	nanometers

08:00	28.0 (50.0)	280 (432)
	

1390 (956)
<0.000001	 5.0

	
460

10:00	- (64.6)	371 (600)
	

1648 (1250)
<0.000001	10.0

	
600

12:00	39.6 (70.2)	430 (668)
	

1330 (1360)
<0.000001	13.0

	
650

14:00	43.0 (64.6)	443 (600)
	

1750 (1250)
<0.000001	10.0

	
600

16:00	27.0 (50.0)	280 (432)
	

1165 (962)
<0.000001	 5.0

	
460

18:00	16.3 (31.6)	156 (239)
	

740 (601)
<0.000001	 1.3

	
290

20:00	Snowing; measurements discontinued

party participating in this work were E.I. Friedmann, C. Gal-
likowski, M.A. Meyer, and J.A. Nienow.
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Does iron inhibit cryptoendolithic
microbial communities?

C.G. JOHNSTON and J.R. VESTAL
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University of Cincinnati

Cincinnati, Ohio 45221-0006

Photosynthetic activity of three cryptoendolithic microbial
communities was studied under controlled conditions in the
laboratory. In two of these communities, the dominant organ-
isms were lichens, collected from Linnaeus Terrace and from
Battleship Promontory. The third community, dominated by
cyanobacteria, was collected from Battleship Promontory. Both
sites are in the ice-free valleys of southern Victoria Land. Pre-
vious efforts have shown how physical conditions can influence

metabolic activity in endolithic communities (Kappen and
Friedmann 1983; Kappen, Friedmann, and Garty 1981; Vestal,
Federle, and Friedmann 1984). Biological activity can also be
strongly influenced by the chemical environment. Inorganic
nutrients such as nitrate, ammonia, and phosphate are often
limiting factors, so their effects on photosynthetic carbon-14
bicarbonate incorporation were investigated. Iron and man-
ganese are two metals present in Linnaeus Terrace and Bat-
tleship Promontory sandstones, and their effects on photo-
synthesis were also studied. The results may add to our
understanding of biogeochemical interactions within this
unique microbial community.

The biotic zones of colonized rocks were excised and crushed
to sand with mortar and pestle. This homogeneous material
was stored at -20°C and manipulated at 4°C. Glass vials were
filled with 1.5-gram aliquots of crushed rock and 0.38 milliliters
of cold (4°C) treatment solution. The treatment solution was
made up of 25 percent test solution and 75 percent bicarbonate
solution. The test solution contained the various inorganic nu-
trients over a concentration range of five logs or distilled de-
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Effects of Fe(III)
(Artificial

on Photosynthesis
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The effects of ferric iron [Fe(lll)] additions on photosynthesis in three different cryptoendolithic communities. "Artificial rocks" are crushed
rock containing various endolithic communities. "LTL" is lichen community from Linnaeus Terrace; "BPL" is lichen community from
Battleship Promontory; and "BPC" is cyanobacterial community from Battleship Promontory. Photosynthesis is shown relative to a no-
nutrient-addition control. Only LTL was incubated with additions of 101 millimole ferric iron, and only BPC and BPL were incubated with additions
of 10 4 millimole ferric iron.
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ionized water in no-nutrient controls. The bicarbonate solution
was made up of 3 milliliters carbon-14 bicarbonate (5 microc-
uries per milliliter) and 12 milliliters bicarbonate (5 microcuries
per milliliter) and 12 milliliters bicarbonate buffer (10 milligrams
sodium bicarbonate per 100 milliliters carbon-dioxide-free dis-
tilled deionized water). The vials were capped with parafilm-
coated corks and incubated in a constant temperature (14°C)
constant light (115 micromoles per square meter per second)
water bath. The carbon-14 labeled lipids were extracted and
analyzed as previously described (Vestal 1985).

There was no significant enhancement of measured photo-
synthesis when nitrate, ammonia, phosphate, manganese or
iron was added in test solutions at concentrations between 10
and 100 millimolar. Phosphate significantly inhibited photo-
synthesis over the whole range of nutrient additions. Dissolved
iron both as ferrous iron and ferric iron had significant effects on
community photosynthesis. Dissolved ferric iron inhibited
photosynthesis at concentrations of 0.1 millimolar in the Lin-
naeus Terrace lichen community and in all three communities at
1 millimolar (see figure). Dissolved ferrous iron was inhibitory
at 1 millimolar in the Linnaeus Terrace community and at 10
millimolar in all three communities studied.

From these data, photosynthetic metabolism in the endolithic
lichen and cyanobacterial communities did not appear to be
limited by the usual limiting nutrients. Neither nitrogen as
ammonia and nitrate nor phosphorus additions had any
positive effect on light-driven carbon-14 bicarbonate incorpora-
tion. Incubations with added phosphate showed photo-
synthesis inhibition over the entire range of nutrient additions.
This inhibition of photosynthetic carbon fixation may be indica-
tive of phosphate limitation, because both nutrient uptake and
carbon fixation require reducing power and adenosine tn-
phosphate (Lean and Pick 1981).

To our surprise, dissolved iron as ferric iron inhibited photo-
synthesis at what may be within the natural concentration range
in the lichen communities. The concentration of iron oxide in

colonized Linnaeus Terrace sandstone is of the order of 1 to 10
millimoles per gram outside the lichen zone (Friedmann 1982).
Iron oxides could be a source of ferric iron possibly of ferrous
iron as well. Lichens produce lichen substances, which leach
metal compounds, leading to 100 times lower iron con-
centrations in the lichen zone than in the surrounding rock. The
results suggest a close coupling between the inorganic iron
geochemistry and photosynthetic activity in the endolithic li-
chen communities where significant iron concentrations occur.

The metabolism of the cyanobacterial community from Bat-
tleship Promontory may not be coupled to iron geochemistry as
in the lichen communities. In the rocks predominantly colo-
nized by cyanobacteria, iron oxides are not apparent. Despite
this lack of a natural source of reduced iron, the cyanobacterial
community responds as do the lichen communities, showing
inhibition of photosynthesis upon ferrous iron and ferric iron
addition.

The field research was supported by National Science Foun-
dation grant DPP 83-14180 to E. Imre Friedman of Florida State
University.
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Microbial populations and activity in
an antarctic freshwater pond

J.S. MAKI

Laboratory of Microbial Ecology
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Harvard University
Cambridge, Massachusetts 02138

R.P. HERWIG
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Seattle, Washington 98195

Numerous lakes and ponds of varying size, salinity, and
trophic condition are found in Antarctica (Heywood 1984;

Smith 1985). However, despite their large numbers, investiga-
tions to determine the activities of microorganisms in these
antarctic waters have been limited (Heywood 1984). Freshwater
habitats ranging from meltwater pools to small lakes are abun-
dant in the area of Arthur Harbor, Anvers Island, and some of
their biological and physico-chemical characteristics have been
the subject of previous investigations (e.g., Parker, Samsel, and
Prescott 1972). To expand our understanding of the ecology of
antarctic ponds, we studied the microbial community and its
activity in a freshwater pond near Palmer Station on Anvers
Island.

Samples were collected from a shallow freshwater pond
(maximum depth 0.6 meter) near Palmer Station (64°46'S
64°05'W), Anvers Island, Antarctica. Water samples were col-
lected every 6 hours over a 24-hour period during February 1986
from both the surface microlayer (air/water interface) and a
subsurface depth of 20 centimeters. Surface microlayer samples
were collected using a glass plate sampler (Garrett and Duce
1980) while subsurface samples were collected by opening a
hand-held sterile 1-liter polypropylene bottle at the correct
depth. Air temperature was recorded from the weather station
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at Palmer Station, while water temperature and dissolved oxy-
gen was measured using a Yellow Springs Instrument Co.
Model 54 combination temperature/dissolved oxygen meter
and probe. The pH of the subsurface sample was measured
using a standard pH meter in the laboratory.

Water samples were analyzed for the following microbial
parameters: (1) acridine orange direct count by epifluorescence
microscopy was used to estimate numbers of total bacteria
(Hobbie, Daley, and Jasper 1977); (2) bacterial colony-forming
units were estimated from spread plates of a peptone/yeast
extract/glucose agar incubated for 14 days at 50 C; (3) chlorophyll
a and phaeophytin a (Holm-Hansen and Riemann 1978) were
measured; and (4) tritiated thymidine(i incorporation
(Fuhrman and Azam 1982) was determined.

Average air and water temperature, dissolved oxygen, and
pH are presented in table 1. The pond was always well oxyge-
nated, and the pH was near neutrality. The average water tem-
perature was about twice the average air temperature. The
mean numbers of total bacteria and bacterial colony-forming
units, pigments, and thymidine incorporation rates are pre-
sented in table 2. The data indicate that surface microlayer
samples (sample thickness approximately 34 micrometers) con-
tained much higher numbers of total bacteria, bacterial colony-
forming units, and pigments than did the subsurface samples.
The relatively large standard deviations, which are also found
with the surface microlayer samples, indicate a considerable
fluctuation in the concentrations of each parameter while the
subsurface samples were more stable. The ratio of phaeophytin
a to chlorophyll a and the thymidine incorporation rates indicate
that the surface microlayer microbial populations were not as
healthy or as metabolically active as their subsurface
counterparts.

The numbers of bacteria and the concentration of chlorophyll
a suggest the pond is more comparable to nutrient-enriched
freshwaters (Ellis-Evans 1981b) than to oligotrophic waters
(Ellis-Evans 1981a). However, any assumption made about the
trophic condition of the pond will have to await further inves-
tigation. The data show that the surface microlayer of this ant-
arctic pond accumulates large numbers of microorganisms sim-
ilar to data from more temperature marine and inland waters
(see review by Norkrans 1980). Furthermore, the data also indi-
cate that the surface microlayer microbial populations were less
active than those in the subsurface water. The activity of both
bacteria and algae in antarctic inland waters are strongly influ-
enced by temperature fluctuation (Heywood 1984) and this is
particularly true of surface microlayer populations in general

Table 1. Average value (± standard deviation) of air and water
temperature, dissolved oxygen, and pH during sampling

Parameter	 Value

Air temperature (°C)	 3.7 (± 1.9)
Water temperature (°C)	 7.5 (± 1.8)

(milligrams per liter)
Dissolved oxygen (mgi-1)	 12.9 (± 0.6)
pH	 6.8 (± 0.1)

Table 2. Mean concentrations (± standard deviation) of total
bacteria, bacterial colony-forming units, pigments, and tritiated
thymidine incorporation for surface microlayer and subsurface

samples

Parameter	 Surface microlayer Subsurface

Total bacteria
x 106 per milliliter)
	

7.9 (± 8.0)
	

3.3 (± 0.5)
Bacterial colony-forming units

x 105 per milliliter)
	

5.7 (± 2.8)
	

4.1 (± 1.9)
Chlorophyll a

(milligrams per cubic meter)
	

2.5 (i 1.3)
	

0.6 (± 0.1)
Phaeophytin a

(milligrams per cubic meter)
	

2.6 (± 1.8)
	

0.2 (± 0.1)
Phaeophytin a	 1.1 (± 0.9)

	
0.4 (± 0.2)

Chlorophyll a	 1.3 (± 0.5)
	

2.0 (± 0.2)
tritiated thymidine
incorporation
(moles x 10" per hour)

(Norkrans 1980). An additional factor affecting surface micro-
layer microorganisms is high light intensity (Norkans 1980). We
suspect that both temperature fluctuation and high light inten-
sity are the major factors influencing the lower activity in the
surface microlayer.

We thank the staff of Palmer Station, Anvers Island, for their
excellent assistance during this and other studies. This research
was supported in part by National Science Foundation grant DPP
84-15069.
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Lower atmosphere studies_________________

Ozone and aerosol measurements
in the springtime antarctic ozone hole
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Department of Physics and Astronomy
University of Wyoming

Laramie, Wyoming 82071

Since 1972, the University of Wyoming's high-altitude bal-
loon research group has been conducting soundings of strat-
ospheric aerosol concentrations in Antarctica. The primary
purpose of these measurements in recent years has been to
determine the stratospheric effects in the Southern Hemisphere
of the 1982 volcanic eruption of El Chichon. In addition, obser-
vations at Laramie, Wyoming since 1979 (Rosen and Hofmann
1983; Hofmann, Rosen, and Cringe! 1985), suggested that strat-
ospheric warming episodes in the north polar region were in-
strumental in drastically altering the aerosol size distribution in
the 30-kilometer region and, if the proposed model of aerosol
transformation was valid, should occur in the corresponding
season in the antarctic stratosphere. The latter was verified in
the 1983 measurements (Hofmann and Rosen 1985a) and study
of these events continued in 1984 in Antarctica (Hofmann and
Rosen 1985b). These studies suggested that information on the
origin of the measured air parcel could be vital in interpreting
the data. Since stratospheric ozone can serve as a useful tracer
and since ozone measurements in Antarctica have recently re-
vealed that the October minimum in total column ozone has
been on the decline, ozone profile measurements were added in
1985.

The aerosol measurements were made with optical particle
counters, as described previously (Hofmann and Rosen 1982).
Ozone measurements were made using commercial elec-
trochemical ozonesondes (Scientific Pump Corp.). Four sound-
ings were conducted from McMurdo Station on 5, 8, 9, and 13
November. All measured ozone, but only the soundings on 5
and 9 November also measured the aerosol distribution. Al-
titudes in excess of 30 kilometers were achieved on all flights. At
the time of the soundings, the stratospheric wind speeds were
quite high. In fact, the circumpolar wind maximum or polar jet
(region of maximum gradient of height contours at a fixed
pressure), which may be used to delineate a hypothetical
boundary of the polar vortex region, was generally situated near
McMurdo. This resulted in the sampling of air with very dif-
ferent histories over this time period.

Figure 1 shows the temperature profiles measured on the
four soundings discussed here. The position of the south polar
vortex at a height of 23 kilometers, relative to McMurdo and

South Pole Stations, from satellite measurements is also shown
here. These data suggest that the character of the temperature
profiles encountered on 8 and 9 November were decidedly
different than those on 5 and 13 November. Examination of the
vortex position indicates substantial motion relative to McMur-
do Station during this period; for example, the station was
inside the 30-millibar, 23-kilometer pressure-height contour on
8 and 9 November but it was outside this contour on 5 and 13
November. The nature of this movement was more that of rota-
tion of an elongated region of low pressure rather than a simple
bulk movement of the vortex toward and then away from the
station. The temperature profiles in figure 1 show the ap-
pearance of the colder vortex region at 15-30 kilometers on 8
and 9 November. The profiles on 5 and 13 November are typical
of extra-vortex air during the spring warming period, similar to
that observed in 1983 and 1984.

Figure 2 shows the ozone profiles measured on these days. It
is clear that the nature of these profiles, in the 15-30 kilometer
region, is also drastically different for 8 and 9 November as
compared to 5 and 13 November. The difference may be charac-
terized as less ozone on days when McMurdo Station was ap-
parently under the influence of the vortex and more or less
normal otherwise. The difference in total ozone between 5 and 9
November is nearly a factor of two. Quite remarkable in figure 3
is the observation that on 9 November, ozone was considerably
reduced even at altitudes in excess of 30 kilometers, in the
region of extremely high temperature. We noted also that the
lower stratospheric ozone features (below about 15 kilometers)
are quite similar in all surroundings, suggesting a reasonable
comparative accuracy among soundings.

The soundings on 5 and 9 November also included aerosol
measurements, as indicated earlier, obtained with a con-
densation nuclei counter, which detected particles with radii
greater than about 0.01 micrometer, and an optical particles
counter which detected particles in two size ranges, radii great-
er than 0.15 and greater than 0.25 micrometer. Aerosol profiles
for the two soundings are shown in figure 3. The remnants of
the El Chichon volcanic eruptions of 1982 are still easily observa-
ble in the optically active (0.15-micrometer) component be-
tween aobut 8 and 18 kilometers. Concentrations of these vol-
canically produced sulfuric acid droplets have been decreasing
by roughly a factor of two each year since 1983. The large
tropospheric and small stratospheric condensation-nuclei con-
centrations are typical of this component worldwide (Rosen,
Hofmann, and Kaselau 1978).

The aerosol profiles in the 20-35 kilometer region in figure 3
may be characterized as being more or less normal on 5
November (from previous observations in Antarctica) and quite
abnormal on 9 November. On the latter sounding, we see essen-
tially a complete absence of optically active aerosol above about
20 kilometers and substantial increases in condensation nuclei
(very small particles) in this region. The layered nature of the
enhanced condensation nuclei suggests that they probably have
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denotes "millibars." "km" denotes "kilometers?')
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Figure 3. Concentration profiles of condensation nuclei (left) and optically active aerosol (right) obtained at McMurdo Station, Antarctica in
November 1985. ("cm " denotes "per cubic centimeter:' "i.m" denotes "micrometer:' "kb" denotes "kilobar.")

not been mixed up from lower (e.g., tropospheric) regions of
high condensation-nuclei concentration but are more likely con-
densation layers formed in situ. Similar events have been ob-
served every year at Laramie since 1979 (Rosen and Hofmann
1983; Hofmann et al. 1985) during intrustions of air from warm
arctic regions during stratospheric warmings and in Antarctica
since 1983 during the final warming period (Hofmann and
Rosen 1985a, 1985b). The aerosol size distribution appears to be
highly dependent on its past thermal history, i.e., on its trajec-
tory in and around the polar vortex. Apparent aerosol-ozone
correlations are probably brought about by entirely independ-
ent processes at this time.

It is now quite clear that springtime ozone in the south polar
vortex region has been on the decline since about 1975 (Farman,
Gardiner, and Shanklin 1985; Stolarski et al. in press). This
phenomena has come to be known as the "antarctic ozone hole"
and may have important implications for stratospheric chemis-
try and climate studies. The measurements reported by
Stolarski et al. (in press), are from the Nimbus and TOMS
satellites. These instruments indicate that south polar vortex
ozone levels, which reach a minimum in the month of October,
took additional precipitous drop in October 1985 (Stolarski per-
sonal communication). In view of this, the most consistent
interpretation of the ozone observations reported here, is that
the pressure-height contour which swept over McMurdo be-
tween 5 and 9 November delineated a "boundary" of the ozone
hole region. The ozone deficit problem has created considerable
interest in antarctic ozone and aerosol and has spawned an
increase in research plans involving these and related species in
Antarctica.

D.J. Hofmann, J. A. Harder, N. Kjome, and G. L. Olson were
in the field from 15 October to 25 November. M. Gelman and W.

Komhyr of the National Oceanic and Atmospheric Administra-
tion provided the satellite data and ozonesondes, respectively.
This work was supported in part by National Science Founda-
tion grant DPP 84-19094.
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Following the trail of antarctic winds

E.J. MROZ, M. ALEI, J.H. CAPPI5,

P.R. GUTFIALS, A.S. MASON, and D.J. ROKOP

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

The transport of tropospheric air masses from the north to the
south (longitudinal transport) is responsible for bringing aero-
sols and trace gases to Antarctica from the lower latitudes. The
atmospheric materials and pollutants from both natural and
anthropogenic sources may then become part of the geological
climatic record if they are trapped in the southern polar ice
sheet. If we are to use this record to evaluate the potential
greenhouse and albedo effects of air pollutants on global cli-
mate, we need to understand the transport mechanisms in-
volved. The antarctic tracer experiment was designed to im-
prove our scientific comprehension of these north-south trans-
port processes by the use of unique atmospheric tracers.

"Heavy" methanes were chosen to track the antarctic winds.
These are the heavy isotopic analogues of methane—so named
because they are composed of the heavy isotopes of carbon and
hydrogen, namely carbon-13 and deuterium. We released spe-
cific amount of 13 CD, and ' 2CD4 gas into the antarctic at-
mosphere and subsequently conducted air and surface sam-
pling in search of the tracer gas. Figure 1 shows the
experimental concept and the location of the sampling stations.

Sampling and mass spectrometric analysis techniques de-
veloped by Los Alamos National Laboratory's Isotope and Nu-
clear Chemistry Division can detect these tracers in quantites as
small as a few parts in 10 11 in air. Because of their extremely low
natural abundance, their long atmospheric lifetime, and the
high sensitivity for their detection, these isotopically unique
methanes are ideal for experimentally tracking air masses in
Antarctica over long periods of time and more than 4,000 kilo-
meters from the release point.

Tracers were released between New Zealand and Antarctica
in January, June, and October 1984. In January and June, 1
kilogram of 13 CD, was released by aircraft 18,000 feet above sea
level. In October, 20 kilograms of 12CD4 was discharged into the
antarctic atmosphere 18,000 feet above sea level and was fol-
lowed by 1 kilogram of 13 CD, at 5,000 feet. Following each
release, the network of ground-based sampling stations (shown
in figure 1) was activated and air samples were collected for a

HEAVY METHANE
TRACER GAS

0.

PACIFIC OCEAN

NEWZEALAND	 loss SE,

EM

. URV-1	 SOUTH POLE

CASEY jTiI
OCEAN

Figure 1. Schematic showing the location of stations used for
ground-based sampling of heavy methane tracers during the Ant-
arctic Tracer Experiment.

period of 60 days. Although no above-ground air sampling was
possible during the austral winter, we did collect samples by
aircraft after the January and October releases.

Detection of heavy methane tracers in Antarctica. By August 1985,
all the samples collected in Antarctica were returned to Los
Alamos for analysis. Before any samples were analyzed for the
heavy methane tracers, we determined normal methane con-
centrations by gas chromatography with flame ionization detec-
tion. This step is necessary because the mass spectrometric
analysis of the heavy methanes is normalized to methane in the
sample to increase the precision of the procedure. For a number
of the samples, we have observed higher than anticipated levels
of normal methane. We expected the concentration of methane
in antarctic air to be approximately 1.65 parts per million with
little variability; however, a number of analyses have given
values exceeding 2 parts per million. This poses no problem for
the heavy methane tracer measurements, but it raises some
interesting questions about our understanding of atmospheric
methane sources and sinks in the Southern Hemisphere. We
are evaluating these observations more carefully to determine
whether the samples reflect local contamination, sampling,
and/or storage artifacts.

Figure 2 summarizes the results of heavy methane tracer
analyses for samples collected during the first 3 weeks after the
January 1984 release. Vectors indicate where the path of aircraft
sampling occurred; solid vectors represent samples in which
tracer was detected, and dashed vectors denote samples where
the tracer was not observed (that is, the tracer was below detec-
tion limits). Aircraft sampling altitudes were usually between
22,000 and 26,000 feet above sea level.

In the aircraft-collected samples, the tracer was first observed
over the Ross Ice Shelf approximately 26 hours after the release.
For the first week following the release, the tracer was observed
in nearly every sample collected by aircraft over western Ant-
arctica. However, the heavy methane tracer was not detected in
the McMurdo Station surface samples, indicating that the tag-
ged air parcel had not yet mixed down to the surface as the air
passed over the edge of the continent. The tracer's very rapid
transport to the continent from the point of release was unex-
pected. Meteorological trajectory analyses did not predict that
this would occur. During the second and third weeks following
the release, the frequency of positive samples declined, which
suggests that the tracer was being transported out of the region.

The first detection of tracer at the surface of the South Pole
occurred 6 to 9 days after the release. During this 3-day period,
the surface winds were blowing from the Weddell Sea sector.
When this meteorological condition prevails, warm, moist, par-
ticle-laden air from the open ocean in the Ross and/or Weddell
Sea areas is blown over the polar plateau. These conditions
frequently coincide with the breakdown of the inversion over
the South Pole and the enhanced downward mixing from above
the inversion layer to the surface. We believe that the tracer was
carried down to the polar surface in this manner. After a travel
time of about 10 days, tracer was detected at Halley Bay (United
Kingdom), which is located on the coast of the Weddell Sea.
Analysis of several samples from the Palmer, Casey, Mawson,
and Dumont d'Urvjlle Stations (collected after the last detection
of tracer at Halley) have all been negative.

Atmospheric dispersion of the tracer. One exciting outcome of this
experiment has been the comfirmation of a theoretically pre-
dicted atmospheric dispersion process. For years, a number of
atmospheric researchers throughout the world have been
searching for evidence of a transition between the regime in
which the dominant atmospheric dispersive process is three-

1986 REVIEW	 231



1016

1017
101

0
z
><

W
z

I
I-
w

>-

w
I

Figure 2. Aircraft sampling trajectories for the Antarctic Tracer Ex-
periment. Solid vectors indicate flights in which tracer was de-
tected; dashed vectors represent samples for which the tracer was
below detection limits. (a) 9-16 January 1984, (b) 17-23 January
1984, (c) 23-30 January 1984. ("0" denotes not tracer detected. "T"
denotes tracer detected. "NA" denotes sample not available.)

dimensional turbulence and a regime dominated by quasi-two-
dimensional circulation systems. These meteorological systems
cause extensive distortion by stretching, contorting, and break-
ing the tracer puff into a "lumpy" tracer plume. This distortion
process effectively accelerates the rate at which atmospheric
dispersion takes place because each "lump" then behaves as an
independently dispersing puff of tracer.

We expected that the transition between these two regimes of
atmospheric dispersion would occur at travel times of approx-
imately 100 to 200 hours. Because the heavy methane tracers
have a very high sensitivity for detection, we were able to follow
the tagged air masses in the Antarctic Tracer Experiment over
this time scale and thus were able to compare experimental data
with theory. Figure 3 is a plot of the tracer concentrations as a
function of transport time. The data clearly indicate that there is
an apparent increase in the tracer's rate of dilution at times of 100
to 200 hours (that is, increased slope). This, to the best of our
knowledge, represents the first direct experimental con-
firmation of the transition between the three- and quasi-two-
dimensional dispersion domains.

If we are to solve the environmental problems that depend on
atmospheric distribution of trace gases and aerosols (including
air pollution, spatial wet and dry deposition, and climatic im-
pacts of nuclear war), we must understand the processes that
transport and mix airborne material on the continental to hemi-
spheric scale. The Antarctic Tracer Experiment is making sig-
nificant new contributions to our knowledge of atmospheric
dispersion and transport on time scales that were heretofore
inaccessible.

This research was supported by National Science Foundation
grant DPP 81-18562.
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Figure 3. Heavy methane concentrations as a function of air mass
travel times are graphically represented. The change in slope after
100- to 200-hour travel time is the first direct experimental indication
of two dispersive regimes in the global troposphere. ("h" denotes
"hours.")
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Antarctic automatic weather stations,
austral summer 1985-1986

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 enclosure. Some AWS units measure relative humidi-
ty and/or the air temperature difference between three meters
and 0.5 meter above the surface (Stearns 1984). The AWS unit
is controlled by a microcomputer which updates the data at
a nominal 10-minute interval and transmits three to five
data points for each sensor at a nominal 200-second interval to
ARGOS-equipped, polar-orbiting satellites.

The AWS units in Antarctica support the following studies:
1. Barrier wind flow along the Antarctic Peninsula and the

Transantarctic Mountains;
2. Katabatic flow down the Adelie Coast, Byrd Glacier,

Beardmore Glacier, and Reeves Glacier;
3. Mesoscale circulation on the Ross Ice Shelf;
4. Climatology of Byrd Station and Dome C;
5. Sensible and latent heat fluxes on the Ross Ice Shelf;
6. Oceanographic support;
7. Meterological support for air operations using a local user

terminal at McMurdo Station; and
8. Influence of Amundsen-Scott Station on the local climate.

The table gives the site name, AWS ID, location, and start date
for AWS units in operation for 1986. As of 15 May 1986, 20 AWS
units were operating satisfactorily, two units were received in-
termittently, one has stopped being received, and two have
questionable wind speed and direction units (aerovane). The
AWS unit at Siple Station (8910) is not in operation yet. The figure
is a map showing the locations of AWS units in Antarctica
including the east side of the Antarctic Peninsula. The AWS
locations during the 1985 are given in Stearns and Weidner
(1985).

AWS locations for 1986

Location	 Latitude	Longitude	Elevation	Start
or name	 AWS ID	(in degrees)	(in degrees)	(in meters)	date

Purpose: Katabatic wind flow; G. Wendler, University of Alaska
D-10	 8901	66.70 S	139.80 E	240	15 Jan 84
D-47	 8914	67.38 5	138.72 E	1650	13 Nov 85
D-57	 8916	68.18 S	137.52 E	2103	17 Nov 85
D-80	 8919	70.02 5	134.72 E	2500	11 Dec 85
Dome C	 8904	74.50 S	123.00 E	3280	13 Jan 83
Purpose: Climatic record; C. Stearns, University of Wisconsin
Byrd Station
Siple Station

Purpose: Naval Support Force Antarctica Support network
Marble Point
Ferrell
Whitlock

8903	80.00 S
8910	75.90 S

8906	77.43 5
8907	78.02 S
8913	76.10 S

	

120.00 W	1530

	

84.00 W	1054

	

163.75 E	121

	

170.80 E	44

	

168.30 E	274

05 Feb 80

05 Feb 80
10 Dec 80
23 Jan 82

Purpose: Ross Ice Shelf network; C. Stearns, University of Wisconsin
Marilyn	 8921	79.98 S	165.03 E	75	16 Jan 84
Schwerdt	 8924	79.57 S	169.45 E	50?	24 Jan 85
Gil	 8925	80.00 S	179.00 E	50?	24 Jan 85
Bowersa	 8909	85.20 5	163.40 E	2014?	11 Jan 86
Elaine 	 8911	83.15 S	174.46 E	100?	28 Jan 86
Lettaua	 8908	82.59 S	174.27 W	30?	29 Jan 86
Purpose: Oceanographic support; S. Jacobs, Lamont-Doherty Geological Observatory
Manuela	 8922	74.92 S	163.60 E	80	06 Feb 84
Martha	 8923	78.31 S	172.50 W	42	01 Feb 84
Purpose: Barrier Wind, Antarctic Peninsula; C. Stearns, University of Wisconsin
Larsen Ice 	 8926	66.97 5
Dolleman Island 	 8917	70.70 S
Butler Islanda	 8902	72.20 S
Fossil BIuf?	 8920	71.33 S

Purpose: South Pole Station influence; A. Hogan, State University of New York
Pole 	 8918	90.00 S
Patricka	 8905	89.88 S
Allison 	 8900	89.88 5

	

60.55 W
	

17
	

01 Jan 86

	

60.97 W
	

395
	

18 Feb 86

	

60.34 W
	

90?
	

01 Mar 86

	

68.28 W
	

765
	

06 Mar 86

29 Jan 86

	

45.00 E
	

28 Jan 86

	

45.00 W
	

28 Jan 86

a New sites started in austral summer 1985-1986
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Map of Antarctica with automatic weather station locations and site names for 1986. The automatic weather station ID, latitude, longitude, and
start date are given in the table.

The austral summer 1985-1986 involved a major relocation of
AWS units from the Ross Island vicinity. The AWS units formerly
at Laurie, Tiffany, Katie, Manning, and Meeley sites were re-
trieved, repaired, or replaced as needed and modified for short
booms, ground-plane antennas, vertical air temperature dif-
ference, relative humidity and waterproof enclosures. Three
units were deployed to the South Pole in support of the study on
the possible influence of the Amundsen-Scott Station on the
local climate. Two units were installed on the Ross Ice Shelf near
the Beardmore Glacier, and an AWS unit was installed at the top
of the Beardmore Glacier (items 1, 2, 3, 5, and 7 above). The field
work details are given by Weidner (1986).

Attempts to find Marilyn site (8921) were unsuccessful. The
unit is received occasionally. Martha site (8923) and Manuela
site (8922) transmit data but need repairs to the wind sensor
(aerovane). Neither site was reached during austral summer
1985-1986.

The British Antarctic Survey installed four AWS units, three on
the east side of the Antarctic Peninsula and one on the west side
near Fossil Bluff. The AWS units in support of the katabatic wind
study of G. Wendler, University of Alaska were serviced by R.
Flint with equipment support by the University of Wisconsin.

The local user terminal at McMurdo Station was updated for
the B data format (Stearns and Weidner 1983). Accommodation
was made for the humidity and air-temperature difference data,
and for the new locations and site names.

Michael Savage and Hugh Slotten were based at McMurdo
Station, Antarctica from 5 January 1986 to 1 February 1986.
George Weidner was based at McMurdo Station from 5 January

1986 to 5 February 1986. Edward Eloranta was based at McMur-
do Station from 5 January to 7 February 1986.

Mark Lewis of the British Antarctic Survey installed the AWS
units along the Antarctic Peninsula. Robert Flint repaired the
four AWS units between Dumont d'Urville and Dome C with
field support from Expedition Polaris Francaises. Lt. Arlie
Buchanan provided valuable field assistance in the McMurdo
Station area. The support of ITT Antarctic Services, the National
Science Foundation staff, the pilots and crew of VXE-6 squadron
and the personnel of the Naval Support Force Antarctica are
much appreciated. Without them the research activities would
not have been possible. The use of two fish shacks from the
Eklund Biological Center provided clean and quiet work space
and is appreciated.

This work was sponsored by the National Science Foundation
grant DPP 83-06265.
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Surface winds in West Antarctica

D.H. BROMWICH

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

Knowledge of the surface windfield over the sloping ice fields
of Antarctica is understandably limited because of the vast size
of the continent, the small number of observing points, and the
complexity of the governing physical processes. Recent ad-
vances in understanding have come through numerical simula -
tions (Parish 1982, 1984) and analyses of data collected by auto-
matic weather stations (Wendler and Kodama 1985; Allison
1985) and specially constructed towers (Ohata et al. 1985). Re-
cently Parish and Bromwich (1986) have modeled the surface
wind regime of the west antarctic ice sheet. Here new observa-
tions are reported which support their description of surface
winds over that part of Marie Byrd Land facing the Ross Ice
Shelf.

Parish and Bromwich (1986) derived the time-averaged pat-
tern of surface air motion over West Antarctica. Input data
consisted of terrain slopes determined from the ice-sheet eleva-
tion synthesis of Drewry (1983) and plausible estimates of the
temperature structure of the lower atmosphere. The steady-
state, horizontal equations of motion were solved over a square
network of grid points separated by 38 kilometers. At each grid
point, the solution provides an estimate of the near-surface
wind direction and wind speed. Because the solution is not
required to conserve atmospheric mass, the wind-speed esti-
mates are viewed as unreliable; incorporation of mass con-
servation would vastly increase the complexity of the simulation
and is not needed for the first-order description of the wind
regime. However, streamlines derived from the field of wind
direction estimates are known to describe accurately the pattern
of time-averaged near-surface air motions. Furthermore, re-
gions of substantial streamline convergence are known, from
comparison with three-dimensional, time-dependent numer-
ical model simulations over limited areas, to contain faster mov-
ing and much deeper airstreams. Such inland features are
thought to be responsible for coastal regions of anomalously
intense katabatic (that is, downslope) winds, such as those
found at Cape Denison by Douglas Mawson (Mawson 1915).

The figure presents the derived west antarctic airflow pattern
for the summer half-year. Surface air converges into several
zones around the ice-sheet periphery; the most prominent of
these occurs upslope from the Siple Coast. This strong horizon-
tal lack of homogeneity is now believed to characterize the wind
regime over the entire continent and has previously escaped
detection because of the sparse observational network.

Parish and Bromwich (1986) analyzed wind observations col-
lected at north, Upstream B and south camps (the figure and
table 1) during the 1984-1985 austral summer as part of the Siple
Coast glaciology project. Similar observations were obtained at
the same locations during the 1985-1986 summer. The hand-
held anemometers (wind-speed meters) used at north and
south camps in 1985-1986 and at north camp in 1984-1985 were
calibrated before and after each field season. All other observa-
tions were taken with anemometers provided by the U.S. Navy;
unfortunately, it was not possible to calibrate these instruments.
However, the very similar results obtained at Upstream B camp

during three consecutive summers suggest that this deficiency
does not invalidate the results.

Table 1 summarizes all wind observations taken at the tempo-
rary camps. Following Parish and Bromwich (1986), resultant
wind vectors for the Byrd automatic weather station during each
temporary camp occupation have been calculated to gauge the
impact of varying observation intervals. It appears from the
Byrd data that the 1985-1986 wind conditions during the oc-
cupation of south camp were somewhat lighter than during the
north camp observation period and significantly lighter than
during Upstream B occupation. This leads to a small directional
constancy contrast between Upstream B and south camps.
Overall, both the 1984-1985 and 1985-1986 data sets show that
the directional constancy systematically increases from north to
south camps and that the average wind speed at south camp is
twice as strong as that at Upstream B.

To investigate the spatial structure of the windfield further,
resultant winds were also derived for the two periods for which
simultaneous observations were collected at all three sites. In
table 2 both the 1984-1985 and 1985-1986 data show very clearly
that the directional constancy steadily increases from north to
south and that speeds at south camp are much higher than
those at Upstream B camp. The relative speed difference and
directional variability contrast between Upstream B and south
camps are more marked for 1985-1986 than 1984-1985; this
situation probably arises because of the much lighter winds
during the former period.

It is known from observations in East Antarctica that katabatic
confluence zones are characterized by enhanced wind speeds
and high directional constancies. Taken together, tables 1 and 2
indicate that south camp resides in such a region, and that on
average, the katabatic confluence zones's northern edge is lo-
cated somewhere between south camp and Upstream B. The
higher constancy at Upstream B than at north camp probably
arises because Upstream B sometimes is embedded within the
confluence zone. These findings strongly support the summer
windfield simulation of Parish and Bromwich (1986) (see the
figure). In winter, the airflow pattern should be similar, but
much higher wind speeds are expected.

Circumstantial evidence is available to locate the northern
edge of the confluence zone upsiope from the temporary
camps. Numerous geoceiver stations were briefly occupied in
the 1985-1986 summer between Siple Coast and the ice divide
near 100°W longitude. At 10 sites between and including north
camp and station 101 (figure) deep, soft snow was observed.
This zone of minimal surface wind disturbance may arise be-
cause most of the surface airflow is deflected around the ridge
linking the two locations as suggested by the figure. Station 103,
south camp, and all 24 sites to the south and southeast have a
compacted and wind-swept surface. All of the above observa-
tions indicate that the northern boundary of the confluence
zone is adjacent to, but south of, a line joining station 101 to
Upstream B camp; again this is consistent with the simulation in
the figure. Few stations were occupied to the east and north of
101. As a result the northern boundary cannot be extrapolated
farther upslope on the basis of observational evidence.

Finally, it should be mentioned that summer parties occupy-
ing temporary camps in and around the Ohio Range since the
early 1960s (including 1985-1986) have reported that surface
wind speeds are substantially stronger than at Byrd station;
however, reliable measurements to substantiate these impres-
sions are not available.

In summary, I can state that all available summer observations
[including sastrugi orientations which were analyzed by Parish
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Summer surface airflow over the west antarctic ice sheet, after Parish and Bromwich (1986). Heavy lines are derived streamlines which show
the time-averaged pattern of surface winds. Thin lines are terrain contours in meters above sea level. The filled circles identify temporary camps
occupied during the 1985-1986 austral summer: "N" denotes north camp, "U" indicates Upstream B camp, "S" labels south camp; and "0"
locates the Ohio Range camp. The open circles show geoceiver stations.

Table 1. Summer surface wind data from the vicinity of the Siple Coast confluence zone

Byrd automatic weather station
for same

Temporary station	 interval as temporary station

Resultant wind	 Resultant wind
(in meters	Directional	(in meters	Directional

per second)	constancy	per second)	constancy

	

81° 1.7
	

0.55
	

2004.6
	

0.82

	

4700.8
	

0.45
	

1003.7
	

0.80

	

69° 2.3
	 0.77	 15° 4.1

	
0.73

	

95° 2.5
	

0.78
	

1304.1
	

0.77

	

8202.4
	

0.88
	

1704.5
	

0.84

	

87° 6.4
	

0.97
	

804.5
	

0.86

	

99° 3.9
	

0.90
	

003.3
	

0.81

Period of record
at temporary location

North camp
10 Dec 84 to 8 Jan 85
18 Dec 85 to 19 Jan 86

Upstream B
10 Nov 83 to 25 Jan 84

1 Dec 84 to 18 Jan 85
15 Nov 85 to 19 Jan 86

South camp
21 Dec 84 to 7 Jan 85
20 Dec 85 to 11 Jan 86

Speed ration

(temporary station
divided by Byrd)

0.54
0.38

0.53
0.61
0.52

1.25
1.07

Note: Directional constancy equals the vector average wind speed divided by the speed averaged without regard to direction; values near zero usually
mean that winds show no directional preference and values near 1 indicate that the direction hardly changes. Because of a coding mistake, the 1983-1984
and 1985-1984 resultant wind directions given by Parish and Bromwich (1986) for the Byrd automatic weather station are in error.
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Table 2. Simultaneous surface wind statistics for Siple Coast stations

21 Dec 84 to 7 Jan 85	 20 Dec 85 toll Jan 86

Resultant wind
(in meters	Directional

Temporary location	per second)	constancy

North camp	 660 1.3	 0.41
Upstream B	 920 2.6	 0.74
South camp	 870 6.4	 0.97

Mean speed	Resultant wind	 Mean speed
(in meters	(in meters	Directional	(in meters
per second	per second	constancy	per second)

	

3.2	 130 0.4	 0.25	 1.6

	

3.5	 870 1.0	 0.59	 1.7

	

6.6	 990 3.9	 0.90	 4.3

and Bromwich (1986) but not discussed here] show that the
simulated Siple Coast confluence zone is correctly located and is
a region of enhanced surface wind speeds.

This research was supported by National Science Foundation
grant DPP 83-14613. The field party consisting of Ian Whillans,
Patricia Vornberger, Charles Rush, Michael Strobel, Robert
Mellors, Andrea Donnellan, Kelly Beatley, and Kees Van der
Veen collected weather observations at north and south camps
as part of National Science Foundation grant DPP 81-17235A03.
ITT Antarctic Services, Inc. personnel monitored the weather at
Upstream B camp. Collection and distribution of Byrd automatic
weather station data were supported by National Science Foun-
dation grant DPP 83-06265 to Charles R. Stearns. The author
thanks all these individuals for their valuable contributions.
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Boundary layer meteorology of the
western Ross Sea

D.H. BROMWICH

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

Franklin Island is situated in the western Ross Sea about 150
kilometers to the east of the nearest part of the Transantarctic
Mountains (figure 1). An automatic weather station (Aws) on top
of the island (274 meters above sea level) has operated continu-
ously since 23 January 1982. Wind readings show that the direc-
tion is rather variable (Savage and Stearns 1985). One might
conclude that this arises because the atmospheric pressure gra-
dients, which usually determine the surface wind direction
over the ocean, have no preferred orientation in this area.
However, pressure contours on climatic maps (Taljaard et al.
1969) and on individual weather charts (Kurtz and Bromwich
1983) support predominantly southerly surface airflow in the
western Ross Sea.

When the surface wind direction at Franklin Island is divided
into eight classes (northeast, east, southeast etc.), it is found
that on average, winds come from the west plus northwest and
from the southeast plus south about 70 percent of the time. If
wind directions were completely random, these four classes
should account for about 50 percent of the observations. In
addition, when the frequency of west plus northwest winds is
lower for a particular month, the frequency of southwest plus
south winds is generally higher and vice versa. It is this pre-
dominant bimodal directional distribution which accounts for
the very low directional constancies (about 0.1) calculated by
Savage and Stearns (1985). Directional constancy is the ratio of
the vector-average wind speed to the scalar-average speed; it
measures directional variability and ranges from zero for ran-
domly oriented winds to one for unidirectional airflow.

Bromwich and Kurtz (1982) and Bromwich (1985) have
shown that very strong katabatic (i.e., downslope) winds from
the Victoria Land plateau are invariably present along the west-
ern shore of Terra Nova Bay. This area lies about 190 kilometers
to the northwest of Franklin Island. That these katabatic winds
usually blow for at least 34 kilometers across flat terrain is a
notable anomaly (Bromwich and Kurtz 1984); such airstreams
are usually observed to dissipate completely within 10-20 kilo-
meters of the east antarctic coastal slopes (e.g., Weller 1969).
Here, it is proposed that the Terra Nova Bay katabatic airflow
often continues for at least 190 kilometers offshore and gener-
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Figure 1. Sea-level pressure analysis for 2100 Greenwich Mean
Time, 14 April 1984. Circles with numbers attached identify automat-
ic weather stations whose data were used to construct the chart.
Wind direction is shown by the orientation of the line drawn to each
automatic weather station; wind speed is indicated by the symbols
attached to this line. No symbol denotes a speed less than 1.3
meters per second, half a barb signifies 2.5 meters per second, a full
barb equals 5 meters per second, and a flag represents 25 meters
per second. Solid lines are sea-level isobars (contours of constant
pressure) and are labelled with the hundreds digit omitted (i.e., 50
equals 950 millibars). The dashed lines represent constant air tem-
peratures (isotherms) in degrees Celsius. The lines with solid tri-
angles and solid half circles attached represent respectively cold
and warm fronts.

ally is responsible for the frequent west and northwest winds
observed on Franklin Island. A key aspect of this assertion is
that this frictionally dissipating wind usually occurs without the
assistance of regional atmospheric pressure gradients, thus al-
lowing the above-mentioned wind direction/pressure gradient
paradox to be resolved. These near-surface airflows must rise
over Franklin Island to be recorded by the AWS. Katabatic winds
have been observed to surmount vertical cliffs more than 300
meters high (Bromwich 1985). A case study is presented which
illustrates a pronounced surge of katabatic air across the west-
ern Ross Sea.

When a stable boundary layer air mass (one in which the
temperature increases with height) moves toward a sufficiently
high obstacle, the air cannot rise over the obstruction but piles
up against it. This subsequently leads to deflection of the air-
flow in a direction approximately parallel to the terrain contours
such that the obstacle lies to the left (in the Southern Hemi-
sphere) when looking downwind. Such airflows are called
"barrier winds" and they dominate the climate of the western
Weddell Sea (Schwerdtfeger 1979). Similar topographic and
large-scale atmospheric conditions lead their generation in the
western Ross Sea. It is proposed that the south and southeast
winds at Franklin Island are primarily barrier winds; these are
in equilibrium with the regional pressure field. A case study of a
pronounced barrier wind event along the Victoria Land coast is
analyzed.

Figure 2 gives time series for part of April 1984 of air tem-
peratures and wind speeds from the AWS5 on Inexpressible
Island and on Franklin Island. The Franklin Island sea level
pressure curve has been added to both temperature and wind
speed plots for comparison purposes. Between 0600 Greenwich
Mean Time on 13 April and 0300 Greenwich Mean Time on 14
April, Franklin Island was exposed to west and northwest
winds of about 5 meters per second and was some 7°C warmer
than Inexpressible Island. Over the next 3 hours the tem-
perature at Franklin Island started to fall, the wind speed in-
creased abruptly and the wind direction swung around to the
northwest. This is believed to represent the onset of a pro-
nounced surge of katabatic air which came from the Terra Nova
Bay area.

Prior to and during the katabatic surge, the coastal katabatic
wind speed (that is, at Inexpressible Island) was very strong
(about 27 meters per second) and, as usual, the wind direction
hardly varied. As the surge continued, the temperature at
Franklin Island decreased until 1200 Greenwich Mean Time on
14 April and then gradually increased. The coastal air tem-
perature gradually rose throughout this period and remained
colder than offshore readings (that is, at Franklin Island). Use of
temperature readings from the Franklin Island and Inexpressi-
ble Island AWS5 underestimates the sea level temperature con-
trast by about 2°C because the air cools as it rises over Franklin
Island. Thus, during the period of smallest temperature dif-
ference (1200 to 2100 Greenwich Mean Time on 14 April), coast-
al katabatic air had still been warmed by about 4.5°C. Katabatic
air is probably warmed as it moves offshore by energy seeping
through the underlying sea ice and by mixing with warmer air
aloft.

Figure 1 presents an analysis of the regional sea-level pres-
sure field (for 2100 Greenwich Mean Time on 14 April) when the
speeds were high both at the coast and offshore; data are taken
from Savage et al. (1985). The low pressure readings at Franklin
Island were associated with a cyclone centered over the Ross Ice
Shelf. The wind at Franklin Island blew perpendicularly to the
isobars; if it had been in equilibrium with pressure field, the
direction would have been west-southwest rather than north-
west. The presence of strong north-northwest winds on both
sides of Ross Island, also occurring without pressure field sup-
port, may indicate that the katabatic surge had reached the Ross
Ice Shelf. These winds persisted at station 08 from 1800 Green-
wich Mean Time on 14 April to 0900 Greenwich Mean Time on
15 April. The southernmost limit of the surge lay in the vicinity
of station 07 where marked northerly winds were monitored at
0600 and 0900 Greenwich Mean Time 15 April. Because this site
is 390 kilometers to the south-southeast of Inexpressible Island,
it appears that katabatic airflows can propagate across flat ter-
rain for distances more than an order of magnitude greater than
the typical values found by Weller (1969).

The pronounced katabatic surge at Franklin Island termi-
nated between 0300 and 0600 Greenwich Mean Time on 15 April
when the direction shifted to the north and the speed decreased
from 13 to 7 meters per second. In the preceding 3-hour inter-
val, the katabatic wind speed at Inexpressible Island plummeted
from 27 to 8 meters per second. This impulse would propagate
from Inexpressible Island to Franklin Island in about 3 hours if it
traveled with a speed equal to the average wind speed. It thus
seems probable that the offshore surge ended because the in-
tense outflow of katabatic air was cut off. The conjunction of the
abrupt decrease in katabatic speed and the passage of the pres-
sure minimum was coincidental; figure 1 shows that the cyclone
center lay far to the south. This abrupt termination may have
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Figure 3. Same as figure 1, but for 1200 Greenwich Mean Time, 16
April 1984.

been caused by exhaustion of the supply of cold air on the
plateau.

It should be noted that the katabatic surge is so thermally
well-defined only because the usual temperature distribution is
completely reversed. Here the warmest temperatures are clos-
est to the pole.

After the katabatic surge ended at Franklin Island, the cyclone
moved to the north and then to the east, and then probably
merged with a low from the southern ocean between 0300 and
1500 Greenwich Mean Time on 16 April (U.S. Department of
Commerce 1984). The associated pressure field directed air to-
ward the Transantarctic Mountains and generated a southerly
barrier wind event at Franklin Island from 2100 Greenwich
Mean Time on 15 April to 0300 Greenwich Mean Time on 17
April. Figure 2 shows that the air temperature contrast between
the coast and offshore was less than 4°C throughout the event
and that the strongest Franklin Island winds were recorded
between 0900 Greenwich Mean Time on 16 April and 0000
Greenwich Mean Time on 17 April (14 meters per second or
stronger). The event abruptly ended between 0300 and 0600
Greenwich Mean Time on 17 April when the offshore wind
direction swung around to the northwest.

Figure 3 shows the sea level pressure analysis close to the
midpoint of the barrier wind event. The pressure field moved
air toward the mountains and generated a barrier wind from
south of Minna Bluff to north of Inexpressible Island. The small

high pressure area immediately to the south of Ross Island
arose because the stable air split and flowed around rather than
over the island; this phenomenon has been studied in detail by
O'Connor and Bromwich (in press).

Barrier winds along the Victoria Land coast are shown by the
marked southerly winds at Marble Point (station 06) and Frank-
lin Island and by the strong southwest wind at Inexpressible
Island. Strong non-katabatic winds at Inexpressible Island are
rare. For example, between March and September 1912, south-
erly winds exceeding 13 meters per second affected the Inex-
pressible Island snow cave on just three occasions for periods of
12 to 24 hours (Bromwich and Kurtz 1982). The only times in the
5-day period covered by figure 2 that Inexpressible Island was
warmer than Franklin Island (1200 and 1500 Greenwich Mean
Time on 16 April) coincide with the only non-katabatic wind
directions observed at Inexpressible Island. Clearly, warm mar-
itime air rather than the usual colder katabatic air briefly affected
Inexpressible Island.

Finally, it should be noted that some aspects of the analysis in
figure 3 are open to question. The placement of the cyclone
center, and the orientation and spacing of isobars over the Ross
Ice Shelf are somewhat uncertain due to inadequate
observations.

This research was supported by National Science Foundation
grant DPP 83-14613.
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Size distribution of atmospheric
aerosols at Ross Island
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I report and interpret measurements of the size distribution
of microscopic particles (aerosols) suspended in air masses at
Ross Island. The measurements indicate that distinct seasonal
changes take place in the aerosol. There were also tendencies in
the microscopic size distribution that related to the type of air
mass examined.

Examples of the size distribution of aerosol particles at Ross
Island are shown in figure 1; these distributions were selected
from data taken when the winds were out of a clean sector and
are believed to be representative of regional tropospheric air
masses. Notice that the size spectra are bimodal, possessing a
"transient mode" (the smaller of the two) and a "permanent
mode" centered around the Greenfield Gap at a half-micron
diameter (Greenfield 1957). A similar bimodal structure of aero-
sols has been reported by Ito (1983).

The Greenfield Gap region, where the larger aerosol mode
exists, is a size where the removal of particles from the at-
mosphere undergoes a minimum. Particles in the Greenfield
Gap have sufficiently small inertia to be carried around obsta-
cles such as hydrometeors, rather than slipping across hydro-
dynamic streamlines and impacting onto them. These larger
particles are also too immobile to be removed from the at-
mosphere very efficiently by diffusive processes. Thus, the
large "permanent" mode of aerosols about a half micron in
diameter probably consists of material that has resided in the

0.01

	

	 0.10	 1.0
DIA (sm)

Figure 1. Inverted aerosol size distributions from Ross Island. ["p.m"
denotes "micrometer," "DIA" denotes diameter of the particles, "dn/
d log r" denotes the number concentration (in cubic centimeters) of
particles in the radius range r to r + dr, or equivalently, in the diame-
ter range d to d + dd.]

atmosphere for considerable lengths of time and which there-
fore has likely been transported over large distances (e.g., from
surrounding continents).

Figure 2 shows the mean particle size distributions for two
predominant types of air masses: cold, continental antarctic air
masses contain particles more finely dispersed than maritime
antarctic polar air-mass types. Additionally, we found a positive
correlation between tropospheric ozone and the occurrence of
fine particles at Ross Island; similar findings were reported at
the South Pole by Hogan and Barnard (1978).

Continental Antarctic air mass types at Ross Island are associ-
ated with anticyclonic circulation and subsidence over the ice
cap in conjunction with cyclonic systems (figure 3) which spin
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Figure 2. Mean aerosol particle size distributions for air mass types
mP (maritime antarctic Polar) and cA (continental Antarctic). ("m"
denotes "micrometer?')
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Figure 3. Cyclonic tracks in the Antarctic (after Alt, Astapenko, and
Ropar 1959).

400

300
C!)

E

200

100

1986 REVIEW	 241



into the Ross Sea and Marie Byrd Land area. This type of air
mass is frequently associated with strong air flow over the
Ellsworth and Queen Maud mountain ranges. It is suggested
on the basis of the correlation between fine mode particles and
ozone and continental antarctic air masses, that the fine tran-
sient mode of particles may arise from the entrainment of strat-
ospheric or upper tropospheric air, perhaps driven by breaking
waves associated with air flowing over the mountain barriers as
suggested by Robinson et al. (1983).

This work was supported by National Science Foundation
grant DPP 82-19625. Thanks to A. Hogan for making ozone data
available and to B. McKibben, A. Anger, and AG1 Crayne for
help with the experiments.
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Atmospheric boundary measurements
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A major field study in Adélie Land, Eastern Antarctica was
carried out this year as a joint U.S.-French experiment. The goal
was to obtain a better understanding of the boundary layer in
Antarctica, with special attention being given to the katabatic
wind. Long-term climatological and upper-air data could be
obtained from Dumont d'Urville. There are, further, five auto-
matic weather stations, which stretch from close to the coast to
Dome C at the end. D-10 is the closest station, some 10 kilo-
meters from Dumont d'Urville, while Dome C is some 1,080
kilometers inland at a height of 3,280 meters. These stations
have given us climatological data along the icy slopes of Adélie
Land for the last 6 years, on which we reported last year.

For our intensive measuring period of about 40 days, three
stations were occupied, two by the French and one by us,
located some 5, 110, and 210 kilometers from the coastline.
Balloons, air foils, and drones were used as carriers for our
meteorological packages. The meteorological data were trans-
mitted via radio to ground stations, where they were recorded
on magnetic tape. Figure 1 shows the air foild, which is one of
those used at the U.S. station. Some difficulties were experi-
enced in very strong winds (above 20 meters per second), which
could break the line. A typical morning profile obtained from
these measurements is given in figure 2. A strong surface tem-
perature inversion can be observed, which was established in
the night, and is now beginning to erode. This is typical for
most of Antarctica most of the time. The height of the inversion
is about 500 meters. Within this inversion layer, a maximum

wind speed was observed at 120 meters, which is the so-called
katabatic wind. The picture shown here is rather typical, and
little variation was observed from day to day. The wind direction
changes with height as well, turning somewhat to the left with-
in boundary layer. This also is rather representative of the ka-
tabatic wind in the Southern Hemisphere. Besides these bound-

"I

Figure 1. An air foil, which will be used as a carrier for the mete-
orological package, is released at D-47, Adélie Land, Antarctica.
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Figure 2. Meteorological measurements of the atmospheric bound-
ary layer at D-47, Adélie Land, Antarctica, 23 December 1986 09:00
hours. Presented are: A. temperature profile in degrees Celsius; B.
humidity profile in grams of water per kilogram of air; C. wind speed
in meters per second; and D. wind direction in degrees.

ary profile measurements, which were carried out daily for
most of the 40-day observational period, two instrumented
aircraft missions were flown, which covered the whole area
from Dumont d'Urville to Dome C.

Additional micrometeorological surface observations were
carried out, including a heat-balance study. All data were re-
corded at 10-minute intervals on a Campbell Data Logger CR-7.
It was found that the incoming solar radiation is the largest
energy source, which can destroy the surface temperature in-
version during the day. The albedo was found to be high, with a
mean value of about 80 percent. It is a function of solar height,
sastrugi height and direction, and cloudiness. With increasing
solar distance, an increase in albedo was observed; a result
previously reported and expected. Sastrugis produced a shad-
ow pattern that was not symmetric about solar noon, and this
could explain the diurnal variations in albedo which were un-
symmetric about solar noon. Further, cloudiness and new snow
fall increases the albedo, and during white-out conditions al-
bedos as high as 94 percent were observed.

In figure 3 the radiative fluxes for a totally clear day, both short
and long wave are presented. Even though we have 22 hours of
sunshine on 29 November 1985 at D-47, only 9 hours show a
positive radiation balance, because most of the short-wave radi-
ation is reflected. In addition, an interesting phenomenon was
observed: with increasing cloudiness a more positive radiation
balance is found, which is due to the great importance of long-
wave radiation. This is in contrast to the mid-latitudes, where
the short-wave balance is the dominant force.

Roughness parameters, which were calculated from our
wind profile mast measurements, gave mean values of about 0.1
millimeter for Z,, for wind speeds below 10 meters per second.
Above this wind speed, the roughness parameter increased
about threefold, which is believed to be caused by drifting and
blowing snow, common phenomena at higher wind speeds.
This is in agreement with data recently collected on the Ekstrom
Ice Shelf in Antarctica.

Blowing snow was measured photoelectrically with a snow
blowing device developed after Schmidt (1977). The mass flux
of snow for a specific height varied with approximately the cube
of the wind speed. The wind speed/mass flux calculations gave

29 NOVEMBER 1985
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Figure 3. The short wave incoming (A), the short wave reflected, (B),
the infrared incoming (C), and outgoing radiation (D), in watts per
square meter.

the best results for short time intervals (15 seconds). We are now
in the process of calculating the annual mass flux of snow using
the annual wind speed distribution at D-47 from the automatic
weather stations; the mean annual wind speed is 12.8 meters
per second.

The temperature profile measurements from the mast and
the humidity measurements made calculations of the sensible
and estimates of the latent heat flux possible. During the day,
the surface warms the air, while during the night the flux is in
the opposite direction. This loss of energy during the night
develops, of course, the well known temperature inversion.
The latent heat fluxes are small, and iwth the exception of one
period, when maritime air was advected, evaporation occurred.

It is hoped that the surface energy-budget measurements,
together with the profile measurements through the boundary
layer and the measurements from the instrumented aircraft,
will lead to a better understanding of the energetics of the
katabatic wind.

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 Dr. Stearns' group
(University of Wisconsin, Madison), who did a great job main-
taining our automatic weather stations.
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Temporal variability of
C2-hydrocarbons at the South Pole:
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During the last decade, we have taken systematic measure-
ments of trace gases at the South Pole and documented their
increases and variability (Rasmussen et al. 1981; Rasmussen
and Khalil 1982a; Rasmussen and Khalil 1983; Khalil and
Rasmussen 1984). These data contain the framework for study-
ing the effects of human activities on the global environment,
climate, and habitability.

Gas chromatographic methods have been used since 1979 to
observe the concentrations of several hydrocarbons, including
the C2-hydrocarbons (C 2H2, acetylene; C 2H4, ethene; and C7H6,
ethane). These hydrocarbons are produced by both natural and
anthropogenic processes and, along with other hydrocarbons,
are important components of atmospheric chemistry. On aver-
age, in the mid latitudes the atmospheric lifetime of acetylene
and ethane may be 2 or 3 months based on their reactivity with
hydroxyl (OH) radicals. The lifetime of ethene may be consider-
ably shorter (see Graedel 1978; Hampson 1980). Under the
proper conditions other chemical and physical processes may
also remove these gases from the atmosphere.

The table contains the average concentrations of C 2-hydrocar-
bons during the austral summers from 1979 to 1985. In the
Northern Hemisphere, concentrations of these hydrocarbons
are many times greater than at the South Pole (Rasmussen and
Khalil 1982a,b). The concentrations at the South Pole are
marked by large variability from year to year and no discernible
trends. Yet there is one notable feature in these data: the con-
centrations of ethene and ethane were lower during the austral
summer of 1983 compared to the other 6 years. On average,
there was about 74 parts per trillion by volume of ethene and 163
parts per trillion by volume of ethane at the South Pole during
the summers between 1979 and 1985, but only 33 parts per
trillion by volume of ethene and 153 parts per trillion by volume
of ethane during the austral summer of 1983. Statistically, based

Wolfe 1973). Previously, we had observed that methane levels
decreased during the last major El-Nino event of 1982-1983
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0. 1), and there are insufficient data for acetylene (Hollander and	C2-hydrocarbons at the South Pole.

The concentrations of C 2-hydrocarbons, in parts per trillion by volume at the South Pole 1979-1985

1979	 1980	 1981	 1982	 1983	 1984	 1985

C2H2	-	-	-	-	-
C2H4	86±40	 50±20	 150	 73±40	 33±8
C2H4	147±15	161±29	 172	 162±30	153±4

a The ± values are 90 percent confidence limits of the mean concentrations.

244
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(Khalil and Rasmussen 1986). We speculated that this decrease
may be caused by a greater than normal level of hydroxyl radi-
cals that may have removed more methane during the year of
the El-Nino than during normal years. The higher levels of
hydroxyl may be caused by warmer sea-surface waters during
El-Nino. Other trace gases that are removed primarily by react-
ing with hydroxyl radicals would therefore also be less abun-
dant during the El-Nino. The lower concentrations of the C2-
hydrocarbons at the South Pole during January 1983 suggest
that this may be the case, but the lower concentrations do not
constitute conclusive evidence since they do vary considerably
both from year to year and during different seasons presumably
caused by the natural variations of the sources, removal, and
transport of these gases to the South Pole or variations of sea-
sonal cycles.

Recently, during the austral summer of 1984-1985 we ob-
tained air samples from October to January. During this period,
many trace gases undergo rapid seasonal variations at the South
Pole in response to the onset of summer and the consequent
natural increase of hydroxyl radicals that are generated by sun-
light, ozone, and water vapor. These cycles, previously shown
for carbon monoxide and methane at the South Pole (Khalil and
Rasmussen 1984), also exist for the C2-hydrocarbons as shown
in the figure. Based on the observations shown in the table, it is
likely that the concentrations and depth of the seasonal varia-
tion may vary from year to year, but the general pattern of
decreasing concentrations from October to January is probably
typical of atmospheric levels of the C 2-hydrocarbons over the
South Pole and probably over the most of the mid and high
latitudes of the Southern Hemisphere.

We estimated the decrease of concentrations of the hydrocar-
bons during the 105 days of the experiment (X C) and found that
acetylene decreased by about 24 percent and ethane decreased
by about 57 percent while ethene did not show a statistically
significant change, possibly because of the large variability in
the data caused by the lack of precision of measurement or by
unknown environmental processes. The percentage change is

based on the formula: C = a - bt where a and b are determined
by standard regression analyses. The percentage change or A C
is equal to 100 percent x b (parts per trillion by volume per day)
X 105(days) I a (parts per trillion by volume). The observed
decreases are consistent with the lifetimes of these gases in the
atmosphere of the South Pole. The shorter lived species would
decrease more rapidly in the absence of nearby sources.

This work was supported in part by the National Science
Foundation grant ATM 84-14020 and by the Biospherics Research
Corp. and the Andarz Co. We thank the National Oceanic and
Atmospheric Administration, Global Monitoring for Climate
Change for collecting air samples.
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Measurement of the column densities
of water, nitric acid,

ozone, and fluorocarbons 11 and 12
during the antarctic winter

F.H. MURCRAY, F.J. MURCRAY, and D.G. MURCRAY

University of Denver
Denver, Colorado 80208

The spectral distribution of the infrared radiation emitted by
the atmosphere over the South Pole was monitored over a
period from late November 1984 until early September 1985.
The measurements were taken with a 1 1/4-meter grating spec-
trometer, which chopped incoming radiation against a black-

body reference to provide absolute radiance levels. Three detec-
tors gave simultaneous measurements of the first, second, and
third grating orders. Order separation was provided by optical
filtering of each detector. The three orders permitted a range of
spectral coverage from 7 micrometers to 24 micrometers.

The primary purpose of the experiment was to measure the
total column abundances of nitric acid, ozone, fluorocarbon-1 1,
and fluorocarbon-12 and their changes during the antarctic
winter. A second objective was to monitor water vapor column
density and cirrus cloud cover.

The 0.6° by 4.5° field of view was directed in elevation angle
(with the 0.6° dimension in the vertical plane) through a rotata -
ble plane mirror. A programmed data sequence produced two
spectral scans at each of three elevation angles [450, 150, and -15°
(snow surface)].

After each sequence and a calibration scan the elevation was
returned to 45° and the grating parked at 20.4 micrometers to
monitor cloud cover. The spectral scan sequence occupied ap-
proximately 2 hours and was repeated at 9-hour intervals. The
instrument is discussed more completely in a previous issue of
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the Antarctic Journal (Murcray, Murcray, and Murcray 1984). A
detailed description of the system and design philosophy is
being prepared for submission to the Journal of Atmospheric and
Oceanic Technology.

The spectrometer was installed on the roof of the clean-air
facility at Amundsen-Scott South Pole Station. The spec-
trometer had to be outside because the facility windows do not
transmit infrared radiation. The roof installation was chosen in
the hope that it would be above the level of blowing snow.
Unfortunately, this was not always the case and some data were
lost due to snow blowing into the instrument entrance. The
winter personnel did an excellent job of correcting the resulting
problems.

Good data were obtained until early April, when power to the
facility was lost for several days. The winter crew, through
dedicated effort, was successful in restarting the system once
power was restored. Data were obtained through early Sep-
tember when the detector cooler became overloaded due to
deterioration of the cold head vacuum. The unit was returned to
the United States in December 1985.

The data obtained with the system consist of spectra which
are proportional to the difference in spectral radiance between
the sky and the reference blackbody. To retrieve information on
the constituents of interest, it is necessary to reduce these data
to absolute spectral radiance of the atmosphere. This requires
that the spectra be calibrated both in wavelength and absolute
intensity. The grating position is part of the data that is record-
ed; however, the information is not accurate enough to deter-
mine the wavelength to within a spectral resolution element. As
a result, spectral calibration is performed using known at-
mospheric lines. This results in accurately calibrated spectra but
requires more operator interaction in the data reduction and
slows the process. Initial data reduction has been completed for
a representative set of spectra obtained during what appears to
have been clear conditions. These are shown for the second
order of the grating in figure 1. Spectra obtained with the first
order of the grating are given in figure 2. Spectral features due to
the various compounds of interest are identified on the spectra.
Determination of the column density from these data requires
that comparison spectra be generated using line-by-line the-
oretical calculations and complete radiative transfer calcula-
tions, because the spectral features in most cased are outside of
the linear region. Programs to perform these calculations have
been developed for use on the National Center for Atmospheric
Research CRAY computer. Using these programs to determine
total column amounts for ozone, water vapor, and nitric acid is
the next step in the analysis.

The data set is large and has not been examined in detail at
this time. Information on the variation in column amounts of
various constituents with time, the percentage of clear days,
and the radiative properties of snow surface in the infrared are
all contained in the data set. This information will be retrieved
as additional data are reduced and analyzed.

This research was supported by National Science Foundation
grant DPP 81-18005.
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Figure 1. Samples of atmospheric emission spectra obtained with
the spectrometer system. Data were obtained at an elevation angle
of 150 and with the second order of the grating. ("CF 2Cl2" denotes
fluorocarbon 11. "HNO3" denotes "nitric acid." 11 cm 2" denotes
"square centimeters:' " [Lm" denotes "micrometer:')
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Figure 2. Samples of atmospheric emission spectra obtained with
the spectrometer system. Data were obtained at an elevation angle
of 150 and with the first order of the grating. ("H 20" denotes water
vapor. "HNO 3" denotes "nitric acid." 11 cm 2" denotes "square
centimeters:')
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Optical properties of antarctic snow

S.C. WARREN, T.C. CRENFELL, and P.C. MULLEN

Department of Atmospheric Sciences, AK-40
University of Washington

Seattle, Washington 98195

Solar radiation incident on, and reflected by, the snow surface
was measured near South Pole Station as functions of wave-
length, angle, and distance from the station. The experiment
was designed to resolve a discrepancy in earlier measurements
of the reflectance of antarctic snow, as well as to obtain more
detailed information than previously available about the optical
properties of antarctic snow. The field team (Grenfell, Warren,
and Mullen) worked at the South Pole for 2 months, from 16
December 1985 to 16 February 1986.

The objectives of the study were
• to observe spectral albedos of snow across the solar

spectrum,
• to obtain depth profiles of snow-grain radius in order to

construct theoretical models of spectral albedo for pure snow,
• to extend spectral albedo measurements of snow into the

ultraviolet,
• to document the extend and degree of soot pollution due to

station activities and to assess whether it could invalidate
solar radiation measurements made close to large stations,
and

• to obtain the spectral distribution of incident solar radiation at
the antarctic surface for various cloud conditions in order to
test radiation models of the antarctic atmosphere.
Two portable spectrophotometers were used. The first (Gren-

fell 1981) can select any wavelength in the range 400-1,400
nanometers using a continuously variable filter and has 11
discrete filters for wavelengths from 1,400 to 2,500 nanometer.
The second, recently constructed by P. Mullen, uses fixed-
wavelength filters in the ultraviolet (300-400 nanometers, visi-
ble, and near-infrared (420-900 nanometers). The observations
were recorded on Omnidata "Polycorder" data loggers and
dumped to our portable computer (Kaypro 2000) so that re-
duced data and plots (such as the figure) were available within 1
or 2 days after each experiment and could be used to plan
subsequent experiments.

Snow-grain radii were measured photographically and with a
handheld eyepiece. On-site tests showed that the eyepiece
method gave good average grain radii. Our results generally
agreed with Cow (1965).

Spectral albedo measured under diffuse lighting conditions
(overcast cloud) on many days repeatedly agreed with the re-
suits of theoretical models (Wiscombe and Warren 1980), which
predicted values approaching 1 in the visible range and found
snow grain size to be the most important variable controlling
snow albedo in the near-infrared. A representative albedo
curve is shown in the figure. The visible albedo values were
found to be 98-99 percent and were relatively insensitive to
grain size. The near-infrared albedo, however, varied substan-
tially among the experiments, due to day-to-day variations of
snow-grain size caused by precipitation and wind-drifting.

The only previous measurements of antarctic snow albedo
with good spectral resolution (Kuhn and Siogas 1978 re-

produced as figure 2.2 of Schwerdtfeger 1984) showed max-
imum albedos about 90 percent in disagreement with the theo-
ry and also implying a spectrally integrated albedo which is
lower than essentially all direct measurements of that quantity
on the antarctic plateau.

The albedo is difficult to measure accurately under clear sky
conditions at large solar zenith angle 0 0 because the incident
radiation is primarily the direct solar beam while the upwelling
radiation is diffuse. Studies were done to estimate the magni-
tude of potential errors. Several problems must be taken into
account. (1) The instrument must be kept level to at least a small
fraction of a degree of arc since the percentage error is propor-
tional to secant Q,. (2) If the angular sensitivity of the instrument
is not precisely proportional to the cosine of the angle between
the direction of incidence and the optical axis, corrections are
required to obtain actual irradiances and the resultant albedo.
These corrections must be applied to the diffuse components of
the radiation as well as to the direct-beam component. With the
sensor design we used, the net correction was dependent on
wavelength and ranged from 0 to 10 percent. (3) If the surface
under study is tilted away from horizontal, it can have an
apparent albedo which is significantly different from the value
measured normal to the surface. Our observations show that for
a surface tilt of 2 degrees, the change in the apparent visible
albedo is as much as 10 percent depending on solar azimuth.

To ensure that our measurements would be representative of
large areas, we were especially concerned to avoid possible
effects of pollution from the station. The pollutant with the
greatest potential effect on snow albedo is graphitic carbon,
which is present in the exhaust of aircraft, oversnow vehicles,
and diesel generators. We collected samples from the top 20
centimeters of both old sastrugi and newly arrived drift snow,
mostly within a radius of 3 kilometers of the station. These
samples were melted and filtered at the clean-air facility using
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Points (plus signs): Spectral albedo of the snow surface measured
600 meters "northeast" (045° grid) from the clean-air facility at the
South Pole on 23 January 1986 under diffuse light (thick overcast).
Solid curves: Calculations of spectral albedo for homogeneous
snowpacks of uniform grain radius r 50 micrometers and r 100
micrometers. The experimental points match theoretical calcula-
tions for r <50 micrometers at wavelength X> 1.5 micrometers and
50-100 micrometers for shorter wavelengths. At the shorter wave-
lengths, the light penetrates more deeply into the snow, so the
albedo is sensitive to grains beneath the surface; whereas at the
longer wavelengths, the albedo is influenced only by the grains very
close to the surface. The observed albedos can thus be explained by
an increase of grain size with depth. ("pm" denotes "micrometer?')
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methods developed by Antony Clarke (University of Hawaii).
Visual comparison with standard filters allowed us, while still at
the South Pole, to draw a preliminary contour map of the carbon
content of surface snow in the vicinity of the station. More
accurate estimates will be available from snow sample which
were shipped back to the United States and are now being
analyzed by Dr. Clarke. The conclusion from our preliminary
work is that the pollution is very minor. Just 500 meters upwind
of the clean-air facility there is normally less than 1 nanogram of
carbon per gram of snow (1 part per billion). Even 2 kilometers
downwind from the station carbon content did not exceed 10
parts per billion. For snow-grain sizes typical of Antarctica, our
models predict that 10 parts per billion carbon would reduce
snow albedo by only 1 percent at the most sensitive wavelength.
Thus, we reject the suggestion of Warren and Wiscombe (1980)
that the low visible albedos of Kuhn and Siogas were due to
impurities in the snow. More likely explanations are that the
snow surfaces directly beneath Kuhn and Siogas' instrument
were sloping slightly and that measurements were made under
direct sunlight or that the shadows cast by their instrument
were substantial.

A pilot study was undertaken to measure the angular varia-
tion of solar radiation reflected from the snow surface and how
the bidirectional reflectance distribution function is affected by
sastrugi. The bidirectional reflectance distribution function is
needed for remote sensing of snow albedo from satellites. Pi-
oneering work on this subject was done by Kuhn, Kundla, and
Stroschein (1977) and Kuhn (1985). By using the recently erec-
ted 23-meter meteorological tower near the clean-air facility, we
were able to combine a small angular field of view with a large
footprint, which is in a sastrugi field is necessary to reduce the
sampling error. Measurements were made with 10-degree field
of view at 15-degree intervals in viewing zenith and azimuth
angles throughout the day, at intervals of 1 hour (15 degrees of
solar azimuth). Over about 180° of viewing azimuth, the snow
surface was essentially undisturbed by station activities. The
measurements were made at solar elevations of 22° and 16°, at
900 nanometers wavelength, with some measurements also at
570 nanometers. Only small differences in the pattern were
seen for different solar azimuths, because the snow surface was

quite smooth in January and February 1986. To examine the
largest effects of sastrugi on the bidirectional reflectance dis-
tribution function an experiment covering the period from sun-
rise to summer solstice would be recommended, because the
sastrugi are most pronounced at the end of winter and decay
during the summer (Cow 1965). Our preliminary measure-
ments will be compared with the top-of-atmosphere bidirec-
tional reflectance distribution function estimated by Taylor and
Stowe (1984).

We thank Cliff Wilson and Brad Halter for the use of the clean-
air facility, and Hank Koch for designing an electrical grounding
system for our bidirectional reflectance measurements on the
tower. This research was supported by National Science Foun-
dation grant DPP 83-16220.
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Radiative properties of antarctic
atmosphere and snow

T. YAMANOUCHI

National Institute of Polar Research
Tokyo 173, Japan

Measurements of the snow albedo and atmospheric long-
wave radiation were done at the Amundsen-Scott South Pole
Station for 2 weeks in November and December, 1985. Upfacing
pyranometers of total and near-infrared wavelength region
(Eko MS-800) and pyrgeometer (Eppley PIR) were installed on
the roof of the clean-air facility, and downfacing pyranometers

were set on the pipe over the snow field about 80 meters from
the building.

The snow albedo is the strongest controlling factor of the
radiation budget of the snow surface. Several measurements of
albedo have been conducted at the South Pole since the begin-
fling of the station; however, there were still problems con-
cerning the spectral distribution of albedo depending on the
contamination of snow (Kuhn and Siogas 1978; Warren and
Wiscombe 1980) or the incident angle dependence of albedo in
relation to the snow surface (Carroll and Fitch 1981; Warren
1982; Yamanouchi 1983).

A preliminary result shows that the albedo ranges between 83
and 86 percent (calibration has not been completed yet)—low
under the clear sky and rather high under the cloudy sky.
Further analysis of the sampled snow should be made to exam-
ine the relation between the albedo and the contamination of
the surface snow.
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Atmospheric radiation is also an important component of the
surface radiation budget and depends largely upon the cli-
matological and meteorological condition of the station. Mea-
suring the atmospheric long-wave radiation, especially under
the solar radiation, is difficult (Kuhn, Kundla, and Stroschein
1977). A correction was made for the unexpected solar heating
of the filter dome of the pyrgeometer (Yamanouchi et al. 1981).

The figure shows the results of the measurement. Compared
are the theoretical values for the clear sky calculated using the
method described by Yamanouchi and Kawaguchi (1984) for the
temperature and water vapor amount obtained from the aero-
logical soundings. In addition, the total cloud amount, upper
and middle cloud condition, and precipitable water (derived
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Measured and calculated [with measured relative humidity (rh) and
with 100 percent relative humidity] atmospheric radiation. Measured
values are 1 hour mean around the time aerological sounding (OOz
and 12z). Also shown are upper and middle level cloud conditions
and total cloud amount observed by eye (synoptic observation) and
precipitable water derived from aerological data and 100 percent
relative humidity (for measured level). ("mm" denotes "millimeter:'
11 W/m 2" denotes "watts per square meter:' "n" denotes "number.")

from the aerological data) are shown in the figure. The surface
inversion was 3.8°C on average. There was no absolutely clear
sky during this period. The measured atmospheric radiation for
the low cloudiness approximately coincides with the calculated
value. This fact is circumstantial evidence for the confidence of
the measurement and calculation. The deviation of the mea-
surement value from the calculated value indicates the effect of
clouds. Referring to the cloud amount and conditions, middle
clouds (low-level at the station) increase the radiation about 40
to 70 watts per square meter, and upper clouds about 8 to 40
watts per square meter. These values are about the same or less
than the result at Mizuho Station (70°42'S 44°20'E) (Yamanouchi
and Kawaguchi 1984) which is located about 250 kilometers
from the south Indian Ocean coast, in the east antarctic inland.
Considering that the temperature and the quantity of water
vapor in these 2 weeks are the same as those in winter at
Mizuho, it can be concluded that the cloud effect to increase the
atmospheric radiation was weaker in this period at the South
Pole.

This work was supported by the Japanese Ministry of Educa-
tion, Science, and Culture and by the National Science Founda-
tion as a Japan-U.S. exchange scientist based on the Antarctic
Treaty. The author is grateful to Cliff Wilson, National Oceanic
and Atmospheric Administration, Global Monitoring for Cli-
mate Change for the field support and to Kitt Hughes, member
of the meteorological party of the South Pole Station, for the
routine meteorological data.
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Air chemistry monitoring at Palmer
Station

H.M. HOWARD, D.R. CRONN

W.L. BAMESBERGER, and F.A. MENZIA

Laboratory for Atmospheric Research
Washington State University
Pullman, Washington 99164

The fourth and final year of operation of the Washington State
University clean-air facility at Palmer Station concluded in De-
cember, 1985. Preliminary results from the first 2 years of sam-
pling have been published (Robinson et al. 1984), and the set-up
and operation of this system have been outlined in previous
Antarctic Journal reports.

Trace gas measurements were made at Palmer Station to de-
termine the ambient mixing ratios of methane, carbon monox-
ide, carbon dioxide, fluorotrichioromethane (CC1 3FIF-11), di-
fluorodichlormethane (CC12F2IF-12), methyl chloroform, car-
bon tetrachloride, and nitrous oxide. All of these measurements
were made on an hourly basis using flame ionization and elec-
tron capture gas chromatography. Ozone sampling (by ultra-
violet photometry) was done on a continuous basis. Addi-
tionally, meterological information such as temperature, pres-
sure, dew point, wind speed, and wind direction was collected
as well as condensation nuclei counts, which were used to
determine periods of contamination from Palmer Station power
plant.

This extended data set of trace gas concentrations has a wide
range of applications. Increases in the world background levels
of these gases have significant implications for climatic changes.
Although carbon dioxide is the best known of these for its
potential in global heating, the other gases being sampled also
contribute to the "greenhouse effect" (Ramanathan et al. 1985).
Stratospheric ozone destruction due to interaction with fluo-
rocarbons is also of primary concern (Farman, Gardiner, and
Shanklin 1985). Seasonal cycles as well as concentration changes
due to meterological variables provide important insights into
atmospheric transport. To provide more comprehensive data on
the correlation of synoptic meteorology and trace gas variations,
the sampling frequency was increased to twice per hour during
the final 3 months of the program. The gas chromatograph
calibration interval was changed from a 4-hour to a 2-hour cycle
to improve the precision further during this time frame.

Before the clean-air facility was shut down, a series of contin-
uous standards analyses was conducted to provide a final sys-
tem check. The system precision as indicated by the standard
deviation of the analyses (20 N 44) was as follows: meth-
ane-0.66 percent; carbon monoxide-2.5 percent; carbon diox-
ide-0.31 percent; F-11-0.36 percent; F-12-1.24 percent;
methyl chloroform-0.78 percent; carbon tetrachloride-0.58
percent; nitrous oxide-0.67 percent. This series also revealed
an inconsistency in the integration techniques used by the
microprocessor to determine the mixing ratios of certain com-
pounds during the final year of operation. Correction of these
calculation errors is currently in progress and will reduce the
noise seen in the preliminary data presented here for nitrous
oxide, methyl chloroform, and carbon tetrachloride.

The secondary field standards used on site for the gas chro-
matography analyses have been shipped back to Washington
State University for recalibration against the primary long-term

standards series maintained for this purpose. Mixing ratio
changes within the field standards are not expected to be
significant.

The preliminary results of the 4-year data set have been plot-
ted and are presented in figures 1, 2, and 3. Figure 1 represents
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the halocarbon and nitrous oxide preliminary weekly averages
which show the following yearly increases over the sampling
interval (based on a simple linear least-squares fit of the data):
F-11-5.5 percent; F-12--5.3 percent; methyl chloroform-5.2
percent; carbon tetrachloride-1.3 percent; nitrous oxide-0.2
percent. Methane and carbon dioxide presented in figure 2,
both exhibit a strong seasonal variation as well as an overall
increase of 1.3 percent and 0.5 percent per year, respectively.
(Carbon monoxide results are not presented at this time because
further data reduction is needed. Data reduction for carbon
monoxide is more time consuming because of the lower preci-
sion and lower ambient levels being measured.) In figure 3, the
4-year trend of weekly averaged ozone has been plotted, also
showing a strong seasonal correlation. A more detailed analysis
of these ozone trends is currently being done (Sheppard,
Cronn, and Westberg in preparation). Gaps in these figures are
due to times of equipment failure and periods of system retrofit
and upgrade.

The field program at Palmer Station was carried out by Harry
Howard, the 1985 winter scientist. Assistance was provided by
Ervin Hindin and Connie Rauen in summer 1984-1985. This
research was supported by National Science Foundation grant
DPP 80-05797. The authors thank Elmer Robinson, Stephen and
Annette Waylett, and Tom Ferrara who participated in the ac-
quisition of the Washington State University data set used in
this work.
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Upper atmosphere studies__________________

High-rigidity cosmic ray intensity
waves

M.A. POMERANTZ

Bartol Research Foundation of the Franklin Institute
University of Delaware

Newark, Delaware 19716

R.M. JACKLYN and M.L. DULDIG

Antarctic Division
Department of Science and Technology

Australia

Remarkable isotropic intensity waves were first observed fol-
lowing the great cosmic ray storm of September 1978 (Duggal
and Pomerantz 1979a, 1979b). This new phenomenon was not
limited to the low rigidities to which nucleonic detectors are
sensitive (about 10 gigavolts on average) but was observed with
underground detectors at energies exceeding 200 gigaelectron-
volts (Duggal et al. 1981). It was consequently natural to assume
that a sustained period of intensity variations that appeared to
be related to a subsequent large Forbush decrease in July 1982
was similar in character.

However, preliminary analysis of the later event appeared to
show that in this case the intensity waves were anisotropic, i.e.,
instead of being global, the variations were due to north-south
anisotrophy (Jacklyn and Pomerantz 1983) an effect which had
been discovered many years earlier (Nagashima, Duggal, and
Pomerantz 1968). In fact, a detailed study invoking data from a
number of high-energy cosmic ray detectors in the Northern
and Southern Hemispheres (Pomerantz 1984) provided evi-
dence that the intensity waves were of a dual isotropic-
anisotropic character (Jacklyn, Pomerantz, and Duldig 1984).

When the same type of event recurred in 1983, against a very
different background of transient modulation (e.g., there was
no accompanying Forbush decrease), the plot indeed thick-
ened. What emerged was that we had discovered a totally new
and unexpected manifestation of cosmic ray modulation in the
heliosphere—isotropic intensity waves that, as is clear in the
figure, were strongly dependent upon the polarity of the inter-
planetary magnetic field (Jacklyn, Duldig, and Pomerantz
1984).

Intensity waves occurred again in 1984, in the latter part of the
year as in the previous cases. The three consecutive events were
similar to each other but differed significantly from the one in
1978 (Duldig, Jacklyn, and Pomerantz 1985).

Because these isotropic intensity waves display a hard spec-
trum (i.e., the variations are essentially independent of energy),

-20 -15 -10 -5	0	5	10	15	20	25	30
DAYS

Superposed epoch analysis of 27-day intensity waves that occurred
between July and October 1982. W i (dashed line) is the isotropic
wave that remains after subtracting from W (solid line) the small
component arising from concurrent north-south asymmetry. There
is a strong correlation between the waves and the direction toward
and away of the interplanetary magnetic field sector.

they predominate at the higher energies that are observed with
the underground detectors at Mawson Station. This outstand-
ing cosmic ray facility of the Antarctic Division, Australian
Department of Science and Technology, has been upgraded
during recent years to provide the remarkable stability that is
required for studies of this type (Jacklyn and Duldig 1983).

This new mode of cosmic ray intensity modulation has oc-
curred in 3 of the 4 years for which data have been available. The
amplitude has been largest near solar maximum. The implica-
tion that the omnidirectional cosmic ray intensity can be greater
on one side of the interplanetary magnetic field neutral sheet
than on the other is significant for understanding the large-scale
structure of the interplanetary magnetic field in the inner solar
system.

This work was supported in partly National Science Founda-
tion grants DPP 83-00544 and INT 81-14863.
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Magnetic pulsations as probes of the
magnetosphere

L.J. CAHILL, JR.

School of Physics and Astronomy
University of Minnesota

Minneapolis, Minnesota 55455

R.L. ARNOLDY

Space Science Center
University of New Hampshire

Durham, New Hampshire 03824

M.J. ENGEBRETSON

Physics Department
Augsburg College

Minneapolis, Minnesota 55455

We have been operating magnetic pulsation receivers at sev-
eral stations in the Antarctic during the past decade. During this
last year, receivers were operating at Siple, South Pole, and
McMurdo Station. In previous reports, we have described work
on the generation of Pc 1 pulsations near 1 hertz; on the associa -
tion of Pi 1 pulsations, near 0.1 hertz, with auroras; and on the
conjugacy of pulsations, observed at the ends of the field line in
each hemisphere and at the equatorial plane in the magne-
tosphere. The pulsation receivers consist of a remote antenna
and a digital recording system. The antenna is a permalloy rod,
500,000 turns of fine copper wire wound around the rod, and a
low-noise preamplifier. The recording system is a digital signal
processing and programming units and a digital tape recorder.
The digital system allows repeated signal analysis and enhance-
ment using frequency and polarization techniques. We con-
tinue to work on a variety of pulsation studies including several
collaborative projects. This report will be limited to two new
studies that have commenced this year: a renewed effort in the
study of the generation and propagation of Pc 1 waves and a

study of the origin of Pc 3 waves observed near the southern
cusp.

Pc 1 observations. When our receivers at Siple Station were first
put in operation in the early 1970's, Pc I pulsations were fre-
quently observed. In recent years, very few events have been
observed. The occurrence rate of these pulsations is controlled
by the 11-year solar cycle, so now in the early 1980's, there are
again large numbers of Pc 1 events. These pulsations near 1
hertz in frequency are believed due to Doppler-shifted ion
cyclotron resonance with energetic magnetospheric ions. The
waves propagate at the Alfven speed in packets along the mag-
netic field line and gain energy as they pass through the reso-
nant ions. The packets reflect at the ionosphere and bounce to
the opposite hemisphere gaining energy in each bounce. The
small amount of energy transmitted at each bounce can be seen
on the ground with our pulsation antennas. Figure 1 is an
example of a fairly simple Pc 1 event observed at Siple Station, L
= 4.2. The event starts near 2230 universal time at a frequency
of 1.5 hertz, grows in intensity until 2245 universal time, main-
tains constant intensity until 2255 universal time, and fades out

P L

2230	2300	30	00

u r
June J, 982

Figure 1. Dynamic power spectral density of the pulsation receiver
signal, 2230 universal time) (UT), 5 June to 0030 universal time, 6
June 1982. The top, middle, and bottom panels are for plane, left-
hand, and right-hand polarized waves. The vertical frequency scale
is from 0 to 2.5 hertz (Hz) for each panel. The power density is
represented by the gray scale shading; white is the most intense.
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by 2320 universal time. Meanwhile, a separate pulsation starts
at a slightly higher frequency than the first near 2340 universal
time and fades out by 2330 universal time when other pulsation
trains at higher frequencies start to grow. The dots within each
pulsation train represent the wave packets arriving over Siple
while the time interval between dots shows the travel time of
the wave packet from Siple to the northern ionosphere and
return. The increase in frequency seen within some individual
dots is due to velocity dispersion in the propagation of the wave
packets along the magnetic field lines.

Most of the Pc 1 pulsations observed near Siple are generated
near the plasmapause. We have earlier observed a diurnal varia-
tion in the center frequency of Pc 1 pulsations as the plas-
mapause reaches its closest approach to the Earth in the morn-
ing hours [with higher Pc 1 (cyclotron) frequencies reflecting
the higher magnetic field magnitude at closer distances] and as
the plasmapause reaches its greatest distance in the evening
hours [with correspondingly lower Pc 1 frequencies (Lewis,
Arnoldy, and Cahill 1977)]. The Siple antennas are able to
observe pulsations from a range of L shells through horizontal
ducting of the waves below the reflecting altitude in the
ionosphere. The overall rise in frequency between 2230 and
0030 universal time (1800 and 2000 magnetic local time at Siple)

in figure 1 suggests an inward movement of the plasmapause
although at this local time, on the average, the plasmapause is at
its greatest distance from the Earth. It is tempting to speculate
that the falling frequencies within some of the individual pulsa-
tion trains of figure 1 indicate outward movement of flux shells
where the resonant ions are drifting. Overlapping pulsation
trains within figure 1 indicate simultaneous wave generation on
two or more magnetic shells at different radial distances from
the Earth. There is, however, a complex relationship between
the frequency, the resonant ion energy, and the distance of the
generation region. Pc 1 pulsations are also observed at our other
receiver locations in the Antarctic (Arnoldy et al. 1986). We are
commencing an interpretation program including simul-
taneous pulsation and energetic ion observations from space-
craft in the magnetosphere.

Pc 3 observations. The Pc 3 pulsations shown in figure 2(1320 to
1340 universal time; 1410 to 1440 universal time) are examples of
the quasi-sinusoidal waves near 25 seconds in period that are
frequntly observed at South Pole Station when it is near the
noontime southern cusp, the dividing region between Earth's
magnetic field lines that close in a dipole configuration and
those that extend into the Earth's magnetic tail (Engebretson et
al. 1986). Such sinusoidal pulsations inside the magnetosphere

SOUTH POLE JANUARY 1983
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Figure 2. Wave form of the pulsation signal from the South Pole Station, 1300 to 1500 universal time 30 January 1983.
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are usually considered as harmonics in a resonant standing-
wave structure of long-period waves on the closed Earth's mag-
netic field lines (Cahill et al. 1984). Their presence near the cusp,
and therefore near the outer boundary of closed field lines, is
surprising. The occurrence of these pulsations is strongly corre-
lated with the x component of the interplanetary magnetic field.
The Pc 3 pulsations are seen when the interplanetary field is
within 45° of alignment with the Earth-Sun line. In addition, the
pulsation period varies inversely with the magnitude of the
interplanetary field, from 12 seconds when the field is 15
nanoTeslas to 40 seconds when it is 4 nanoTeslas.

This research was supported by National Science Foundation
grant DPP 83-18632.
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Keogram camera and zenithal
photometer

measurements from South Pole and
McMurdo Stations

R.H. EATHER

Department of Physics
Boston College

Chestnut Hill, Massachusetts 02167

I operated three optical instruments in Antarctica during the
1985 austral winter.

Keogram camera (South Pole Station. This is a dual-channel,
intensified monochromatic slit camera, which records the posi-
tion ind intensity of two auroral emissions along the geomag-
netic north-south meridian through South Pole Station. The
data are color coded auto 35-millimeter color film (see Eather
1981). Data are distributed to other researchers in the form of
color prints, and the last two seasons' operations resulted in 62
days of good data (free of cloud cover and strong moonlight
contamination) for the 1983 winter and 58 for 1984. Analysis of
these keograms led to two published papers (Eather 1984, 1985)
describing various aspects of dayside auroral behavior and the
effects interplanetary conditions. In addition, the keograms
have been used in numerous correlative studies (Hones et al.
1985; Arnody et al. 1986; Wu et al. 1986).

Zenithal photometer (South Pole Station.) This is a dual-channel
instrument (4278N 2 and 630001) with a field of view (55°)
matched to that of the riometers. Data are digitally recorded on
the University of Maryland data logging system and distributed
to all investigators on request. These data have been and con-

tinue to be used in various riometer studies, ultra-low-frequen-
cy magnetic pulsation studies (Arnody et al. 1986), mor-
phological studies in conjunction with satellite data (Hones et
al. 1985), and coordinated studies with Dynamics Explorer sat-
ellite auroral images (work in progress) and satellite X-ray im-
ages (Misera et al. in preparation).

Zenithal photometer (McMurdo Station). This instrument is
identical to the one at the South Pole Station and was installed in
the new Arrival Heights laboratory in January 1985, operating
through the 1985 austral winter. Data are logged on the Univer-
sity of Maryland data logger and will be used in correlative
riometer and very-low-frequency and ultra-low-frequency
studies.

This research was supported by National Science Foundation
grant DPP 82-15312.
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38.2 MHz Riometer

Antarctic riometry program	 South Pole, 26 March, 1986
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As a part of the University of Maryland's ionospheric re-
search program in Antarctica, work was performed at several
stations, including McMurdo, South Pole, and Siple, during the
1985-1986 austral summer season. The field team was D.L.
Detrick, L.F Lutz, and L.H. Schmick, who operated on the
antarctic continent from 12 January to 8 February 1986. Signifi-
cant assistance at Siple and South Pole Stations was rendered by
M. Lessard of the University of New Hampshire.

In addition to the regular maintenance schedule, several new
projects were undertaken during the season. Much of the work
involved the installation of computer hardware at McMurdo
and Siple Stations and upgrading of the computer software
used at the stations for data verification; programs used for
reducing and transmitting data to the United States by satellite
were also installed or improved. The hardware installation in-
cluded a PDP-11/23 minicomputer at McMurdo, and a Micro!
PDP-11!73 computer at Siple Station. Software modification was
performed at South Pole Station, on the newly upgraded Micro!
PDP-11/73 system.

A satellite data link was installed at Siple Station, which uses
the ATS-3 communications satellite to transmit data to re-
searchers in the United States, and the existing voice transceiver
was enhanced to provide better operational service. The current
configuration permits 1,200 baud full-duplex data service and
simultaneous voice communications with direct-dialing from
Siple. Data and voice calls are routed through the satellite
ground station in Malabar, Florida, operated by Paul Eden (Uni-
versity of Miami). Existing dial-up lines permit researchers at
Siple to have direct access to computer systems at their home
institutions. Data calls can also be initiated from the United
States, providing a convenient means of performing software
maintenance on the computer system at Siple and leaving mes-
sages for personnel when they are not readily available. Later
this year, a connection to the National Aeronautic and Space
Administration's Space Physics Analysis Network (SPAN) will be
provided, to enhance further the data transfer capabilities from
South Pole and Siple Stations.

The computers at the various stations and the satellite data
links permit verification of data recorded on the University of
Maryland's digital data acquisition system at each station. The
analog signals from instruments operated by several cooperat-
ing institutions are recorded by the data system, and sample
data are reduced for transmission to the host institution via the
ATS communications satellite link; this enables investigators to
examine the operation of scientific instrumentation at the sta-
tions and receive data of particular interest during times of
significant activity.

During the 1986-1987 austral summer season, we plan to
install a phased array scanning riometer antenna at South Pole
Station. This system will enable examination of electron pre-
cipitation at the station in fine spatial detail and will be able to
observe rapidly moving precipitation regions correlated with
auroral imagery. The new riometer system will operate at 38.2

51.4 MHz Riometer

1300	1400	1500	1600	1700	1800

Universal Time

Comparison of cosmic noise signal received using a circularly po-
larized turnstile riometer antenna (38.2 megahertz) with reception
from normal phased-pair dipole antennas (30 and 51.4 megahertz).
("MHz" denotes "megahertz:')

megahertz and will complement the existing riometer network
at the station, which consists of 20.5-, 30-, and 51.4-megahertz
riometers. A prototype element of the antenna array was in-
stalled at South Pole to examine the operating characteristics
and durability of the antenna; the new antenna is a circularly
polarized, crossed-dipoled element (turnstile) with a ground
plane. Using the facilities at South Pole, several days of low
lime-resolution data have been analyzed, and the antenna ap-
pears to operate as expected. The signal from newly installed
38.2-megahertz riometer is compared with the signals from the
30-megahertz and 51.4-megahertz riometers in the figure. The
antenna has a circular beam, with a beamwidth comparable to
the antennas used at the station for several years.

We appreciate the efforts of Paula McNerney (Bartol Research
Foundation), the winter scientist at South Pole Station, in
providing the riometer data. The instrumentation at McMurdo
Station will be maintained by Dave Clements during the 1986
winter season. We also gratefully acknowledge the winter as-
sistance of Cyril Lance and Laura Kay at South Pole Station and
Chuck Hull at McMurdo Station (all of Bartol Research Founda-
tion), during the 1985 austral winter. Mike Dermedziew and Jim
Logan (Stanford University) will oversee the riometer and mag-
netometer systems at Siple Station for the 1986 season.

The University of Maryland's antarctic riometry program is
supported by National Science Foundation grants DPP 83-04844
and DPP 84-19272.
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Simultaneous measurement of the
conjugate ionosphere from Roberval,
Quebec and Siple Station, Antarctica
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A variety of geophysical observations have been conducted at
conjugate locations in the Northern and Southern Hemispheres
over the past two decades (Nagata 1986). To a large extent, most
of these studies have concentrated on examining the conjugacy
of auroral phenomena and only a few investigations of conju-
gate F-region phenomena have been reported. For several near-
ly conjugate mid-latitude station pairs, Rodger (1976) has found
a strong statistical correlation in the occurrence of spread-F.
Further studies by Rodger and Aarons (personal communica-
tion) have shown that medium scale irregularities (approx-
imately 1-10 kilometers) in F-region electron concentration at
conjugate locations are frequently highly correlated, par-
ticularly during equinoctial periods.

In this work, the results of an analysis of data obtained at the
mid-latitude (L equals approximately 4.2) conjugate pair of Siple
Station, Antarctica, and Roberval, Quebec, supplemented by
data from Halley Station, Antarctica are discussed. The con-
jugacy of Siple and Roberval is well documented and many
important studies have been derived from data obtained at this
station pair (cf. e.g. Rosenberg et al. 1981). Sited at each of the
three stations has been a National Oceanic and Atmospheric
Administration high-frequency digital sounder (Grubb 1979)
which can measure a variety of ionospheric echo parameters,
including angle-of-arrival (cf. Stiles, Berkey, and Doupnik 1981;
Dudeney 1981).

The data to be discussed herein were acquired over an inter-
val of 41 hours starting at approximately 0400 universal time on
13 November 1982. In November, Roberval (48°N 72°W) experi-
ences about 11 hours of darkness at F-region heights while the
ionosphere over both Siple (76°S 84°W) and Halley (75°S, 27°W)
is sunlit continuously. Hence, ionospheric plasma densities at
the conjugate station pair are predictably different (see figure 1).
Using ionograms acquired at each station, electron density
height profiles were derived, using the real height analysis
technique of Titheridge (1985). From these profiles, the max-
imum electron density of the F-layer (N mF2) and the height at
which the maxima (h 1 F2) occur has been obtained.

During the interval over which ionospheric measurements
were conducted, the geomagnetic field was moderately active
and several magnetospheric substorms occurred. The auroral
electroject index reached 1000 nanoTesslas at approximately
0950 and again at 2030 universal time on 13 November. Less

intense substorms with auroral electroject values reaching 500
nanoTesslas occurred at 1530 universal time on 13 November
and several times between 0900 and 2000 universal time on 14
November. Blackout (i.e., ionospheric absorption), associated
with the substorm at approximately 10 universal time on 13
November, was observed at all three sites. This was the only
event for which the Siple 30-megahertz riometer registered
absorption in excess of 1 decibel (Rosenberg, personal
communication).

In the upper panel of figure 1, the time history of hmF2 is
shown for each of the stations. Error bars, which denote the
uncertainty in determining the height of the F-region peak
density, are also displayed. Since many of the ionograms which
were used in this analysis exhibited range spreading (Booker,
Pasricha, and Powers 1986), a filtering technique (see appendix
A of Berkey and Jarvis 1985) was used to obtain an ionogram to
which the Titheridge method could be applied. This technique
was applied to identify only those echoes which were located
within a radius of approximately 50 kilometers of the
transmitter.

At approximately 1100 universal time on both days, hmF2
decreased markedly while Nm F2 remained relatively constant
(except at Roberval, where 1100 universal time coincided with
the time of local sunrise). Since the decrease of hmF2 occurred
more-or-less simultaneously in both hemispheres, it is tempt-
ing to invoke a relatively transient global mechanism. In fact,
magnetospheric substorms preceded the fall in h mF2 on both
days. On the other hand, that such decreases may be a feature of
the daily variation of h,F 2 cannot be ignored until further data
have been examined. Global mechanisms, which can cause the
F-region to decrease in height, for example, an increase either in
the magnitude of the westward component of applied electric
field or of the meridional neutral wind, are well known (cf. e.g.,
Park and Banks 1974).

The peak density of the F-layer as a function of time is dis-
played in the lower panel of figure 1. Although the data are not
continuous for Roberval, the diurnal variation due to solar il-
lumination (i.e., a maximum near local noon and a minimum
near midnight) is evident. In contrast, the maximum is reached
near local midnight at Siple Station. Note that during the
daylight hours at Roberval, N,F 2 was 4.7 times greater than that
measured at either Siple or Halley (see detail in figure 2). These
data clearly illustrate the so-called "seasonal anomaly" occur-
ring in the 172-region, which has been the subject of numerous
investigations (cf. e.g. Torr and Torr, 1973). Recent model stud-
ies of the conjugate ionosphere by Richards and Torr (1986),
predict a factor of 2 larger density in the Northern Hemisphere
for a field line at L equals approximately 3 and approximately
40° west of Siple-Roberval field line (see their figure 6).

For a 3-hour interval (1700-2020 universal time), h,F 2 and
NmF2 have been derived at 15-minute intervals and are dis-
played in figure 2. A relatively constant peak density is evident
from the data illustrated in the bottom panel. At the same time,
the hmF2 data suggest that long-period (45-75-minute) waves
were present in both hemispheres with somewhat larger ampli-
tudes and longer periods occurring at the antarctic stations.

In summary, this work represents the first analysis of conju-
gate ionospheric electron density profiles using digital iono-
sonde techniques. The analysis has shown many interesting
features, not the least of which is that global magnetospheric
processes may have a dominating influence on the mid-latitude
ionosphere in both hemispheres. It is anticipated that further
measurements of longer duration will be conducted at Siple and
Roberval in the near future.
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Figure 1. The upper panel displays a time history of the height of the F-region maxima (h mF2) for Roberval (circles), Siple (squares), and Halley
(triangles) for 13 and 14 November 1982. The corresponding time history of the peak density of the F-region (N mF2) is shown, again for each of
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("UT" denotes "universal time.")

The digital high-frequency sounder at Siple Station was oper-
ated by Steve Walter and Ian McNulty. This research has been
supported by National Science Foundation grants DPP 81-00220
and DPP 84-18173. The facilities at Halley were provided by the
British Antarctic Survey.
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Figure 2. This figure presents hmF 2 (upper panel) and N mF2 (lower
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fication is the same as that used in figure 1. ("Km" denotes "kilo-
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Correlated electron and X-ray
measurements of

quiet-time electron precipitation near
Siple

E.E. GAINEs, W.L. IMHOF, W.E. FRANCIS, and M. WALT

Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

T.J. ROSENBERG

University of Maryland
Institute for Physical Science and Technology

College Park, Maryland 20742

Several cases of X-ray observations from balloons coordinated
with measurements of precipitating electrons were obtained
during passes of the low-altitude polar-orbiting satellite P78-1
near Siple, Antarctica. The observations, made during a geo-
magnetically quiet period from late December 1980 to early
January 1981, included high-resolution measurements of the
electron energy spectra, pitch angle distributions from two
spectrometers on board the satellite (Imhof, Gaines, and Re-
agan 1981), and very sensitive measurements of
bremsstrahlung X-rays from balloon-borne detectors. The data

acquisition limes, satellite-balloon separations, and magnetic
indices are summarized in table 1.

Cosmic noise absorption measurements were made during
this period with a 30-megahertz riometer at Siple Station
(Detrick and Rosenberg 1984).

Electron energy spectra summed over pitch angles from 65 to
115 degrees are presented in figure 1. These spectra are aver-
aged values from approximately 45 seconds of data for each case
during which time the satellite traveled about 300 kilometers.
The pitch-angle distributions corresponding to the energy
spectra are shown as the upper curves in figure 2 for the nomi -
nal satellite altitude of 600 kilometers. The lower curve in each
panel of figure 2 is the same distribution transformed to 200-
kilometer altitude for use in bremsstrahlung production
calculations.

Bremsstrahlung X-rays produced in the atmosphere by the
precipitating electrons were computed using the method de-
scribed in Walt, Newkirk, and Francis (1979). The
bremsstrahlung distribution as a function of angle, energy, and
altitude thus obtained is then traced through the atmosphere to
the balloon altitudes by standard Monte Carlo methods. Elec-
tron energy loss to ionization in the atmosphere is obtained
from the first part of the bremsstrahlung computation, and this
can be used to calculate the expected cosmic noise absorption.
The results of these calculations are given in columns three and
four of table 2. The measured riometer absorptions are shown
in the last column of the table; they show consistently lower
values than the calculated ones by 0.2 to 0.4 decibels.

The background in the X-ray detectors due to cosmic rays was
obtained from a balloon flight on 19 December 1980 at a time
when the satellite electron data showed the trapping boundary
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Table 1. Coordinated electron and X-ray cases

Balloon-Satellite

Time	 Satellite	
Separatlonsa

(universal	longitude	 Maximum	 Minimum
Date	 time)	 at 76° S	(in Kilometers)	(in Kilometers)

30 Dec 1980	 1923	 820 W	 260	 100
5 Jan 1981	 1921	 810 W	 250	 80
6 Jan 1981	 0313	 840 W	 330	 130

13 Jan 1981	 1917	 800 W	 340	 120
14 Jan 1981	 1916	 800 W	 200	 110

a Horizontal distance from balloon to the field line through the satellite at balloon altitude.
"p is the 3-hour planetary range index of geomagnetic field variation, an indicator of magnetic storm activity.
AE is a magnetic field index which measures global auroral electrojet activity.
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to be several degrees equatorward from Siple, and no detectable
flux of electrons (E is greater than 68 kiloelectronvolts) was
observed over Siple. The net measured X-ray fluxes (observed

Table 2. Electron energy deposition (greater than 10
kiloelectronvolts) and resulting riometer absorption

Time	EDEP ergs per square	30-megahertz

(universal	centimeter	_ absorption (decibel)

Date	time)	per second	Calculated Measured

30 Dec 1980	1923
	

9.3 x 10	.20	-.02
5Jan 1981	1921

	
2.7 x 10-s	.63	.33

6Jan 1981	0313
	

2.1 x 10-s	.59	.16
13 Jan 1981	1917

	
2.2 x 10-s	.60	.28

14 Jan 1981	1916
	

1.7 x 10	.37	.06

minus background) are presented in figure 3 with curves drawn
through the data points. Since the statistical error associated
with any individual measurement is rather small (typically less
than 5 percent in the channel counting rates for E less than 200
kiloelectronvolts), the major uncertainty in the net fluxes arises
from the magnitude of the background. An estimate of this
error was obtained from the differences in each channel be-
tween the lowest fluxes measured during a given flight and the
background fluxes described above. This uncertainty is illus-
trated in the form of vertical dashed bars through the data
points in figure 3. The expected bremsstrahlung fluxes at the
balloon altitudes are shown as bars calculated for the same
energy ranges as the X-ray detector channels with 50 percent
uncertainty factors indicated by solid vertical bars. Although no
X-ray measurements were made below 25 kiloelectronvolts, the
calculated bremsstrahlung in the energy range 10 to 25 kilo-
electronvolts is shown to illustrate the expected absorption of
lower energy X-rays by the atmosphere.
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In all of the coordinated cases examined here, the electron
pitch angle distributions were wider than one taken from a
location where the electrons are stably trapped. Thus, even
during a fairly extended period of low geomagnetic activity,
measurable electron precipitation occurs in the vicinity of Siple,
indicating that weak pitch angle diffusion normally occurs at L
equals 4.1.

Figure 3 illustrates the comparison between the observed X-
ray flux at balloon altitudes of 28 to 32 kilometers and the
expected X-ray flux calculated from the measured precipitating
electrons. In this calculation, the detailed nature of the electron
flux, energy spectrum, and angular distribution was invoked
and few assumptions on the bremsstrahlung production pro-
cess and photon transport were made. Hence, this comparison
clarifies the degree with which one can expect to relate magne-
tospheric conditions with secondary observations in the
atmosphere.

Of the five cases considered, three (5, 6, and 13 January) show
overall agreement within the overlapping uncertainty estimates
over the entire spectral range, the calculated fluxes usually
being higher than those measured. This result is consistent
with the absorption comparison in table 2. The agreement is as
close as could be expected on the basis of uncertainties in the
electron angular distribution data. This result also indicates that
at the time of these measurements, no unexpected phenomena,

such as beam plasma instabilities, altered the electron trajecto-
ries between the satellite and the atmosphere. The remaining
two cases (December 30 and January 14) have much less satisfac-
tory agreement at low energies; however, the agreement be-
comes much better above 100 kiloelectronvolts. In both of these
cases, the precipitated electron fluxes were much smaller than
in the other three cases, making the correction for cosmic ray
background much more critical, particularly at low energies.
The net X-ray fluxes in these two cases were only 3 percent to 30
percent of the cosmic-ray background, so uncertainties in the
background correction may be responsible for the poor agree-
ment on 30 December and 14 January.

In summary, it appears that one can expect to relate the
precipitating electron flux to the resulting bremsstrahlung X-ray
flux in detail over a wide energy range to within a factor of two
near the limits of detection providing one has energy spectra
extending to high energies and high resolution angular dis-
tribution data. The practical threshold to achieve that accuracy
in this experiment corresponds to energy deposition of 0.002
ergs per square centimeter per second, and greater accuracy
might be expected for higher intensity precipitation.

This paper is condensed from Gaines et al. (in press).
This research at Lockheed was supported by National Science

Foundation grant DPP 82-09967, and the Lockheed Independent
Research Program. The University of Maryland balloon pro-
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grams were supported by National Science Foundation grants
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tion by grants DPP 79-25014 and DPP 83-04844.
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Ducted whistler propagation beyond
the plasmapause

D.L. CARPENTER
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Geomagnetic Institute
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Lightning flashes regularly give rise to very-low-frequency
(VLF) whistler signals that are observed in the opposite hemi-
sphere after propagation along geomagnetic field aligned paths
through the Earth's magnetosphere. Most of these paths are
found to have maximum equatorial radii less than about 4 Earth
radii and are thus inside the typical location of the region of
steep density gradients called the plasmapause, where the plas-
ma density drops sharply by one to two orders of magnitude
with increasing distance from the Earth. Whistlers are in fact
observed outside the plasmapause; it is the simultaneous prop-
agation on both sides of this boundary that provided the first
extensive descriptions of the plasmapause phenomenon (Car-
penter 1966). However, the circumstances under which propa-
gation occurs in the outer region are poorly known and are the
subject of a recent study. These circumstances are of interest for
many reasons, including their relevance to controlled wave
experiments and the fact that whistlers in the outer region can
act to trigger extended bursts of VLF emissions. These emissions
have in turn been observed to induce particle precipitation into
the lower ionosphere, such that the phase and amplitude of
subionospheric VLF communication signals are perturbed (Din-
gle and Carpenter 1981).

In the study, we have used whistler data published pre-
viously, as well as recent data sets from Siple, Antarctica. The
figure gives a qualitative indication of results obtained for the
Siple longitude during periods of moderate magnetic distur-
bance. The equatorial regions outside the plasmapause that are
regularly penetrated by observed whistlers are shown by shad-
ing. Near local dawn there are two regions of activity, one just
outside the plasmapause boundary and the other within a band

that is separated from the plasmapause by a "gap" of about
0.5-1.0 Earth radii in extent. In the afternoon sector, the gap
disappears and observations occur over a comparatively wide L
range and with highest probability. In contrast, ground-to-
ground propagation is essentially absent in the dusk to mid-
night sector, unless a deep quieting trend is underway.

A special study was made of occurrence rates near local
dawn, since that time sector is known to be characterized by
relatively high levels of natural wave activity and of wave-
induced burst precipitation of particles into the ionosphere
(e.g., Helliwell et al. 1980). It was found that in the synoptic
whistler recordings, which sample activity 1 minute every 5
minutes or 1 every 15 minutes, propagation on one or more
paths outside the plasmapause was detected on roughly one
half of 45 days surveyed from the austral winters of 1977 and
1982. This agrees well with the results from the limited earlier
reports (Carpenter 1968).

The equatorial radius of the outermost observed path on a
given day was scaled and found to show a steep falloff at about
5.5 Earth radii. This appears to explain recent results from the
SCATHA satellite (Koons 1985), in which no whistlers were ob-
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Cross section of the magnetosphere showing equatorial distance as
a function of magnetic local time (MLT). Shading indicates those
regions beyond the plasmapause that are regularly penetrated by
whistlers observed near the meridian of Siple, Antarctica.
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served in the range 5.5-7.0 Earth radii during sampling extend-
ing over a year.

The physics of this type of propagation remain poorly under-
stood and need further study. The gap and the lack of propaga-
tion prior to midnight may in part be due to conditions of low
plasma density (Higel and Wu 1984) and processes which may
inhibit the formation of density enhancements that are capable
of trapping and guiding the waves. The favorable conditions in
the afternoon appear to depend upon the relatively moderate
plasma convection velocities of this region, as well as the higher
ambient plasma density levels [electron densities of order 5-10
per cubic centimeter, compared to values of order 0.5-1.0 per
cubic centimeter prior to midnight (Higel and Wu 1984)]. The
relatively high activity levels found at 75°W do not appear to
extend to all longitudes. The reasons for this are not well known
and are currently the object of a special study by the SCAR upper
atmospheric physics working group.

This research was supported in part by National Science
Foundation grants DPP 83-17093 and DPP 83-18508.
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ISEE-1 satellite observations during
Siple

Station very-low-frequency wave-
injection experiments

T.F. BELL and J.P. KATSUFRAKIS
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The primary purpose of the Siple Station very-low-frequency
(VLF) transmitter is to inject coherent VLF waves into the
ionosphere and magnetosphere to understand nonlinear inter-
actions between coherent VLF waves and the energetic particles
which populate the Earth's radiation belts (Helliwell and Kat-
sufrakis 1974). It is commonly believed that interactions be-
tween VLF waves, both natural and manmade, and the radiation
belt particles play an important role in determining the lifetime
and pitch angle distribution of these particles. Consequently
these interactions provide an important mechanisms by which
energy is tranferred from the Earth's magnetosphere to the
ionosphere.

Because of the basic unity of plasma processes throughout the
universe, knowledge gained as a result of the wave-injection
experiments may eventually be applicable to other planetary
and stellar plasma systems. For example, a strong similarity has
been shown to exist between the mechanisms of VLF chorus
emission in the magnetospheres of the Earth and Jupiter (Coro-
niti et al. 1984; man, Helliwell, and Kurth 1983). Furthermore,
VLF wave-induced pitch angle scattering has been proposed to
explain the depletion of energetic ions outside the orbit of lo in
the Jovian magnetosphere (Thorne 1982).

One of the main goals in the Siple Station VLF wave-injection
experiments is to understand the mechanism by which VLF

emissions are stimulated in the magnetosphere. In the simula-
tion process, which is believed to take place near the magnetic
equatorial plane, the perturbing waves may be amplified by as
much as 30 decibels, and the resonant energetic electrons may
be scattered into the atmospheric loss cone, eventually pre-
cipitating into the lower ionosphere to produce bremsstrahlung
X-rays, optical emissions, and plasma density enhancements
(Helliwell and Katsufrakis 1974; Helliwell et al. 1980; Rosen-
berg, Helliwell, and Katsufrakis 1971).

To understand the stimulation process, it is necessary to
know the characteristics of the waves and particles in the inter-
action region. Thus, an important component of the various
Siple Station VLF wave-injection experiments has been the sup-
port provided by various satellites, such as Explorer 45 (USA),

Exos-B (Japan), ISEE-1 (USA), ISIS-1 (Canada, ISIS-2 (Canada),
and DE-1 (USA). Correlative data from these satellites have been
used to determine the characteristics of the injected waves and
energetic particles in the ionosphere and magnetosphere and to
establish the importance of coherent whistler-mode waves in
magnetospheric wave-particle interactions (Bell, man, and
Helliwell 1981; Bell et al. 1983a, 1983b; Kimura et al. 1983.)

The figure shows an example of recent data acquired by the
Stanford University instrument on the ISEE--1 satellite during
Siple Station VLF wave-injection experiments. In this example,
pulses from the Siple transmitter at approximately 3.5 kilohertz
are observed to trigger a series of strong VLF emissions, each of
which endures for approximately 2 seconds. The observations
are part of a new generation of wave-injection experiments
using the new VLF transmitter at Siple Station. The purpose of
these new experiments is to understand the mechanism which
produces VLF emissions in the region of the magnetosphere
exterior to the plasmasphere. It has been known for some time
that VLF emissions triggered outside the plasmasphere often
differ spectrally and in intensity from those triggered inside the
plasmasphere (Bell et al. 1981). The new transmitter has a radi-
ated power 3 decibels higher than the earlier transmitter. It is
believed that the stronger signals from the new transmitter will
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Siple Station very-low-frequency (VLF) transmitter signals near 3.5
kilohertz (kHz) triggering intense VLF emissions in the region of the
magnetosphere exterior to the plasmasphere. ("UT" denotes "uni-
versal time?')

more often exceed the threshold value of wave amplitude neces-
sary to produce nonlinear wave-particle interaction outside the
plasmasphere.

Knowledge gained from the Siple Station VLF wave-injection
experiments will help in the building of a comprehensive model
of the mechanisms through which electromagnetic waves and
energetic particles interact in the Earth's magnetosphere.

The Stanford University ISEE-1 satellite program was spon-
sored by the National Aeronautics and Space Administration
under grant NAS 5-28447.

References

Bell, T.F., U.S. man, and R.A. Helliwell. 1981. Nonducted coherent vu
waves and associated triggered emissions observed on the ISEE 1
satellite. Journal of Geophysical Research, 86, 4649-46700.

Bell, 1E, U.S. man, I. Kimura, H. Matsumoto, T. Mukai, and K.
Hashimoto. 1983a. EXOS-B/Siple VLP wave-particle interaction ex-
periments, 2, Transmitter signals and associated emissions. Journal of
Geophysical Research, 88, 295-309.

Bell, T.F., H.G. James, U.S. man, and J.P. Katsufrakis. 1983b. The
apparent spectral broadening of VLF transmitter signals during tran-
sionospheric propagation. Journal of Geophysical Research, 88,
4813-4840.

Coroniti, R.V., F.L. Scarf, C.F. Kennel, and W.S. Kurth. 1984. Analysis
of chorus emissions at Jupiter. Journal of Geophysical Research, 89,
3801-3820.

Helliwell, R.A., and J.P. Katsufrakis. 1974. VLF wave injection into the
magnetosphere from Siple Station, Antarctica. Journal of Geophysical
Research, 79, 2511-2518.

Helliwell, R.A., S.B. Mende, J.H. Doolittle, W.C. Armstrong, and D.L.
Carpenter. 1980. Correlations between X 4278 optical emissions and
VLF wave events observed at L - 4 in the Antarctic. Journal of
Geophysical Research, 85, 3376-3386.

man, U.S., R.A. Helliwell, and W.S. Kurth. 1983. Terrestrial versus
Jovian VLF chorus: A comparative study. Journal of Geophysical Re-
search, 88, 6171-6180.

Kimura I., H. Matsumoto, T. Mukai, K. Hashimoto, T.F. Bell, U.S. man,
R.A. Helliwell, and J.P. Katsufrakis. 1983. EXOS-B!Siple Station vu
wave-particle interaction experiments, 1, General description and
wave-particle correlations. Journal of Geophysical Research, 88, 282-294.

Rosenberg, T.J., R.A. Helliwell, and J.P. Katsufrakis. 1971. Electron
precipitation associated with discrete very low frequency emissions.
Journal of Geophysical Research, 76, 8445-8452.

Thorne, R.M. 1983. Microscopic plasma processes. In A. Dessler (Ed.),
Physics of the Jovian magnetosphere. New York: Cambridge University
Press.

Development of automatic geophysical
observatory

J.H. DOOr ITTLE and S.B. MENDE

Space Sciences Laboratory
Lockheed Missiles and Space Company

Palo Alto, California 94304

During the 3 years 1983-1985, Lockheed Space Sciences Labo-
ratory developed and field tested at South Pole Station a pro-
totype automatic geophysical observatory (Harris and Mende)
1983; Doolittle and Mende 1984; Doolittle and Mende 1985). The
result is a viable design that provide power, heat, shelter, and
data acquisition for a variety of experiments, requiring no atten-
tion for a year at a time. The development of the automatic
geophysical observatory was done in response to a need recog-
nized by the upper atmospheric research community to extend
polar observations to a higher spatial resolution.

The rationale followed in designing an automatic geophysical
observatory begins by examining the science objectives, which
in turn determine the requirements for data acquisition rates
and siting preferences. Next, consideration is given to the avail-
able data paths such as satellite transponders, terrestrial teleme-

try links, or on-site recording for high volumes of data or ARGOS
data satellite links for lower volumes. The choice of data path
influences the power budget and requirements for the internal

Figure 1. Prototype automatic geophysical observatory facility oper-
ated at the South Pole during the period January 1983 to January
1986. Liquefied petroleum gas fuel is stored in the tank farm to the
right of the 8 foot x 6 foot x 6 foot shelter. An external heat
exchanger is used to radiate excess heat as required by the thermal
control system. Note the optical dome and ARGOS satellite antenna
located on the roof.
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environment. Options for power generation are then compared
on the basis of reliability, initial and annual costs, generator
weight, annual fuel weight, service interval, and the availability
of thermal energy for shelter heating. Finally, the shelter is
designed to protect the equipment from the harsh antarctic
environment.

The design criteria for the automatic geophysical observatory
prototype development was set by questionnaires sent to upper
atmospheric investigators in 1981. It was determined that the
unmanned facilities should provide about 12 gigabits of annual
data acquisition and generate about 50 watts of continuous
electrical power. Remote operations at latitudes above 81° pre-
cluded the use of geostationary satellite or terrestrial telemetry
links and thus the decision was made to provide on-site data
recording. The use of magnetic recording tape set a require-
ment for thermally stable "shirt-sleeves" interior environment.

The Lockheed automatic geophysical observatory design is
based on a liquefied-petroleum gas-fueled thermoelectric gen-

Figure 2. A view into the interior of the prototype automatic
geophysical observatory showing the data system mounted on a
platform above the thermoelectric generator. The rack on the left
contains a clock and data multiplexer, a tape controller and data
buffer, a power distribution panel, and a drawer for the four batteries.
The other racks contain the instrumentation tape recorders and
science experiments.

erator as a source of both power and heat. The gas-fueled ther-
moelectric generator was found to be the optimum choice over
other alternatives such as radioiosotope thermoelectric gener-
ators, Rankine cycle turbines, generators driven by diesel or
gasoline engines, solar cells, or windmills. The six-burner ther-
moelectric generator produces 60 watts of electrical power and
about 2,300 watts of usable heat that allows for a very large
shelter volume with the advantages that the equipment is not
constrained in size and a warm work-space can be provided.
The prototype automatic geophysical observatory shelter was 8
foot x 6 foot x 6 foot in size, as shown in figure 1, and was
insulated in all surfaces to a modest value of R-19. At the South
Pole, 400 to 800 watts of heat are all that is needed to hold the
interior temperature at 20°C. An interior view of the automatic
geophysical observatory in figure 2 shows the thermoelectric
generator mounted below a shelf supporting three standard
width racks of electronics.

The interior temperature is maintained at about 20°C by a
thermal control system that dumps excess heat to an external
radiator, shown in figure 1, using closed-loop freon heat ex-
changer. A cylindrical shroud surrounds the thermoelectric
generator exhaust outlet and is also heated to prevent ice from
forming. The shroud temperature was measured to be in the
range of 15° to 25°C when ambient temperatures were colder
than -70°C.

With the viable automatic geophysical observatory design
successfully demonstrated, interested investigators met at
Lockheed Space Sciences Laboratory in July 1985 to discuss the
scientific use of automatic geophysical stations in Antarctica.
Two major thrusts were identified for future automatic facilities:
a meridional array and a polar cap network. Both configurations
would make use of existing manned stations as well as to estab-
lish automatic stations at intermediate locations. It was recom-
mended to first develop the meridional array of sites shown in
figure 3 that cover the magnetic meridian passing close to South
Pole, Siple, and Palmer Stations. Automatic stations would be
located near Martin Hills and Fossil Bluff, and in the vicinity of
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Figure 3. A proposed array of manned and unmanned stations
spaced along the magnetic meridian which gives the greatest extent
in coverage from Antarctica.
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the geomagnetic pole near Dome C. An automatic station near
Siple Station would be warranted when manned winter opera-
tions are ended.

We express our appreciation to winter personnel Rick Dyson,
Dave Clements, Cyril Lance, and Laura Kay who have provided
valuable support during the prototype field test at the South
Pole. The automatic geophysical observatory development was
supported by National Science Foundation grant DPP 81-05624.
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The 1985-1986 South Pole balloon
campaign

E.A. BERING, III and J.R. BENBROOK

Physicis Department
University of Houston at University Park

Houston, Texas 77004

D.L. MATTHEWS and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

This paper describes the flight of eight stratospheric balloon
payloads from Amundsen-Scott South Pole Station, Antarctica,
at the geographic South Pole during the austral summer
1985-1986.

The primary tools used in this program were stratospheric
balloon payloads. The balloons were helium filled, had a vol-
ume of 5,100 cubic meters, and had a payload mass of 24.5
kilograms, giving a nominal float altitude of 32 kilometers. The
payloads were instrumented with three axis double-probe elec-
tric field detectors and X-ray scintillation counters. The electric
field detector had a dynamic range of 0.2-980 millivolts per
meter for the horizontal components and 0.5-2500 millivolts per
meter for the vertical component. The diameter of the X-ray
detectors was 7.7 centimeters. Other instrumentation meas-
ured the electrical conductivity, the ambient temperature and
the pressure. Three of the payloads included tone-ranging
transceivers. A picture of a payload is shown in the figure. The
ground-based data from the South Pole Station Cusp Lab; the
new conjugate observatory at Frobisher Bay, Northwest Territo-
ries; the Goose Bay, Labrador high-frequency coherent scatter
radar; the Søndre Strømfjord, Greenland incoherent scatter
radar; and satellite data from the Dynamics Explorer (DE-1),
from Defense Meteorological Satellite Program (DMSP F-6 and
F-7), and Interplanetary Monitoring Platform (IMP) 8 spacecraft
are also essential to the program.

The location of Amundsen-Scott Station at the South Pole
provided unique advantages for this project. The geomagnetic
latitude of the South Pole (A = 74.9°S) puts it in the middle of the
expected magnetic dayside cusp latitude range (Feldstein 1963;
Fairfield 1977; Eather, Mende, and Weber 1979) and about 5°
into the polar cap on the magnetic nightside. In addition to the
presence of the observatories mentioned above, an advantage of

this location for a balloon experiment is that the mean winds at
10 millibars in summer are 3-4 kilometers per hour (Environ-
mental Data Service 1974, 1975, 1977). Since the elevation of the
sun varies very slowly, flights of 3-4 days duration were
obtained.

Scientific objectives. The program had nine major objectives: to
make (1) long-term balloon measurements of the ionospheric
electric field in the vicinity of the polar cusp; (2) long-term
balloon measurements of high-energy electron precipitation in
the vicinity of the polar cusp; (3) long-term balloon measure-
ments of the foregoing in the midnight sector of the low latitude
polar cap; (4) conjugate measurements of the ionospheric elec-
tric field near the polar cusp and in the midnight sector of the
low latitude polar cap; (5) a continuous patrol study of the

t	t

A photograph of the launch of flight #4. From top to bottom, the
flight train consists of the balloon, tone ranging unit, rotator motor/
reel-down, and the payload with the six electric field antennas and
the telemetry transmitting antenna.
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580

240

 -No X-ray activity

3530730	Very active, particularly 0800-1300. Ultra-low-frequency
and direct-current electric fields, intense X-ray bursts
correlated with ultra-low-frequency on the ground, anti-
correlated with the electric field.

86°
	

225

30	 3560000

370	 3582300

No activity.

Large electric field and micropulsation event started at
361 1910. X ray detector failed at 359 1309.

32°

350°

362 1000	High activity level for the first 12 hours, including large
electric fields, micropulsations, X-rays, very-low-
frequencies/extra-low- frequencies and correlations
among them. Large substorms 364 1800.

292° 292

600	 0020715	X-ray events 002 1310-1440, 003 0232, 0300. Lots of
relations.

202°

007 1200	Very active periods near magnetic noon on 007 and 008.
X-ray activity 007 1221-1640 (with microbursts), 008
0021, 1556-1620, 009 0205. Large e'ectric fields 007
1550, 1711, 009 0846, 2128.

215°

0121730	No activity until approximately 015 1500 then some ultra-
low frequency

1pz

Table 1. A summary of flight activity. (Note that winds, and therefore flight tracks between launch and loss of signal,
were highly variable.)

Final balloon positions

Maximum
range

Final	 (in	 Float
Flight	 azimuth	kilometers)	reached	 Activity

1	 550	 300	 3500900	Moderate ultra-low Frequency activity in the electric field.
350 0704Z
(16 Dec 85)

to
351 0900

(17 Dec 85)

2
353 0536

(19 Dec 85)
to

354 0000
(20 Dec 85)

3
355 2205

(21 Dec 85)
to

356 0342
(22 Dec 85)

4
358 2112

(24 Dec 85)
to

362 0424
(28 Dec 85)

5
362 0807

(28 Dec 85)
to

365 0715
(31 Dec 85)

6
002 0508
(2 Jan 86)

to
006 1600
(6 Jan 86)

7
007 0945
(7 Jan 86)

to
010 0521

(10 Jan 86)

8
012 1234

(12 Jan 86)
to

016 2013
(16 Jan 86)

ionospheric electric field and high-energy electron precipitation	with nearby balloons; (8) a continuous measurement of the
at 75° geomagnetic latitude for one solar rotation; (6) measure-	vertical geoelectric field and stratospheric conductivity for a
ments of the electric component of ultra-low-frequency waves	solar rotation; and (9) a short-time-scale study of stratospheric
near the cusp; (7) a study of the spatial structure of the electric	winds above the geographic South Pole in summertime.
field near the cusp by making simultaneous measurements	Flight summary. In the month starting on 16 December 1985
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Comparison data availability. There are a lot of data available for
comparison with the balloon data. These data can be grouped
into three categories: ground-based data from the South Pole,
ground-based data from the Northern Hemisphere, and satel-
lite data. The relevant instrumentation at Amundsen-Scott Sta-
tion was all operational and obtained good data for the entire
campaign. In the Northern Hemisphere, 400 hours of simul-
taneous data were obtained by the Goose Bay high-frequency
radar, and 74 hours of simultaneous data were obtained by the
Sondrestrom radar. Good data were also obtained by most of
the other instruments in the north.

The spacecraft data that we expect to be of major interest are
the IMI' 8 solar wind data, the DE ultraviolet imager data, and the
ssj package particle data and Northern Hemisphere imager data
from DMSP F-6 and F-7 (Rich, Hardy, and Gussenhover 1985).
IMP 8 was in the solar wind during at least flights 1, 2, 7, and 8.
The DE imager was operating and viewing the region poleward
of 81°S approximately 2 hours per day during every flight except
flight 3.

Expected results. The 1985-1986 South Pole balloon campaign
acquired 468 hours 30 minutes of data. Almost all of both the
balloon and the other instruments worked well. The program's
objectives and the results that we will be able to obtain are
summarized in table 2.

Acknowledgments. The members of the field team were James
R. Benbrook, Edgar A. Bering, III, Jenny M. Howard, David M.
OrO, Eugene G. Stansbery, and Jeffery R. Theall. Bering, OrO,
Stansbery, and Theall left the United States on 26 November,
arrived at McMurdo Station on 29 November, and arrived at
South Pole Station on 2 December 1985. Benbrook and Howard
left the U.S. on 29 November, arrived at McMurdo Station on 2
December, and arrived at South Pole Station on 12 December.
The entire party left South Pole Station on 18 January and left
McMurdo Station on 23 January 1986.

This research was supported by National Science Foundation
grants DPP 84-15203 (to the University of Houston) and DPP
82-17260 (to the University of Maryland).

Table 2. Summary of the scientific objectives and potential
results of the balloon program

Results expected from analysis
Objectives	 of the data

1. To make long-term balloon
	Can be accomplished. We had

measurements of the ionospheric	balloons aloft at magnetic noon
electric field in the vicinity of the	on 20 different days in a variety
polar cusp.	 of conditions.

2. To make long-term balloon	Can be accomplished. See #1
measurements of high-energy	above.
electron precipitation in the
vicintity of the polar cusp.

3. To make long-term balloon
	Can be accomplished. We had

measurements of the ionospheric	balloons aloft at magnetic
electric field and high-energy	midnight on 19 different days in a
electron precipitation in the	variety of conditions.
midnight sector of the low
latitude polar cap and poleward
edge of the auroral oval.

4. To make conjugate	 Can be accomplished. There
measurements of the ionospheric were about 400 hours when we
electric field near the polar cusp	had balloons aloft and the Goose
and in the midnight sector of the	Bay high-frequency radar was
low latitude polar cap. running, and 74 hours of overlap

with operation of the Sondestrom
radar.

5. To make a continuous patrol
	

Can be 72 percent
study of the ionospheric electric	accomplished. Bad weather and
field and high-energy electron	leaky balloons prevented 100
precipitation at 75 geomagnetic	percent continuity. In 31 days, we
latitude for at least one solar	had a balloon aloft 19 days 6
rotation.	 hours.

6. To measure the electric field
	

Can be accomplished. Very
components of ultra-low	significant activity levels were
frequency waves near the polar	seen regularly.
cusp.

7. To study the spatial structure	Cannot be accomplished. High
of the electric field near the cusp	surface winds prevented
by making simultaneous	overlapping flights.
measurements with nearby
balloons.

8. To make a continuous	Can be 72 percent
measurement of the geoelectric	accomplished. See #5 above
vertical field and stratospheric
conductivity for a solar rotation.

9. To make a detailed, short
	

Can be accomplished
time-scale study of stratospheric
winds above the geographic
South Pole in summertime.

and ending on 16 January 1986, eight balloon flights were con-
ducted, ranging in duration from 6 hours to 103 hours 30 min-
utes. A total of 468 hours 30 minutes of data were obtained
under a wide range of magnetic conditions. A summary of the
flight times, final positions, and geomagnetic activity levels is
shown in table 1.
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Lloyd's mirror at 250 megahertz:
Footnote on antarctic telemetry

E.A. BERING, III, J.R. BENBROOK,

and J.R. THEALL

Physics Department
University of Houston at University Park

Houston, Texas 77004

This paper presents the results of a study of the performance
of ultra-high-frequency telemetry antennas when operating at
Amundsen-Scott Station, South Pole. This study was motivated
by an operational need of the 1985-1986 South Pole balloon
campaign (Bering, Benbrook, and Matthews, Antarctic Journal,
this issue) to determine the range to the balloons by using the

observed 250 megahertz radio telemetry signal strength and
receiving antenna pointing angles. In this paper, we present a
sample of the data and the results of the modeling that has been
done to understand the data.

The effects of the ground on antenna performance in the
temperate zone are well understood (Ma 1974). In inhabited
areas, the ground surface around an antenna is broken up by
various irregularities. As a result, the signal that is reflected
from the ground into an antenna is the composite of many
incoherent reflections from different surfaces, a phenomenon
known as ground clutter. The theoretical treatment of ground
clutter is difficult for realistic cases. Therefore, antenna theory
usually treats the ground as a smooth, planar surface. The
reflected signals then appear as coherent signals from a mirror
image of the source. Electrically, the material is usually consid-
ered to be a conductor, with some variation in conductivity
included to allow for the differences between dry soil and
seawater. Furthermore, since fixed base communication sys-
tems tend to use horizontal polarization, this case is treated
more frequently in the literature than is vertical polarization.

0*10	 c
cJ.00	10.00	20.00	30.00	40.00	50.00	E0.00 0

ANTENNA HEIGHT: ).82 ft
X

X
X
X 9

XXxt X

*
X

X

X
XX	X

X 

UJ

Cn

CE
LU

P
0N

0.00	10.00	20.00	30.00	40.00	50.00	60.00
GROUND RANGE, KM	*101

Figure 1. A sample of the raw tracking data from balloon flight 7. The abscissa is ground range in kilometers (km). The triangles refer to the left-
hand ordinate and indicate the elevation angle of the 7.62-meter (M) antenna (900 is horizontal). The crosses refer to the right-hand ordinate and
indicate the signal strength into the receiver (-120 dB = lpW). ("dB" denotes "decibel." "pW" denotes "picowatt.")

270	 AN1ARCTJC JOURNAL

c

E
C

LLJC\
—J

z
cEo0
crc
z
LU

CE 
LJcD
LU
ry

Li -

Co

0
CD

0
0

A
A AA
AAA A

A	AA	 A
A	 A

A AA A	 AAA
A

A&AA'
A
A

A	 AAAA Ab	 A
A	 A	 A

AAA
AA	A LA

A
A A A AA A

AA
A A

AA	A AA	A

X
X

X

X	
X

IN	X



The problem posed by a balloon telemetry system operating
in Antarctica is unusual in several respects. The ice sheet is, in
general, smoother and flatter than the surface in the vicinity of
the usual balloon facility. Furthermore, the snow surface is a
dielectric and not a conductor. At the frequency used by the
balloon telemetry system, 250 megahertz, the real part of the
index of refraction of the snow surface near the South Pole is
approximately 1.3 and the imaginary part is negligible (Grenfell
personal communication). Finally, the optimum telemetry an-
tenna for a free-flying balloon is a vertically oriented half-wave
dipole that transmits vertically polarized signals.

The telemetry system that was used on the balloon consisted
of a 400 milliwatt, 250 megahertz FM transmitter radiating
through a vertical half-wave dipole. The receiving antennae
were General Instrument model Y10313-250 TACO 10 element
Yagis mounted with the elements in the vertical plane at 2.18,
3.78, and 7.62 meters above the snow surface. All three anten-
nae were connected to high gain (26 decibel), low noise (0.5

decibel) pre-amplifiers, and good FM telemetry receivers. Signal
levels were monitored by digital voltmeters measuring the auto-
matic gain control levels from the receivers. The automatic gain
control levels were calibrated by means of a radio-frequency
generator connected directly to the pre-amp inputs.

Independent measurements of the balloon range were made
by two methods: theodolite sighting and active tone ranging.
The latter was done on three flights. The signal strength, track-
ing angles, and other parameters were recorded by the ground
station operators at regular intervals. Antenna pointing was
accomplished by monitoring the automatic gain control voltage,
locating the 3-decibel down points on either side of the max-
imum and calculating the midpoint. Comparison of the
azimuth data with theodolite data indicated that this procedure
had an uncertainty of about a degree.

The best combination of theodolite and tone ranging data
were acquired during flight 7. Figure 1 shows the signal
strength and antenna elevation angle data from the 7.62-meter
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height antenna during flight 7 plotted as function of range. This
figure is typical of the results that we obtained throughout the
campaign in that the data were not monotonic functions of
range. What we were observing was a radio example of two-
beam interference, where the interfering signals were direct
signal from the balloon and its reflection from the snow surface.
Interference between the signal from a source and its image in a
mirror is an experiment known in classical optics as "Lloyd's
mirror" (Born and Wolf 1965).

To use the signal strength and pointing angle data for track-
ing, it has been necessary to develop a quantitative understand-
ing of the behavior of the antenna under the unusual circum-
stances prevailing at South Pole. The model incorporates the
emission pattern of the transmitting antenna (Jackson 1975), the
inverse square law, the Fresnel coefficient for reflection of a
vertically polarized wave from the surface of a dielectric (Born
and Wolf 1965; Jackson 1975), the pattern of the receiving anten-
na (Ma 1974), and two-beam interference. The snow surface is
assumed to be smooth, horizontal, and to have an index of
refraction of 1.3. The model assumes a fixed balloon altitude of
33 kilometers above mean sea level, and calculates, for a given

slant range, the ground range, the signal strength, the actual
balloon elevation and the antenna elevation angles at which
maximum power will be received. The latter differs from the
former because elevating the antenna above the actual direction
in a minimum will reduce the strength of the interference term
relative to the main signal, and vice-versa.

The results from this calculation for the highest and lowest
antennae are shown in figures 2 and 3 respectively. The results
in figure 2 are the ones that compare with the data in figure 1.
There are several differences between the actual situation and
the assumptions of the model: the snow was not perfectly
smooth on a scale of a wavelength (1.2 meters), the balloon was
not at a constant altitude, nor exactly at 33 kilometers, the power
of the transmitter was temperature dependent, and there were
some systematic errors in the tone-ranging data that have not
been corrected. Nonetheless, the agreement between the data
and the model is remarkably good. The minima in signal
strength at approximately 140 and approximately 220 kilo-
meters are at essentially the same distance in both figures, and
the depths of the observed minima correspond with the predic-
tions of the model. At 400 kilometers, the tone-ranging signal
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was too faint for the unpreamplified tone-ranging receiver to
provide reliable data.

In conclusion, we have evaluated a model of an ultra-high-
frequency Yagi antenna detecting vertically polarized signals in
the vicinity of a dielectric, non-conducting substrate. In this
configuration, the antenna forms a radio frequency version of
Lloyd's mirror and exhibits two-beam interference. The model
has been compared with telemetry data from the 1985-1986
South Pole balloon campaign and gives good agreement. The
most significant conclusion that can be drawn from this result is
that the top approximately 1 meter of snow surface near the
South Pole is very smooth at wavelengths between 10 cen-
timeters and a few meters.

The members of the field team were James R. Benbrook;
Edgar A. Bering, III; Jenny M. Howard; David M. Oró; Eugene
C. Stransbery; and Jeffrey R. Theall. Bering, Oró, Stansbery,
and Theall left the United States on 26 November, arrived at
McMurdo Station on 29 November, and arrived at South Pole

Station on 2 December, 1985. Benbrook and Howard left the
U.S. on 29 November, arrived at McMurdo Station on 2 De-
cember and arrived at South Pole Station 12 December. The
entire party left South Pole Station on 18 January and left
McMurdo on 23 January 1986.

This research was supported by National Science Foundation
grant DPP 84-15203.
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A statistical analysis of auroral activity
at South Pole Station, Antarctica,

1983-1985

F.T. BERKEY and C.N. KELLY

Center for Atmospheric and Space Sciences
Utah State University

Logan, Utah 84322-3400

The geographic and geomagnetic coordinates of Amundsen-
Scott South Pole Station (90°S) combine to provide unusual
opportunities for conducting optical observations of the dayside
aurora (Akasofu 1978). One of the instruments monitoring au-
roral activity at South Pole Station is a 35-millimeter all-sky
camera, which records images of the night sky at a rate of one
per minute. For the 3-year period beginning in 1983, the obser-
vations have been used to derive statistics on the occurrence of
the aurora australis in a 100 latitude interval centered at approx-
imately 75°S invariant latitude.

A simple index was compiled, which represents the number
of minutes during each hour that aurora was visible. If the
duration of visible aurora was less than 5 minutes, it was not
recorded. All available data were incorporated, including those
auroras recorded under overcast or ice fog conditions.

Using this index, the diurnal variation of auroral activity was
derived and is shown in figure 1, for each of the three austral
winter seasons (mid-April to mid-August). Two maxima in the
distribution are prominent, one occurring near 11 universal
time and a slightly smaller peak at 19 universal time. The mini-
ma at 15 universal time occurs at magnetic noon, and it seems
likely that this minima represents the often reported midday
auroral gap (Cogger et al. 1977). Since the threshold of the all-
sky camera is approximately 1 kiloRayleigh at 5577 Angstroms

(Eather 1979), it cannot be determine from these data if the
auroral gap is a spatial discontinuity or merely a decrease in
auroral brightness. A second minima occurs near 05 universal
time, or approximately 2 hours after magnetic midnight.

In 1983, the camera was not operated when the moon was
visible or if the sky was overcast. During both 1984 and 1985, the
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Figure 1. The occurrence of visual auroras at South Pole Station
during the 1983, 1984, and 1985 austral winters as a function of
universal time. The ordinate represents an averaged value of activity
in minutes per hour. The solid line denotes data for 1983, the heavy
dashes 1984, and the small dashes 1985. The times of local magnet-
ic noon and midnight are indicated by arrows.
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camera was operated essentially continuously so that these
years can be directly compared. In 1985, approximately 15 more
days of operation were recorded than during 1984. The 1985
data indicate a more than 300 percent increase in cloudiness
compared with 1984, which in turn may account for a decrease
of about 20 percent in auroral occurrence during 1985.

In order to determine the relationship between the planetary
magnetic index K and auroral activity at South Pole, figure 2
was derived. These data indicate that the maximum occurrence
of auroral activity is associated with a K index of 3. The rate of
occurrence falls off rapidly with increasing levels of magnetic
disturbance (i.e., the auroral oval expands) with very little au-
roral activity occurring at Kr values greater than 5. Over the
intervals for which the statistics were compiled, the average Kr
value was 2+.

A similar statistical study has been carried out for radiowave
absorption measurements at South Pole Station. The distribu-
tion of 30 megahertz absorption events with a magnitude great-
er than 0.5 decibel exhibits two maxima, one at 0130 universal
time and the second near 1300 universal time. Minima occur
near 07 and between 18-21 universal time (Rosenberg person-
nal communication). Since radiowave absorption is due to the
precipitation of more energetic electrons than those which ex-
cite the visible aurora, a one-to-one correlation is not expected
and, indeed, does not occur. The daytime maxima observed in
both radiowave absorption and the occurrence of visual aurora
are consistent with the location of South Pole Station near the
dayside auroral oval.

The all-sky camera at South Pole Station was operated by the
following winter science teams: Ken Mighell and Jim Hetrick
during the 1983 season, by David Clements and Richard Dyson
in 1984 and by Laura Kay and Cyril Lance in 1985. This research
is supported by National Science Foundation grant DPP

83-13428.

SOUTH POLE STATION 1983-85

KP INDEX
Figure 2. The distribution of auroral activity at South Pole Station as
a function of the planetary magnetic index K. The data were sum-
med over all 3 years of observations and normalized.
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Observation of polar cap auroral
fading events

Q. Wu and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Various polar cap auroral activities have been observed at the
South Pole; one type is the polar cap auroral fading event. A
study by Akasofu (1974) showed that polar cap auroral activity is

closely related to substorms and the interplanetary magnetic
field, but the relationship, as well as the substorm itself, is still
not very well understood. By analyzing the observational data
of the fading event, we try to determine the nature of the fading,
and its relation to substorm activity and the interplanetary
magnetic field. By doing so, we hope to get a better understand-
ing of polar cap auroral activity.

The instrumentation available at South Pole Station useful for
this study are two photometers, at 360 nanometers and 427.8
nanometers; 20.5 megahertz, 30.0 megahertz, and 51.4 mega-
hertz riometers; and a three-axis fluxgate magnetometer. The
photometers and riometers have a wide field of view, about 60
degrees, and provide information about electron precipitation.
In addition to the digital data recorded from these instruments,
all-sky cameras provide continuous coverage during the austral
polar night, from May to August.
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It is commonly observed that polar cap auroral fading occurs
before intense nightside auroral activity. Figure 1 shows an
example of a fading event. The data shown here are from the
two photometers, the 30.0 megahertz riometer, and the hori-
zontal north-south component (H component) of the magne-
tometer. Beginning at 2215 universal time, the two photometer
signals dropped rapidly until 2230 universal time, then re-
mained at low levels for about 30 minutes; this is what we call
"auroral fading." At 2245 universal time, both photometer sig-
nals showed a rapid increase in light intensity, and the riometer
and magnetometer showed increases in cosmic-noise absorp-
tion and ionospheric current.

All-sky camera pictures show that there was a sun-aligned
auroral arc across the zenith at 2210 universal time. At 2215
universal time the arc started to fade, and consequently the two
photometer signals started to drop. Eventually the arc disap-
peared. There was no aurora in the sky until 2237 universal
time, when a bright auroral arc appeared above the equator-
ward horizon. The arc moved poleward very rapidly and
reached zenith at 2245 universal time; concurrently, the pho-
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tometer signals, cosmic-noise absorption, and ionospheric cur-
rent increased very rapidly.

All of this activity was closely related to substorm disturbance
and changes in the interplanetary magnetic field. In figure 2 are
shown the three interplanetary magnetic field components,
measured on the IMP8 satellite, and the auroral electrojet index.
The interplanetary magnetic field Bz (north-south) component
turned southward at 2145 universal time, and remained south-
ward-directed for about 60 minutes. The fading occurred dur-
ing that period. The southward turning of the interplanetary
magnetic field Bz component is usually considered the trigger
for substorm onset. The auroral electroject index is used widely
as a measure of substorm activity. According to figure 2, the
auroral electroject index started to increase at 2153 universal
time, reached maximum at 2237 universal time, and later de-
creased to the previous low level. This whole period is usually
called a substorm; the section in which the auroral electroject
index increases contains the growth and expansion phases, and
that in which the index decreases is the recovery phase. As is
typical of auroral fading events, fading occurred during the

30

3 Aug, 1983, DOY 215
Figure 1. The auroral fading event of 3 August 1983. The fading started at 2215 universal time (UT), which is indicated by the decreases of the two
photometer signals. The rapid poleward motion occurred at 2245 universal time when both photometer signals increased rapidly. ("nT" denotes
"nanoTeslas?" "MHz" denotes "megahertz?' "nm" denotes "nanometer?' "DOY" denotes "day of year?')
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Figure 2. Interplanetary magnetic field (IMF) and the auroral electroject (AE) index. The Bz turned southward at 2145 universal time (UT). The
auroral electroject indicates that a substorm started at 2153 universal time. (Courtesy of R. Lepping, National Aeronautics and Space
Administration, Goddard Space Flight Center.) ("nT" denotes "nanoTeslas." "DOY" denotes "day of year:' "SM" denotes "solar magne-
tospheric coordinate:')

growth phase while the interplanetary magnetic field was
southward-directed, and the rapid poleward motion of bright
arcs occurred at recovery.

More observations are required to draw specific conclusions.
While many fading events have been observed, the interplane-
tary magnetic-field data needed for correlation analysis are not
always available. Further study is in progress.

We appreciate the cooperation of R.H. Eather for providing
the photometer data, L.J. Lanzerotti for the fluxgate magne-
tometer data, and R.P. Lepping for the interplanetary magnetic
field data. We also gratefully acknowledge the efforts of winter
scientists J. Hetrick and K. Mighell in obtaining the data. We

thank D. Detrick, L. Lutz, and R. Hindsley for technical assist-
ance and data processing.

This research was part of the University of Maryland's ant-
arctic riometry program, which is supported by National Sci-
ence Foundation grant DPP 83-04844.
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Geomagnetic studies near the
magnetospheric cusps

A. WOLFE

New York City Technical College
City University of New York
Brooklyn, Neu' York 11201

and
AT&T Bell Laboratories

Murray Hill, New Jersey 07974

L.J. LANZEROTTI, C.G. MACLENNAN, and L.V. MEDFORD

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

Studies of the time variations of the Earth's geomagnetic field
have been conducted at the South Pole Station since 1982 to
investigate, in particular, hydromagnetic wave phenomena as-
sociated with the magnetospheric cusp (Lanzerotti, Medford,
and Rosenberg 1982). The magnetospheric cusps are the two
polar regions on the dayside of Earth forming boundaries be-
tween closed magnetospheric field lines which form the
dayside magnetopause and those field lines which extend into
the geomagnetic tail (e.g., overview by Lanzerotti and Krimigis
1985). In mid 1985, geomagnetic field measurements were initi-
ated at Frobisher Bay on Baffin Island in the Canadian North-
west Territories. In a nominal model of the Earth's magne-
tosphere, the South Pole Station and Frobisher Bay are at nearly
conjugate locations near L = 14. The conjugate condition is
illustrated in figure 1 where the antarctic continent has been
mapped in geomagnetic coordinates to the northern hemi-
sphere; the locations of Frobisher Bay (FB) and of South Pole (sP)
are indicated. The major purposes of the magnetic field studies
in the two hemispheres are to study the occurrences of hydro-
magnetic wave phenomena at high latitudes under conditions
of open and closed magnetospheric magnetic field lines and to
study the conditions of nonconjugacy under varying inter-
planetary conditions.

An initial survey of the magnetic field power in several hydro-
magnetic frequency bands has been carried out for an approx-
imately 1-month period, 17 July to 15 August 1985, after the
installation of the Frobisher Bay station. Hourly power spectra
were computed for the geomagnetic field fluctations in the
north-south (H-component) geomagnetic field direction for
each of the two stations. The power in the hydromagnetic fre-
quency bands designated Pc 3-5, 20-30 seconds, 30-45 seconds,
45-150 seconds, and 150-600 seconds, was computed for the 11
hours surrounding local noon for each of the days studied.
These power levels were then used for comparison between the
two stations as a function of frequency band, power level,
interplanetary field conditions, and local time dependence. The
details of this work are reported in a more lengthy paper (Wolfe,
Lanzerotti, and Maclennan 1986). Here we will note two of the
results: the daily dependence of the power levels in the four
frequency bands at each of the stations and the median local
time dependence of the geomagnetic power in the four bands at
both stations.

The first result is shown in figure 2 where the daily medians
of the daytime power in the four hydromagnetic frequency
bands are plotted for the 1-month interval for South Pole (upper

panel) and Frobisher Bay (lower panel) data. The time variation
of the power (magnetic energy) in the four bands is very similar
at each of the stations. Of most importance is the similarity in
the power levels and the temporal variations between South
Pole and Frobisher Bay. An overlay of the two sets of data
indicates that the time variations and the amplitudes of the
variations are very similar at the two stations. This result indi-
cates that generally the two stations can be considered to be
reasonably conjugate to one another and that the power levels
measured at both of the stations are similar.

The second result is shown in figure 3 where the local time
dependence of the hydromagnetic power in the four frequency
bands is plotted for each of the two stations. The medians for
each hour in the 2-month interval are plotted in this figure. The
local time dependence of the power for each of the bands is
similar, with more power in the local morning and a substantial
diminution of power in the local afternoon at both locations.
This result, together with other statistical studies reported in
Wolfe et al. (1986), suggests strongly that the field line reso-
nance mechanism, excited by a Kelvin-Helmholtz instability
which involves the flow of the solar wind around the magne-
tosphere, is a more important source of the hydromagnetic
energy than are plasma waves produced in the solar wind by
the interaction of the solar wind with the Earth (see also Wolfe et
al. in press). The upstream hydromagnetic waves tend to be
concentrated in the Pc 3 band (10-45 seconds), and there is no
evidence of enhancement in the power in this particular band in

NENT
)RD

Figure 1. Antarctica mapped in geomagnetic coordinates to the
northern hemisphere. The relative geomagnetic locations of Fro-
bisher Bay (FB), Sondre Stromfjord (ss), and South Pole (se) are
indicated. (Figure courtesy of M. Rycroft and R. Greenwald.)
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Figure 2. Daily medians of geomagnetic power in four period bands
as measured at both South Pole and Frobisher Bay for approx-
imately 1 month in 1985. ("nT" denotes "nanoTeslas' "UT" denotes
"universal time:' "s" denotes "second:')

this local time dependence plot (figure 3) or in the additional
statistical studies contained in Wolfe et at. (1986). This is not to
say that hydromagnetic waves in the upstream solar wind do
not contribute to the hydromagnetic power in the Earth's mag-
netosphere. Indeed, during certain times they may well be very
important, as for example in the discussions of Lanzerotti et al.
(1986) and Engebretson et at. (1986), for cusp-related waves and
in the wave production at low latitudes in the magnetosphere
(e.g., Lanzerotti et at. 1981; Yumoto et al. 1985; Wolfe et al.
1985).

In summary, we have begun measurements at approximate
conjugate locations near the dayside magnetospheric cusps.
These measurements will provide new studies of information
on energy transfer from the solar wind into the Earth's magne-
tosphere. Preliminary statistical results presented here and
elaborated upon by Wolfe et at. (1986) indicate that Kelvin-
Helmholtz mechanisms significantly contribute to production
of hydromagnetic waves on the magnetopause by the velocity
shear flow process. These studies will continue.

Partial support for the work at New York City Technical Col-
lege of the City University of New York has been provided by
National Science Foundation grant DPP 83-18031. Logistic sup-
port for the measurements at South Pole was also provided by
the Division of Polar Programs.

-
IL)	 I

UT(h)

Figure 3. Hourly median geomagnetic power levels during local
daytime hours, in four period bands, for Frobisher Bay and South
Pole. The open triangle signifies local geomagnetic noon at South
Pole. ("nT" denotes "nanoTeslas." "UT(h)" denotes "universal time
(hours):' "s" denotes "second:')
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Coronal transport of solar energetic
particles

J.W. BIEBER, P.A. EVENSON, and M.A. POMERANTZ

!3artol Research Foundation of the Franklin Institute
University of Delaware

Newark, Delaware 19716

Observations of solar cosmic rays provide valuable informa-
tion on physical processes involving energetic charged particles
in space plasmas, including the acceleration of these particles in
solar flares, their propagation through the complex coronal
magnetic fields near the Sun, their eventual escape into inter-
planetary space, and their interaction with the solar wind plas-
ma as they travel from the Sun to the vicinity of Earth (Duggal
1979). A coordinated analysis of ground-based and spacecraft
data acquired during the dramatic solar particle event of 16
February 1984 has now provided new insights into all of these
diverse physical processes (Bieber, Evenson, and Pomerantz,
1985, 1986).

Figure 1 shows profiles of 1-gigaelectronvolt solar cosmic rays
observed by the South Pole neutron monitor and 50-mega-
electronvolt cosmic rays observed aboard the International
Cometary Explorer spacecraft. The two curves are plotted on a
common scale of distance-traveled, assuming that both energies
were accelerated simultaneously with the onset of an intense
solar radio burst. Aside from an offset of some 0.7 astronomical
units, the two curves are similar, but detailed analysis shows
this similarity to be accidental. Both the offset and the overall
shape of the curves are largely a result of rigidity-dependent
transport of particles through the solar corona.

We have modeled the observations of figure 1 quantitatively
by assuming that the profiles are a result of coronal diffusion
and escape (Reid 1964; Axford 1965) coupled with focused inter-
planetary transport (Bieber et al. 1980). Interplanetary trans-
port parameters were determined independently by means of
an analysis of pitch angle anisotropy. The analysis showed that
the interplanetary scattering mean-free path was significantly
larger than 1 astronomical unit at both energies considered,
which makes this event ideal for studying coronal transport.

Figure 2 shows the modeling results for the South Pole obser-
vations. The broader curve, which corresponds to a coronal
mean-free path of 1,200 kilometers and a coronal escape time of
0.3 hour provides an excellent fit to the data. The difference
between this curve and the spike-like curve, which is the pre-
dicted profile for the case of impulsive injection at the Sun,
emphasizes how completely the profile of this event was deter-
mined by the extended release of particles near the Sun. Similar
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Figure 1. Time profiles of approximately 50 megaelectronvolts and
approximately 1 gigaelectronvolt solar cosmic rays observed on 16
February 1984 are plotted on a common scale of distance-traveled.
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Figure 2. Counting rate (above background) of the South Pole neu-
tron monitor (data points) is well described by a combination of
coronal diffusion and interplanetary focused transport (broad
curve). Also shown is the response of the interplanetary propaga-
tion model to impulsive injection at the Sun (spike-like curve).

modeling of the International Cometary Explorer data indicates
that the coronal mean-free path at the lower energies was 3
times larger than at neutron monitor energies, while the escape
time was 10 times larger. This observed energy dependence of
coronal transport parameters provides an important constraint
for theoretical models of charged particle transport in the solar
corona.

This research was supported in part by National Science
Foundation grant DPP 83-00544 and by National Aeronautics and
Space Administration grant NAG5-374.
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Rotation of the solar interior

T.L. DUVALL, JR.

Laboratory for Astronomy and Solar Physics
National Aeronautics and Space Administration

Goddard Space Flight Center
Greenbelt, Maryland 20771

J.W. HARVEY

National Solar Observatory
Tucson, Arizona 85726

M.A. POMERANTZ

Bartol Research Foundation of the Franklin Institute
University of Delaware

Newark, Delaware 19716

Although no helioseimological campaign was conducted
during the 1985-1986 austral summer, progress has been made
in the mammoth analytical program that is required for process-
ing and interpreting the vast amount of data recorded in the

spatially resolved experiment conducted several years ago
(Pomerantz, Harvey, and Duvall 1982; Harvey. Pomerantz, and
Duvall 1982). In particular, one of the major objectives—to de-
rive information about the latitude and depth dependence of
solar rotation—has already been achieved in a study using only
one-third of the data. The bottom line is that the rotation aver-
aged over the outer half of the Sun, probed by our measure-
ments of normal modes of oscillation with degree 1 greater than
20 (where 1 is the number of nodes around the Sun of trapped
acoustical waves) is essentially identical with that of the surface.

Figure 1 shows one way of representing the spectra of solar
oscillations as a function of frequency v, azimuthal order rn
(which determines the surface pattern), and degree!. The depth
in the Sun that is probed by a particular mode depends upon the
value of 1, with the waves characterized by higher! values being
confined to shallower regions. Without rotation, the frequen-
cies corresponding to each of the ridges would be independent
of rn—i.e., the lines would be vertical. This degeneracy is re-
moved by rotation, however, causing the ridges to tilt.

A complicated analysis is required for reaching quantitative
conclusions about how the rotation rate varies with depth and
latitude (Duvall, Harvey, and Pomerantz 1986). The essence of
the results is displayed by figure 2. Coefficients a, of Legendre
polynomials that enter into the description of the various eigen-
modes are plotted against 1. The dashed lines are computed
from measurements of the well-known surface differential rota-
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Figure 1. Spectra of p,-mode oscillations with 5 values of I. The
ordinate is m, ranging from m = + I (retrograde sectoral harmonics)
to m = 0 (zonal harmonics) to m = -I(prograde sectoral harmon-
ics). The tilt is produced by solar rotation, which removes the degen-
eracy of m.

tion rate, which decreases with heliolatitude. Within the varia-
tions in the latitude dependence of the angular velocity of
surface features during the solar activity cycle, the odd-indexed
coefficients, which carry information about rotation, do not
vary with 1.

The even-indexed coefficients provide information about the
latitude variation of sound speed versus depth. If the internal
structure of the Sun were independent of latitude, the even
coefficients should be zero. The fact that they differ significantly
indicates that the structure of the convection zone is different
near the equator compared with higher latitudes.

These unexpected results could have profound implications
for theories of the origin of the solar magnetic field and solar
activity. More surprises are likely to unfold as the analysis of the
data in hand continues.

This work was supported in part by National Science Founda-
tion grant DPP 81-19627.
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Figure 2. Comparison of coefficients a i determined from the spatially
resolved solar oscillation measurements with the values calculated
from observations of the rotation of surface features. These results
provide information about the latitude and depth dependence of the
rotation rate and the Sun's internal structure.
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Stellar photometry at the South Pole

K.Y. CHEN, J.P. OLIVER, and F.B. WOOD

Department of Astronomy
University of Florida

Gainesville, Florida 32611

The south pole optical telescope (SPOT) was designed, con-
structed, and tested in Gainesville, Florida in 1985. The design
is modified somewhat from the telescope operated at the pole in

the winter of 1984 (Giovanne et al. 1983; Wood et al. 1984). The
telescope is a twin-mirror siderostat with a 8-centimeter
achromatic lens which collects and brings the light to focus at
the field stop. After passing an optical filter and a Fabry lens, the
light reaches a photomultiplier which measures the brightness
of a selected star or sky. The function of SPOT is controlled by an
AIM-65 computer. Data are recorded on floppy disk.

The telescope and computer were installed in January 1986 by
Oliver and McNeil! after Wood's December 1985 trip to the pole
to review site preparation and station nighttime lighting plans.
The telescope system is housed in a special insulated building,
12 foot x 8 foot X 8 foot, constructed by the carpenters of ITT

Antarctic Services. Only the optical head of SPOT is exposed to
the harsh outside environment. The telescope is in a separate
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The south pole optical telescope before installation in its building.
(Photo by Bill Murphy.)

room which can be heated when service is required. The com-
puter is in a smaller room which is kept warm to protect the
electronics. A picture of SPOT, before set up inside the building,
is shown in the figure. During the twilight hours, the telescope
system was carrying out tests while awaiting darkness. Engi-
neering data have been sent back to Florida via the ATS-3 com-
munications satellite with control computer at Malabar, Florida.

During the austral winter 1986, SPOT is carrying out pho-
toelectric observations of four selected stars—gamma-2 Ve-
lorium, alpha and beta Gruis, and HR3452--as well as the sky
brightness at selected regions. This research project is planned
for the study of light variation of gamma-2 Velorium. The South
Pole as a site for stellar photometry can be evaluated also.

This work was supported in part by National Science Founda-
tion grants DPP 82-17830 and DPP 84-14128.
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Services, support, other

Polar Research Board: Antarctic-
related activities

July 1985 through June 1986

B.F. MOLNJA

National Research Council
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Washington, D.C. 20418

The Polar Research Board, established in 1958, monitors the
status and needs of domestic and international polar sciences.
The Board also assists in the formulation and maintenance of
strong research programs that are responsive to U.S. national
interests and scientific opportunities. The Board serves as U.S.
National Committee for the Scientific Committee on Antarctic
Research (SCAR) of the International Council of Scientific
Unions. The Board thus ensures participation of the U.S. polar
research community in SCAR'S activities and encourages inter-
national cooperation in antarctic research endeavors recom-
mended by SCAR.

The Board and its subgroups are multidisciplinary, with rep-
resentatives of the biological, earth, physical and social Sciences
and of engineering.* The Board has two standing committees,
the Committee on Glaciology and the Committe on Permafrost,
and a dozen ad hoc groups that are formed for specific studies
and discharged at their completion.

Board members are appointed to 4-year terms. The members'
expertise consists of a balance between arctic and antarctic
experience. Though the Board seeks to maintain this balance, as
U.S. National Committee for SCAR, much of the Board's atten-
tion is focused on antarctic concerns.

The Board meets semiannually to review its program, de-
velop U.S. positions on matters to come before SCAR, and
provide a forum for the presentation and discussion of informa-
tion about Federal programs in the polar regions, as well as
about the activities of non-Federal organizations with polar
interests.

* Current Board membership: Gunter E. Weller (Chairman), Knut
Aagaard, Mim Dixon, Ronald L. Geer, Ben C. Gerwick, Jr., Dennis
Hayes, Arthur H. Lachenbruch, Louis J. Lanzerotti, Geoffrey L. Lar-
minie, John H. Steele, Ian Stirling, Cornelius W. Sullivan, Patrick J.
Webber, Ray F. Weiss. Ex officio members: Charles R. Bentley (Chair-
man, Committee on Glaciology), Oscar J. Ferrians (Chairman, Com-
mittee on Permafrost), and James H. Zumberge (U.S. Delegate to
SCAR).

Polar Research Board program. The Board, at the request of the
director of the Division of Polar Programs, National Science
Foundation, made a thorough review of accomplishments in
antarctic science since the International Geophysical Year (icY),
U.S. antarctic scientific needs for the remainder of this decade
and the early 1990s, and long-term antarctic scientific priorities
beyond the year 2000. Post-ic y results will be summarized in a
special 1986 issue of the Antarctic Journal of the U.S., while the
long-term priorities are presented in the (June 1986 issue) just-
completed report, U.S. Research in Antarctica in 2000 A.D. and
Beyond: A Preliminary Assessment. A study summarizing U.S.
antarctic science, past, present, and future, is planned to begin
at the end of 1986.

The ad hoc Panel on Polar Ice Coring of the Committee on
Glaciology met in August of 1985 and produced a report that
identifies U.S. scientific interests in the analysis of ice cores,
assesses the scientific capabilities in ice-core drilling and core
analysis from a national and international perspective, and
recommends a long-term plan for U.S. polar ice coring. The
report was published in November, 1986.

In May of 1986, the Committee on Glaciology held a 2-day
meeting that evaluated the role of U.S. institutions in a national
ice-coring program. Presentations were made by more than a
dozen institutions interested in ice-core collection and analysis.

In February of 1986 the Board's ad hoc committee on Antarctic
Solid-Earth Geosciences prepared the final draft of its report,
Antarctic Solid-Earth Sciences Research: A Guide for the Next Decade
and Beyond. Publication of the report is expected in late 1986.

The Board's Working Group on Polar Ocean Research Plat-
forms analyzed more than 60 responses from the research com-
munity to a Board-prepared questionnaire on the configuration
and scientific specifications of a proposed new icebreaker, and
then forwarded its analysis to the U.S. Coast Guard for imple-
mentation. Board members have met with Coast Guard person-
nel to formulate and modify the "conceptual design" of the new
ship, and the working group meets with the Coast Guard to
help evaluate the disciplines, programs, equipment, and sup-
port requirements necessary to maximize the scientific research
potential of existing Coast Guard vessels. The Board is prepar-
ing a report of its findings but also expects that these interac-
tions will continue well beyond 1986.

During the spring of 1986, the Board's ad hoc Committee on
Antarctic Physical and Chemical Oceanography submitted its
draft report on the physical and chemical oceanography of the
southern ocean. The final report should be ready for distribu-
tion by the end of 1986. This activity is supported by grants from
the Andrew W. Mellon Foundation, Department of Energy, and
the National Science Foundation.

At the April 1986 meeting of the Commission on Physical
Sciences, Mathematics, and Resources, the Board was granted
approval to investigate the feasibility of two new studies, one on
polar and space life sciences and the other on environmental
conservation in the Antarctic. A Board-sponsored workshop on
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Indicators of Environmental Change in the Antarctic was held
on 24 and 25 February 1986.

The publication in March of 1986 of the proceedings volume,
Antarctic Treaty System: An Assessment, of the Board-hosted
Beardmore Glacier Camp, Antarctica, Workshop on the Ant-
arctic Treaty System, provides a useful reference about antarctic
science and politics for the worldwide media and for the scien-
tific, technical, and political communities.

Scientific Committee on Antarctic Research (SCAR) activities. The
Polar Research Board, in its role as U.S. National Committee for
SCAR, organized and hosted the XIX Meeting of SCAR in San
Diego, California, 9-27 June 1986. The meeting was attended by
more than 200 members of the international antarctic scientific
community. Individual meetings held in San Diego included:
workshops on crustal structure, Cenozoic geology, and geo-
magnetic conjugate studies; SCAR working groups on biology,
geology, solid-earth geophysics, logistics, and upper at-
mosphere physics; subcommittees on conservation and bird
biology, and the group of specialists on seals; SCAR plenary
meeting; several SCAR delegate meetings; several special ad hoc
groups, and a meeting of the Finance Committee. As a result of
the SCAR meeting, China was admitted as a member of SCAR,
bringing the total number of countries active in SCAR to 18. In
addition, SCAR adopted an "associate member" category to per-
mit scientists from countries interested in antarctic research but
not conducting substantial research to participate fully in SCAR.
Board members or representatives attended a variety of other
SCAR meetings and symposia during 1985-1986.

Other related activities pertained to the Antarctic Treaty, im-
plementation of the Convention on Conservation of Antarctic
Marine Living Resources, and efforts to develop a regime gov-
erning possible mineral resource exploration and exploitation in
Antarctica. The Board received briefings on these Treaty-related
activities from the Federal government representative who par-
ticipated in them.

"Draft Documents of the XIX Meeting of SCAR" were dis-
tributed to relevant U.S. government agenices and the U.S.
scientific community.

With the discontinuance of the former SCAR Working Group
on Oceanography, a new body, Working Group Number 74,
concerned with the general circulation of the southern ocean,
was formed under the Scientific Committee on Oceanic Re-
search (sCoR). Representing the U.S. National Committee for
SCAR on this group is Board member Arnold Gordon.

The Board published and distributed the following two cata-
logues of antarctic research activities:

Report on United States Antarctic Research Activities, February
1984—October 1985; United States Antarctic Research Activities
Planned for October 1985—September 1986. Report No. 27 to
Scientific Committee on Antarctic Research (SCAR).

Earth Science Investigations in the United States Antarctic Research
Program (USARP) for the period 1 July 1984-30 June 1985.

In addition, the Board continues to:
• Encourage the support of SCAR through annual payments of

dues consistent with the amounts agreed on at SCAR XIX.
• Advise, through SCAR, on development of the international

program for climate research in Antarctica.
• Advise, through SCAR, the Antarctic Treaty nations on the

possible impacts of mineral resource exploration and exploi-
tation in Antarctica.

• Advise, through SCAR, the Antarctic Treaty nations on man's
impact on the antarctic environment.

• Advise, through SCAR, on the development of an interna-
tional program of antarctic sea-ice research.
Reports resulting from this effort shall be distributed to spon-

sors, committee members, and other relevant parties in accor-
dance with Academy policy. Reports may be made available to
the public without restrictions.

Additional information is available from the Polar Research
Board in Polar Research Board Annual Report 1985 and Future Plans.

SCAR coordinated data analysis
project: Riometry

R. HINDSLEY and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

This project, formulated at the 1984 meeting of the Scientific
Committee on Antarctic Research (SCAR) in Bremerhaven, West
Germany, was motivated by a desire to promote international
data exchange and coordinated data analysis for a study of the
energetics and dynamics of the middle and upper atmosphere
at high southern latitudes. The decision was made to concen-
trate on two time intervals, 10-13 June and 27-29 June 1982. The
University of Maryland agreed to collect antarctic nometer data
and prepare it for analysis and comparison with other types of

data (e.g., magnetometer, ionosonde, radiowave emissions,
and auroral light). This paper reports on the progress of this
project.

Data were received from 10 antarctic stations, representing
seven countries; in addition, the University of Maryland ob-
tained data at three other antarctic stations. The table lists these
stations and the nometer operating frequencies and time reso-
lutions. Most of the data were supplied on digital magnetic
tape; the three Australian stations and the New Zealand station
supplied chart records which were digitized by S.-I. Akasofu at
the University of Aklaska. For each station the diurnal variation
of cosmic radio noise (quiet day curve) must be determined so
that the absorption in decibels can be calculated. When possi-
ble, we calculated quiet day curves using the inflection point
method (Krishnaswamy, Detrick, and Rosenberg 1985) to elimi-
nate a possible source of bias. This could not be done for
Mawson, which showed too much irregularity, or for
Novolazarevskaya and Halley Bay, which had already been
converted to absorption values.

The collection of data has just been completed and very little
analysis has been performed. It is noteworthy, however, to
consider the six stations near the L 4 magnetic shell (equiv-
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Antarctic riometer data for the SCAR project

Station

Campbell Island
Davis
Halley Bay
Kerguelen Islands
Macquarie Island
Mawson
McMurdo
Novolazarevskaya
Sanae
Siple
South Pole
Syowa
Terre Adelie

Country

New Zealand
Australia
United Kingdom
France
Australia
Australia
U.S.A.
East Germany
S. Africa
U.S.A.
U.S.A.
Japan
France
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79.8
62.3
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60.4
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66.1
80.5

Riometer
frequency
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30
30
30
30
30

20,30
23
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30

20,30,51
30
30

Time
resolution

1 mm.
1 mm.

20 sec.
5 mm.
1 mm.
1 mm.
1 sec.

10 mm.
4 mm.
2 sec.
1 sec.
2 sec.
5 mm.

alent to an invariant latitude A = 600). These are arranged in the
figure for 10 June in order of longitude, starting with Siple and
extending east to Campbell Island. The time resolution is 2

10.00

U)

< 0.00
10.00

-o
U,

< 0.00
10.00

(I,-a
< 0.00

10.00
0

U)-o
< 0.00

10.00
0

Cl)-a
< 0.00

1000
-D

Cl)-o
< 0.00

0

minutes (5 minutes for Kerguelen Island and 10 minutes for
Novolazarevskaya). For Novolazarevskaya (23 megahertz) and
Sanae (51 megahertz), the absorption values have been convert-

UT, 10 Jun, 1982, DOY 161
Riometer absorption corrected to 30 megahertz (MHz) for six antarctic stations at invariant latitudes (A near 60°). ("db" denotes "decibel:'
"MHz" denotes "megahertz." "UT" denotes "universal time:' "DOY" denotes "day of year:')
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ed to 30 megahertz assuming that absorption is inversely pro-
portional to the square of the frequency. The first four stations
show fairly similar responses for this day, but Kerguelen Island
and Campbell Island are lower in amplitude and do not show
many of the absorption events seen at the other four stations.
This pattern holds generally over all 7 days of the SCAR interval.
There are several possible explanations for this pattern (e.g., the
relationship of these stations to the location of the South Atlan-
tic magnetic anomaly and to energetic particle-trapping bound-
aries), but more work will be needed to determine the specific
cause.

The riometer and other collected data sets were presented
and discussed at the Upper Atmosphere Physics Data Analysis
Workshop held in San Diego on 18 June 1986 during the Nine-

teenth Meeting of SCAR. The data offered global a perspective of
the Southern Hemisphere disturbance patterns. Specific scien-
tific objectives were formulated for further analysis of the data.
Progress reports will appear in future issues of this journal.

The University of Maryland's Antarctic riometer program is
supported by National Science Foundation grant DPP 83-04844.
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Data analysis phase of the BIOMASS
program

S.Z. EL-SAYED

Department of Oceanography
Texas A&M University

College Station, Texas 77843

The Biological Investigations of Marine Antarctic Systems
and Stocks (BIOMASS) is a major collaborative effort of scientists
concerned with providing an adequate basis of knowledge for
the wise management of the living resources of the southern
ocean. This international program grew out of the scientific
community's concern for maintaining the delicate ecological
balance in the oceans surrounding Antarctica. The First Inter-
national BIOMASS Experiment (FIBEx) conducted in austral sum-
mer 1980-1981 was the largest multiship experiment in biolog-
ical oceanography ever undertaken in the southern ocean. The
Second International BIOMASS Experiment (SIBEx) was com-
pleted in 1984-1985.

With the successful completion of the field exercise aspect of
the BIOMASS program, a new phase of data analysis and inter-
pretation is being ushered in. Ensuring that full advantage is
taken of the enormous amount of data collected will require a
series of workshops to process information and report on the
findings. These workshops will be of both a disciplinary (i.e.,
krill, birds, fish, etc.) and interdisciplinary (e.g., ecosystem
modeling) nature. A final meeting to evaluate the achievements
of the decade of BIOMASS (1976-1986) is planned for 1989.

Present BIOMASS activities include operation of the BIOMASS
Data Center, planning data analysis workshops, and publishing
related information. The international cooperation and com-
munication fostered by the FIBEX and SIBEX programs continue in
the present phase.

The BIOMASS Data Center, located at the British Antarctic
Survey (BAs), Cambridge, United Kingdom, is now fully opera-
tional. The Data Center has compiled all FIBEX data and is cur-
rently loading and validating SIBEX data. Once all the data are
loaded, the database will be available for use by BIOMASS
scientists. All data are tagged with the date and time of observa-

tion or sampling, so that concurrent measurements of the sever-
al parameters can be tested for correlations. The correlation
between bird density and krill swarms can be evaluated by
looking at the times krill swarms were seen, then finding the
bird observation records made at the same time. The data are
also categorized by the name of the ship which supplied the
data, making it easy to examine the results from a single country
or group of countries. The ability to store derived data points,
such as those created in workshops, will allow future access to
such values.

Data anlysis workshops in seven areas are being planned.
These workshops will be held between now and 1989. A work-
shop on krill physiology and biochemistry will highlight future
areas of research through an exchange of information about
current research projects in the areas of reproduction, feeding,
moulting, oxygen consumption, season biochemistry, energet-
ics of larval development, and growth rate. The objective of the
fish ecology workshop will be to validate SIBEX data on ich-
thyoplankton, including mesopelagic fish. Objectives will then
be formulated for a final evaluation workshop. Factors controll-
ing the distribution of krill larvae and the characteristics of areas
of abundant krill larvae will be determined during the krill larval
ecology workshop. A workshop on phytoplankton/zoo-
plankton interrelationships will address the following: species
as indicators of water masses, horizontal and vertical pa-
tchliness in relation to bottom topography, interaction between
species, seasonal succession and interannual variation of spe-
cies composition and biomass, and the relation between phy-
toplankton and zooplankton. Data analysis workshops are also
being planned in the areas of physical and chemical oceanogra-
phy and krill acoustics.

Throughout the course of the BIOMASS program, findings
have been recorded and distributed through various publica-
tions, including a semiannual newsletter. A report series, scien-
tific series, and handbook series have been produced, and more
publications are planned as workshop results become available.
Recently published in the Scientific Series are: Review of the
Biology and Present Status of Exploited Antarctic Fish Stocks edited
by K. H. Kock, C. Duhamel, and J. C. Hureau; and Atlas of Polish
Oceanographic Observations in Antarctic Waters. A review of krill
ecology will be published in late 1986.

Current activities are leading the way for the 1989 evaluation
meeting which will promote interdisciplinary synthesis of all
BIOMASS results.
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Antarctic Research Series

JUDY C. HOLOVIAK

American Geophysical Union
Washington, D.C. 20009

The Antarctic Research Series is a book series designed to serve
scientists and graduate students actively engaged in antarctic or
closely related research and others versed in the biological or
physical sciences. It provides a continuing, authoritative medi-
um for the publication of extensive and detailed reports on
antarctic research that are too lengthy or comprehensive for
inclusion in standard disciplinary journals. The series has been
published by the American Geophysical Union since 1963 with
continuing grant support from the National Science Foundation
(currently grant DPP 85-20816).

The series is designed to complement antarctic field work,
much of which is in cooperative, interdisciplinary projects. The
series encourages the collection of papers on specific geograph-
ic areas. Many volumes focus on particular disciplines.

The Antarctic Research Series has provided for rapid publica-
tion both through hardbound volumes and through soft-cover
minibooks (each assigned to a thematic volume) that allows
papers to publish as they are completed or as results become
available. Generally, several volumes are in production
simultaneously.

Work in five volumes was or will be published in 1985 and
1986.

Volume 36, Geology of the Central Transantarctic Mountains, is
edited by Mort D. Turner and John F. Splettstoesser. Papers by
Stump and by Wade and Cathey include studies of some of the
oldest rocks in the Transantarctic Mountains, those below the
Paleozoic rocks of the Beacon Supergroup. Studies of younger
rocks, and also of current recent glacial events, are included in
the other papers published in this volume in 1985 and 1986.

Volumes 41 and 45 (Biology of the Antarctic Seas XVI and XVII,
edited by Louis S. Kornicker) comprise biological studies of
antarctic and subantarctic protozoans (Radiolaria), sea ane-
mones (Coelenterata), jelly fish (Scyphozoa), brittle stars (Echi -
nodermata), pelagic shrimps (Crustacea), and marine birds.

Volume 43 (Oceanology of the Antarctic Continental Shelf, edited
by Stanley S. Jacobs) was published in 1985. Interactions be-
tween the ocean, ice, and seafloor in this climatically important
region of the world ocean are emphasized in analyses of a wide
variety of physical and chemical data. Sixteen papers focus on
related aspects of the ocean circulation, including water mass
formations, currents, tides, sea ice, polynyas, bathymetry, and
bottom sediments.

Volume 44 (Geological Investigations in Northern Victoria Land,
edited by Edmund Stump) is in press; it comprises 18 articles,
including contributions from geologists in New Zealand, Aus-
tralia, and the U.S. The volume summarizes results of partici -
pants in the 1981-1982 international northern Victoria Land
project.

The Board of Associate Editors for the Antarctic Research Series
sets priorities for publication and works with the editors of each
volume 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 checked

by an American Geophysical Union copy editor for style, con-
sistency, and general publication requirements. After the au-
thor has confirmed that changes made by the copy editor are
satisfactory, the paper is typed to American Geophysical Union
specifications. Authors who have access to electric typewriters
or to word-processing equipment are urged to undertake the
preparation of the final typescript. Special rates for reprints are
available for authors who provide final typescript to American
Geophysical Union specifications.

Individuals wishing to develop a thematic volume for the
Antarctic Research Series must prepare a proposal for review by
the Board of Associate Editors. Authors of individual papers
should contact a Board member through the American
Geophysical Union to determine whether a volume in a specific
field is in process and whether the work is appropriate for
inclusion.

Proposal forms, information for contributors, and catalogues
of books in print are available from the American Geophysical
Union, 2000 Florida Avenue, N.W., Washington, D.C. 20009;
the telephone number is (202) 462-6903.

Antarctic Research Series publications, 1985-1986

Volume	 Title

Vol. 36	Geology of the Central Transantarctic Mountains
Mort D. Turner and John F Splettstoesser, editors

1985 Paper 8. Structure of the Transantarctic Mountains
Determined from Geophysical Surveys
Edwin S. Robinson and John F Splettstoesser

1985 Paper 9. Climate, Geomorphology, and Glaciology of the
Shackleton Glacier Area, Queen Maud Mountains, Transan-
tarctic 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

1985 Paper 11. Stratigraphy of the Ross Supergroup, Central
Transantarctic Mountains
Edmund Stump

1985 Paper 12. Glacial Events in the Transantarctic Mountains: A
Record of the East Antarctic Ice Sheet
Paul A. Mayewski and Richard P Goldthwait

1985 Paper 13. Late Paleozoic Glacial Patterns in the Central
Transantarctic Mountains, Antarctica
Donald A. Coates

1986 Paper 14. The Beacon Supergroup (Devonian-Triassic) and
(forth-	Ferrar Group (Jurassic) in the Beardmore Glacier Area,
coming)	Antarctica

PJ. Barrett, David H. Elliot, and John F Lindsay

1986 Paper 15. Geology of the Basement Complex, Western
(forth-	Queen Maud Mountains, Antarctica
coming)	F Alton Wade and Carl A. Cathey

Vol. 41	Biology of the Antarctic Seas XVI
Louis S. Kornicker, editor

1986 Paper 3. Pelagic Scyphomedusae (Scyphozoa: Coronatae
and Semaeostomeae) of the Southern Ocean
Ronald J. Larson

1986 Paper 4. Further Studies on the Phaeodaria (Protozoa: Radi-
olaria) of the Antarctic Seas
John Francisco Tibbs and Sally Deck Tibbs
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Antarctic Research Series publications, 1985-1986--Continued

Volume
	 Title	 Volume

	 Title

Vol. 45	Biology of the Antarctic Seas XVII
1986 Louis S. Kornicker, editor

(forth-
coming)

Vol. 43	Oceanology of the Antarctic Continental Shelf
1985 Stanley S. Jacobs, editor

Vol. 44	Geological Investigations in Northern Victoria Land
1986 Edmund Stump, editor

(forth-
coming)

Who is interested in Current Antarctic
Literature?

C. T. THURONYI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

The Antarctic Bibliography Project staff at the Library of
Congress provides continuing information on journal articles,
books, technical reports, and other types of documents in the
form of citations, abstracts, and indexes. Current awareness is
served by the monthly bulletin Current Antarctic Literature (CAL)
and retrospective searching by the Antarctic Bibliography, which
cumulates CAL into a single volume every 18 months.

The Antarctic Bibliography is available for purchase from the
Government Printing Office, while CAL is distributed free of
charge to individuals or institutions involved in antarctic re-
search, after approval by the Division of Polar Programs, Na-
tional Science Foundation.

The CAL mailing list has grown steadily over the years and is
now approaching 800 recipients. This relatively large number,
for such a specialized publication, suggests that a structural
analysis of the list is warranted.

First, the distribution of recipients by country was deter-
mined. Not surprisingly, 518 out of 770 recipients, or 67 percent,
are in the United States. The foreign recipients are distributed
as shown in table 1.

It must be borne in mind, that CAL is more actively promoted
in the United States than elsewhere, because participants in the
U.S. Antarctic Program are encouraged at their annual briefings
to request that their names be added to the mailing list, result-
ing in a significant increase in U.S. mailings on those occasions,
not paralleled by similar increases in foreign mailings.

No additional breakdown of the statistics for foreign coun-
tries was found necessary, because the numbers for any one
country are relatively small. For domestic destinations,
however, some further breakdown was believed to be of
interest.

Of the 518 recipients in the United States, 432 are individuals
(most of them associated with an institution) and 86 are institu-
tional addresses without designation of an individual recipient
(for the most part libraries). This is in keeping with our dis-

semination policy—derived from the very nature of CAL, a
current awareness bulletin—to place the monthly issues di-
rectly into the hands of the research scientist.

Another count showed that 322 copies of CAL go to univer-
sities (272 designated individuals associated with universities
and 50 libraries or departments), 82 to government agencies (60
individuals and 22 institutional designations), 59 to private
(commercial or nonprofit) organizations (45 individual and 14

Table 1. Foreign recipients of Current Antarctic Literature

Country	 Number of	copies

Australia
	 32

Canada
	 30

United Kingdom
	 30

New Zealand
	

22
France	 14

Chile	 12
Federal Republic of Germany

	 11
Japan
	 11

Norway
	 11

Argentina	 10

Brazil
	

9
South Africa
	 9

The Netherlands
	 8

German Democratic Republic
	 6

India
	 6

Italy	 4
China
	 3

USSR
	

3
Austria
	 2

Denmark
	

2

Finland
Qatar
Spain
Sweden
Belgium

Iceland
Israel
Monaco
Peru
Poland

Portugal
Uruguay
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institutional), and 55 to scientists or researchers whose affilia-
tions could not be determined at this time.

Another feature investigated is the institutional clustering of
antarctic researchers, i.e., the number of copies of CAL received
by individuals (or libraries, etc.) associated with the same in-
stitution. The count was performed separately for universities,
government agencies and private organizations. For purposes
of this count, branches of an organization, situated in different
locations, were taken as separate institutions; for example, the
U.S. Geological Survey at Reston and at Menlo Park, or the State
University of New York at Binghamton and at Syracuse, were
each counted separately. (Table 2 lists the distributions.) In all
three categories, 144 out of 220 institutions (65.5 percent) re-
ceive a single copy, 53 (24 percent) receive 2-4 copies, and 23
(10.5 percent) receive 5 or more copies.

From these figures it is reasonable to conclude that CAL
recipients are widely distributed institutionally. Clustering oc-
curs primarily in universities and, to a lesser extent, in govern-
ment agencies.

It has been suggested that the cost of printing and mailing
CAL could be reduced by limiting the number of copies allowed
for each institution and demanding that users working at the
same institution share one common copy. In view of the above
statistics, it would appear that the moderate savings that could
be realized would not justify the inconvenience associated with
such an arrangement.

To conclude this analysis, it should be mentioned that the
above figures reflect the number of recipients of CAL, not the
number of individuals having access to it. In a 1973 user survey
the question was asked of CAL recipients: "How many persons
use your copy?" According to the responses, 118 copies of CAL
were used by 935 persons. While it would be somewhat less
than rigorous statistical exercise to conclude, by extrapolation,
that the 770 copies currently mailed out are used by 6,753
individuals, it is nevertheless safe to assert, that many of the
copies are put to multiple use (by students, library patrons,
etc.). Moreover, the mailing list is periodically revised (with the

Table 2. Institutional clustering of antarctic researchers

Number of institutions	 Number of copies

124 universities receive 322 copies distributed as follows:
1	 21
1	 13
6	 9
2	 7
2	 6

7	 5
9	 4

12	 3
17	 2
67	 1

43 government agencies receive 82 copies distributed as follows:
1	 8
1	 7
2	 6
2	 4
2	 3

6	 2
29	 1

53 private organizations receive 59 copies distributed as follows:
1	 3
4	 2

48	 1

use of positive-response cards) to assure that recipients who,
for any reason, no longer wish to be alerted to current antarctic
publications, do not continue to receive copies they do not use.

References
Thuronyi, G.T. 1974. Current Antarctic Literature user survey. Antarctic

Journal of the U.S. 9(6), 327-328.

Ellsworth Mountains geology in a
reference volume—Progress

in 1985-1986

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. Preparation, peer review, and revi-
sion of manuscripts continued into early 1986. Final versions of
all 24 chapters planned for the volume are expected to be com-
pleted by the authors by the end of 1986 and submitted by the
editors, G.F. Webers, C. Craddock, and J.R. Splettstoesster, to
the Geological Society of America (GSA) shortly afterward. The
volume is scheduled for publication as a memoir. A highlight of
the volume will be the colored geologic map (scale 1:250,000) of
the entire range, which has been printed in one sheet by
Williams and Heintz Map Corporation. The map is also avail-
able separately as GSA Map and Chart MC-57.

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.F. Webers and
also by other specialists. As with any regional geologic evalua-
tion, further field studies are needed to refine some of the
remaining gaps in the geology. Additional sampling of fossil
faunas is of particular importance, and further studies of the
structure, sedimentology, stratigraphy, and paleomagentics are
needed to establish with certainty the relationship between the
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Ellsworth Mountains and the region of West Antarctica and the
Antarctic Peninsula.

A review of the geologic history of the Ellsworth Mountains
was presented as an oral paper in the Polar Research Sym-
posium at the 20th Annual Meeting of the North-Central Sec-
tion of the Geological Society of America, 24-25 April 1986, at
Kent, Ohio (Webers and Craddock 1986). G.F. Webers attended
a conference on the "Taxonomy and Biostratigraphy of the Ear-
liest Skeletal Fossils," in Uppsala, Sweden, 11-18 May 1986, to
initiate a study of Lower Cambrian limestone clasts found in
Cambrian and Permo-Carboniferous sedimentary rocks of the
Ellsworth Mountains and to discuss research results on
Ellsworth Mountains geology and paleontology.

The annotated bibliography of the Ellsworth Mountains
(Webers and Splettstoesser 1982), which is being compiled on a
continuing basis, included about 175 citations as of May 1986.
The bibliography is stored on a word processor disc at the

Minnesota Geological Surve y. A copy is available from the au-
thors on request.

This research was supported by National Science Foundation
grant DPP 82-14212 to Macalester College (G.E Webers, prin-
cipal investigator). Travel to Uppsala was supported by a Mac-
alester College Wallace grant.

References

Webers, G.F., and C. Craddock. 1986. Geologic history of the Ellsworth
Mountains, Antarctica. Geological Society of America Abstracts with Pro-
grams, 18(4), 329-330.
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An antarctic chronology

P.J. ANDERSON

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210-1398

With support provided by the Polar Information Program a
chronology of U.S. involvement in Antarctica is being prepared
for the period 1949 through the present. The start date repre-
sents the conclusion of Bertrand's (1971) work for the earlier
period.

The method of compilation is to review systematically the
published literature which reports on U.S. activities in Ant-
arctica—e.g., the New Zealand Antarctic Society's, Antarctic,
the Antarctic Journal of the U.S. and its antecedents, as well as
other earlier publications of the National Science Foundation,
the Department of Defense, the National Academy of Sci-
ences—and the archival records of those activities—the Na-
tional Academy of Science Archives of the International
Geophysical Year, and the records (grouped by organization)
held by the National Archives and Records Administration in
particular.

Published articles and manuscript files are reviewed for rele-
vant information that can be linked to a specific or general date.
A series of typical chronology entries (table 1) may deal with
science, logistics, international relations, national politics, and
the like. Each entry is also marked with a reference number. Full
reference citations are included at the end of dated entries (table
2).

The chronology should be completed during 1987. It will be
published and made available to interested members of the
antarctic community and placed in appropriate library
collections.

When completed, this chronology should serve several pur-
poses. It will become a reference work for those who want to
know when various events occurred. It will provide a fra-
mework for a chronological history of the U.S.A. Antarctic
Program. It will give newcomers to the antarctic program a
sense of history and enable them to understand where they fit
in our shared experience.

This work was supported by National Science Foundation
grant DPP 83-18595 to Ohio State University.

References

Bertrand, K.J. 1971. Americans in Antarctica, 1775-1948. (American Geo-
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Geographical Society.

Table 1. Sample chronology entries

Date
	 Entry

August 1954 Captain George J. Dufek assumed responsibility for Navy planning for logistics support of the IGY Antarctic program. Scientific
plans for a main base on the Ross Ice Shelf and two interior satellite stations were detailed in the "blue book," International
Geophysical Year Program and Budget. The satellite stations were planned for 900S at the South Pole and at 80 0S, 120°W in Marie
Byrd Land. The latter site was chosen because Sir George D. Simpson (Scott's 1910-1913 British Antarctic Expedition) indicated
that pressure waves or "surged' spreading out from this area greatly affected Antarctic weather.
[6621
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Table 1. Sample chronology entries—Continued

Date	 Entry

December 1, 1954 USS Atka sailed from Boston to reconnoiter possible base sites in the Antarctic. She discovered that the Bay of Whales and several
Little America bases had gone out to sea when a massive calving of the Ross Ice Shelf occurred. Kainan Bay, some 50 kilometers
to the east, seemed suitable as a main coastal station-site, but it appeared doubtful that a compacted snow runway could be
constructed for large cargo aircraft. Atka returned to the United States on April 12, 1955.
[662]

early 1955 Adm. George J. Dufek and his staff decided as a result of the USS Atka survey, that the logistics effort to build the two interior
stations could not be based on the Ross Ice Shelf at the Bay of Whales, and separated the two base building operations. The South
Pole effort was moved to McMurdo Sound where a site survey revealed that an air operating facility could be built. The Marie Byrd
Land base would be built and supplied bytractortrains operating from Little America V at Kainan Bay. The IGY meteorologists were
especially interested in this area because meteorological data going back to Amundsen's 1911-1912 expedition were available.
[662]

January 14, 1956 CDR Jack Bursey and six men in a Weasel and two Sno- cats left Little America to discover and mark a trail to 80 0S, 120°W. An
Otter based at Little America V provided air support. After 126 kilometers they met a severe crevasse zone. They backtracked and
turned north toward Prestrud Inlet. Successfully reaching the plateau, they turned southeast toward the proposed base site. Trail
flags were placed to mark the trail and caches built every 80 kilometers. By February 1st, they had reached a crevasse field at 79"
315, 1340W, 240 kilometers from the proposed site, and were experiencing vehicle breakdown. Since the winter was fast
approaching USN Cdr. Herbert Whitney, CO of MCB (Special) and OIC of Antarctic stations, ordered the base to be built there.
Bursey was ordered to cache vehicles and supplies and return to Little America V by air. Half the party was evacuated on February
3rd. The second aircraft enroute for final evacuation crashed and Bursey began a search along the trail while traveling by surface
back to Little America V Halfway back he met another search party led by CWO Victor Young, USN. They returned to Little America
V together.
[662]

1956 In reviewing the Bursey-Young trail experience during early 1956, Adm. Dufek decided that the trail blazing effort would have to be
done over. He was determined to put Byrd Station where the scientists wanted it. He detailed Cdr. Paul W. Frazier to devote all his
energies to the successful development of a safe trail to Byrd. Frazier took advantage of the Secretary of Defense's authorization to
call on other services and sought help from the U.S. Army Transportation Corps which had conducted trail operations in
Greenland. Six army men were selected from the volunteers who responded to the call.
[662]

February 12, 1957 The final tractor train of the summer reached Byrd Station with additional buildings and supplies, thus guaranteeing a winter over
party. Gould, Wexler, Crary, and Dufek almost cancelled the first winter over because of a shortage of supplies. Between February
18-25, the Air Force delivered fuel and food to supply the base for the winter.
[662]

May 2, 1958	President D.D. Eisenhower issued a call to the eleven other nations working in Antarctica during the International Geophysical
year to meet together to develop a treaty to promote the peaceful scientific development of Antarctica.
[1337]

August 27, 1958 The first three-stage rocket was launched from USS Norton Sound in Antarctic waters to fire an atom bomb armed missile 300
miles into the atmosphere where the bomb was exploded. Additional launches occurred on August 30 and September 6. The
explosion caused a thin shell of radiation around the globe in a study of the earth's magnetic field.
[1335]

September 15, 1959 Aircraft of the USN Air Development Squadron-Six and the USAF 9th Troop Carrier Squadron arrived at Christchurch, N.Z., for
summer airlift operations. The USAF introduced ski-equipped C-130D Hercules transports to Antarctic service during Deep
Freeze 60. The aircraft carry 32,000 pounds of cargo, 3,000 less than the C-124 Globemasters, but can land on skis almost
anywhere in Antarctica and can use JATO for takeoff assistance.
[1338]

October 8, 1959 The Antarctican Society was established in Washington, D.C. during a meeting at the Cosmos Club. The Society's purpose was to
provide for meetings of people interested in Antarctica "for a friendly and informal exchange of information and views." By-laws and
officers were determined on January 8, 1960. The first president was Dr. Carl Eklund.
[1513] and [1358]

November 1959 The Australian, Phillip Law, while presenting a paper in Buenos Aires at the Antarctic Symposium, disclosed that ANARE
geographic mapping between 45" and 160" E proved the accuracy of Wilkes discoveries during his U.S. Exploring Expedition in
1840. Wilkes' discoveries were disparaged in the 19th Century especially by the British and James Ross. ANARE coastal mapping
proved the accuracy of Wilke work despite some errors in distance. Bertrand (Catholic University, Washington) further
collaborated Wilkes' discoveries on April 1, 1959 at the Annual Meeting of the Association of American Geographers.
[1518; 1519]

January 23, 1960 A ski-equipped, trubo-jet powered C-1 30D Hercules transport from the USAF 61st Troop Carrier Squadron, Stewart AFB, TN,
arrived at NAF McMurdo. Commanded by Lt. Col. Wilbert Turk, the Squadron introduced the aircraft type to Antarctic operations.
On January 25th the first cargo delivery to Byrd Station occurred, and on January 28th 14,000 pounds were delivered to the South
Pole. Operation Icef low (the 9th Air Force code name) brought seven ski Hercules (C-1 30D) and one wheeled Hercules (C-1 30A)
to Antarctic operations. The 62-ton aircraft promised to make logistics more economical, enable more personnel and fragile cargo

Continued on page 292
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Table 1. Sample chronology entries—Continued

Date
	 Entry

February 16, 1960

July 10-24, 1961

November 26, 1961

February 9, 1962

October 1, 1962

December 14, 1962

to be delivered to inland staions, and reduce the personnel needed for cargo operations. The USN ordered four ski Hercule& for
delivery in time for Deep Freeze 61. Operations continued until February 7, 1960.
[1512;1532]

Ships of USN Task Unit 43.1.2, Glacier and Burton Island, under the command of Capt. E.A. McDonald, USN, made a landfall on
the northeast coast of Thurston Peninsula in the Amundsen Sea. This first landfall by sea in this area had been denied to Admiral
Byrd in 1940 and 1947 because of severe ice, and to all previous explorers as well. An automatic weather station - Grasshopper -
was deployed on Cape Palmer at 500 feet elevation (71" 54'S 99 0W) and the Task Unit continued eastward towards the Eights
Coast. They were stopped by ice at 72 0S 95" 40W on February 18th. Geologic parties were put ashore on Dustin Island and the
Thurston Peninsula mountains. Glacier was hindered in further work by necessary engine repairs from February 20th to 23rd. On
February 25th Glacier was ordered to assist the Argentine San Martin beset in the ice of Adelaide Island, and the Bellingshausen
Sea expedition came to a premature end. Ground control points were precisely located at three locations and confirmed by VX-6
aerial photography. Ship's helicopters conducted aerial photography which proved Thurston Peninsula is actually an island
connected to the mainland by an ice shelf.
[1521-1515]

The U.S. Senate, by a 66-21 vote, gave its advice and consent to ratification of the Antarctic Treaty.
[1529]

The Office of Antarctic Programs was established in the National Science Foundation replacing the Antarctic Research Program in
the Office of Special International Programs. The OAP was assigned the responsibility for the U.S. Antarctic Research Program.
Dr. Thomas 0. Jones was named head of the office and Dr. Albert P Crary was named chief scientist as well as Scientific Advisor on
Antarctica to the NSF Director.
[1371]

The first Antarctic Treaty Consultative Meeting was held in Canberra, Australia. Sixty-four representatives of the 12 nations which
signed the December 1, 1959 treaty in Washington attended. Delegates agreed to exchange information on their activities as early
as possible but prior to the end of November each year. The limited use of nuclear power was agreed to. They agreed to cooperate
in mail service and to exchange weather information. An agreement to preserve historic graves, monuments and buildings was
reached. Conserving living resources was agreed to, and introduction of alien species was to be carefully controlled. The delegates
decided not to establish a permanent secretariate and agreed to consult through normal diplomatic channels. More than 20
resolutions were approved.
[1372]

After four weather aborted attempts, an R4D Dakota from Byrd Station landed at 75 0 14'S 77°10'W, the site of Sky-Hi, a landing
strip and camp near the Sentinen Mountains. After a skiway was prepared, five Hercules flights were planned to bring in supplies
for a summer-long research program in ionospheric, meteorological and geomagnetic studies.
[1377]

Construction of Sky-Hi Station at 750 14'S, 770 10'W was completed when the final load of supplies were delivered by LC-1 30. Built
in Ellsworth Land some 1,600 miles from McMurdo, the station required five LC-130 landings, and six C-124 parachute deliveries.
The five man station is used for conjugate point measurements of the earth's magnetic field and the ionosphere. Construction
began in December, 1961.
[1380]
The U.S. Atomic Energy Commission cancelled the contract for a portable nuclear power plant at Byrd Station because of cost
increases, schedule slippages, and dissatisfaction with the design.
[1389]
Ships reached Hut Point after breaking through 63 miles of concentrated pack ice, the worst ice discovered by the U.S. in Ross Sea
operations since Deep Freeze began in 1955. A severe storm eventually broke up the ice and enabled the ships to get in.
[1394]

August 10, 1960

1961

Table 2. Sample chronology references

Reference
Number

[662]

[1335]

[1337]

292

Reference
Number

[1338]

[1358]

[1371]

Source

"Byrd Station: the first 2 years (1956-1958)," by Henry
M. Dater, Antarctic Journal of the United States, May-
June 1975, X(3), p. 96-109.

"Project Argus", Antarctic Journal of the U.S., June
1959, 11(2), p. 67.

"Antarctic Nations Conference," Antarctic, 11(3), Sep-
tember 1959, p. 81.

Source

"United States Plans for Operation Deep Freeze 60,"
Antarctic, 11(3), September 1959, p. 104-105.

'Antarctican Society," Antarctic Journal of the U.S.,
June 1960, 11(6), p. 240.

"United States Research Programme, 1961-62," Ant-
arctic, 11(11), September 1961, p. 444-447.

Continued on page 293
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Table 2. Sample chronology references—Continued

Reference
Number

[1372]

[1377]

[1380]

[1389]

[1394]

[1512]

[1513]

Reference
Number

[1515]

[1518]

[1519]

[1521]

[1529]

[1532]

Source

"Antarctic Treaty Conference," Antarctic, 11(1 1), Sep-
tember 1961, p. 473-475.

"Deep Freeze 62 Begins," Antarctic Journal of the U.S.,
December 1961, 11(12), p. 491-494.

"United States Summer Activities Cover Wide Field,"
Antarctic Journal of the U.S., March 1962, 111(1), p.
35-37.

"American Deep Freeze 63 Away to Early Start," Ant-
arctic, 111(4), December 1962, p. 143-144.

'American Navy Makes Possible Widespread Scientific
Research," Antarctic, 111(5) March 1963, p. 203-206.

"C-130 Operations Begin," Bulletin of the United States
Antarctic Projects Office, 1(5), January 1960, p. 5-6.

"The Antarctic Treaty," Bulletin of the United States Ant-
arctic Projects Office, 1(5), January 1960, p. 5- 6.

Source

"Bellingshausen Sea Expedition," Bulletin of the United
States Antarctic Projects Office, 1(6), February, 1960, p.
3-8.

"Charles Wilkes Discoveries confirmed in part by Aus-
tralians," Bulletin of the United States Antarctic Projects
Office, 1(4), December 1959, p. 9.

"WilkeS Antarctic Discoveries Now Fully Confirmed,"
(Kenneth J. Bertrand) Bulletin of the United States Ant-
arctic Projects Office, 1(6), February 1960, p. 19-22.

"Bellingshausen Sea Expedition - Scientific Program,"
Bulletin of the United States Antarctic Projects Office,
1(7), March 1960, p. 12-15.

'Antarctic Treaty," Bulletin of the United States Antarctic
Projects Office, 11(1), September 1960, p. 2.

"Navy accepts first Ski-130," Bulletin of the United
States Antarctic Projects Office, 11(2), October 1960, p.
4.

Antarctic Marine Geology Research
Facility and Core Library, 1985-1986

D.S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

Dredged, trawled, grabbed, and cored sediments recovered
from the southern ocean and on the continent of Antarctica
continue to be the foci of activities at the Florida State Univer-
sity's Antarctic Marine Geology Research Facility and Core Li-
brary. Services provided during the past year (1 June 1985 to 30
May 1986) in support of the objectives of the USA Antarctic
Program (USAAP) are distribution of samples from the nearly
16,500 meters of cores and other specimens comprising the
high-latitude collections, receipt and processing of new mate-
rials, and description and classification of marine sediments.

Sample distribution. On the basis of 37 requests a total of 4,217
samples was distributed to 22 investigators representing 18
institutions in six countries (Argentina, Brazil, England,
France, Germany and the United States). The total number of
samples distributed can be broken down according to project
materials sampled, as follows.

USNS Eltanin. 1,802 samples from 93 piston cores, 60 trigger
cores, 2 Phleger cores, and 7 Petersen grabs recovered aboard 35
of the 45 southern ocean coring cruises of Eltanin.

ARA is/as Orcadas. 1,684 samples from 53 piston cores, 30
trigger cores, and I Phleger core recovered aboard all five coring
cruises of this vessel.

International Weddell Sea Oceanographic Expeditions (IwsoL). 99
samples from 6 piston cores and 18 Phleger cores representing
each of the three (1968, 1969, 1970) IWSOE cruises of U.S. Coast
Guard icebreaker Glacier.

Austral summer 1974-1975 (U.S. Coast Guard icebreaker Burton
Island). I grab sample.

Austral summer 1978-1979 (U.S. Coast Guard icebreaker Glacier).
54 samples from 4 piston cores, 6 trigger cores, and 33 Dietz-
LaFond grabs.

Austral summer 1979-1980 (U.S. Coast Guard icebreaker Glacier).
41 samples from 14 piston cores, I trigger core, and 24 Dietz-
LaFond grabs.

Austral summer 1981-1982 (U.S. Coast Guard icebreaker Glacier).
211 samples from 63 piston cores, 1 trigger core, and 62 Dietz-
LaFond grabs.

Austral summer 1982-1983 (U. S. Coast Guard icebreaker Glacier).
41 samples from 8 piston cores and 33 subcores of box cores.

Austral summer 1984-1985 (U. S. Coast Guard icebreaker Glacier).
284 samples from 18 piston cores, 10 trigger cores, and 9 Dietz-
LaFond grabs.

Thus, the 4,217 samples were removed from a total of 557
individual cores and grabs recovered aboard 49 cruises of four
vessels. The majority (86 percent) of the samples were removed
from cores and grabs collected by National Science Foundation!
Division of Polar Programs sponsored field projects prior to
1980, and more than half of these (the 86 percent) were from
specimens retrieved between 1962 and 1972. In other words,
older materials, rather than those more recently collected, con-
tinue to dominate sample selection.
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Additional statistical information concerning the year's sam-
pling effort is as follows:
• The total number (557) of different cores and grabs from

which samples were removed is the third greatest total of
different items that have been sampled during any of the past
12 yearly reporting periods, even though the total number
(4,217) of samples distributed this year was less than the
numbers distributed for 11 of the past 12 years. The greatest
number (736) of different items sampled during the past 12
years was for the period 1 June 1981 to 31 May 1982 (5 years
ago); the second greatest (683) was 11 years ago.

• Similarly, the total number (37) of sample requests that were
entertained during this reporting period was exceeded dur-
ing only 3 of the past 12 years, and not since 8 years ago (38
requests).

• The total number (49) of different cruises represented by the
samples distributed this year is a significant increase over that
of any of the past 12 years.
These tabulations were made to evaluate both the usefulness

of the sediment collections in storage at the Antarctic Research
Facility and the importance of these collections as a dynamic
resource of continued interest to scientists worldwide.

The acquisition of new materials includes the receipt, in April
1986, of approximately 60 kilograms of frozen rock specimens
collected during the 1985-1986 austral summer field season by
E. Imre Friedman (Florida State University, Department of Biol-
ogy) in the ice-free valleys of Antarctica and the receipt (in 29
core boxes) of one-half splits of drill core recovered by a New
Zealand field team during October/November 1984 from a sin-
gle drill hole (hole 2) of Project CIROS (Cenozoic Investigations in
the Western Ross Sea). This core comprises 112 meters of sedi-
ment (67 percent recovery) in a drill hole drilled to basement at
168 meters (Pyne, Robinson, and Barrett 1985).

Enroute to the Facility at the time of preparation of this report
are 55 piston cores (117 meters), 57 trigger cores (18 meters), 9
grab samples, 45 subcores of box cores, the bagged recovery of 5
piston-coring attempts, and miscellaneous specimens compris-
ing the geological materials collected aboard U.S. Coast Guard
icebreaker Glacier during the austral summer 1985-1986 pro-
gram in the Bransfield and Gerlache Straits, and Marguerite Bay
(Anderson 1986).

Description and classification of the more than 265 meters of
piston and trigger cores (154 cores), 124 grab samples, and the
bagged sediments recovered by an additional 24 attempts at
piston-coring during the austral summer 1979-1980 cruise of
Glacier along the northwestern and southwestern antarctic con-
tinental margins in the Ross Sea has been completed (Ka-

haroeddin et al. in preparation) and work has just begun on the
describing of the austral summer 1984-1985 specimens (128
piston and trigger cores comprising 218 meters of sediment,
and 80 bag samples of piston and trigger cores, and grabs)
collected from aboard Glacier in the areas of the South Orkney
Plateau, the South Shetland Islands, Anvers Island, Marguerite
Bay, and Pine Island Bay (Anderson 1985).

Miscellaneous activities by staff of the Antarctic Research
Facility have included hosting visitors for core study and sam-
pling, performing library work associated with the augmenta-
tion and transmittal of publications in the Antarctic Reference
Library, and assembling numerous exhibits and displays that
promote USAAP programs of research and study involving ant-
arctic science, emphasizing particularly the availability of serv-
ices that have been routinely provided since 1960 by the Florida
State University antarctic curatorial program.

A comprehensive listing of reports and other data (such as
core description volumes) concerning project collections of the
Antarctic Research Facility appears in the list of references in
Cassidy (1984). Requests for information about published re-
sults of research dealing with the analysis of samples removed
from these collections are invited, and may be directed to the
Curator.

Funding for the work discussed in this report has been
provided by National Science Foundation grant C-1059 (DPP

75-19723).
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Respiratory illness severity and
duration in antarctic

wintering personnel on their return to
New Zealand

L.C. JENNINGS and E.C. DICK

Department of Preventive Medicine
University of Wisconsin

Madison, Wisconsin 53706

J.L. FAOAGALI

Department of Microbiology
Christchurch Hospital

Christchurch, New Zealand

There is considerable anecdotal evidence and some scientific
data which suggest that antarctic personnel become more sus-
ceptible to respiratory infections after several months of isola-
tion (Allen 1973; Muchmore et al. 1973). However, when the
incidence of respiratory illness among the winter population
who had spent about 6 months in isolation at McMurdo Station
and Scott Base, was compared with the incidence within a
normal population (the winter-fly-in personnel living in the
same place and subjected to the same pathogens) both the
winter and winter-fly-in groups developed respiratory illness

in approximately equal numbers and of equal severity (Dick et
al. 1977, 1978; Meschievitz et al. 1983).

There is also anecdotal evidence that antarctic winter person-
nel, on their return to civilization, suffer severe respiratory
illness. To investigate this, the incidence and severity of respira-
tory illness among the 1979 and 1980 winter personnel was
observed upon their return to New Zealand and compared with
the illness in matched New Zealand residents.

We enrolled winter subjects from the staff of McMurdo Sta-
tion and Scott Base who were returning to New Zealand for at
least 3 months. Thirteen were enrolled in 1979 and 19 in 1980.
Control subjects were Christchurch residents matched accord-
ing to age, sex, and familial status. Five matched pairs in 1979
and 10 in 1980 also shared similar work environments. A daily
record of all respiratory illness was kept by each subject using a
diary and symptom report sheet (D'Alessio et al. 1976), and
weekly telephone calls were made to the subjects in the
Christchurch area. When an illness occurred, a nasal wash
specimen was collected for viral culture (results are not in-
cluded). Surveillance was continued for 18 weeks.

The number of respiratory illnesses experienced by the con-
trol subjects was slightly greater than that experienced by the
recently returned winter subjects [1979: 14 versus 12, and 1980:
10 versus 9 (table 1)]. In addition, the number of control subjects
with two or more illnesses was greater. Over the 2 years,
however, the 18-week incidence of respiratory illness in the
control subjects (0.75) was not significantly different from that
in the winter subjects (0.66) (X2	0. 3, P	0.7).

All respiratory illnesses were assessed for duration and sever-
ity (table 2). The peak score of illness symptoms was greater for
the control subjects (10.6 versus 6.8) as was the average duration
(7.3 days versus 6.5 days). However, the calculated average

Table 1. The number of respiratory illnesses (RI) in winter
and control subjects in 1979 and 1980

Year	 Group	 Total

1979	Winter	 13
Control	 13

1980	Winter	 19
Control	 19

Total	 Winter	 32
Control	 32

No. subjects
with RI

9
10

7
6

16
16

No. subjects
with 2 or more RI

2
4
2
3

4
7

Incidence of RI
(18 weeks)

0.92
1.08

0.47
0.53

0.66
0.75

Total
RI

12
14

9
10

21
24

Table 2. The severity of respiratory illness (RI) in winter and
control subjects in 1979 and 1980

1979
	

Winter	 12	 6.5	 5.7
	

5.3
Control
	

14	 11.8	 6.8
	

4.3
1980
	

Winter	 9	 7.1	 7.3
	

3.8
Control	 10	 9.4	 7.9

	
5.8

Total
	

Winter	 21	 6.8	 6.5
	

4.6
Control
	

24	 10.6	 7.3
	

5.0

a The average severity was determined by dividing the average RI score by the average RI duration.
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severity of the illnesses in the control subjects (5.0) was not
significantly different from that in the winter subjects (4.6) (X2
= 0. 3, P	0.7).

Contrary to expectation, the results of this study suggest that
the isolation period experienced by the McMurdo Station and
Scott Base winter personnel does not influence their suscep-
tibility to respiratory infections on their return to New Zealand.
The respiratory illnesses they contract.have a similar duration
and severity to those occurring among people vio have not
been in isolation.

L.C. Jennings received a New Zealand Medical Research
Council Repatriation Fellowship, and the research was support-
ed by grants DPP 76-83918 from National Science Foundation
and NBG2104 from the National Aeronautics and Space Admin-
istration, and by the Canterbury Hospital Board. We wish to
thank New Zealand's Department of Scientific and Industrial
Research and United States Navy volunteers without whose
help this study would not have been possible.
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Mapping activities in Antarctica

J.A. KELMELIS

National Mapping Division
U.S. Geological Survey
Reston, Virginia 22092

Field operations during the 1985-1986 season included geo-
detic surveying, gravity observations, aerial photography, ice-
motion studies, navigation support, seismology, computer op-
erations, and satellite telecommunications.

A U.S. Geological Survey (usGs) team consisting of Gary
Perasso (team leader), Edwin Eckel, Marguerite Hower, and
George Sandul conducted geodetic surveys at Hut Point Penin-
sula and in areas accessible from the Beardmore South remote
field camp. Eleven geodetic positions were determined by Dop-
pler satellite techniques on some existing and some new sta-
tions. Ten new stations were established by electronic traverse
techniques and intersected positions were determined for over
50 features. Surveying support was also provided to locate
meteorite finds and to give elevations of various rock strata for
geological studies.

Two LaCoste and Romberg gravity meters were employed by
the survey party to collect gravity data at positions determined
by satellite techniques. These data are part of a long-term effort
to analyze the geoid in Antarctica.

The LC-130 aircraft outfitted for aerial photography flew ap-

proximately 40 hours dedicated to the acquisition of vertical
aerial photographs in support of various scientific projects.

Black-and-white aerial photographs were obtained covering
17,000 square kilometers over Terra Nova Bay during early
November. Jay Storey supervised this operation to observe ice-
on conditions for remote sensing polynya studies. For the third
consecutive year, Jerry Mullins supervised the acquisition of
controlled aerial photographs over Ice Stream B on the Siple
Coast. This 22,500 square kilometers of aerial photography was
obtained to suppport glaciologists doing a multiyear ice-
dynamics study by photogrammetric means. Severe limitations
on aircraft availability precluded additional flying to complete
other projects. Reconnaissance 70-millimeter oblique photogra-
phy was obtained over New Harbor for studies of micro-
organisms assemblages and over Cape Royds and Cape Byrd
penguin rookeries for population studies.

For the 14th consecutive year, two USGS cartographers were
on duty at Amundsen-Scott South Pole Station. During the 1986
austral winter season, Joseph Beaulieu and Florence Georges
continued to conduct seismic studies as part of the World Wide
Standardized Seismograph Network and obtained (seismic)
data for studies of ultra-long-period seismic phenomena. Dop-
pler satellite tracking is done for ice-motion studies and in
support of navigation systems. The USGS team operates the
station science computer and the South Pole Satellite Data Link
to telecommunicate science data obtained at the South Pole via
satellite to McMurdo Station for subsequent retransmission to
the United States.

The Scientific Committee on Antarctic Research Library for
Cartography and Geodesy received 200 boxes of aerial pho-
tographs from the National Archives and 85 rolls of aerial-
photography film. These are being evaluated and will be inte-
grated into the existing collection.
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The McMurdo Sound and Vicinity 1:250,000-scale map cover-
ing the region accessible by helicopter to McMurdo Station was
published and processing was started on six satellite-image
maps. Three 1:250,000-scale topographic reconnaissance maps

were sent to the Advisory Committee on Antarctic Names for
name selection.

This work was supported in part by National Science Founda-
tion grant number DPP 85-12516.

Antarctic support operations

R.A. BECKER

Antarctic Services, Inc.
Paramus, New Jersey 07652

The 1985-1986 austral summer marked Antarctic Services,
Inc.'s (ANs) sixth year of specialized logistic support to the U.S.
Antarctic Research Program (USARP). ANS's primary respon-
sibilities were divided between continental Antarctic and the
Antarctic Peninsula. In the continental area, ANS operated and
maintained facilities at Williams Field, McMurdo Station, South
Pole Station, Siple Station, the Siple Coast, and Beardmore
Glacier (the site for a major helicopter-supported field camp).
Support efforts in the Peninsula area concentrated on operation
and maintenance of Palmer Station, operation of the research
ship Polar Duke, which is subcontracted by ANS for the National
Science Foundation, and assistance with the Antarctic Marine
Ecosystem Research in the Ice-Edge Zone (AMERIEZ) project.

In addition to the direct support provided to research pro-
jects, ANS also undertook specific construction and renovation
projects as approved by the National Science Foundation. Based
upon the level of approval, these projects encompassed both
multi-year efforts, which were nearing completion, and newly
added major work.

Contract management for all ANS support activities continued
to be based at Paramus, New Jersey. As in the past, specialized
logistic support was effected through offices maintained at Port
Hueneme, California and Christchurch, New Zealand. Direct
support of iIv Polar Duke/Palmer Station operations was coordi-
nated through Chilean ship husbanding agencies.

During 185-1986, 370 ANS employees deployed to Ant-
arctica. ANS also supported the deployment of 340 National
Science Foundation sponsored grantees affiliated with 74 re-
search programs.

McMurdo Station. In August 1985, an ANS contingent de-
ployed during the winter fly-in to begin preparation for the
1985-1986 field season. William Field III construction camp was
reopened, the preseason opening tasks were performed at
McMurdo Station. During the austral summer, ANS completed
over 1,250 work orders in support of approved projects. Major
tasks undertaken included the completion and testing of the
new water-distillation plant (to include the associated salt-water
intake line and rock quarried quay), commencement of the Hut
Point primary power electrical distribution line upgrade, and
the procurement and installation of a recompression chamber
in support of undersea diving operations. Operations and
maintenance functions saw continued improvement at the pri-
mary power plant (figure 1), Williams Field, USARP garage, and
all the USARP assigned buildings.

The Eklund Biological Laboratory was busy again this year
with ANS personnel supporting over 50 researchers engaged in
projects relating to biology, ocean science, and biochemistry.
Locations of principal support were: the lakes in the ice-free
valleys of southern Victoria Land, a field camp at New Harbor,
and on the ice cover in McMurdo Sound (on-going project).
Additionally, support was provided to researchers at the Thiel
Earth Science Laboratory and the new Arrival Heights Upper
Atmospheric Facility.

Activity at the Berg Field Center entailed the support of more
than 180 researchers as well as other non-science field projects.
Major support focussed on several remote field parties, the
Beardmore and Siple Coast camps, ANS construction crews, and
the Naval Support Force LC-130 recovery team at D-59. In all,
over 70 groups were outfitted from the Berg Field Center and
580 individuals were trained at the snowcraft survival school, a
significant increase from the previous season.

McMurdo Station winter operations began on 28 February
1986. Thirty-three ANS personnel remained at McMurdo Station
both to provide on-going science support and to commence the
construction phase of several large projects, e.g., foundation
footings for two new dormitories and the new Heavy Equip-
ment Maintenance Facility were set, two existing USARP

berthing structures were rehabilitated, and sections of the
Eklund Biological Laboratory were modified and upgraded (fig-
ure 2).

Amundsen-Scott South Pole Station. Austral summer activity
began at South Pole Station on 1 November 1985. In addition to
performing the normal level of station operations and mainte-
nance, ANS personnel provided direct support to science pro-
grams encompassing 15 grants in meteorology, astronomy, and
atmospheric physics. Major construction tasks included com-
pletion of a science building addition and relocation of the
conditioned power units as well as partial completion of new

Figure 1. Brine discharge line from the water-distillation plant at
McMurdo Station. (Photo by Brian Smith, ANS.)
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Figure 2. Building 155, Emergency Generator Shed under con-
struction at McMurdo Station. (Photo by Brian Smith, ANS.)

DFA fuel lines and a new emergency power plant module. The
primary station maintenance project was the completion of an
extensive renovation of the main station power plant. This pro-
ject entailed overhaul of two primary generators and attach-
ment of new alternators, installation of new electronic gover-
nors, reconstruction of the exhaust system and the air-intake
chambers, and the raising and leveling of the entire power plant
building.

South Pole Station began winter operations on 17 February
1986 with a winter staff of 12 ANS employees and 5 grantees.

Siple Station. This station reopened on 3 November 1985 fol-
lowing a 2-year period of deactivation. All operating systems
were made functional, and a summer camp was constructed to
house the large austral summer population. Major summer
activity included support of the Polar Ice Coring Office/Ohio
State University (principal investigator, Ellen Mosley-
Thompson) drilling project, elevation of the 42-kilometer east-
west very-low-frequency antenna, and erection of a second 26-
kilometer north-south very-low-frequency dipole antenna per-
pendicular to the existing dipole. Other improvements to the
station life-support systems were also completed.

The station began winter operations on 15 February 1986 with
four ANS personnel, two grantees, and one Naval Support Force
Medical Corpsman on site.

Beardmore South Camp. This Jamesway Field Camp on the
Bowden Névé was reopened on 26 October 1985. The facility
had been constructed and operated by ANS during the
1984-1985 austral summer and then deactivated and left in place
through the 1985 winter. After successful reactivation, the camp
was used as a major helicopter-supported field camp from
which some 60 researchers, representing 14 grants, suc-
cessfully operated throughout the entire austral summer. The
camp was closed on 3 February 1986, and the bulk of the struc-
tures, equipment, and supplies were retrograded to McMurdo
Station for future use. A small emergency shelter was left in
place as a refuge.

Siple Coast Camps. Two remote field camps were again estab-
lished in direct support of multiyear glaciology and geophysical
investigations. Crary Ice Rise Camp was reopened on 15
November 1985 and closed on 18 December 1985, while Up-
stream B Camp was also reopened on 15 November 1985 and

closed on 30 January 1986. On-going support was provided to
investigators associated with these research projects: the Polar
Ice Coring Office, the University of Wisconsin (principal inves-
tigator, Charles Bentley), Ohio State University (principal inves-
tigator, Ian Whillan), and the National Aeronautics and Space
Administration/Goddard Laboratory for Atmospheric Sciences
(principal investigator, Robert Bindschadler). As in the past, the
services of a Twin Otter aircraft were subcontracted by ANS for
the National Science Foundation.

Palmer Station. The station began summer operations on 12
November 1985 with the arrival of the relief crew. During the
austral summer, ANS personnel provided support for an exten-
sive marine biology and geology program involving 10 projects.
Facility improvments this season included the construction a
new Biology Laboratory Cold Room and New Aquaria inside
and outside the station.

The station began winter operations on 24 April 1986 with a
small contingent of five ANS personnel left behind to maintain
operations along with one grantee and one Navy Medic.

Ship operation. The i1v Polar Duke, a 219-foot ice-strengthened
research ship (figure 3), continued in its second-year of opera-
tions under contract to ANS on behalf of the National Science
Foundation's Antarctic Peninsula operations. Prior to bringing
in Palmer Station's relief crew, the iIv Polar Duke sailed an austral
winter science cruise in support of six projects from 29 August
to 25 September 1985. During the 1985-1986 austral summer
season the RIv Polar Duke provided support to Palmer Station
operations and to numerous projects during eight science
cruises.

The R/v Polar Duke was engaged in two relief missions in
November. First, it made and emergency delivery of fuel and
runway snow-removal equipment to the Chilean Marsh Base.
Then, the Polar Duke went to the aid of the British RRS John Bisco,
which was beset in packed ice off Adelaide Island. Sixty-four
Biscoe passengers were taken on board and transported to Pal-
mer Station.

ANS also provided support services during the 1985-1986
seasons for the 44 grantees involved in the AMERIEZ project
which used the U.S. Coast Guard icebreaker Glacier and Rlv

Melville from the Scripps Institution of Oceanography.
ANS support services were provided under National Science

Foundation grant DPP 80-03801.

Figure 3. The research ship Polar Duke.
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United States Navy Antarctic
Development Squadron 6:

USAP air logistic support for the
1985-1986 austral season

D. REED, LIEUTENANT, USNR

Public Affairs Officer
VXE-6 Naval Air Station

Point Mugu, California 93042

Under a Mc-inorandixin of Agreement between the Depart-
ment of Defense and the National Science Foundation, Ant-
arctic Development Squadron 6 operates and maintains seven
LC-130 "Hercules" ski-equipped transport aircraft owned by the
National Science Foundation and six UH-IN "Huey" twin-
engine helicopters provided by the U.S. Navy for air logistics
support of the USA Antarctic Program (USAAP). The squadron is
made up of some 349 active-duty Navy personnel including 59
officers (36 pilots, 16 navigators, and 7 staff-support officers)
and approximately 290 enlisted personnel (52 aircrewmen, 38
staff-support personnel, and 200 maintenance personnel).

Under the operational command of Commander, United
States Naval Support Force, Antarctica, the squadron entered
its 31st year of direct involvement in the antarctic program
facing the most ambitious and challenging logistics tasking of
the decade. The squadron responded with the most efficient air
transport of cargo, supplies, and people in the history of its
antarctic operations and completed the third highest season of
flight hours ever. The 1985-1986 deployment was highlighted
by two significant projects, the reopening of Siple Station with
its concomitant construction and winter requirements and sup-
port of the remote Beardmore Science Camp, the largest and
most ambitious remote camp ever planned in the history of the
USAAP (figure 1).

Winter fly-in. Following 7 months of training and preparation
of aircrew and maintenance personnel at the squadron's home
base at Point Mugu, California, air operations in support of the

.41

Figure 1. VXE-6 LC-1 30 Hercules approaches for landing at an open-
field camp.

1985-1986 season commenced on 13 August when three LC-130
aircraft with six aircrews and maintenance support personnel
departed California for Christchurch, New Zealand, to com-
mence winter fly-in operations. Winter fly-in provides McMur-
do Station with people and materials necessary for the opening
of the austral season in October and are the most hazardous
LC-130 operations the squadron faces. Eight turnaround flights
to McMurdo Station and back were completed between 22 and
26 August delivering over 175,000 pounds of cargo and 288
passengers. The squadron returned home on 29 August com-
pleting the most smoothly executed winter fly-in operations in
recent memory.

Austral summer season. VXE-6 commenced its 31st antarctic
deployment on 9 October as it departed Point Mugu to begin
Operation Deep Freeze participation in the antarctic operations
support program. USAAP 1985-1986. After a brief stop in
Christchurch to outfit personnel and aircraft for polar opera-
tions, the command shifted to McMurdo Station on 18 October.
Helicopter aircrews, prepositioned in McMurdo Station on 4
October by U.S. Air Force C-141 transport aircraft, had already
completed polar survival training and orientation flights.
LC-130 polar training flights commenced on 20 October and all
seven aircrews were fully prepared to commence logistic opera-
tions on 26 October.

Helicopter operations. UH-1N helicopter science support at
McMurdo Station commenced on 18 October. On 26 October
the Beardmore Camp (345 nautical miles south of McMurdo
Station in the Transantarctic Mountains) was opened by
LC-130's, and by 12 November, a three-aircraft UH-1N detach-
ment was established and carrying out support for some 15
science field projects involving over 200 personnel. Beardmore
Camp helicopter operations closed on 25 January after complet-
ing over 820 flight hours, the highest recorded for any remote
camp in antarctic history. The combination of heavy logistics
support to a remote site by LC-130's (69 missions, over 220 flight
hours, over 600,000 pounds of material) and direct access to
areas of scientific interest by helicopter proved to be an ex-
tremely efficient combination. Despite the loss of one UH-1N
aircraft in a high-altitude crash landing (no personnel injured),
Beardmore Camp operations must be considered a tremendous
success.

Helicopter operations at McMurdo Station were augmented
by one aircraft and two aircrews from the Royal New Zealand
Air Force 3 Squadron. Fully integrated into VXE-6, their 100
flight hours of support from mid-November to mid-December
provided important assistance in meeting science support task-
ing. Over 1,000 flight hours were completed in support of
normal science and logistics tasking from McMurdo Station
including the participation in a dramatic rescue of personnel
from a private expedition whose ship sank as a result of pack-ice
damage. On 11 February, UH-1N operations were completed.
Flying over 1,847 hours, squadron helicopter crews provided
more support than ever before in the history of the USA Ant-
arctic Program.

LC-130 operations. Squadron LC-130 (figure 2) aircrews com-
menced antarctic air logistics operations better prepared than
ever. For the first time in years, all polar training requirements
were completed prior to commencing inland operations. Ini-
tially limited to seven aircrews by qualified and experienced
navigators, the normal eight crews were formed by early Janu-
ary. Project Officers and crews were assigned for each open field
put-in operation and standard safety of flight guidelines, con-
sistent with those established for all Naval Aviation activities,
were fully applied to squadron flight operations.
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Figure 2. Completing the engine run-up, and Hercules gains air-
speed for takeoff from the ice runway at McMurdo.

Despite more stringent ceiling, visibility, and surface defini-
tion requirements, science and inland station support opera-
tions were carried out very close to planned schedules.
Beardmore Camp was opened on schedule on 26 October as
well as South Pole Station and Byrd Surface Camp on 1
November. Siple Coast Camps, remote camps at Upstream and
Crary Ice Rise, were delayed in opening by 8 days due to
weather but quickly regained scheduled operations. Two open-
field fuel caches to support Beardmore Camp helicopter opera-
tions were delayed by 2 weeks until helicopters could locate
suitable locations.

Although Siple Station opened on schedule on 4 November, it
soon became the notable exception to planned operations. The
originally programmed 550 flight hours to support Siple Station
were exceeded by 44 hours, despite the fact that severe weather
at the station precluded dependable regularly scheduled
launches. The squadron's almost heroic around-the-clock
efforts to resupply the station became affectionately known as
"the Siple Airlift."

On 29 October, a squadron LC-130 carried out a dramatic
medical evacuation mission to the sea ice off Davis Station, an
Australian base where no aircraft had ever landed before. Tas-
ked to move a severely burned station employee, the aircraft
launched in less than 2 hours from notification. Although the
victim did not survive, the superlative efforts of the aircrew and

medical team earned international praise as a gesture of good
will and cooperation among Antarctic Treaty countries.

Due to a delay in supply ship arrival and off-load, scheduled
inland station closing was delayed for from 2 days to 1 week.
Intracontinental flights were completed on 18 February with the
final flight to South Pole Station. Turnaround flights to close
McMurdo Station commenced on 19 February and were com-
pleted on 28 February. Redeployment of squadron aircraft to
Point Mugu was completed on 5 March 1986.

Moving over 9 million pounds of material, including 3,924
passengers in 4,009 flight hours, VXE-6 "Hercules" aircraft and
aircrews delivered more "pounds per flight hour" than ever
before, setting a new standard of efficiency in support of the
USA Antarctic Program.

The combined efforts of LC-130 and UH-IN operations pro-
duced 5,856.7 flight hours in support of the 1985-1986 antarctic
program. This level of effort has been exceeded only twice in the
31-year history of antarctic air operations and clearly demon-
strated the maximum use of available human and material re-
sources. These achievements notwithstanding, the most sig-
nificant lesson learned this season was that there is a need for
precise advanced planning and communication in the future
execution of air operations in the harsh and demanding ant-
arctic environment (figure 3).

Figure 3. Three UH-IN Iroquois helicopters flew 820 hours at the
Beardmore remote camp, located high in the Transantarctic
Mountains.

Magnetic search at Byrd Station

L.L. GREISCHAR

A magnetic search was carried out between 9 and 19 January
1986 in the vicinity of Byrd surface camp (80°S 120°E). The goal

of the search was to locate two surveyed (i.e., scrapped) LGP-D8
caterpillar tractors buried beneath drifting snow. These venera-
ble bulldozers had been used since the heyday of scientific
operations at Byrd Station during the early 1960's. Because of the
present replacement value of these D-8 tractors, it was consid-
ered economical to locate and repair them.

A detailed study of the surface camp archives revealed that
the two D-8's, painted red and black and dubbed Betty and
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Bertha, respectively, had been parked on a fuel berm across a
taxiway from the surface camp at the conclusions of the DF-68
(i.e., Deep Freeze season September 1967 to February 1968)
through DF-73 field seasons. The red D-8 was successfully
excavated during austral summer 1977-1978 and, with
makeshift repairs to one track, driven back to camp. At the end
of this season several pieces of equipment were stored on top of
the red D-8 "it being the highest point in camp." No mention is
made of either of the D-8's in subsequent camp reports.

The present Byrd surface camp consists of movable modular
quarters located on a roughly circular mound of snow centered
approximately 850 meters true west of the now-buried north
entrance to the M-1 tunnel of new Byrd Station (old Byrd Sta-
tion, the International Geophysical Year surface camp, is located
approximately 11 kilometers to the true northeast). The only
structures of new Byrd Station still visible at the surface are the
aurora tower, the balloon tower, a drilling tower, and several
antenna towers located to the true southeast of the station.
Directly true west of new Byrd Station is an elongated mound of
snow approximately 300 meters true north-south by 150 meters
true east-west and about 6 meters in height. This feature is
labeled "Byrd Mountain" on the old station maps and is pre-
sumably the result of the original excavations at new Byrd
Station.

Since no landmarks remained from the 1977-1978 austral
summer and earlier surface camps, we surveyed from the bal-
loon tower at new Byrd Station to the mapped position of the
DF-73 navigation dome, positioning this surface camp at the
windward slope of the present (austral summer 1985-1986)
Byrd surface camp mound. It then became obvious that this
snow mound was indeed the result of nearly 20 seasons of

drifting around a succession of surface camps. The magnetic
search of this vicinity delineated an anomaly of over 2,000
gammas with sufficient breadth to be significant. Drilling on the
anomaly with a SIPRE auger revealed a hard object at a depth of 5
meters. Unfortunately, no paint flecks, which might have given
an indication of the color of the buried object, could be observed
on the auger.

The magnetic search was then directed off the leeward side of
the mound where it was thought that a line of nearly buried
flags about 200 meters from the camp might have marked the
old taxiway. However, the snow surface was physically flat in
this area so that it was hard to believe that it could be covering a
bulldozer that had been parked on a berm; and, in fact, nothing
showed up magnetically until the leeward slope of the Byrd
surface mound. This magnetic anomaly of nearly 4,000 gammas
was sharper than the previous anomaly. The SIPRE auger hit
something at just over 2 meters depth, and this time brought up
flecks of black paint. Shortly after I left the Antarctic, a smaller
bulldozer pushed away the snow cover and revealed the black
D-8. Apparently, drifting snow around the fuel berm and sup-
ply lines along the former taxiway had helped form the leeward
side of the Byrd surface camp mound. The confirmation of this
anomaly makes it nearly certain that the other anomaly marks
the position of the red D-8, because the magnetic signatures of
the anomalies are similar, and the relative positions agree with
the old camp diagrams.

I would like to thank Lt. Cmdr. Peter Check for logistical
support at McMurdo Station. Lt. Herve Kopciak and Capt. John
Zehmer accompanied me to Byrd surface camp and were inval-
uable help in the field. All of the personnel at Byrd surface camp
were helpful and friendly.

Development of methodology for
improved design

of snow roads and airstrips

S.M. LEE and W.M. HAAS

Institute of Snow Research
Keweenaw Research Center

Michigan Technological University
Houghton, Michigan 49931

This project was designed to develop methods for improving
roadways and runways in Antarctica. Good snow roads and
airstrips are vital logistically to support the scientific activities in
Antarctica, and their construction has attracted attention on an
international scale (Averyanov et al. 1985). To observe the prob-
lems encountered in the snow roadway construction and main-
tenance during the austral summer season and to collect rele-
vant data, we visited Antarctica for 11 days in January 1986. The
data collection included Rammsonde hardness profiles at se-
lected sites on the roadways between McMurdo Station and
Williams Airfield; at Williams Field skiway; and at South Pole

Station skiway, taxiway, and construction sites. These data are
complemented by Clegg Impact Device data taken at McMurdo
Station. To investigate a possible correlation between Ramm-
sonde hardness data and prevailing snow characteristics, snow-
pit data (which consisted of profiles of temperature, density,
stratification, grain size, and metamorphic state to the depth of
approximately 80 centimeters) were taken near the sites of
Rammsonde measurements.

In support of this project, an independent study was con-
ducted by Robert L. Brown of Montana State University which
was aimed at developing a suitable binder-snow mix and a
method to process snow for higher compacted strength. At the
same time, a field test was conducted in Houghton to try several
binder-snow mixes in situ. This field test complements the
laboratory work conducted by Brown.

Hardness profile. A typical Rammsonde profile of the McMur-
do shuttle road is shown in figure 1. It shows a surface crust of
approximately 10 centimeters thickness and a hard layer below
40 centimeters. The Ramm values on the skiway were generally
considerably lower than those on the shuttle or the Delta Road.
The average of the center line values on the shuttle road was
larger than the values away from the center of the road. A
typical Rammsonde profile of the South Pole Station skiway is
shown in figure 2, in a different graphic representation than that
used for figure 1, superimposed to the hardness profile re-
quired for wheeled landing of KC-135. The present skiway
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Figure 1. Typical Rammsonde profile of McMurdo Station-Williams
Airfield shuttle road. Measurements were taken at 10-toot intervals
from the center of the road. ("cm" denotes "centimeter:' "ft" denotes
"foot:'
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Figure 2. Typical Rammsonde profile of South Pole Station skiway,
compared with the hardness requirement for wheeled landing of
KC-135 ("cm" denotes "centimeter:')

obviously does not have sufficient hardness to accommodate
safe operation of wheeled transport planes.

Snow characterization. The snow conditions at McMurdo and
South Pole Stations are different, just as one could expect from
the different climatic variations at these locations. There are,
however, some similarities: snow is extremely dry; snow has
few cohesion characteristics; and density is higher than ex-
pected and has values in the range of 0.35 to 0.45 grams per
centimeter of higher. At McMurdo Station, the snow is in vari-
ous stages of temperature-gradient metamorphic states. Strat-
ification is not very perceptible. However, there is a layer of hard
ice typically 40 centimeters below the surface probably formed
by the combination of traffic compaction and the melt-freeze
process during the preceding season. This ice layer is signifi-
cant, because it can be used as a base on which processed snow

may be compacted. The metamorphic state of snow at South
Pole Station approaches that of constant-temperature condi-
tions. There is no ice layer like that at McMurdo Station.

Binder-snow composite. Brown's work on processing of snow
and mixing it with binder to form composites indicates that a
small quantity of sawdust mixed and compacted with dry snow
(snow kept in coidroom) tends to exhibit superior strength.
Figure 3 shows one such result. The field experiment in
Houghton supports this result and also shows that such a
mixture retains its characteristics longer in warm weather.

Proposed method of improved snowroads and runways. The pro-
posed method at McMurdo Station is to remove snow from the
top part of snowpack to the depth of the ice layer, apply a heat
treatment to the ice layer, and on the base formed in this man-
net deposit and compact mixture of binder-snow composite.
The process of blowing snow back onto the base will also help
compaction. The desired mix will both strengthen the snow and
help retain its strength over time. At South Pole Station, there is
no ice layer under the surface. Therefore, an effective means of
heat treatment to form a base must be devised. At both loca-
tions, several layers of compaction should be added over a
several-year period. It will be essential to find the most efficient
binder-snow composition for each of the two locations.

The problems at McMurdo and at the South Pole Stations
require two different approaches. At South Pole Station, con-
struction of a strong base in the snow is more difficult than at
McMurdo Station. However, once the snow compaction is ac-
complished at South Pole Station, it is likely to retain its
strength. At McMurdo Station, the summer thawing will cause
deterioration until a better method is found to extend the useful
life of the compacted roadway.

This research was supported in part by National Science
Foundation grant DPP 85-17148.
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Figure 3. Stress-strain curves for various volume ratios of sawdust
mixed with dry snow. ("psi" denotes "pounds per square inch." "in"
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